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Abstract:
The reaction of a series of alkyl substituted tetrahydrobenzo-furans with m-chloroperbenzoic acid has
been explored. The furan substrates used included 3-methyl-4,5,6,7-tetrahydrobenzofuran,
1,2,3,4,5,6,7,8-octahydrodibenzofuran, 2-methy1-4,5,6,7-tetrahydro-benzofuran and
2,3-dimethyl-4,5,6,7-tetrahydrobenzofuran. The products arising from the oxidation of these substrates
have been isolated and their structures determined. These substrates have also been prepared labeled
with oxygen-18. These labeled substrates were also oxidized and the position of the label in the
products determined by carbon-13 NMR spectroscopy. On the basis of the data obtained from these
experiments, a detailed mechanistic scheme was developed. Initial attack of the furan moiety by
m-chloroperbenzoic acid occurs to form an epoxide which subsequently undergoes ring openings to
form a cis-enedione. These compounds are postulated as intermediates in all the reactions studied even
though such a compound was isolated in only one case. These enediones undergo rapid Baeyer-Villiger
oxidation with a second equivalent of m-chloroperbenzoic acid. In certain cases, the reaction with a
third equivalent of m-chloroperbenzoic acid has been observed and, again, this is viewed as a
Baeyer-Villiger oxidation. 
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ABSTRACT

The reaction of a series of alkyl substituted tetrahydrobenzo- 
furans with m-chloroperbenzoic acid has been explored. The furan 
substrates used included 3-methyl-4,5,6,7-tetrahydrobenzofuran,
I,2,3,4,5,6,7,8-octahydrodibenzofuran, 2-methy1-4,5,6,7-tetrahydro- 
benzofuran and 2,3-dimethyl-4,5 ,6,7-tetrahydrobenzofuran. The 
products arising from the oxidation of these substrates have been 
isolated and their structures determined. These substrates have also 
been prepared labeled with oxygen-18. These labeled substrates were 
also oxidized and the position of the label in the products deter
mined by carbon-13 NMR spectroscopy. On the basis of the data 
obtained from these experiments, a detailed mechanistic scheme was 
developed. Initial attack of the furan moiety by m-chloroperbenzoic 
acid occurs to form an epoxide which subsequently undergoes ring 
openings to form a cis-enedione. These compounds are postulated as 
intermediates in all the reactions studied even though such a 
compound was isolated in only one case. These enediones undergo 
rapid Baeyer-Villiger oxidation with a second equivalent of m-chloro
perbenzoic acid. In certain cases, the reaction with a third equiva
lent of m-chloroperbenzoic acid has been observed and, again, this is 
viewed as a Baeyer-Villiger oxidation.
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INTRODUCTION

The chemistry of furans has attracted the interest of many 

researchers over the years. However, of this work, little has 

centered on the oxidation of furans. In reviewing the literature, 

one finds that a few workers have carried out extensive studies in 

this area. A literature review also shows that most of the reports 

dealing with the oxidation of furans come from those whose research 

interests have impinged on this area of furan reactivity for other 

reasons. One example of this latter case would be reports stemming 

from the oxidation of furans with a specific reagent or procedure in 

which the primary interest of the author lies in the oxidative process 

used rather than in the furan moiety. In other cases, furans have 

appeared in synthetic schemes in which they have been transformed by 

oxidation into a desired product. Examples can also be found in which 

natural products containing the furan moiety have been oxidized to 

assist in structure elucidation.

A few techniques for the oxidation of furans have received 

repeated use over extended periods of time. Two of these will be 

discussed. Attention will then be turned to the use of organic 

peracids as oxidants and the results which have been obtained in 

these systems.

One method that has been extensively utilized since its devel

opment by Clauson-Kaas is the electrochemical oxidation.* In this
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process, alcohols are used as solvents with ammonium bromide as a 

buffer and a platinum electrode is generally employed. Oxidations of 

this type can convert furan 1_ into 2,5-dialkoxy-2,5-dihydrofurans 2 

(equation I). These compounds, which are useful as synthetic inter

mediates, can be prepared in excellent yields. This electrochemical

oxidation process was developed to replace the bromoalkoxylation reac- 
2tion. In these instances, bromine was used as the oxidant and simi

lar products were obtained. However, yields were generally lower and 

the resulting products were often contaminated with a small amount of 

bromine. This greatly decreased their stability since these compounds 

are acid sensitive. Interest is still shown in the synthesis of these 

useful intermediates as evidenced by a recent report that cited use 

of vanadium(V) oxide to catalytically convert hydroperoxides formed 

from the photooxidation of furans to synthons of this type.

A second type of furan oxidation which has received considerable
4attention has been the dye sensitized photooxidation. This process 

results in the formation of endoperoxides 4 if the reaction is carried
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out in aprotic solvents (equation 2). These products can be converted

h ^Q2
sens

3
HOOX 0 ^ O R

(2)

to hydroperoxides 5 by action of alcohol or the furan 3 can be con

verted directly to 5 by carrying out the oxidation using an alcohol 

as the solvent. Interest has been expressed in the endoperoxides 4

for a number of reasons. Initially, they were studied as stable 
5ozonides. These compounds can be considered as the ozonides of 

cyclobutadienes and the comment has been made that this is probably 

the only case where an ozonide was isolated before the parent com

pound.^ Attention to the endoperoxides 4 has also persisted because 

of the interesting chemistry that they afford. Recent work by Adam

has shown that these compounds are capable of epoxidizing olefins.^
8Work continues on the mechanism of this reaction. Interest is also

expressed in other conversions of these compounds as evidenced in the
3

report noted above with vanadium(V) oxide.

In reviewing the literature on the oxidation of furans with 

organic peracids, one notes discrepancies which seem to arise. As 

observed previously, some of these may occur since the stated purpose 

of the research relates to the peracid oxidation of a furan as a 

desired chemical transformation. Thus, details of the reaction are 

not reported that would be useful in a mechanistic study. Yet in
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other cases, the results seem contradictory and obviously further 

studies are needed. Perhaps the most relevant observation is that 

there are very few references to research in this area.

Initially, attention will be directed to the oxidation of benzo- 

furans or aryl substituted furans. This class of compounds is segre

gated in this way as a matter of convenience, rather than because they 

exhibit markedly different reactivities -
o

One of the earliest reports in this area is an article by Lutz. 

One primary interest of his research group was the chemistry of 

substituted dibenzoylethylene. In this light, he reported that the 

oxidation of tetraphenylfuran 6 proceeds to give 7_ and 8 (equation 
3). A variety of oxidizing agents were used including, chromic acid,

hydrogen peroxide, ozone and perbenzoic acid in acetic acid. Yields 

of 7 reportedly ranged between 40-80% and yields of 8 between 10-20%. 

It is inferred that under any of these conditions 2 can be oxidized 

to 8; but, given the brevity of this report, this point is not clear. 

Specific reaction conditions are also not noted and, therefore, yields 

with a given reagent are left in doubt. Because of the lack of 

experimental detail in this communication, its value is truly limited.

This area was approached next in an article by Boyer.10 In this 

report attention was directed toward the oxidation of the singlet

6 7 8
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oxygen acceptors I,3-diphenylisobenzofuran 9 and 2,5-diphenylfuran 

11. It was noted that the treatment of 9 with one equivalent of 

m-chloroperbenzoic acid (mCPBA) for two hours in refluxing methylene

(4)

chloride in the dark gave o-dibenzoylbenzene K) in 90% yield (equa

tion 4). It was noted that the identical product was obtained by the 

photooxidation of 9. Similarly, 2,5-diphenylfuran 1_1 gave cis- 

dibenzoylethylene 12 in 85% yield when treated with one equivalent of 

mCPBA and reflux was continued for four hours (equation 5). Again,

11

Ph
mCPBA Ph-V V~Ph

O  O
12

(5)

it was noted that the same product could be isolated by the singlet 

oxygen oxidation of 11. On the basis of further experimentation, the 

reaction with peracid was shown not to proceed through a singlet
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oxygen mechanism and the epoxide 13 was suggested as the type of 

intermediate involved in the peracid oxidation.

13

Considering the oxidation of furan itself with organic peracids, 

one again finds a progression of studies. The earliest reference 

dates from 1931.** In this case, it was noted that the oxidation of 

furan Î with peracetic acid as a 6% solution in acetic acid proceeded 

slowly, requiring three days to go to completion as noted by the 

disappearance of the peracid. At the end of this time, attempts to 

isolate the product by removing the acetic acid by distillation 

afforded a resinous material whose molecular weight was found to be 

greater than 780. On the basis of this information, two intermediates

14 15
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perbenzoic acid in chloroform (equation 6). In this instance,

C6H5CO3H

were proposed: 14 or 15. The oxidation was then carried out with

I

Cl'
O - T ph

0

the product was determined to be 16 on the basis of carbon-hydrogen 

analysis and molecular weight determination. It was therefore con

cluded that epoxide 14 was the intermediate in both cases.
12This reaction was reinvestigated by Clauson-Kaas in 1947.

Again peracetic acid and perbenzoic acid were used as the oxidants.

In this case, the product was determined to be malealdehyde IT̂  on the 

basis of the bis-phenylhydrazone which was isolated (equation 7).

V (7)

These reactions were run in a variety of solvents including chloro

form, ether, acetic anhydride and water at temperatures ranging from 

0-40°. Yields were reported to be less than 23% in all cases. No 

difference was noted between the two peracids. The authors proposed 

15 to be the intermediate in these reactions. In a report by the same 

group five years later, they reported that oxidation of furan I with
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lead tetraacetate gave Mt in 70-80% yield (equation 8). Compound 18 

was then hydrolyzed to give _17 which was isolated and identified as

Pb(OAc)4

I
(8)

the bis-phenylhydrazone.

A final study on the oxidation of furan with peracids was 
14reported in 1964. The result noted with g-nitroperbenzoic acid as 

the oxidant was the isolation of aldehydoraaleic acid lj) in 8% yield 

(equation 9). The reaction was carried out in ether using 2.2

a
H ^ 0- hO oh

19
(9)

equivalents of the peracid. Reaction time was reported as two days. 

The product lj) was identified on the basis of its NMR spectrum,
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elemental analysis and the elemental analysis of a derived phenyl- 

hydrazone. In this case, diepoxide 20 was proposed as the inter

mediate in the reaction.

In analyzing the results from these three articles, it should be 

noted that p-nitroperbenzoic acid is a slightly stronger oxidant than 

perbenzoic acid which, in turn, is slightly stronger than peracetic

result obtained with p-nitroperbenzoic acid can therefore possibly 

be rationalized on the basis that a stronger oxidant was used. How

ever, the earlier two reports are still conflicting and further 

studies in this area would be useful.

Turning attention to substituted furans, Lefbvre reported on the 

oxidation of 3-substituted furans with peracetic acid.^  It was 

observed that 3-isopropylfuran 21_ underwent oxidation with excess 

peracetic acid to give 22 (equation 10). The reaction was run in

20

acid. This ordering is based on the concept that stronger acids yield 

peracids with correspondingly stronger oxidizing ability.^  The

(10)

21 22
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chloroform for two hours at 0-5*. Solid sodium acetate was added as 

a buffer. Even though no mechanism was proposed, this reaction seems 

to follow a pathway similar to that observed in the oxidation of furan 

with p-nitroperbenzoic acid. In this same article, the oxidation of 

a compound in the digitoxigenin series was reported (equation 11).

In this case the furan moiety is substituted on the D ring of a 

steroidal skeleton. The furan was found to oxidize again in two 

hours under similar conditions to form 24 in approximately 50% yield.

A second article by the same group followed in which they 

reported the transformation shown (equation 1 2 ) . In this case.

(12)

oxidation was carried out with mCPBA or peracetic acid. Reaction 

times were generally short and the products were isolated in varying 

yields, ranging between 50-90%, if the reaction proceeded at all. No 

mechanism was proposed in this report either.
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It is interesting that a similar transformation was observed

later by a group of Italian workers using pyridinium chlorochromate
18(PCC) as an oxidant (equation 13). Methylene chloride was used as

the solvent and the products were generally isolated in greater than

90% yields. No oxidation of the secondary alcohol was noted. This
19work has recently been extended (equation 14). These reactions were 

again carried out in methylene chloride using a 2:1 molar excess of

(14)

PCC. Reaction times were reported as approximately ninety minutes.

It is noteworthy that the products 30, isolated in 60-75% yields, are 

of the same type one would expect from the peracid oxidation of the 

furan based on the report noted above on the oxidation of 3-substi- 

tuted furans.

At this point, it may be interesting to discuss a couple of

anomalies which have been reported. One case involved oxidation
20reactions of biogenetic interest. When epoxyazadiradone 31 was 

treated with perbenzoic acid for two hours, gedunin 32 was isolated
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in 90% yield (equation 15). No note was made of the quantity of

perbenzoic acid used. Similarly, I,2-dihydroepoxyazadiradone was 

reported to react with perbenzoic acid to give two products: 1,2-

dihydrogedunin and I,2-dihydro-7a-obacunyl acetate. The latter 

product arises from Baeyer-Villiger oxidation in both the A and D 

rings of the steroidal nucleus. In this case reaction time was 

reported as nine hours; but, again, no comment was made on the quan

tity of perbenzoic acid used or on other conditions employed. No 

products in either instance were reported arising from oxidation of 

the furan moiety.

It should be noted that the furan in 31. is in a very similar 

environment to that of the furans discussed by Lefbvre (see equations 

10 and 11). As observed previously, peracetic acid, as used by 

Lefbvre, is a weaker oxidant than perbenzoic acid, which was used 

above. With the longer reaction times used above, one would therefore 

predict some oxidation of the furan to occur. Since this was not 

observed, it is obvious that further studies are needed in this area 

to develop a more complete understanding of these systems.
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Another paper which contained seemingly anomalous results out-
21lined the synthesis of marubiin, a terrestrial natural product. As 

one step in this scheme, 33 was oxidized with a 4% solution of 

monperphthalic acid to give the epoxide 34 as a mixture of 

diastereomers (equation 16). When this reaction was run for five

(16)

minutes at room temperature, 1.85 g of 33 reportedly gave 0.283 g of 

34 and 1.475 g of 33 was recovered. Longer reaction times resulted 

in a mixture of products which was not easily separated. Again, this 

starting material is very similar to the 3-substituted furans noted 

above. Perphthallic acid is a much stronger oxidant than peracetic 

acid, yet, reaction was not reported to occur at the furan moiety. 

However, this reaction may occur to some extent since longer reaction 

times, as noted, led to a mixture of unidentified products.

Returning to reports in which the furan nucleus was involved in
22the oxidation, an article appearing in 1964 was noted. In this 

instance, the oxidation was carried out as part of a degradation 

scheme in a structure proof of the compound lindestrene 35. It was 

observed that oxidation of this compound with 1.2 equivalents of 

perbenzoic acid gave 36 in nearly quantitative yield (equation 17).
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The reaction was reportedly run for thirteen hours at 0°. However,

36 was identified solely on the basis of its IR spectrum (1790 cm *). 

It was converted to 37 by chromatography on alumina. Compound 37 was 

isolated in approximately 30% yield from lindestrene. It is therefore 

possible that materials other than 36 were in the reaction mixture.. A 

more thorough investigation of this system would be warranted, espe

cially in light of the work to be reported in this thesis.

In a recent report, Kuwajima detailed a synthetic scheme for the 
3

preparation of A -butenolides, compounds noted to be useful as

synthetic intermediates but difficult to prepare given their propen-
23sity to rearrange. This preparation involved the oxidation of 

2-trimethylsilylfurans 38 with 40% peracetic acid (equation 18). The 

reaction conditions involved a fourfold excess of peracetic acid.

TMS . =O -tmsHLTMSx -Q^r Cr" Cr
38 39 40 41

(18)

Solid sodium acetate was added as a buffer. Methylene chloride was 

used as the solvent and the reactions were run at 7°. The reaction
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was proposed to proceed as shown from furan 38 to the butenolide Al.

It was assumed that epoxide 39 was the initially formed intermediate. 

The trimethylsilyl group is electron releasing and will therefore 

direct the regioselectivity of the original attack. Compound 40 was 

seen by NMR spectroscopy but was too unstable to be isolated as the 

TMS derivative.

Two other points from this paper are also of interest. The 

authors found that mCPBA gave markedly lower yields than peracetic 

acid. This was ascribed to the fact that mCPBA is a stronger oxidant 

and therefore shows less regioselectivity in its attack on the furan 

moiety. Another possibility, not discussed in the article, is that 

mCPBA, as a stronger oxidant, carries out further chemistry on either 

the intermediates or the product of this reaction, thus lowering the 

yield. In this paper, it was also noted that the oxidation of 

2-hexylfuran with peracetic acid or mCPBA resulted in the formation 

of an intractable mixture.

A report by LeGoff in 1981 dealt with the synthesis of enedione 

functionalized macrocycles by oxidative ring opening of furans 

The macrocyclic furans used were tetramers 42 or hexamers synthesized 

by the condensation of acetone and furan. When these were treated 

with a slight molar excess of mCPBA (4.2 equivalents for the tetramer 

or 6.3 equivalents for the hexammer) the furans underwent oxidative 

ring opening to form the macrocycles as shown (equation 19). These 

reactions were run overnight at room temperature and yields were 

reported as 85% in both cases. The reaction was also attempted 

utilizing bromine in methanol, as described above, followed by
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hydrolysis. However, yields were significantly lower than with

mCPBA, all the furans did not undergo ring opening, and the cis- 

enediones generally underwent isomerization to the trans isomer. It 

was reported that 2,5-dimethylfuran 3, studied as a model, underwent 

a similar reaction to give cis-hexene-2,5-dione 44 (equation 20). In 

this case, 1.1 equivalent 5 of mCPBA were added in one portion to a

I I l
O'

mCPBA

(20)

solution of the furan at -10°. The solution was allowed to warm to 

room temperature and stirred overnight. Work-up led to the isolation 

of 44 in 99% yield.

A report by Tada appeared in 1982 in which the oxidation of 

compound 45 with two equivalents of mCPBA proceeded to give product
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2546 which was isolated in high yield (equation 21). The interesting 

note about this reaction is that addition of one equivalent of mCPBA

to 45 resulted in the formation of two products: the lactone 47 and

the aldehyde 48 (equation 22). The author had hoped lactone 47 would

^ r 0
45 47

be the sole product of this reaction. This prediction was based on 

the oxidation of lindestrene which was discussed above.
26Finally, a report by DeShong is most enlightening. This paper 

dealt with the synthesis of substituted 2,9-dioxabicyclo[3.3]nonanes 
as models for tirandamycin, an antibiotic. The key step in this 

transformation was oxidation of the furan derivative 49 to yield 

intermediates 50. Treatment of the intermediates with dilute acid 

gave 51 in 25% yield (equation 23). Since 49 would generate 50 as a 

mixture of diastereomers, only one half of which would react to give 

the desired product, this yield was found to be acceptable. The

(22)
48
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oxidizing reagent for which this yield was reported was bromine in 

methanol. However, it was noted that this oxidation could also be 

carried out with pyridinium chlorochromate at 0®, with singlet oxygen 
in methanol at -20® and with mCPBA in methylene chloride at 0®. It

is interesting to observe that, even though these reactions probably 

generate different intermediates, although this is not noted in the 

article, all lie on a pathway from the furan 49 to the desired 

product 51.

In reviewing these references, it is observed that there are some 

unifying themes in this area as well as some discrepancies. It is 

difficult to draw any real conclusions since, as stated, in many of 

these cases the oxidation was not of primary importance to the author. 

One can attempt to make mechanistic comparisons by analyzing reaction 

conditions, but this is fraught with pitfalls. It is sufficient to 

say that there have been no mechanistic studies on the oxidation of 

alkyl substituted furans with peracids.

The research reported in this thesis was begun in 1979. The last 

four references discussed above were published after this date. These

50

(23)

49 51
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reports were noted as they appeared in the literature to determine
l

how they fit in with this ongoing research project. In this light, 

one can see that relatively little was known concerning the oxidation 

of alkyl substituted furans.
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STATEMENT OF THE PROBLEM

In the first half of this century,' it was reported that the plant

Tetradymia glabrata, when ingested by sheep, caused numerous fatali- 
27ties. This fact led to a study by previous workers in Dr. Jennings'

laboratory in an attempt to isolate and identify toxic constituents

of this plant. This work resulted in the characterization of
28 29tetradymol 52 as a major toxic component of T. glabrata. '

Further studies carried out with this furanosesquiterpene indicated

that it was oxidized by the mixed function oxidase system to form a
30metabolite even more toxic than the parent compound.

Interest was then directed toward possible metabolites of alkyl 

substituted furans in an attempt to rationalize this enhanced toxic

ity. In this light, in vitro metabolic studies were begun using liver 

microsomal suspensions and model furan compounds. It was hoped that 

this work would lead to the isolation and characterization of metabol

ites that could be shown to cause effects similar to those of the

furan substrates.
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With this as background, it was decided to pursue chemical model

ing studies using mimics for the mixed function oxidases. These 

studies were planned to parallel the in vitro experiments by using 

the same model compounds. It was hoped that the chemical studies 

might indicate the types of products to be expected from the in vitro 

counterparts.

A literature search was then undertaken to determine the types

of chemical oxidants which have been used as mimics for the mixed

function oxidases. It was found that a wide range of compounds have
31been utilized including Undenfriends reagent, oxotransition metal

32 33 34complexes, aromatic-N-oxides, hydroperoxyflavins and organic
35peracids. A number of oxidants developed in recent years, such as

3-bromo-4,5-dihydro-5-hydroperoxy-4,4-dimethyl-3,5-diphenyl-3H-

pyrazole,^ 2-hydroperoxyhexafluoro-2-propanol"^ and triphenylsiIyl 
38hydroperoxide, have also been shown to afford similar reactivity 

with certain systems as those reagents noted above which have been 

touted as mimics.

An organic peracid, m-chloroperbenzoic acid, was selected as a
39mimicking reagent in our model studies. This choice was made largely 

on the basis of the fact that the chemistry of this oxidant is fairly 

well understood. It is also available as a solid which is easily 

purified and is stable for extended periods of time.

With this choice made we therefore proposed to study the oxida

tion of alkyl substituted furans which were models for naturally 

occurring compounds with m-chloroperbenzoic acid. It was hoped that
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this work would shed light on the enhanced toxicity shown when furans 

were oxidized iji vivo.

As will be noted in the following section, initial studies led 

to some rather unexpected results. The goal of further research then 

shifted to understanding the mechanism of this observed reaction. A 

series of alkyl substituted tetrahydrobenzofurans were prepared and 

the mechanism of their oxidation with m-chloroperbenzoic acid was 

investigated. However, this work resulted in an understanding of 

these systems which may, in fact, be related to the question of 

metabolites of furans responsible for the toxicity evidenced in the

in vivo studies.
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DISCUSSION

The work presented in this thesis was directed toward elucidating 

the mechanism of the oxidation of furans with m-chloroperbenzoic acid 

(mCPBA). As studies were conducted, the mechanistic implications were 

reviewed and new experimental approaches were proposed and carried 

out. The results of these studies will be presented and discussed 

from a historical perspective.

The results fit into the simplified scheme shown (equation 24).

(24)

Initial attack is proposed to occur on the furan moiety to form an 

epoxide. This intermediate subsequently undergoes ring opening to 

yield a cis-enedione. In all cases these compounds react very rapidly 

with a second equivalent of mCPBA and undergo a Baeyer-Villiger oxida

tion. Reaction with a third equivalent of mCPBA can occur, again as a 

Baeyer-Villiger oxidation. The fine points of this mechanism will be 

discussed as data are presented.
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Oxidation of Furan

Initially, studies were carried out on the oxidation of furan 

with mCPBA. This series of reactions was run in a variety of nonpolar 

solvents including carbon tetrachloride, chloroform, methylene chlor

ide and benzene. The progress of the reaction was monitored by gas 

chromatography. Reactions were run at 0° or room temperature. Reac

tion times ranged from two to 24 hours.

It was observed in all these cases that addition of one equiv

alent of mCPBA consumed approximately 50% of the furan. Addition of 

a second equivalent of mCPBA carried the reaction to completion as 

shown by GC analysis. Attempts to isolate products from this reaction 

mixture were uniformly unsuccessful. m-Chlorobenzoic acid, formed as 

a side product, was typically removed by extracting the reaction 

mixture with base. When the organic layers from these reactions were 

subjected to this procedure, the basic aqueous layer turned brown- 

black. Further work-up of the organic layer led to no isolatable 

product.

It was noted that a procedure had been developed by Camps which

utilized activated potassium fluoride to complex with m-chlorobenzoic

acid and quantitatively form an insoluable precipitate.^ Using this

technique, it was possible to oxidize furan with two equivalents of

mCPBA and isolate aldehydomaleic acid 19 in 52% yield (equation 25).

This product was identical to that prepared by Catala, who used
14p-nitroperbenzoic acid as an oxidant. In this article, the authors
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9

2 raCPBA

I 19 (25)

proposed the mechanism shown (equation 26). This mechanism may be

operative in our experiments with mCPBA. The only comment to be added 

is that the addition of the second equivalent of mCPBA must be much 

faster than initial attack of the furan by this reagent.

Since isolation of products in this instance was difficult and 

because of their hydrophilic nature, it was decided to extend the 

studies to substituted furans. It was hoped that products in these 

cases would be more lipophilic and more easily isolated.

Studies with 3“Methyl-4,5,6,7-tetrahydrobenzofuran

When this work commenced, concurrent studies were under way util

izing liver microsomal suspensions for in vitro oxidations of model 

furan compounds. One of these model compounds was 3-methyl-4,5,6,7- 

tetrahydrobenzofuran 5%. It was decided to extend our studies to 

this substrate since it met the requirement of being more lipophilic 

than furan. Furthermore, this substituted furan is also a good model

(26)

O
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for naturally-occurring furans and, in this sense, it tied in well 

with our chemical modeling studies.

Synthesis of 3-methyl-4,5,6,7-tetrahydrobenzofuran 57. The 

synthetic scheme utilized to prepare this compound is shown (Figure 

I). The key step is the cyclization of ketal epoxide 56 to the 

desired furan 57. A recent report by Takahashi had been noted in 

which menthofuran was prepared from 9-methyl-6-(2-methyloxirane)-l,4- 

dioxaspiro[4.5]decane. In an analogous fashion, the goal of this

synthesis was 6-(2-methyloxirane)-l,4-dioxaspiro[4.5]decane 56 which
■

could be cyclized in high yield to the furan 57.

Figure I. Synthetic scheme followed for preparation of 3-methyl- 
4,5,6,7-tetrahydrobenzofuran.

a

S3 54

SS 56 57

a-(H0CH2)2 , p-TsOH, C6H6 , A; b-MeMgl; c-p-TsOH, C ^ ,  A; d-mCPBA;
e-lM HCl, pentane
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The synthesis began with ethyl 2-oxocyclohexanone carboxylate

(approximately 40% corresponding methyl ester) which was ketalized.

The ketal ester 53 was converted to the alcohol 54 with methyl magnes-
42ium iodide. Elimination proceeded to form the terminal alkene 55.

This compound was converted to the epoxide 56 with mCPBA and then this 

material was cyclized to the furan 57 as desired.

Oxidation of 3-methyT-4,5,6,7-tetrahydrobenzofuran 57. Oxi

dation of this compound occurred with the consumption of two equival

ents of mCPBA to afford e-lactone 58 in nearly quantitative yield 

(equation 27). The structure of 58 was deduced from its spectral

(27)

I 13properties. The H-decoupled C NMR spectrum showed nine resonances, 

four of which appeared at 189.8, 170.7, 164.8 and 123.9 ppm. The 

resonance at 189.8 ppm was found to be a doublet in the gated decou

pled spectrum and was assigned to the aldehydic carbon. The other 

three downfield resonances noted above appeared as singlets in the 

gated decoupled spectrum. The resonance at 170.7 ppm was assigned to 

the carbonyl carbon of the lactone functionality. The resonance at 

123.9 ppm was assigned to the olefinic carbon adjacent to the aldehyde 

and the resonance at 164.8 ppm to the other olefinic carbon. The
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NMR spectrum showed a resonance for a single proton at 10.2 ppm which 

was assigned to the aldehydic hydrogen. A methyl singlet was observed
-Iat 1.8 ppm. The IR spectrum showed a weak band at 2750 cm which

resulted from the carbon-hydrogen stretch of the aldehyde group.
-IThere were strong absorptions observed at 1755 and 1680 cm assigned 

as the carbonyl stretching frequencies of the lactone and aldehyde
-I

groups, respectively. A moderate absorption was observed at 1640 cm 

which was assigned to the carbon-carbon double bond stretching. The 

mass spectrum showed a molecular ion at m/e 168 indicating that two 

oxygens had been added to the furan substrate. This material was 

isolated as a clear oil which was easily converted to a 2,4- 

dinitrophenylhydrazone for further characterization.

When one equivalent of mCPBA was added to a solution of 57 in 

methylene chloride, only 50% of the substrate reacted as shown by gas 

chromatography and NMR spectroscopy. Thus, in the NMR spectrum of 

a sample of this reaction mixture, a resonance occurred at 1.90 ppm 

which was assigned to the methyl group of the furan 57 and a second 

resonance of equal intensity appeared at 1.80 ppm which was assigned 

to the methyl group of the product 58. Addition of a second equiva

lent of mCPBA consumed the rest of the starting furan 57.

The reaction of this substrate with two equivalents of mCPBA 

occurred extremely rapidly. When a solution of the furan was added 

to a solution of mCPBA at 0°, the reaction mixture became cloudy 

within seconds. After one minute, a flocculent precipitate of 

m-chlorobenzoic acid appeared. Analysis of the reaction mixture 

after five minutes showed no remaining furan.



A number of experiments were performed to determine what varia

bles affected the course of this reaction. Addition of the furan to 

a solution of two equivalents of mCPBA gave 58 in identical yield as 

the addition of two equivalents of mCPBA in one portion to a solution 

of the furan.

The reaction was run with or without solid sodium bicarbonate 

added to determine if acid catalysis resulted because of the libera

tion of m-chlorobenzoic acid. In both cases the yields of 58 were 

identical, so this aspect was eliminated from further consideration.

A question could still be raised as to the effectiveness of solid 

sodium bicarbonate as a buffer in methylene chloride. An analogy 

could be drawn to the use of sodium dihydrogen phosphate as a buffer

in Baeyer-Villiger oxidations carried out with trifluoroperacetic 
43acid. This added salt, which is an insoluble solid, was able to 

suppress transesterification of the product of the oxidation and was 

therefore assumed to be effective.

Oxidation of menthofuran 59. This reaction was also explored 

with menthofuran 59, a close analog of 3-methyl-4,5,6,7-tetrahydro- 

benzofuran 5%. It was found that this reaction proceeded similarly to 

that of 57 to yield 6-lactone 60 (equation 28). Again this structure

29
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assignment was based on its spectral properties. These properties 

coincided very well with those for 58 with the exception of the 

perturbations introduced by the methyl group.

It was also found that lactone aldehyde 60 reacted with a third 

equivalent of mCPBA to yield formate 61 (equation 29). This reaction

was viewed as a Baeyer-Villiger oxidation of 60 and went to completion

in four hours. The structure proposed for 61 was based on its spec-
13tral properties. The C NMR spectrum showed resonances at 171.5, 

158.1, 139.0 and 133.1 ppm. The resonance at 171.5 ppm was assigned 

to the carbonyl carbon of the lactone functionality. The resonance at 

158.1 ppm appeared as a doublet in the gated decoupled spectrum with 

a carbon-hydrogen coupling constant of 233 Hz. This was, therefore, 

assigned to the formate carbon. The resonances at 139.0 and 133.1 

ppm, both singlets in the gated decoupled spectrum, were assigned to 

the olefinic carbons. The *H NMR spectrum showed a resonance for one 

proton at 7.95 ppm which was attributed to the formate proton. A 

methyl singlet appeared at 1.9 ppm and a methyl doublet at 1.1 ppm.

The IR spectrum showed an intense broad absorption at 1760 cm * 

assigned to the carbonyl stretches of the lactone and formate groups.
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Mass spectral analysis showed a molecular ion at m/e 198 indicating 

addition of three oxygens to menthofuran.

The reaction of menthofuran 59 with two equivalents of mCPBA was 

run in solvents of varying polarity. In nonpolar solvents (chloro

form, methylene chloride and benzene), the course of the reaction was 

the same and the product 60 was isolated in uniformly high yields. 

However, as the polarity of the solvents was increased (ether, ethyl 

acetate, acetone and dimethyl formamide), side product formation 

became predominant even though 60 could be identified in the crude 

reaction mixtures by NMR spectroscopy.

Proposed mechanism for the oxidation of 3-methyl-4,5,6,7-

tetrahydrobenzofuran 57 with a diepoxide intermediate. A mechanism for

the oxidation of this substrate with two equivalents of mCPBA was

proposed (Figure 2). Initial oxidation would be expected to occur at
44the more substituted double bond of the furan moiety to form 62.

Addition of the second equivalent of mCPBA would occur rapidly to form

diepoxide 63. This intermediate was proposed to be a trans-diepoxide

because of the repulsion between the initially formed epoxide and the
45approaching second equivalent of mCPBA. Diepoxide 63 would then 

rearrange as shown to form 58.
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Figure 2. Proposed mechanism for the oxidation of 3-methyl-4,5,6,7- 
tetrahydrobenzofuran via a diepoxide intermediate.

A second possible pathway considered at this point was derived

from reports by Borowitz on the oxidation of enol ethers with 
46 47mCPBA. ’ This reaction was proposed to proceed to consume two

equivalents of peracid and resulted in the ring expanded product 

(equation 30). However, several features of this reaction contrast

CQ-00 mCPW Cp— o
O-O-CArIt66 0 67

(30)

with the reaction of two equivalents of mCPBA with the furan 

substrate. First, Borowitz1 reaction reportedly required several 

hours at room temperature to go to completion. Next, yields reported 

(approximately 50%) are significantly lower than those seen with the 

furan substrate. Moreover, it would be difficult to justify the 

product observed in the furan case by following this mechanistic
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scheme. For these reasons, it was felt that this mechanism was not 

operative in the furan case and the mechanism with a diepoxide inter

mediate was, therefore, advanced.

The inclusion of a diepoxide intermediate in the proposed mechan

ism should cause no concern because diepoxides derived from furans 

are known to exist. These compounds are generally formed from the 

endoperoxides which result from the singlet oxygen oxidation of 

furans. One example reported by Kraus utilized 3-methylfuran 68 

(equation 31).^ The pho^ooxidation of 68 in methylene chloride

68

O2 ,hv

sens

69

(31)

resulted in diepoxide M  which was isolated from a mixture of

products in 23% yield. A second example was reported by Wasserman 
49(equation 32). The sensitized photoxidation of [2.2](2.5)furan-

(32)

W
*

Tl

ophane 70 in methylene chloride resulted in the tetraepoxide Tl, which 

was isolated in high yield. Still another example showed the

Oo ,h I

sens
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endoperoxide to indeed be the intermediate of this reaction (equation

endoperoxide was heated in refluxing benzene, the diepoxide 74 was 

isolated, reportedly in quantitative yield.

Studies with I,2,3,4,5,6,7,8 - Octahydrodibenzofuran

Synthesis of'I,2,3,4,5,6,7,8 - octahydrodibenzofuran 77. At this 

point it was decided to extend our studies to other furan substrates 

to see how general the reaction that we had observed was. The next 

substrate chosen was perhydrodibenzofuran TTy This compound was 

synthesized by modifying a procedure reported by Creese in the litera

ture (Figure 3).^ Following the procedure of Vfenkert, dry hydrogen
52chloride gas was bubbled through cyclohexanone to effect coupling.

The crude ketochloride which resulted was ketalized to yield ketal 

alkene 75. This was converted to the epoxide 76 with mCPBA. Cycli- 

zation was carried out to yield furan TJ_ using a biphasic mixture of 

2 M HCl and pentane.

Oxidation of perhydrodibenzofuran 77. As in the previous exam

ples, this substrate reacted to consume two equivalents of mCPBA to 

give 78 as a white solid in nearly quantitative yield (equation 34).

33).*^ Sensitized photooxidation of 72 afforded 73. When this

74
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As before, the structure of this product was elucidated from its spec-
13tral properties. The C NMR spectrum exhibited resonances at 201.5,

(34)

Figure 3. Synthetic scheme followed for preparation of perhydrodi- 
benzofuran 77.

a-HCl(g); b-CHOCI^^i p-TsOH, C^H,.CH^, A; C-mCPBA, d-2M HCl, pentane

172.3, 150.6, and 125.7 ppm, all of which appeared as singlets in the 

gated decoupled spectrum. The resonance at 201.5 ppm was assigned to 

the carbonyl carbon of the ketone and that at 172.3 ppm to the



36

carbonyl carbon of the lactone functionality. The resonances at 150.6 

and 125.7 ppm were assigned to the olefinic carbons; the upfield one 

to the olefinic carbon adjacent to the ketone group and the downfield 

resonance to the olefinic carbon adjacent to the oxygen of the lactone 

functionality. The IR spectrum showed strong absorptions at 1750 and
-I

1690 cm which were assigned as the carbonyl stretching frequencies 

of the lactone and ketone, respectively. A weaker band was observed 

at 1660 cm  ̂and this was attributed to the carbon-carbon double bond 

stretching. The mass spectrum showed a molecular ion at m/e 208, 

again indicating addition of two oxygens.

This reaction exhibited characteristics similar to those observed 

for 3-methyl-4,5,6,7-tetrahydrobenzofuran 57. The reaction was rapid, 

going to completion in approximately five minutes at 0°. Again, addi

tion of one equivalent of mCPBA consumed only 50% of the substrate 77 

as shown by gas chromatography and NMR spectroscopy.

Since the pattern exhibited by this reaction was similar to that 

shown by 3-methyl-4,5 ,6,7-tetrahydrobenzofuran 57, a similar mech

anistic scheme was proposed (Figure 4). Initial attack would occur 

on either side of the furan moiety in this symmetrical molecule. 

Subsequent attack of this monoepoxide 79 would occur rapidly to yield 

diepoxide 80. This diepoxide would then rearrange to the observed 

product 78.
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Figure 4. Proposed mechanism for the oxidation of perhydrodibenzo- 
furan 77 via a diepoxide intermediate.

However, it was noted that in this case, if the furan reacted as 

an enol ether, the product would have been 81̂  (equation 35). Struc

turally, this compound is very similar to 78 and would be expected to

have closely related spectral properties. In order to differentiate 

between these possibilities, it was elected to have a crystal struc

ture determined.

The result of this single crystal X-ray analysis is shown 

(Figure 5). Not only did this analysis demonstrate the product to 

have the structure predicted, but also it determined that the stereo

chemistry about the double bond is that of the Z-isomer, as shown.



Figure 5. Perspective view of the molecular structure of 78

u>oo
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It was again found that a third equivalent of mCPBA would react 

in this system resulting in a Baeyer-Villiger oxidation to afford 82 

(equation 36). The structure assigned to this product followed

(36)

13directly from its spectral properties. The C NMR spectrum showed 

six resonances which included one at 171.9 ppm and another at 138.7 

ppm. These were assigned to the carbonyl carbons of the lactone 

groups and the olefinic carbons, respectively. The IR spectrum showed 

a strong absorption at 1750 cm * attributed to the carbonyl stretching 

of the lactone functionalities. The mass spectrum showed the mole

cular ion at m/e 224, indicating that three oxygens had been added to 

the original furan 77. This solid product was not characterized 

further.

jg
Studies with 3-Methyl-4,5,6,7-tetrahydrobenzofuran- 0 and

IRI,2,3,4,5,6,7,8-Octahydrodibenzofuran- O

Preliminary considerations. While considering possible mechan

isms for the reactions discussed above with 3-methyl-4,5,6,7-tetra
hydrobenzofuran 57 and perhydrodibenzofuran 77, it was noted that 

there were three oxygen atoms in the products 58 and 78. Two of these 

oxygens were delivered by the mCPBA and the third arose from the furan 

moiety. If the origin of the oxygen atoms in the products could be
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determined, a much better understanding of the reaction pathway would 

result. Therefore, it was decided to pursue labeling experiments with 

18O-
18

Initially, thought was given to synthesizing 0 labeled mCPBA.
18There were no reports found in the literature dealing with 0 labeled 

peracids. A tentative scheme was developed (equation 37).

Barium peroxide with *̂*0 incorporated could be produced by burning
18barium in an atmosphere of . Treatment of this product with water

would yield This could then be used to synthesize the labeled

peracid following standard procedures. However, this scheme seemed
18

rather tedious. Furthermore, it should be noted that 50% of the 0 

incorporated in the peracid would be lost when using it as an oxidant.

Attention was therefore directed toward the synthesis of 0 

labeled furans. A literature search revealed three reports on the 

synthesis of compounds of this type. The earliest reference involved 

the synthesis of furan In (equation 38). In this scheme the overall

CO2H
HCl

Br
O
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yield of la was reported as 26% based on 83. The furan la synthesized
18by this method contained 25% 0 as shown by mass spectrometry. It

should be noted that at least two-thirds of the originally incorpor- 
18ated 0 is lost as this synthesis proceeds, thus detracting consid

erably from its merits. Also, functionalization of the furan moiety 

to arrive at desired substrates would be difficult.

A second scheme detailed the synthesis of a labeled diaryl furan 

(equation 3 9 ) The overall yield of this sequence was 4%. This

procedure was not attractive for a number of additional reasons. The 
180 is incorporated in the first step and subsequently, a large amount 

is lost due to the poor overall yield. The final product of this 

scheme is a diaryl furan and modification to gain systems of interest 

would be problematical.

copper
chromite
quinoline [a,

89

A third method used the process of incubating 15-hydroperoxy-
185,8,11,13-eicosatetraeneoate (PPGg) in an atmosphere of Og with 

prostaglandin synthetase.^ This resulted in the preparation of
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dibenzofuran with.high incorporation of label. Again, this sequence 

was not attractive since we required non-aryl furans.

However, it was felt that the synthetic methodologies for prepar

ing furan containing compounds have been well developed. These 

sequences were reviewed to find examples in which ketones are inter

mediates. Exchange between the carbonyl oxygen of such ketonic
18 18 compounds and 0 enriched water could easily be effected. With 0

incorporated in this way, the synthesis could be continued to yield

the desired labeled furan.

With this process in mind, methods which could be used to analyze
18compounds labeled with 0 were considered. Classically, mass spec

trometry has been the method of choice for analysis of stable 

isotopes. However, in our examples, the fragmentation patterns were 

rather complex. Unambiguous identification of these fragments seemed 

rather doubtful and, therefore, the exact position of the label could

not be ascertained. Nevertheless, mass spectrometry has been used to
18determine the amount of 0 in a given sample by comparison of the 

intensities of the molecular ions of the labeled and unlabeled mater

ials.

On occasion, infrared spectroscopy has been used for analysis of 

labeled k e t o n e s . T h i s  technique seemed rather dubious because 

data were available only for ketones. Use of this technique in the 

compounds of interest would require some model studies to be carried 

out to extend the data to other functional groups. Because the reso

lution of the available infrared spectrometers is rather poor, it 

would be difficult to measure peak intensities accurately enough to
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18quantitate the amount of 0 incorporated in any given position.

However, IR spectroscopy was used to give a qualitative picture of 
180 incorporation.

13Recent reports were noted in which C NMR spectroscopy was used
18 57 58as a technique for the determination of 0 incorporation. * This

13was carried out by measuring the C NMR spectrum of labeled compounds
13at high resolution. The resonances for those C nuclei bonded to

18 160 appear slightly upfield compared to those bonded to °0. The

magnitude of this upfield shift varies between 0.01 and 0.05 ppm.

Apparently, the magnitude of the shift can also be correlated with
18the functionality within which the 0 is contained. Ketones show 

the largest perturbations, and these decrease to alcohols, which show 

the smallest.
59This phenomenon can be explained in the following manner. With 

the heavier isotope, the carbon-oxygen bond of interest sits lower in 

its potential well and, therefore, its mean displacement from equilib

rium is reduced. Since the stretching of bonds generally leads to a 

reduction in shielding, the effect of the substitution of a heavier

isotope is to cause the shielding to increase.
13It was decided to use C NMR spectroscopy as the principal tool 

18for determination of 0 incorporation. By observing the resonances

which were perturbed in the labeled compounds, the position of the 
180 could be determined. The magnitude of the shift difference 

between the two resonances could be correlated with model compounds 

as a check on the isotope position. It is also possible to determine 

the extent of 0 incorporation by jC NMR spectroscopy. In the



44

13studies conducted in this research, the C NMR spectra typically had 

a signal to noise (S/N) ratio of 100:1. Therefore, these measurements 

should be accurate to approximately 1%.

Synthesis and oxidation of 3-methyl-4,5,6,7-tetrahydrobenzofuran-
180 57a. A scheme was developed to prepare this compound labeled

Jg
with O (Figure 6). As stated earlier, the goal of this synthesis

was to isolate a ketonic intermediate in which exchange between the
18carbonyl oxygen and 0 enriched water could be carried out. This

was effected as shown by preparing 6-acetyl-I,4-dioxaspiro[4.5]decane

91. The synthesis began by hydrolyzing ketal ester 53 to give acid

90. Following the procedure of Jorgenson, this ketal acid 90 was
'60converted to the desired ketal ketone 91̂ .

Figure 6. Synthetic scheme followed for preparation of 3-methyl-
184,5,6,7-tetrahydrobenzofuran- 0 57a.

a-SM NaOH, A; b-2 CH3LLi; 
pentane
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In all cases, exchange was accomplished by adding 97-99% enriched

Hg 0 to the ketone of interest and then adding sufficient tetra-

hydrofuran to solubilize these materials.*** Finally, concentrated
+•hydrochloric acid was added to bring the concentration of H to

approximately I x 10 ^ M. The progress of incorporation of was

monitored by mass spectrometry. Using the technique outlined above
18it would be possible to incorporate high concentrations of 0 into a

sample by repeated exchanges. However, for these mechanistic studies,

it was felt optimum results could be obtained with approximately a 
16 181:1 ratio of 0 to 0 in our substrates.

In this case, exchange was carried out within 1.5 hours to yield

91a. Following the procedure of Corey, this compound was then

converted to the labeled epoxide 56a utilizing dimethylsulfonium 
62methylide. This epoxide was cyclized using the same procedure

developed for the unlabeled material. Thus, the synthesis of labeled
18furan 57a was carried out in 73% yield in the steps involving 0

labeled materials. There was some small loss of label during this

sequence; but, overall, this process appears to be excellent for 
18incorporating 0 into the furan moiety. 18

18The extent of O incorporation in these compounds was determined 

by NMR and mass spectrometry. The agreement between these techniques 

was generally excellent and problems arose only in cases in which the 

mass spectrum showed only a weak molecular ion. The results for this 

series are summarized in Table I.

18
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Oxidation of 57a with two equivalents of mCPBA resulted in the
13formation of 58a (equation 40). In the C NMR spectrum of 58a, the

(40)

18 1Table I. 0 Content for Studies Involving 3-Methyl-4,5,6,7-tetra- 
hydrobenzofuran.

13C NMR Data Mass Spectral
Compound 63 (ppm) A 6 (ppm) V 8O Data (% 18O)

91a 209.4(s) 0.051 54 55b
56a 56.4(s) 0.042 48 55b

55.8(t) 0.030 48
57a 150.9(s) 0.039 46 48

136.7(d) 0.036 47
58a 170.7(s) 0.040 41 42

aChemical shift and multiplicity of carbons showing isotope induced 
^shift.
Molecular ion not intense enough to accurately determine.

resonances at 189.9 and 164.3 ppm, assigned to the aldehydic carbon 

and the olefinic carbon of interest, both appeared as single lines. 

The resonance at 170.6 ppm was resolved into two lines with the 

upfield resonance shifted by 0.040 ppm. This is the resonance 

assigned to the carbonyl carbon of the lactone. The magnitude of the 

chemical shift difference between the two resonances indicates that
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it is the carbonyl oxygen which is partially substituted with 0. 
This was also supported by the IR spectrum which showed two bands for 

the carbonyl stretch of the lactone, one at 1755 cm * (C*^0), the 

other at 1710 cm * (C*®0).

The result of this experiment was consistent with our proposed 

mechanism with a diepoxide intermediate. The label ends up solely in 

the position predicted by collapse of the diepoxide intermediate 63a 

into the product 58a (equation 41). However, on the basis of this

IS

data, no insight can be gained as to the site of initial attack on 

the furan moiety by mCPBA.

Mechanism of the cyclizations of Pty-epoxy ketals to furans. As

a sidelight, the synthesis of 3-methyl-4,5,6,7-tetrahydrobenzofuran- 
180 57a allows further elucidation of the mechanism of cyclization of 

PfY-ePoxY ketals to furans. This cyclization has been utilized in a 

number of synthetic schemes but comments concerning the mechanism of 

this reaction have been uniformly open-ended.^' ^  Most of the 1^O 

which was incorporated in epoxide 56a was found in furan 57a. Using 

this as a basis, the following mechanism is proposed (Figure 7). Ring 

opening of the protonated epoxide 92 to form 93 is followed quickly by 

cyclization. This cyclization to 94 must occur soon after the epoxide
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18opens since very little (1-2%) 0 is lost by exchange in this reac

tion. If intermediate 93, or other related species, had a long life-
18time it would be expected that more 0 would be lost by exchange in

2this acidic medium. The cyclization of 93 to 94 is shown as an 

process. This is assumed to be the case since formation of the furan 

occurs faster than deketalization under similar circumstances. The 

driving force for the final elimination to form 95 is aromatization of 

the furan moiety.

Figure 7. Proposed mechanism for the cyclization of P,y-epoxy ketals 
to furans.

This reaction occurs in a biphasic mixture. Initially, an 

equilibrium is established with a certain portion of the epoxy ketal 

in the acidic aqueous layer. The reaction occurs in this layer and 

the furan product is then extracted back into the pentane layer.
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Observation of the reaction mixture supports this. The initial 

aqueous layer is clear, but within a few minutes, after the beginning 

of stirring, it becomes cloudy. The aqueous layer maintains this 

opaque quality for two-thirds of the reaction time. It then slowly 

clears and reaction is complete when the bottom layer returns almost 

to its original clear state. '

Synthesis and oxidation of 1,2,3,4,5,6,7,8-octahydrodibenzofuran-
18 180 77a. The synthesis of perhydrodibenzofuran- 0 77a was

initiated with ketal alkene 23 (Figure 8). This was converted to the

alcohol by hydroboration-oxidation. This alcohol was not purified

and the crude material was converted directly into the diketone 96 by

oxidation with three equivalents of Jones reagent. Initially,

attempts were made to oxidize this crude ketal alcohol to the ketal

ketone. However, oxidation with one equivalent of Jones reagent gave

a mixture of materials, some of which was found to be the desired

diketone 96. Utilization of Sarett reagent for the oxidation was no

more successful. Since one equivalent of Jones reagent gave some of

the desired diketone, the oxidation was carried out using three

equivalents in a controlled manner. The diketone 96 was isolated as
65a mixture of diastereomers as reported in the literature.

18The synthesis was continued with the incorporation of 0. Again

exchange was effected by preparing a solution of diketone 96 and 99%
18enriched 0 in tetrahydrofuran and adding sufficient concentrated 

aqueous hydrochloric acid to make the solution approximately one
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Figure 8. Synthetic scheme followed for preparation of perhydrodiben-
18zofuran- 0 77a.

a-NaBH^, BF^, THF; b- OH, H^Ogi c-Jones oxidation (CrO^, H^SO^, 
CH3COCH3); d-H2180, THF, H+; C-H2SO41 A

This compound was then oxidized with two equivalents of mCPBA to

yield 78a (equation 42). The position of the label in the product

(42)

millimolar in H . Exchange was complete within 22 hours. Analysis
13 IRby C NMR spectroscopy showed 52% incorporation of 0 (Figure 9).
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Cyclization in this case was carried out by treating labeled

diketone with a small amount of concentrated sulfuric acid and

heating this mixture under aspirator vacuum. Furan 77a was collected
13as it distilled. Analysis by C NMR spectroscopy showed 39% incor- 

18poration of O (Figure 10). Mass spectral analysis, again in excel

lent agreement with the NMR data, showed 40% label incorporation, 

was determined by C NMR spectroscopy (Figure 11). The resonance at 

201.5 ppm was resolved into two peaks with the upfield resonance 

shifted by 0.050 ppm. This resonance, assigned to the ketone func

tionality, showed 20% incorporation of *®0. The resonance at 172.3 

ppm was also resolved into two lines with the upfield resonance

shifted by 0.040 ppm. This resonance, assigned to the lactone func-
18tionality, showed 20% incorporation of 0. The magnitude of the

chemical shift difference indicates that it is the carbonyl oxygen
18partially substituted with 0.

The results of synthesis of this series of compounds are summar

ized in Table 2.

18Table 2. 0 Content for Studies Involving Perhydrodibenzofuran.

Compound 6a (ppm)
13C NMR Data 
A 6 (ppm) X 18O

Mass Spectral 
Data (% 18O)

96ab 211.8(s) .053 52 54
210.8(s) .053 52

77a 148.4(s) .039 39 41
78a 201.5(s) .050 20 41

172.3(s) .040 20

aChemical shift and multiplicity of carbons showing isotope induced 
^shift.
Data available from both diastereomers.
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The mechanism proposed earlier, which postulated that the reac

tion proceeded via a diepoxide intermediate, would predict that all 
18of the 0 should be in the carbonyl oxygen of the lactone function-

18ality. Because the 0 was found to be evenly distributed between 

two sites in the product, a major revision of the mechanism appeared 

necessary. A new mechanism was, therefore, proposed (Figure 12). 

Initial attack would occur to yield monoepoxide 79a. This interme

diate would subsequently open to give cis-enedione 97a, a symmetrical 

intermediate. A Baeyer-Villiger oxidation would then occur to yield 

the observed product with the label scrambled as indicated.

Figure 12. Proposed mechanism for the oxidation of perhydrobidenzo-
18furan- 0 77a via an enedione intermediate.

Furthermore, these results caused us to reinvestigate our 

proposed mechanism for the oxidation of 3-methyl-4,5,6,7-tetrahy- 

drobenzofuran. As it appeared, an analogous mechanism could be 

postulated for this substrate which also would involve an enedione 

type intermediate. Thus, the following mechanism was proposed, taking
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into account the results of the 0 labeling studies with this 
substrate (Figure 13). Initial attack would occur on the least 

substituted side of the furan moiety to form epoxide 98a. This would 

undergo ring opening to yield 99a with label in the position indi

cated. Subsequent rapid Baeyer-Villiger oxidation would lead to 58a, 

the product observed in the labeling studies.

18

Figure 13. Proposed mechanism for the oxidation of 3-methyl-
184,5,6,7-tetrahydrobenzofuran- 0 57a via an enedione 

type intermediate.

At this point two questions were raised concerning the proposed 

mechanisms. In the mechanism just discussed, initial attack of the 

furan moiety is predicted to occur on the lesser substituted side. 

Usually, when studying oxidations with mCPBA, it is observed that the 

more substituted positions are a t t a c k e d . T h i s  divergence from the 

norm raised some questions. A second problem arose concerning the 

rate of the proposed Baeyer-Villiger oxidations. These reactions tend 

to show a limited range of reaction rates.^  For some reason, in the
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cases studied above, the reactions occurred one to two orders of 

magnitude faster than normal. Further studies were undertaken to 

answer these questions.

Attempted Syntheses of Enediones

Attempt to prepare enedione derived from perhydrodibenzofuran. 

Since enediones derived from ring opening of the substrates studied 

were proposed as intermediates, efforts were made to synthesize these

compounds. It was felt that, if they could be isolated, further
'

experimental work could be carried out to determine if they were
v ■ . .

indeed intermediates in the reaction pathway.

Initially, attempts were directed toward the synthesis of the 

enedione derived from perhydrodibenzofuran. One method tried was 

derived from earlier work reported by Foote on the photooxidation of 

furans (equation 43).^ In this paper, it was reported that the

O2 ,hi-,MeOH

sens QtP3HOO - OMe 
100

OQO O 
97

(43)

initial product formed upon the photosensitized oxidation of 7% was 

100. In this same paper, a similar sequence was carried out with 

2,5-dimethylfuran 3 (equation 44). In this case, the initial adduct

I l  H
'0'

PPhfl
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In our laboratory, intermediate 100 was easily prepared when 

perhydrodibenzofuran 77 was photooxidized in methanol with rose bengal 

added as a sensitizer. Treatment of 100 with triphenylphosphine 

resulted in the formation of triphenylphosphine oxide but no discern- 

able enedione 97.

A second attempt to prepare enedione 97 was carried out using

selenium dioxide to oxidize diketone 96. This follows a number of

reports on the oxidation of ketones with selenium dioxide to yield

a ,p-unsaturated ketone s I n i t i a l l y ,  ethanol was used as a solvent

but no reaction was observed. The reaction was then run in acetic

acid and a veritable plethora of products were produced. This mixture

was chromatographed on silica gel to yield a small amount of furan 77,

but no enedione 97 was identified. A number of the fractions showed
13olefinit resonances in their Ci NMR spectra, indicating that oxida

tion had occurred, but not at the desired position. Work in this area 

was not pursued further.

Attempt to prepare enedione derived from 3-methyl-4,5,6,7-tetra- 

hydrobenzofuran 57. Thought was also given to the synthesis of 98, 

the proposed intermediate in the reaction of 3-methyl-4,5,6,7-tetra- 

hydrobenzofuran. A scheme was designed, the first steps of which are

was opened with triphenylphosphine to yield cis-2,5-hexenedione 44.
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shown (equation 45). Following a procedure of Mukherji, cr,p-unsatur-

O
Br

102
(45)

68ated ketone 101 was prepared from 54. Attempts to brominate this 

compound with NBS led to a gross mixture of products from which the 

desired ketobromide could not be isolated. It was hoped that 102 

could be isolated in reasonable yield. The proposed scheme called 

for the conversion of 102 to the corresponding alcohol followed by 

oxidation to give 98. This scheme was abandoned.

Studies were carried out on the oxidation of 101 with mCPBA. It 

was found that this compound reacted with one equivalent of mCPBA to 

quantitatively yield, the epoxide 103 (equation 46). This was at a

(46)

69slight variance with a report by Silverstein. In this article,

it was reported that the oxidation of pulegone 104, the 5-methyl 

derivative of 101, gave lactone 105 in 40% yield and epoxide 106 in
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unspecified yield when the oxidation was carried out with peracetic 

acid (equation 47).

104

(47)

A competition experiment was carried out by adding one equivalent 

of mCPBA to a solution containing one equivalent of furan 57 and one 

equivalent of 101♦ Analysis showed that one-half of the furan had 

been oxidized to 58 but that none of the 101 had reacted. It was 

therefore concluded that the extreme rate of the second addition did 

not relate solely to the strain induced by the exocyclic double bond.

Studies with 2,5-Dimethylfuran

At this point in the research program, a report appeared by 

LeGoff on the oxidation of 2,5-disubstituted furans with mCPBA to 

yield c i s - e n e d i o n e s I t  was reported that these oxidations were 

carried out with an excess of mCPBA, yet no further oxidation of the 

initially formed cis-enediones was noted. As an example,

2,5-dimethylfuran 3 reacted to give cis-2,5-hexenedione in 99% yield 

when oxidized with 1.1 equivalents of mCPBA. It was decided to 

further explore the chemistry of this system.

As reported, 2,5-dimethylfuran reacted with one equivalent of 

mCPBA to form cis-2,5-hexenedione. Addition of two equivalents of
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mCPBA and reaction times of 24 hours at room temperature still

afforded this product in quantitative yield.

The reaction was then run with two equivalents of mCPBA in

refluxing chloroform for 24 hours. Work-up of the reaction followed

by spectral analysis revealed two products. These were identified as

trans-2,5-hexenedione and the epoxide of either cis- or trans-2,5-
13hexenedione. There was no evidence in the C NMR data for resonances 

near 170 ppm which would be indicative of the product formed by 

Baeyer-Villiger oxidation of the initially formed enedione. On the 

basis of these studies, it was concluded that the extreme ease of the 

second addition of mCPBA in the systems studied was not inherent in 

all cis-enedione systems.

Studies with 2-Methyl-4,5,6,7-tetrahydrobenzofuran

Synthesis of 2-methyl-4,5,6,7-tetrahydrobenzofuran 109. It was 

decided to expand our studies to a different substrate. 2-methyl- 

4,5,6,7-tetrahydrobenzofuran 109 was chosen as a logical molecule to 

explore next.

This compound was synthesized by a compilation of reactions 

previously reported in the literature (Figure 14). N-cyclo- 

hexylidenecyclohexylamine 107 was prepared by treatment of an ethereal
O

solution of cyclohexanone and cyclohexylamine with 4A molecular

sieves. Alkylation of the imine salt was performed to yield chloro-

ketone 108. ^  Following the procedure of Nienhouse, this was cyclized

with 90% sulfuric acid to yield 2-methyl-4,5,6,7-tetrahydrobenzofuran 
71109.
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Figure 14. Synthetic scheme followed for preparation of 2-methyl* 
4,5,6,7-tetrahydrobenzofuran 109

107

87%

a-4A molecular sieves, ether; b-EtMgBr; c-2,3-dichloropropene; d-90%
H2SO4

Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran 109. Oxi

dation of 109, which was added in one portion to a solution of two 

equivalents of mCPBA, gave a mixture of products (equation 48).

109 HO 111 112

The approximate yields of these products was 20%:45%:20% for H O , 111, 

and 112, respectively.

The structures of these compounds were elucidated from their

spectral properties. Compound H O  showed a molecular ion at m/e 152
13in the mass spectrum indicating addition of one oxygen. The C NMR 

spectrum showed resonances at 204.6, 200.1, 150.1 and 129.6 ppm. The 

first three resonances all appeared as singlets in the gated decoupled 

spectrum whereas that at 126.9 ppm appeared as a doublet. Further
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13analysis of this compound by C NMR spectrometry showed the resonance

2at 200.1 ppm to be coupled to the protons of the methyl group (
2= 6Hz) and the olefinic proton ( = 4Hz) (Figure 15). This was

I 13determined by obtaining a H-coupled C NMR spectrum of the reso

nances at 204.6 and 200.1 ppm. Specific proton decoupling of the 

protons of the methyl group collapsed the multiplet centered at 200.1 

ppm into a doublet. Similarly, decoupling the olefinic proton 

collapsed this multiplet into a quartet. On the basis of this infor

mation, the resonance at 204.6 ppm was assigned to the carbonyl carbon 

of the cyclohexanone moiety and the resonance at 200.1 ppm was 

assigned to the carbonyl carbon of the acetyl moiety. The resonances 

at 150.1 and 129.6 ppm were assigned to the olefinic carbon in the

cyclohexanone moiety and the olefinic carbon with the proton, respec- 
1

tively. The H NMR spectrum showed a broad singlet for one proton at

5.97 ppm and a methyl singlet at 2.22 ppm. The IR spectrum showed a
-Istrong, broad absorption of 1690 cm assigned to the carbonyl stretch

of the ketone functionalities and a weaker band at 1630 cm assigned

to the olefinic stretching frequency.

Compound 111 showed a molecular ion at m/e 168 in the mass spec-
13trum indicating addition of two oxygens. The C NMR spectrum of this 

compound showed resonances at 189.2, 168.6, 164.2 and 126.7 ppm. The 

resonance at 189.2 appeared as a doublet in the gated decoupled spec

trum with a carbon-hydrogen coupling constant of 178 Hz. This reso

nance was assigned to the aldehydic carbon. The other resonances all 

appeared .as singlets in the gated decoupled spectrum and were assigned 

to the carbonyl carbon of the acetate group, the olefinic carbon



Figure 15. 13C NMR analysis of carbonyl resonances of HO.

a.) H-coupled spectra.

b.) Methyl protons decoupled.

c.) Olefinic proton decoupled.
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adjacent to the acetate group and the olefinic carbon adjacent to the
Ialdehyde group, respectively. The H NMR spectrum showed a resonance

at 9.93 ppm, assigned to the aldehydic hydrogen, and a methyl singlet
-1

at 2.24 ppm. The IR spectrum showed a weak band at 2750 cm assigned 

to the carbon-hydrogen stretch of the aldehyde functionality. Strong 

absorptions appeared at 1760 and 1675 cm and were assigned to the 

carbonyl stretches of the ester and aldehyde functionalities, respec

tively. Another absorption was apparent at 1650 cm * and was assigned 

to the carbon-carbon double bond stretch.

Compound 112 showed a molecular ion at m/e 184 in the mass spec

trum indicating that three oxygens had been added to the furan 
13substrate. . The C NMR spectrum showed resonances at 168.3, 158.6, 

137.2 and 136.1 ppm. The resonance at 158.6 ppm appeared as a doublet 

in the gated decoupled spectrum and showed a carbon-hydrogen coupling 

constant of 229 Hz. The position of this resonance and the magnitude 

of the coupling constant indicated the formate functionality. The 

resonance at 168.3 appeared as a singlet in the gated decoupled spec

trum and was assigned to the carbonyl carbon of the acetate group.

The other two resonances were also singlets and these were assigned 

to the olefinic carbons. The NMR spectrum showed a singlet at 8.01 

ppm assigned to the hydrogen of the formate group. A resonance 

assigned to the methyl group appeared as a singlet at 2.13 ppm. The 

IR spectrum showed a broad band at 1760 cm * which was assigned to 

the carbonyl stretches of both the acetate and formate groups.

A fourth product was seen by NMR spectroscopy but was never 

isolated in sufficient purity to allow unambiguous identification.
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It was tentatively assigned structure 113, the epoxide of enedione 
13H O . The C NMR spectrum showed resonances at 204.1, 204.1, 67.2,

and 66.4 ppm. The two resonances at 204.1 both appeared as singlets 

in the gated decoupled spectrum and were assigned to the carbonyl 

carbons. The resonance at 66.4 ppm appeared as a doublet in the gated 

decoupled spectrum and was assigned to the methine group of the 

oxirane. The resonance at 67.2, a singlet in the gated decoupled 

spectrum, was assigned to the other carbon in the oxirane. The *H 

NMR spectrum showed a singlet at 3.4 ppm. As stated, this compound 

was never isolated. The data referred to above was arrived at by 

analysis of spectra of mixtures which contained this compound.

Further work needs to be carried out to allow verification of the 

structure of this compound.

The results detailed above on the 2-methyl derivative led to the 

development of the mechanistic scheme outlined (Figure 16). Initial - 

attack by mCPBA would occur on either side of the furan moiety to form 

monoepoxides 114 or 115. Either of these would undergo ring opening 

to give enedione H O . However, epoxide 115 would also undergo nucleo

philic attack to form 116 which would subsequently collapse to form 

aldehyde 111. This part of the scheme relates to work carried out by
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Figure 16. Initially proposed mechanism for the oxidation of 2-methyl”4,5l6,7”tetrahydrobenzofuran



68

Borowitz on enol ethers referred to earlier.^* ^  Finally, the alde

hyde 111 would undergo Baeyer-Villiger oxidation to yield formate 112.

As stated above, this mixture of products arose from adding the 

furan in one portion to two equivalents of mCPBA." Qualitatively, this 

reaction was the most exothermic of all the furan substrates studied. 

When the furan 109 was added to a solution of mCPBA cooled to 0°, the 

methylene chloride began mild refluxing within seconds. This reaction 

also went to completion in a short time, as had been observed with 

the other substrates.

It was decided to see if the yield of enedione H O  could be 

increased. In the proposed scheme, this product could arise from 

either of the two epoxides. However, the one monoepoxide 115 could 

also react with a second equivalent of mCPBA to decrease the amount 

of enedione which could form. It was therefore decided to slowly add 

a solution of one equivalent of mCPBA to a solution of the furan to 

minimize the concentration of mCPBA at any one moment. This proposed 

reaction was carried out in methylene chloride. Typically, one gram 

of furan 109 was dissolved in 100 ml methylene chloride and a solution 

of one equivalent of mCPBA was added dropwise over a period of two to 

three hours. Upon work-up of these reaction mixtures, NMR spectro

scopy showed that three components were present. These were identi

fied as the starting furan 109, the enedione H O  and the aldehyde 111 

in ratios of 1:8:1, respectively. Chromatography on silica gel 

allowed isolation of enedione H O  in 70-80% yield based on starting

furan.
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Exploration of the oxidation of enedione H O  with mCPBA was 

pursued next. As mentioned, a fourth product had been observed in 

our initial reaction mixture and it had been tentatively identified 

as the epoxide formed by further oxidation of enedione H O . It was 

hoped this work would permit access to more of this material for 

further characterization.

However, oxidation of enedione H O  was found to give aldehyde 

111 in high yields. After some thought, a paper by Lutz was recalled
Q

in which an interesting oxidation was reported (equation 49). When

(49)

117 was oxidized with chromic acid or hydrogen peroxide, 118 was
14isolated with the C scrambled to the extent indicated. This was 

rationalized in the following manner (equation 50). The initially

formed product can rearrange as shown until an equilibrium is estab

lished. In this instance, the use of label was the tool which 

allowed determination of this rearrangement. An analogous pathway 

could be proposed in the observed oxidation of enedione H O  to
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aldehyde 111 (equation 51). The intermediate 119, formed by

(51)

Baeyer-Villiger oxidation of enedione H O , would undergo acetyl 

transfer as shown to yield the aldehyde 111. Needless to say, none 

of the epoxide 113, derived from enedione H O , was found.

To continue our studies on the mechanism of this reaction, the 

aldehyde 111 was oxidized with mCPBA and found to yield formate 112 

as expected. j

Not only can these reactions be carried out in a stepwise manner 

as described above but the furan 109 can be oxidized directly to the 

aldehyde 111 or the formate 112. Oxidation of 109 with two equiva

lents of mCPBA added slowly yields aldehyde 111 in 80% yield. Simi

larly, addition of three equivalents of mCPBA in one portion to a 

solution of the furan allows isolation of formate 112 in 65% yield.

It should be noted that in this case addition of the third 

equivalent of mCPBA, which oxidizes the aldehyde to the formate, 

occurs readily. In the cases discussed earlier, this final Baeyer- 

Villiger oxidation occurred very slowly and did not interfere with 

the products formed from the oxidation of the furan substrates if 

reaction times were kept short. However, in this case, oxidation of 

the furan with two equivalents of mCPBA added in one portion, the 

formate was found to be approximately 20% of the product mixture. It
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was also noted that, in trying to prepare the aldehyde 111 from either 
the furan 109 or the enedione H O , care had to be taken to prevent 

further oxidation of this to the formate 112. If the reaction was 

maintained at low temperatures (0-20*) and the mCPBA was added 

slowly, only a minimal amount of the formate was observed.

The results outlined above led to some simplification of our 

mechanistic scheme. It was now known that initial attack on the 

furan moiety led to an epoxide which subsequently underwent ring 

opening to give the enedione. This compound, when oxidized with a 

second equivalent of mCPBA, was proposed to undergo a Baeyer-Villiger 

oxidation and then rearrangement to give the aldehyde. Addition of a 

third equivalent of mCPBA resulted in another Baeyer-Villiger oxida

tion to form the formate.

Two questions still remained to be answered. It was not known 

on which side of the furan moiety attack occurred or if there was a 

preference. Also, the oxidation of the enedione to the aldehyde was 

proposed to follow the pathway shown, but it was not certain this was

operative. To answer these questions, it was again decided to carry
18out 0 labeling studies.

Synthesis and oxidation of 2-methyl-4,5,6,7,-tetrahydrobenzo-
13 18furan- 0 109a. This substrate labeled with O was prepared as shown
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O

(equation 52). The exchange conditions were the same as before and

90%H,S0/,
74% Ceu

109a

incorporation of occurred readily to yield 108a. However, the

cyclization to the furan 109a was problematical in that substantial

amounts of label were lost. An initial experiment was carried out

cyclizing 108a with 47% incorporated in 90% sulfuric acid. This
18led to isolation of the furan 109a with only 9% incorporated 0. A

second cyclization was carried out using 108a with 38% incorporated

*®0 and 90% sulfuric acid prepared using 97% enriched In this
18case, furan 109a with 12% 0 label resulted. Apparently exchange is

occurring with the oxygens of the sulfate group. One possible way to

avoid this would be to treat the labeled chloroketone 108a with a

trace of concentrated sulfuric acid (1-2 drops) and then heat the

mixture under aspirator vacuum to distill the furan 109a as it formed.
18However, since the amount of O incorporated was felt to be suffi

cient for mechanistic studies, this was not pursued.

The oxidation of the labeled furan was carried out to yield the 

labeled enedione 110a. After analysis, this was oxidized further to
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the labeled aldehyde Ilia (equation 53). The results are summarized

in Table 3. As noted above, this series of reactions was run with
18furan containing small amounts of 0. Oxidation of 109a resulted in

18loss of 2-3% of the 0 as shown by NMR spectroscopy in both cases.

It was assumed that this was lost by exchange during work-up of the 

reaction mixtures. The methylene chloride used as a solvent had been 

rigorously purified and dried prior to use.

18Table 3. 0 Content for Studies Involving 2-Methyl-4,5,6,7-tetra-
hydrobenzofuran.

13C NMR Data Mass Spectral
Compound 6a (ppm) A 6 (ppm) OQO** Data

108a 210.8(s) .053 38 37
109a 149.8(s) .041 12 14

149.0(s) .039 12
110a 200.l(s) .050 10 b
Ilia 168.6(s) .037 9 10

0
Chemical shift and multiplicity of carbons showing isotope induced 

^shift.
Not determined (see text). 13

13The C NMR spectrum of enedione 110a showed the resonance at 

200.1 ppm to be resolvable into two lines with the upfield line
18shifted by 0.050 ppm. Comparison of peak intensities showed 10% 0
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incorporation. Further oxidation of this material to the aldehyde

Ilia indicated the label to be in the position shown. The resonance

at 168.6 ppm, assigned to the carbonyl carbon of the acetate group,

was resolved into two peaks with the upfield peak shifted by 0.037
18ppm. Comparison of the intensities of these lines showed 9% 0

incorporation, which was in good agreement with the mass spectral 

value of 10%.
18As noted, 2-3% of the 0 was lost during the course of these

18oxidations. It was considered that in enedione 110a, the 0 could

be in the carbonyl of the cyclohexanone moiety. In the NMR spectrum

of this material, the resonance at 204.6 ppm was very broad and it

was impossible to determine if there was an isotope induced shift.

Mass spectral analysis was carried out on the crude reaction mixture

which contained some of the aldehyde 111a. Unfortunately, it was

found that this compound fragmented to produce ions whose mass fell

into the area of the molecular ion for 110a. Thus, it was not possi-
18ble to determine the amount of 0 incorporated in enedione 110a in 

this manner.

However, oxidation of enedione 110a resulted in the isolation of
18aldehyde Ilia. This was shown to contain 9% O by NMR spectroscopy 

and 10% by mass spectral analysis. If 2-3% of the had been 

incorporated in the other ketone in enedione 110a, this would have 

ended up as the alkoxy oxygen of the acetate group in Ilia and there

fore not been exchangeable. This would have been easily determined 

by mass spectral analysis. Since the mass spectral analysis of Ilia 

agreed well with the extent of 0 incorporation shown by jC NMR
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spectroscopy, it was assumed that this also substantiated the propo-
18sition that the remaining 0 was lost by exchange from the enedione 

110a.
The following mechanism was therefore proposed for the oxidation

of this substrate with mCPBA. Initial attack by mCPBA would occur on
44the more substituted side of the furan as predicted. This 

monoepoxide 114 would undergo ring opening to yield 110. This 

enedione would undergo a Baeyer-Villiger oxidation to lead to 119 

which would rearrange to yield aldehyde 111. A final Baeyer-Villiger 

oxidation would follow affording formate 112.

Figure 17. Proposed mechanism for the oxidation of 2-methyl-4,5,6,7- 
tetrahydrobenzofuran via an enedione intermediate.

GvL-CO"
114 H O

m H2

Studies with 2,3-Dimethyl-4,5,6,7-tetrahydrobenzofuran

The studies discussed above with the 2-methyl derivative fit 

well into.our earlier proposed mechanistic scheme. The initial attack



by mCPBA occurred on the more substituted side of the furan moiety.

The enedione formed by subsequent ring opening underwent rapid Baeyer- 

Villiger oxidation to lead to the other products observed. However, 

as mentioned previously, 3-methyl-4,5,6,7-tetrahydrobenzofuran 57 did 

not appear to fit into this scheme. Labeling studies suggested a 

pathway in which initial attack by mCPBA occurred on the least 

substituted side of the furan moiety or possibly a different mechanism 

with a diepoxide intermediate was involved. It was therefore decided 

to investigate a different system in hope that this point could be 

clarified.

76

Synthesis and oxidation of 2.3-dimethyl-4,5,6,7-tetrahydrobenzo-
72furan 120. Following the procedure of Cohen, this substrate was 

synthesized in one step from 57 (equation 54).

1) n-BuLi
2) CH3I

(54)

The oxidation of furan 120 with two equivalents of mCPBA 

proceeded to give two products, 121 and 122 (equation 55). The ratio

(55)
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of compound 121 to compound 122 in these reaction mixtures varied 
between 60:40 and 50:50 as demonstrated by NMR spectroscopy. These 

products were identified by spectral means.

Compound 121 showed a molecular ion at m/e 182 in the mass spec

trum indicating addition of two oxygens to the furan substrate. The 
13C NMR spectrum showed resonances at 198.4, 168.5, 155.0 and 126.1 

ppm, all of which appeared as singlets in the gated decoupled spec

trum. The resonances at 198.4 and 168.5 ppm were assigned to the 

carbonyl carbons of the acetyl and acetate groups, respectively. The 

other two resonances were assigned to the olefinic carbons with the 

resonance at 155.0 ppm being assigned to the carbon adjacent to the 

acetate group and the resonance at 126.1 ppm to the carbon adjacent 

to the acetyl group. Perhaps more helpful in this case was the 

NMR spectrum which showed methyl singlets at 2.27 and 2.21 ppm. Exact 

assignments of these two resonances were not made. However, it was 

noted that the position of these two resonances confirmed that the 

methyl groups were in deshielding environments, adjacent to the 

carbonyls in this case. The IR spectrum showed bands at 1760, 1690,

1650 and 1215 cm *. The absorptions at 1760 and 1215 cm * were
-Iassigned to the vinyl acetate group. The band at 1690 cm was

assigned to the carbonyl stretching of the ketone functionality and 
-I 'that at 1650 cm . to the olefinic stretching.

Compound 122 also showed a molecular ion at m/e 182 in the mass 
13spectrum. The C NMR spectrum showed resonances at 200.2, 171.2, 

154.2 and 124.5 ppm, all of which appeared as singlets in the gated 

decoupled spectrum. The resonances at 200.2 and 171.2 ppm were
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assigned to the carbonyl carbons of the acetyl and lactone function

alities, respectively. The other two resonances were assigned to the 

olefinic carbons with the resonance at 154.2 ppm attributed to the 

one adjacent to the lactone functionality and the peak at 124.5 ppm 

to the one adjacent to the acetyl group. It should be noted that 

these resonances correspond closely to those of 78, the product from
i

the oxidation of perhydrodibenzofuran 77. The H NMR spectrum of 122 

showed a singlet at 2.37 ppm which was assigned to the methyl group 

of the acetyl functionality and another singlet at 1.85 ppm was 

assigned to the methyl group substituted on the olefin. The IR spec

trum showed absorptions at 1760, 1680, 1640 and 1160 cm \  The bands 

at 1760 and 1160 cm * were assigned to the ester group of the lactone 

functionality. The band at 1680 cm  ̂was assigned to the carbonyl 

stretching of the acetyl group. The weaker absorption at 1640 was 

assigned to the olefinic stretch.

The result of this oxidaton was intriguing from a mechanistic 

standpoint. Compound 121 was felt to arise from a pathway analogous 

to that proposed for the oxidation of 2-methyl-4,5,6,7-tetrahydroben- 

zofuran 109. Initial attack on the furan moiety would yield a 

monoepoxide which would subsequently ring open to give a cis-enedione. 

This enedione would undergo Baeyer-Villiger oxidation followed by 

rearrangement to yield the observed product 121. It is also possible 

that this product 121 would arise from the cleavage of the 2,3-bond 

by a Borowitz type mechanism.

The other product 122 was of greater interest from a mechanistic 

point of view since it could be formed via two pathways. It could
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arise from the Baeyer-Villiger oxidation of the intermediate enedione 

(equation 56). Another possibility would be its formation from a 

diepoxide intermediate (equation 57).

This product 122 was of interest because it is analogous to the 

e-lactone 58, formed upon oxidation of the 3-methyl derivative 57.
As noted earlier in this section, there were still questions concern

ing the reaction pathway which led to the formation of 58 from 57. 

Labeling studies were therefore planned with 2,3-dimethyl-4,5,6,7- 

tetrahydrobenzofuran 120 to determine the pathway by which e-lactone 
122 was formed.

Synthesis and oxidation of 2,3-dimethyl-4,5,6t7-tetrahydrobenzo- 

furan-^0 120a. The substrate labeled with 1^O was prepared in the
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same fashion as the unlabeled material (equation 58). Analysis

1) n-BuLi ^
2) CH3I

(58)

13 18by C NMR spectroscopy showed 43% incorporation of 0 and mass
18spectroscopy showed 45% 0.

Oxidation of 120a with two equivalents of mCPBA gave 121a and 

122a in an approximately 1:1 ratio (equation 59). The position of

L  I
2 mCPBA

(59)

13the label was determined by C NMR spectroscopy and is summarized in 

Table 4.

For compound 121a the resonance at 168.5 ppm was resolved into

three lines. One of the resonances was shifted upfield by 0.010 ppm

and the third resonance was shifted by 0.037 ppm. Analysis of the
18relative intensities of these lines indicated that 26% of the O was

associated with the resonance shifted by 0.010 ppm and 15% with the

resonance shifted by 0.037 ppm. This showed that 15% of the carbonyl
18oxygen of the acetate group was 0 and, similarly, 26% of the aIkoxy 18

18oxygen of this same group was 0. Unfortunately, the resonance at
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155.0 ppm could not be resolved into a sharp line so no useful infor

mation could be obtained from this peak. Mass spectral analysis 
18showed 40% 0 incorporation in this compound. The IR spectrum showed

-I -Ia strong absorption at 1760 cm and a weaker one at 1720 cm . These 

were assigned to the and stretches of the carbonyl group in

the acetate functionality, respectively.

18Table 4. 0 Content for Studies Involving 2,3-Dimethyl-4,5,6,7
tetrahydrobenzofuran.

13C NMR Data Mass Spectral
Compound 6a (ppm) A 6 (ppm)

»° Data (% 18O)

57a 150.9(s) .039 43% 44
136.7(d) .036 43%

120a 147.8(s) .040 44% 45
144.7(s) .040 44%

121a 168.5(s) .010 26% 40
.037 15%

155.0(s) b
122a 200.2(s) .049 15% 41

171.2(s) .040 26%

*Chemical shift and multiplicity of carbons showing isotope induced 
^shift.
Not determined (see text).

Analysis of 122a was carried out in the same way. The resonance

at 200.2 ppm was resolved into two peaks with the upfield line shifted

by 0.050 ppm. Comparison of the relative intensities of these lines 
18showed 15% 0 to be incorporated as the carbonyl oxygen of the acetyl

group. The resonance at 171.2 ppm was similarly resolved into two

lines with the upfield resonance shifted by 0.040 ppm. Analysis
18showed 26% incorporation of 0 at this position, the carbonyl of the
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lactone functionality. Mass spectral analysis showed 41% incorpora

tion of label in this compound. The IR spectrum showed a band at 1760 
-I -Icm and a second at 1730 cm . These were assigned respectively to 

I 6 I ftthe CloO and CloO stretches of the carbonyl group of the lactone 

functionality. A second band could not be identified for the 

stretching of the ketone because of the band arising from the olefin 

at 1640 cm

These results led to the following proposed mechanism

(Figure 18). Initial attack by mCPBA would occur preferentially on

the side of the furan substituted with the two methyl groups. These

monoepoxides would undergo ring opening to form the two enediones
Ift123a differentiated by the position of the 0. These enediones 

would subsequently react with a second equivalent of mCPBA in a 

Baeyer-Villiger oxidation to yield the e-lactone product 122a or the 

enol acetate 125a. The enol acetate would then rearrange to give 

121a. There appears to be little regioselectivity in this final 

Baeyer-Villiger oxidation.

Low Temperature NMR Studies With 3-Methyl-4,5,6,7-tetrahydrobenzo- 

furan

The results from the above study strongly suggested that the 

e-lactone product was formed by Baeyer-Villiger oxidation of an 

intermediate enedione. In the case of 3-methyl-4,5,6,7-tetra- 

hydrobenzofuran 5%, if this is the reaction pathway, initial epoxi- 

dation must occur exclusively on the lesser substituted side of the 

furan moiety. .



O

Figure 18. Proposed mechanism for the oxidation of 2,3-dimethyl-4,5,6,7-tetrahydrobenzofuran 
via an enedione intermediate.

oou>
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To test this hypothesis, low temperature NMR experiments were 

carried out. Exploratory studies showed that the reaction proceeded 

slowly at 230°K and at 240°K it was found that the reaction would go 

to completion in approximately three hours. The‘progress of the 

reaction could be monitored by following the proton at the apposition 

in furan moiety which ended up as the aldehydic proton.

In carrying out these studies, a solution of mCPBA was prepared 

in deuterochloroform and this solution was cooled in the probe to 

240°K. The tube was removed and an aliquot of furan 57 was injected. 

The tube was inverted to insure mixing and then quickly returned to 

the probe. The sample was pulsed at one minute intervals. In these 

experiments, twelve pulses were accumulated per file. A set of 

sequential files were generated which were then transformed to yield 

the spectra which were analyzed.

In the initial spectrum, the resonance at 7.0 ppm, assigned to 

the a-hydrogen on the furan, had decreased in intensity and a second 

signal had appeared at 5.6 ppm. In the next spectrum, these reso

nances were still apparent and two others appeared at 9.66 and 10.14 

ppm. Throughout the course of this reaction from this point on, the 

resonance at 7.0 ppm decreased in intensity and the one at 10.14 

increased. The resonance at 5.6 ppm remained constant at approxi

mately 15% of the total area for these four resonances and the one at 

9.66 at approximately 5% of this total. As the reaction approached 

completion, the resonances at 5.6 and 9.66 ppm decreased in intensity 

until they were barely evident.
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This data fits the mechanism proposed with an enedione inter

mediate (equation 60). The a-proton in furan 57 is assigned to the

O uC -CM,- cX5' (60)
98

signal at 7.0 ppm. In the monepoxide intermediate 98, the signal 

for this proton appears at 5.6 ppm. Ring opening leads to 99 with 

the same proton giving rise to the signal at 9.66 ppm. Finally, 

Baeyer-Villiger oxidation leads to 58 with the proton resonance at 

10.14 ppm. Therefore, this system is in mechanistic agreement with 

the other systems studied. Initial epoxidation occurs to yield a 

monoepoxide which undergoes ring opening to give a cis-enedione type 

intermediate. Subsequent rapid Baeyer-Villiger oxidation of the 

cyclohexanone moiety gives the observed e-lactone.

Discussion of the Proposed Mechanism

The proposed mechanism for oxidation of the furans used in this 

study can be viewed as occurring in two separate steps. Initially, 

the furan moiety is attacked by one equivalent of mCPBA to form an 

epoxide which undergoes subsequent ring opening to yield an enedione. 

In the second step, another equivalent of mCPBA carries out a Baeyer- 

Villiger oxidation of this enedione to lead to the observed products.

As noted throughout the discussion of these reactions, there is 

some regioselectivity exhibited by mCPBA in both the steps. It is 

also of interest to note that the Baeyer-Villiger oxidation occurs at
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an extremely fast rate. These points will be discussed here, and some 

thoughts will be put forth which may be the basis for further studies 

in this area.

The first point to be considered is the regioselectivity

exhibited in the initial attack by mCPBA on the furan moiety. This

will be discussed in light of the results obtained with 3-methyl-

4,5,6,7-tetrahydrobenzofuran 57 and 2-methyl-4,5,6,7-tetrahydro-

benzofuran 109. It is assumed in these cases that mCPBA is reacting

as it usually does and no unusual aspects will be considered. mCPBA

is known to act as an electrophile. Epoxidations performed with this

reagent have been carried out selectively with reaction occurring at

the site of greatest electron density. Therefore, it seemed necessary

to develop a rationale for the selectivity observed in these studies

with a basis in the electronic structure of the furan moiety.

It was found that, even though furan itself has been the subject

of several molecular orbital studies, few have dealt with substituted 
73furans. A set of publications by a group of Czechoslovakian workers

was noted in which calculations! results were related to observed NMR
74 75spectral properties and some selected reactivities. * However, 

the results of the calculations reported were not broad enough to 

encompass the needs of our studies. A study was recently reported by 

Radom.^ In this case, ab initio calculations were carried out using 

the ST0-3G basis set. The results for a broad series of substituted 

furans were then related to a valence bond model of these systems.

The concepts developed here seemed to be applicable to our question.
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The furan molecule, as a zeroth order approximation, can be 

thought of as arising from a butadiene entity and an oxygen atom. 

Granted, there is some delocalization which gives rise to the aroma

ticity of furan, but, for simplicities sake, this will not be consid

ered. In this case, where only the Tl electrons are of interest, this 

allows the following picture to be put forth for the highest occupied 

molecular orbital (HOMO) of furan. Note that the electron density is

greatest at the oxygen and carbons two and five. In analyzing substi

tuent effects on this basic framework, the following concepts can be 

developed. Electron releasing substituents in the two position of 

furan lead to perturbations in the electronic structure as explained 

by the resonance forms shown (equation 61). Note, the increase in

V ^ C H 1 CH1H0 6^O^CH,CHzH0 (61)

electron densities is at carbons three and five. For the 3-methyl 

case, on the other hand, there is only one resonance form which makes
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a major contribution (equation 62). This shows an increase in elec

tron density at the two position.

The two furans considered in this section can be viewed as a 

3,4,5-trialkylfuran and a 2,4,5-trialkylfuran. A summation of the 

substitutent effects leads to the concept that, in the 3,4,5- 

trialkylfurans, the greatest perturbation occurs at the two carbon 

and, in the 2,4,5-trialkyl system, at the five position.

This picture may then be extended to predict the regioselectivity 

observed. In the 2-methyl case, the mCPBA approaches the furan moiety 

and sees the greatest electron density at the oxygen end of the furan. 

It then "slides" to the 4-5 double bond since greater electron density 

is felt in that direction. The mCPBA then reacts, epoxidizing that 

double bond. In the 3-methyl case, the approach of the mCPBA is simi

lar but greater electron density is seen on the 2-3 double bond.

Thus, the reagent moves that way, epoxidizing the less substituted 

double bond.

On the basis of this explanation, it would be interesting to 

determine the mechanism of this reaction with substituents with 

varying electronic effects. This would suggest itself as a logical 

way to carry out further studies in any event.

Attention will now be turned to the Baeyer-Villiger oxidation of 

the intermediate enedione. Initial considerations will be focused on

/'Ll ©

(62)
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the regioselectivity shown by this reaction again exemplified by 

3-methyl-4,5,6,7-tetrahyd^obenzofuran 57 and 2-methyl-4,5,6,7-tetra- 

hydrobenzofuran 109. It will be assumed that this reaction is 

proceeding in the manner determined for Baeyer-Villiger oxidations. 

This mechanism can be viewed as initial nucleophilic attack on the 

carbon of the carbonyl group by the peracid followed by rearrangement 

of this intermediate with migration of the substituent which can best 

stabilize positive charge. The question of the regioselectivity 

observed in these reactions therefore can be redefined as a question 

of why the attack by mCPBA occurs with such regioselectivity.

An obvious place to begin is with consideration of the structure 

of the enediones proposed as intermediates. It should be realized 

that all of these enediones, except that derived from perhydrodibenzo- 

furan 77, can exist in four forms which are labeled as s-cis, s-trans 

and skewed forms (equation 63). The cyclohexanone moiety in all cases

is assumed to be most rigid in respect to the substituent even though 

enough distortion is possible to allow this carbonyl a skewed rela

tionship with respect to a planar substituent. The reader should 

realize that these models are presented as a grossly simplified 

scheme. A detailed discussion could ensue as to the amount of distor

tion required to define a system as being skewed, other possible
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conformations and other considerations. However, this is beyond the 

scope of this discussion.

The distortions envisioned may have rather dramatic effects on 

the electronic structure of these molecules. One possible result 

could be that these enediones actually consist of an a,p-unsaturated 

carbonyl and a localized carbonyl. Effects similar to this have been 

noted by Lutz in studies of the spectroscopic properties of substi

tuted cis-dibenzoylethylenes.^ If similar studies were carried out 

on the enediones in this study, perhaps similar effects could be 

noted. Differentiation of the carbonyls in this way could possibly 

be used to explain the regioselectivity observed in this Baeyer- 

Villiger oxidation. In the 2-methyl case, it is the acetyl group 

which acts as a localized carbonyl group and attack by the mCPBA 

preferentially occurs at this position. On the other hand, with the 

3-methyl case, the exocyclic group is planar and the carbonyl group 

of the cyclohexanone acts as the localized group. Thus, nucleophilic 

attack by mCPBA occurs here.

On the basis of these thoughts, it also might be interesting to 

study the regioselectivity of a variety of nucleophiles with these 

enediones to see if similar results are evidenced throughout. It 

should be realized that the approach discussed above is only one way 

of dissecting this problem. Since the chemistry of cis-enediones has 

really not been explored to a great extent, further work in any aspect 

of their chemistry will generate information which will allow new 

insight into.their reactivity.
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The third question which persisted throughout the course of this 

research arose from the extremely fast rate at which these Baeyer- 

Villiger oxidations proceeded. It has been noted that Baeyer-Villiger 

oxidations exhibit rates which do not vary widely, most falling within 

a range of two orders of m a g n i t u d e . T h e  rate constants reported for 

this reaction extrapolate to reaction times on the order of hours to 

days. In a qualitative sense, the reactions reported in this thesis . 

are inordinately faster, in one case proceeding at 240°K.

A closer look at the mechanism of this reaction may again provide 

insight. It has been noted that in cases where a system is studied 

with a variety of organic peracids the faster rates are observed with 

the stronger acids suggesting that rearrangement is rate determining. 

If addition were rate determining, one would expect the weaker 

peracid, being more nucleophilic, to show the faster rates. It should 

be noted that m-chlorobenzoic acid is not a very strong acid 

(pK=3.82).

However, certain compounds have been found to exhibt faster

rates. For instance, cyclohexanone was found to oxidize approximately

twenty times faster than other cyclanones of ring sizes between four 
78and eight. In this case, the increased rate has been attributed to

a greater concentration of the initially formed adduct of the peracid 
66and the carbonyl. This may be related to the increased rates 

observed in these systems. Perhaps the carbonyl of interest readily 

undergoes nucleophilic attack leading to a high concentration of the 

peroxide intermediate. This then rearranges to give the observed 

product.
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In essence, the studies proposed previously with a variety of 

nucleophiles also ties in here. If increased rates are observed in 

such studies, this proposal may have some validity. Obviously, a 

detailed kinetic study would be in order. Not only would this be 

useful in quantitating the reaction rate, it could also be useful in 

confirming that the pathway followed by this reaction is indeed 

consistent with that proposed for Baeyer-Villiger oxidations.
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SUMMARY

A series of four furans were prepared including 3-methyI-

4.5.6.7- tetrahydrobenzofuran 57, I,2,3,4,5,6,7,8-octahydrodibenzo- 

furan 77, 2-methyl-4,5,6,7-tetrahydrobenzofuran 109 and 2,3-dimethyl-

4.5.6.7- tetrahydrobenzofuran 120. The products arising from the

OgO CXk OgC
109 120

oxidation of these substrates with mCPBA were isolated and their

structures determined by spectral means. In one case, a single

crystal x-ray analysis was performed. These reactions were explored

under a variety of conditions to determine what effect was observed

on the progress of the reaction. These four substrates were also
18prepared labeled with 0; This is the first report of a synthesis 

of alkyl’substituted furans labeled in this way. The oxidation of 

the labeled materials was also carried out with mCPBA and the posi- 

tion of the 0 in the products determined by jC NMR spectroscopy. 

On the basis of these studies, it is possible.to propose a detailed 

mechanism for the oxidation of these furans (equation 64).
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The furan moiety is initially attacked by peracid to form an

(64)

epoxide which subsequently undergoes ring opening to form a cis- 

enedione. This enedione reacts rapidly in all cases with a second 

equivalent of mCPBA to effect a Baeyer-Villiger oxidation. In
f i ’ ■ *

certain cases, where regioselectivity was observed, it was commented 

on.

Finally, it may be possible to advance the understanding of the 

toxicity evidenced by certain furans in vivo. In all these model 

cases studied, cis-enediones are thought to be one of the inter

mediates formed. It has been observed in all cases but one that 

these enediones show enhanced reactivity to mCPBA relative to the 

furan from which they were derived. On the basis of this greater 

reactivity, it could be proposed that cis-enediones are the 

metabolities more toxic than the parent furans.
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EXPERIMENTAL

General

I
H NMR spectra were recorded on either a Varian A-60 or a Bruker

13WM 250 spectrometer at 60 or 250 MHz respectively. C NMR spectra
Iwere recorded on a Bruker WM 250 spectrometer at 62.83 MHz. Both H- 

decoupled and gated decoupled spectra were determined. The spectra 

were measured in deuteriochloroform, unless otherwise stated, and 

tetramethylsilane was used as an internal standard. In the determine 

tion of 0 incorporation by jC NMR spectroscopy, sweep widths of 

500 Hz were typically used. Data was acquired as a 4K block and 

transformed as an BK block following 0.3 Hz exponential multiplica

tion. IR spectra were determined on a Beckman IR5A spectrometer and 

these were calibrated using polystyrene. Mass spectra were obtained 

from a Varian Mat CH-5 spectrometer operating at 70 ev. Melting 

points were determined on a Fisher-Johns melting point apparatus and 

are uncorrected. Elemental analysis was performed by Gailbraith 

Laboratories or the University of Idaho.

Analytical gas chromatography was carried out using a Varian 

Aerograph Model 1700 equipped with a flame ionization detector or a 

Varian Aerograph Model 1400 equipped with a thermal conductivity 

detector. Columns used were either a 13' x V  column packed with 5% 

SE-30 on 100/120 Chromosorb Z or a 6' x V' column packed with 5% 

Carbowax on 100/120 Chromosorb WHP. Preparative gas chromatography
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was performed using a Varian Aerograph Model 2700 equipped with either, 

a 5' x V1 column packed with 20% SE-30 on 60/80 Chromosorb W, a 
10' x V 1 column packed with 15% Carbowax on base washed Chromosorb W 
or a 6' x V' column packed with 15% OV-IOl on 100/120 Chromosorb G.

In all cases helium was used as the carrier gas. Thin-layer chroma

tography (TLC) was carried out on Baker-flex silica gel plates with 

fluorescent indicator. Column chromatography was performed using 

Baker reagent grade silica gel 60-200 mesh.

Reagent grade solvents were purchased from Baker and used as 

obtained unless otherwise noted. Tetrahydrofuran and diethyl ether 

were routinely distilled from calcium hydride prior to use. Technical 

grade m-chloroperbenzoic acid was purchased from Aldrich and either

used as obtained, assuming 85% purity, or purified by the procedure of
79 ISchwartz. The purity of this material was checked by H NMR spec

troscopy and found to be greater than 98% peracid. Other reagents 

were purchased as noted and used without further purification. Gases 

were obtained from Matheson and used directly with the exception of 

nitrogen which was purchased as dry grade and then run through an 

anhydrous calcium chloride column prior to use.

Studies With Furan

Reaction of furan with mCPBA in different solvents. To a 

stirred solution of mCPBA (3.11 g, 16 mmol, technical grade) in 

100 ml of benzene at O0 was added a solution of furan I (1.02 g,

15 mmol, Aldrich) in benzene (10 ml). The progress of the reaction 

was monitored by analytical gas chromatography (carbowax column).
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After a twelve hour period it was observed that the concentration of 

furan was no longer decreasing and approximately one-half of it still 

remained. A second portion of mCPBA (3.11 g, 15 mmol, technical 

grade) was added. Analysis showed the concentration of furan to again 

decrease and after a second twelve hour period only a trace remained 

in the yellow solution.

A portion of this reaction mixture was washed with 5% NaOH, water 

and brine and dried over MgSO^. The solvent was removed and no mater

ial was found remaining in the flask. Another portion was concen

trated and then filtered to remove m-chlorobenzoic acid. Removal of 

the remaining solvent led to an intractable material.

The reaction was also attempted in carbon tetrachloride, chloro

form and methylene chloride. The reaction was found to follow a 

similar course in all of these cases, yet no products could be 

isolated by any means tried.

Oxidation of furan with mCPBA using activated potassium fluoride. 

Following the procedure of Camps, to a solution of furan I (0.50 g,

7.4 mmol, Aldrich) in 50 ml of methylene chloride was added, in one 

portion, mCPBA (3.18 g, 16 mmol, technical g r a d e ) . T h e  flask was 

swirled and then allowed to stand for 18 hours. At this time potas

sium fluoride (2.18 g, 38 mmol, activated by heating at 100° and 

0.1 mmHg for one hour) was added. The mixture was slowly stirred for 

24 hours. Filtration, followed by removal of solvent gave a white 

solid. Recrystalization from 30% chloroform in petroleum ether (SO

H O 0) afforded 0.38 g of aldehydomaleic acid lj) (52%): mp 55.5-57°
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[lit14 mp 55*]; 1H NMR14 7.31 (1H, d), 6.24 (2H, m), 4.70 (1H, br s) 

ppm; 13C NMR 171.3(s), 152.0(d), 124.9(d), 98.7(d) ppm; IR (CHCl3) 

3300, 1745, 1340, 1130, 1080, 1000, 915, 830 cm"1.

Synthesis of 3-Methyl-4,5,6,7-tetrahydrobenzofuran

Preparation of ethyl and methyl I>4-dioxaspiro[4.5]decane-6- 

carboxylate 53. A solution of ethyl and methyl 2-cyclohexanonecarbo- 

xylate (22.0 g, 134 mmol, Aldrich), ethylene glycol (14.4 g, 233 mmol, 

Baker) and 0.5g p-toluenesulfonic acid in 125 mL benzene was refluxed 

with a Dean-Stark water trap for 12 hours. The reaction mixture was 

washed with water, twice with 10% NaHCO3 and brine and dried over 

MgSO^. Removal of solvent gave a yellow oil which was distilled to 

yield 26.0 g of 53 (93%) as a clear liquid: bp 131-136° (10 mmHg)

[lit68 bp 120-124° (8 mmHg)]; IR (neat) 1740 cm"1.

Preparation of 6-(l-hydroxy-l-methylethyl)-l>4-dioxaspiro[4.5]-

decane 54. A solution of MeMgI in ether was prepared under nitrogen

by dropwise addition of a solution of methyl iodide (43.01 g, 300

mmol, Baker) in ether (150 mL) to magnesium turnings (7.29 g, 300

mmol). After addition was complete (approximately 30 minutes), the

reaction mixture was refluxed for an additional 30 minutes. To this,

a solution of ketal ester 53 (30.0 g, 145 mmol) in ether (150 mL) was

added dropwise over a period of 30 minutes and the resulting mixture

was stirred an additional 1.5 hours. Hydrolysis was performed by

adding 100 mL of 3.SM acetic acid. The layers were separated and the

aqueous portion extracted several times with ether. The combined

organic layers were washed twice with 10% NaHCO- and brine and dried3
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of 54 (95%) as a clear liquid: bpl35-137° (16 mmHg) [lit bp 160-

162* (20 mmHg); 1H NMR 4.60 (1H, s), 3.95 (4H, s), 2.35-2.15 (1H, m), 

2.0-1.2 (8H, m), 1.15 (3H, s), 1.05 (3H, s) ppm; IR (neat) 3450 cm-1.

Preparation of 6-(l-methylethenyl)-l,4-dioxaspiro[4.5]decane 55.
< .

A solution of ketal alcohol 54 (5.01 g, 25 mmol) and 0.22 g

£-toluenesulfonic acid was refluxed in benzene with a Dean-Stark water 

trap until no more water separated (approximately eight hours). The 

reaction mixture was washed with 10% N a H C O g  and brine and dried over 

MgSO^. Removal of solvent gave a yellow oil which was chromatographed 

on silica gel. Elution with 5% ether in hexane afforded 4.25 g of 55 

(92%) as a colorless liquid: bp 94-95° (11 mmHg); 1H NMR 4.90-4.80

(2H, d), 3.94-3.80 (4H, m), 2.30-2.20 (1H, m), 1.81 (3H, s), 1.80-1.20 

(8H, m) ppm; 13C NMR 146.l(s), 113.4(t), lll.l(s), 65.1(t), 65.0(t), 
52.5(d), 37.0(t), 30.2(t), 25.9(t), 24.3(t), 23.7(q) ppm; IR (neat) 

3020, 1650, 1445, 1155, 1090, 1045, 885 cm-1; mass spectrum 182 (M+) 

m/e. A sample for analysis was prepared by preparative gas chromato

graphy (0V-101 column). Anal. Calcd for C, 72.49; H,. 9.95.

Found: C ,  72.56; H, 10.04.

Preparation of 6-(2-methyloxirane)-l,4-dioxaspiro[4.5]decane 57. 

To a stirred solution of mCPBA (3.03 g, 15 mmol, technical grade) in 

IOOmL methylene chloride at 0° was added N a H C O g  (2.0 g) and a solu

tion of ketal alkene 55 (1.94 g, 11 mmol) in methylene chloride 

(10 mL). Stirring was continued for one hour at 0°. The reaction

99
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mixture was then washed with 10% Na^S^O^* 5% NaOH and brine and dried 

over MgSO^. After the solvent was removed, the yellow oil was chroma

tographed on silica gel. Elution with 10% ether in hexane gave 1.96g 

of.56 (92%) as a clear liquid. This material was found to be a 

mixture of diastereomers by NMR spectroscopy. Major diastereomer 

(60%): 1H NMR 4.05-3.80 (4H, m), 2.83 (1H, d), 2.65 (1H, d), 2.0-1.1

(9H, m), 1.28 (3H, s) ppm; 13C NMR 110.0, 64.7, 64.4, 56.4, 55.8 ppm. 

Minor diastereomer: NMR 4.1-3.9 (4H, m), 1.69 (1H, d), 1.47 (1H,

d), 1.9-1.I (9H, m), 1.41 (3H, s). Diastereomeric mixture: IR (neat)

1720, 1225, 1160, 1095, 1045, 930, 870, 815, 735 cm mass spectrum 

198 (M+) m/e.

Preparation of 3-methyl-4,5,6,7-tetrahydrobenzofuran 57. Fol

lowing the procedure of Takahashi, to a vigorously stirred solution

of ketal oxirane 56 (3.45 g, 17.4 mmol) in 50 ml pentane was added
4125 mL of aqueous 2M HCl. Stirring was continued for 2.5 hours and 

the layers were then separated. The aqueous layer was extracted 

several times with pentane. The combined pentane layers were washed 

with 10% NaHCOg and brine and dried over KgCOg. The solvent was 

removed and the yellow oil chromatographed on silica gel. Elution 

with pentane gave 1.97g of 57 (83%) as a clear liquid:■ bp 69-71°

(10 mmHg) [lit80 bp 110° (13 mmHg)I; 1H NMR80 7.0 (1H, br s), 2.75- 

2.20 (4H, m), 1.90 (3H, d), 2.0-1.5 (4H, m) ppm; 13C NMR-151.0(g), 

136.8(d), 126.l(s), 118.0(s), 23.4(t), 23.I(t), 23.1(t), 20.6(t),

8.l(q) ppm; IR01 (neat) 1760, 1640, 1560, 1450, 1100, 1080, 895, 880,
tmI +730 cm ; mass spectrum 136 (M ) m/e.
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Oxidation of 3-Methyl-4,5t6t7-tetrahydrobenzofuraa with mCPBA

Stepwise oxidation of 3-methyl-4,5,617-tetrahydrobenzofuran 57 

with mCPBA. To a stirred solution of mCPBA (1.18 g, 6.84 mmol) in 

20 ml methylene chloride was added NaHCOg (0.5g) and then a solution 

of 57 (0.93 g, 6.84 mmol) in methylene chloride (5 ml). After 15
I

minutes an aliquot was removed, filtered and analyzed by H NMR spec

troscopy. The spectrum showed two resonances of equal intensity at 

1.90 and 1.80 ppm. The former belonged to 57 and the latter to 58. 

Analysis by gas chromatography (SE-30 column) confirmed that one-half 

of the furan 57 had reacted. A second addition of mCPBA (1.18 g,

6.84 mmol) was performed on the cooled mixture and stirring was 

continued for 15 minutes. The reaction mixture was washed with 10% 

NagSgOg, 5% NaOH and brine and dried over MgSO^. Removal of solvent 

yielded 0.93 g of 58 (81%) as a clear oil: 1H NMR 10.2 (1H, s),

2.7(4H, m), 1.9 (4H, m), 1.8 (3H, s) ppm; lJC NMR 189.8(d), 170.7(s), 

164.8(s), 123.9(s), 33.7(t), 31.2(t), 25.5(t), 23.4(t), 9.0(q) ppm;

IR (neat) 2750, 1755, 1680, 1640, 1170, 1120, 1095, 995, 735 cm'1;
+mass spectrum 168 (M ), 85 (100) m/e.

Preparation of 2,4-dinitrophenylhydrazone derivative. To an

acidic solution of 2,4-dinitrophenylhydrazine (0.20 g, 1.0 mmol) in

methanol was added a solution of e-lactone 58 (0.17 g, 1.0 mmol) in

methanol. An orange precipitate formed immediately. The flask was

stoppered and placed in a refrigerator overnight. The product was

collected by filtration and repeated recrystallizations from ethyl
13acetate, ethanol and water gave an orange solid: mp 220-221.5°; C
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NMR 171.7, 157.6, 154.3, 145.0, 138.5, 130.1, 129.7, 123.6, 119.5,

116.8, 33.9, 30.6, 26.6, 23.4, 11.5 ppm. Anal. Calcd for C15H161W  

C, 51.73; H, 4.63; N, 16.09. Found: C, 51.33; H, 4.62; N, 15.55.

I
Oxidation without added solution bicarbonate. To a stirred solu

tion of 57 (0.12 g, 0.86 mmol) in 20 ml methylene chloride at 0° was 

added, in one portion, mCPBA (0.30 g, 1.74 mmol). After a ten minute 

period, the reaction was worked-up as before to yield 0.12 g of 58 

(82%). This material showed identical spectral properties to that 

prepared above.

Studies with Menthofuran

Purification of menthofuran 59. Menthofuran was purchased from 

Eastman Organic Chemicals. Prior to use this material was chromato

graphed on silica gel. Elution with pentane afforded 59 as a clear 

oil: 1H NMR 6.95 (1H, br s), 1.90 (3H,s), 1.07 (3H, d) ppm; 13C NMR

150.9, 137.0, 119.7, 117.5, 31.6, 31.4, 29.7, 21.5, 19.9, 8.1 ppm.

Oxidation of menthofuran 59 with two equivalents of mCPBA. To a 

stirred solution of mCPBA (4.17 g, 24 mmol) in 60 mL methylene chlor

ide at O0 was added NaHCO- (2.3 g) and then menthofuran 59 (1.81 g,

12 mmol). Within one minute a flocculent precipitate of m-chloroben- 

zoic acid formed. After 15 minutes, the reaction mixture was washed 

with 10% NagSgOg, twice with 5% NaOH, water and brine and dried over 

MgSO^. Removal of solvent gave 1.85 g of 60 (84%) as a clear oil:

1H NMR 10.16 (1H, s), 2.95-0.8 (7H, m), 1.78 (3H, s), 1.11 (3H, d) 

ppm; 13C NMR 189.9 (d, JC_H = 181 Hz), 169.6(s), 164.4(s), 123.7(s),
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40.8(t), 33.l(t), 29.9(t), 29.7(d), 21.7(q), 9.1(q) ppm; IR (neat) 

1760, 1675, 1645, 1460, 1300, 1210, 1070 cm-1.

Preparation of 2,4-dinitrophenylhydrazone derivative. To an 

acidic solution of 2,4-dinitrophenylhydrazine (0.40 g, 2.0 mmol) in 

methanol was added a solution of 60 (0.36 g, 2.1 mmol) in methanol. 

The flask was stoppered and placed in a refrigerator overnight. The 

product was collected and recrystallized from ethyl acetate to yield 

an orange solid: mp 213-215°; jC NMR 170.9(s), 154.5(s), 145.4(d),

145.0(s), 138.4(s), 130.0(d), 129.6(s), 123.6(d), 119.l(s), 116.7(d), 

4l.0(t), 34.4(t), 29.9(q), 29.1(t), 22.0(d), 11.5(q) ppm.

Oxidation of aldehyde 60 to formate 61. To a stirred solution 

of mCPBA (0.30 g, 1.7 mmol) in 20 mL methylene chloride at 0° was 

added a solution of 60 (0.25 g, 1.4 mmol) in methylene chloride 

(5 mL). The reaction mixture was maintained at 0° for three hours. 

The solution was washed with 10% ^a2^2^3* ^  NaOH and brine and dried 

over MgSO^. Removal of solvent gave 0.26 g of 61 (96%) as a clear 

liquid: 1H NMR 7.95 (1H, s), 2.75-0.85 (7H, m), 1.97 (3H, s), 1.05

(3H, d) ppm; 13C NMR 171.5(s), 158.2(d, JC_H = 233 Hz), 139.0(s)

133.I(s), 41.l(t), 35.4(t), 29.4(d), 27.3(t), 22.0(q), 15.2(q); IR 

(neat) 1760, 1745, 1210, 1180, 1120, 1070 cm *; mass spectrum 198 
(M+), 43 (100) m/e.

Oxidation of menthofuran 59 in different solvents. Menthofuran 

59 (0.47 g, 3.1 mmol) in 30 mL benzene was oxidized with mCPBA 

(1.06 g, 6.2 mmol). The reaction mixture was worked up as above to
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yield 0.49 g of 60 (86%). The spectral properties were identical to 

those reported above.

Menthofuran 59 (0.42 g, 2.8 mmol) in 20 ml ether was oxidized 

with mCPBA (.98 g, 5.7 mmol, technical grade). The reaction mixture 

was worked-up to yield 0.30g of a light yellow oil found to be ~85%

60 by NMR spectroscopy.

Menthofuran 59 (0.43 g, 2.8 mmol) in 20 ml acetone was oxidized 

with mCPBA (0.98 g, 5.7 mmol). The reaction mixture was worked up to 

yield 0.41 g of a yellow oil found to be approximately 60% 60 by NMR 

spectroscopy.

Menthofuran 59 (0.45 g, 3.0 mmol) 15 ml dimethylformamide was 

oxidized with mCPBA (1.04 g, 6.0 mmol). The reaction mixture was 

worked-up to yield 0.36 g of a bright yellow oil found to be approxi

mately 5% 60 by NMR spectroscopy.

Synthesis of 1,2,3,4,5,6,7,8-Octahydrodibenzofuran

Preparation of 6-cyclohexenyl-l,4-dioxaspiro[4.5]decane 23.

Following the procedure of Wenkert, cyclohexanone (94.2 g, 960 mmol,

Baker) was placed in a flask and HCl(g) was bubbled through for 15 
52hours. The solid product was collected on a filter, washed.with 

10% NaHCOg and water and then dried. This crude product was ketalized 

in 20 g batches without further purification. A solution of the 

ketochloride (20 g, 90 mmol), ethylene glycol (10 g, 160 mmol) and 

0.2 g p-toluenesulfonic acid in toluene was refluxed with a Dean-Stark 

water trap for 15 hours. The reaction mixture was washed with water, 

10% NaHCOg, and brine and dried over MgSO^. Removal of solvent
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followed by distillation afforded 96.Og of 75 (90%) as a clear liquid: 

bp 90-92° (0.5 mmHg) [lit51 bp 85-89° (0.2mm Hg)]; 1H NMR51 5.52 (1H, 

br s), 3.95-3.75 (4H, m), 2.2-1.9 (5H, m), 1.8-1.I (12H, m) ppm; 13C 

NMR 137.9(s), 124.4(d), 111.2(s), 65.1(t), 65.0(t), 53.1(d), 37.1(t), 

29.6(t), 29.2(t), 25.9(t), 25.8(t), 24.3(t), 23.8(t), 22.8(t) ppm; IR 

(neat) 1450, 1220, 1175, 1155, 1140, 1090, 930 cm 1J mass spectrum 

222 (M+), 99 (100) m/e.

Preparation of 6-(l,2-epoxycyclohexyl)-!,4-dioxaspiro[4.5]- 

decane 76. To a stirred solution of mCPBA (10.1 g, 50 mmol, techni

cal grade) in 275 ml methylene chloride at 0° was added NaHCOg (6.0 g) 

and then ketal alkene 75 (7.1 g, 32 mmol). The reaction mixture was 

placed in a refrigerator overnight. It was then washed with 10% 

NagSgOg, 5% NaOH and brine and dried over MgSO^. Removal of solvent 

gave 6.9g of 76 (95%) as a clear oil: 1H NMR51 4.0-3.8 (4H, m),
3.2-3.0 (1H, m), 2.0-1.0 (17H, m) ppm.

Preparation of 1,2,3,4,5,6,7,8-octahydrodibenzofuran 77. To a

vigorously stirred solution of ketal epoxide 76 in 100 mL pentane was

added 50 mL 2M HCl. Stirring was continued for four hours and the

layers were then separated. The aqueous layer was extracted several

times with pentane. The combined pentane layers were washed with 10%

N a H C O g  and brine and dried over K ^ C O g . Removal of solvent gave a

yellow oil whch was chromatographed on silica gel. Elution with.

pentane gave 2.IOg of 77 (69%) as a clear oil: 1H NMR51 2.60-2.50
(4H, m), 2.35-2.26(4H, m), 1.87-1.65 (8H, m) ppm; IR51 1600, 1445,

-I1150, 1130, 955, 900, 860 cm .
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Oxidation of I,2,3,4,5,6,7,S-Octahydrodibenzofuran

Oxidation of perhydrobidenzofuran 77 with two equivalents of 

mCPBA. To a stirred solution of mCPBA (0.95g, 5 .Smmol) in 25 mL 

methylene chloride at 0° was added NaHCO^ (0.7 g) and then a solution 

of 77 (0.48 g, 2.7 mmol) in methylene chloride (10 mL). The reaction 

mixture was stirred for 15 minutes. The mixture was washed with 10% 

NagSgOg, twice with 5% NaOH and brine and dried over MgSO^. Removal 

of solvent afforded a white solid which was recrystallized from 10% 

hexane in methylene chloride to yield 0.53 g of 78 (92%) as a white 

solid: mp 111.5-112.5°; 1H NMR 2.66-2.58 (2H, m), 2.59-2.51 (2H, m),

2.48-2.38 (4H, m), 2.0-1.5 (8H, m) ppm; 13C NMR 201.5(s), 172.3(s), 

150.6(s), 125.7(s), 42.6(t), 33.2(t), 29.6(t), 28.8(t), 27.1(t), 

25.2(t), 24.7(t), 23.I(t) ppm; IR (KBrpellet) 1750, 1690, 1660,

1190, 1130, 1020, 680 cm" ; mass spectrum 208 (M ), 125 (100) m/e. 

Anal. Calcd for Ci2Hi6°3: ^.21; H, 7.74. Found: C, 69.11;

H, 7.67.

X-ray structural determination of 78. Crystals of 78 were

obtained by slow evaporation of a 10% hexane in methylene chloride

solution. The density of the crystals was determined by suspending a

sample in a mixture of carbon tetrachloride-hexane and determining

the density of the solution. The value measured by this method was 
3

I. 27 g/cm . A specimen suitable for analysis was mounted in a capil

lary. The structure was determined at Nicolet XRD Corporation, 

Cupertino, California.
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X-ray data collection was carried out on a Nicolet R3m automated
o '

diffractometer equipped with a Cu target X-ray tube (X = 1.548 A) and 

a graphite crystal monochromator. Unit cell constants were determined 

to be a = 6.717(1), b = 14.963(2) and c = 10.923(2)A and p = 95.46(1)° 

for a cell of monoclinic symmetry. Systematic absences of OkO (h = 

2n+l) and hOl (h+1 = 2n+l) indicated the space group to be P2^/n 

(nonstandard P2^/c) which was confirmed by the successful solution 

and refinement of the structure. X-ray intensity data were measured 

for a total of 1117 independent reflections for 2o S 100°, of which 

1077 were observed with I £ 3c(I). The structure was solved by direct 

methods which revealed the location of all nonhydrogen atoms on the ' 

initial E map. The structure was refined to a final R value of 4.14% 

by full-matrix least-squares techniques with anisotropic thermal para

meters for all nonhydrogen atoms. Hydrogen atoms were placed in 

idealized positions with isotropic thermal parameters. All structural 

determinations and refinements were carried out with the SHLXTL pack

age on the Nicolet R3m crystallographic system. An experimental
3density measurement of 1.26 g/cm agrees well with a calculated den-

3
sity of 1.27 g/cm based on four molecules of C|2®16®3 *n a unit cell

°3with a volume of 1092.9 A . The final difference map revealed no 

abnormal features. The crystal structure of 78 consists of discrete 

molecules with the geometry shown in Figure 5.

Oxidation of 77 with one equivalent of mCPBA. To a stirred 

solution of mCPBA (0.54 g, 3.1 mmol) in 20 mL methylene chloride at
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0° was added a solution of 77 (0.55 g, 3.1 mmol) in methylene chlor

ide. Stirring was continued for 15 minutes and the reaction mixture 

was then washed with 5% NaOH and brine and dried over K^CO^. Removal

of solvent gave 0.56 g of a yellow oil. Gas chromatographic (SE-30
13column) analysis showed approximately 50% of the furan remained. C 

NMR spectroscopy confirmed this and showed the predominant product to 

be 78 along with a small amount of side products.

Oxidation of 78 to 82. To a solution of mCPBA (0.09 g, 0.4 mmol,
f

technical grade) in 10 ml methylene chloride at O0 was added NaHCOg 

(0.2 g) and then 78 (0.081 g, 0.4 mmol). The reaction mixture was 

maintained at 0° for four hours. The mixture was then washed with 

10% Na2S2O3, 5% NaOH and brine and dried over MgSO^. Removal of 

solvent afforded 0.085 g of 82 (97%) as a white solid: *H NMR 2.7-

2.2 (8H, m); 2.1-1.6 (8H, m); 13C NMR 171.9, 138.7, 33.8, 28.3, 27.7, 

23.0 ppm; IR (CHCl3) 1755, 1685, 1205, 1170, 1125, 1090, 1030 cm"1; 

mass spectrum 224 (M+), 125 (100).

18Synthesis and Oxidation of 3-Methyl-4,5,6,7-tetrahydrobenzofuran- 0 

Preparation of I,4-dioxaspiro[4.5]decane-6-carboxylic acid 90.

A solution of ketal esters 53 (5.02 g, 24 mmol) in 25 ml SM NaOH was 

refluxed for six hours. The solution was cooled, acidified with 

aqueous HCl (pH~2) and extracted several times with ether. The com

bined extracts were dried over MgSO^. Removal of solvent followed by 

recrystallization from benzene gave 4.17g of 90 (93%) as a white
O O  I

solid: mp 99.5-100.5 [lit mp 73° (ethanol-water)]; H NMR 10.7

(1H, br s), 4.1-4.0 (4H, m), 2.7 (1H, dd), 2.05-1.2 (8H, m) ppm; 13C



NMR 176.3(s), 108.9(s), 64.9(t), 64.5(t), 49.6(d), 34.2(t), 27.1(b), 

23.3(b), 23.0(b) ppm; IR82 (CHCl3) 3050(br), 1750, 1720, 1210, 1165, 

1145, 1090, 1050, 930 cm mass specbrum 186 (M+), 99 (100) m/e.

Preparabion of 6-acebyl-l,4-dioxaspiro[4.5]decane 91. To a 

vigorously sbirred solubion of kebal acid 90 in 250 mL ebher ab O6 

under a nibrogen abmosphere was added dropwise a solubion of CH3Li 

38 mL, 59 mmol, Aldrich 1.55 M in ebher) in ebher (70 mL).8® The 

addibion was compIebe in bwo hours, bhe ice babh was bhen removed and 

sbirring was conbinued for ben hours. The reacbion mixbure was hydro

lyzed in 50 mL aliquobs by dropwise addibion bo vigorously sbirred 

25 mL porbions of ice-waber. The layers were separabed and bhe 

aqueous porbion exbracbed several bimes wibh ebher. The combined 

ebher layers were washed wibh brine and dried over MgSO^. (The aque

ous layer was acidified and exbracbed bo reclaim 1.16 g of unreacbed 

acid.) Removal of solvenb afforded a lighb yellow oil which was 

chromabographed on silica gel. Elubion wibh 10% ebhyl acebabe in 

hexane gave 3.04 g of 91 (79% based on recovered acid) as a clear oil:

1H NMR 4.0-3.8 (4H, m), 2.81 (1H, dd), 2.23 (3H, s), 2.0-1.2 (8H, m)
13ppm; ljC NMR 209.4(s), 109.5(s), 64.7(b), 64.3(b), 57.0(d), 35.1(b), 

31.5(q), 26.6(b), 23.6(b), 23.5(b) ppm; IR (neab) 1710, 1450, 1360, 

1230, 1155, 1090, 1040, 955, 930 cm *; mass specbrum 184 (M+), 99 

(100) m/e. A sample for elemental analysis was prepared by prepara- 

bive gas chromabography (SE-30 column). Anal. Calcd for C10H 1̂ O3:

C, 65.19; H, 8.75. Found: C, 65.10; H, 8.66.
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18Preparation of 6-acetyl- 0-1 t4-dioxaspi.ro[4.5]decane 91a. A

solution of ketal ketone 91 (0.56 g, 3.0 mmol), 60 pL H^O (99% *®0,

Stohler Isotope Chemicals) and 1|jL concentrated aqueous HCl in 1.3 mL

of tetrahydrofuran (sufficient to solubilize) was allowed to stand

for 1.25 hours. The reaction was, quenched by pouring into 30 mL of

methylene chloride and washing with 10% NaHCO^ and brine and drying
over l^COg. Removal of solvent afforded 0.51 g of 91a (92%) as a 

13clear oil: C NMR as above. The carbonyl carbon resonance at 209.4
18was resolved into two lines with the upfield resonance ( C O )  shifted 

by 0.051 ppm. Comparison of the relative intensities of these lines

showed 54% incorporation of IR (neat) 1710 (C^0), 1685 (C^O)
-I 18cm . Mass spectral analysis showed 55% incorporation of 0.

18Preparation of 6-(2-methyloxirane- 0)-lt4-dioxaspiro[4.5]decane

56a. Following the procedure of Corey, NaH (0.26 g, 5.4 mmol, 50%

dispersion in mineral oil, Baker) was placed in a two necked flask
62and washed three times with petroleum ether (30-60°). The final 

traces of petroleum ether were removed under aspirator vacuum, the 

flask flushed with nitrogen and then maintained under a nitrogen 

atmosphere. Dimethylsulfoxide (3.3 mL, freshly distilled from CaHg) 

was added and the reaction mixture was heated to 70-75° until the 

evolution of hydrogen ceased (approximately 30 minutes). The flask 

was Cooled to room temperature and tetrahydrofuran (3.3 mL) was added 

The stirred reaction mixture was then cooled to -10° and a solution 

of trimethylsulfonium iodide (1.11 g, 5.4 mmol) in dimethylsulfoxide 

(5 mL) was added over a period of 2.5 minutes. After an additional



Ill

minute at -10*, a solution of labeled ketal ketone 91a (0.50 g,

2.7 mmol) in THF (0.4 ml) was added. The reaction mixture was then

stirred at -10* for ten minutes and room temperature for one hour.
The reaction mixture was poured into water and extracted several

times with ether. The combined extracts were washed with brine and

dried over KgCO^. Removal of solvent afforded 0.50 g of 56a (92%) as

a light yellow oil which was found to be a mixture of diastereomers:
IH NMR spectroscopy showed this mixture to be approximately 85% of

13the major diastercomer as reported for 56. C NMR: the major dias-

tereomer showed resonances at 56.4(s) and 55.8(t) ppm. The resonance

at 56.4 ppm was resolved into two lines with the upfield ( C O )  line
18shifted by .042 ppm (48% 0). The resonance at 55.8 ppm was also

I O  I O
resolved with the C 0 line shifted by .030 ppm (48% O). The minor

diastercomer showed resonances at 56.7(s) and 52.I(t) ppm which exhi

bited similar chemical shifts for the labeled material and similar 

values for isotope incorporation. IR as above.

18Preparation of 3-methyl-4,5,6,7-tetrahydrobenzofuran- 0 57a.

To a vigorously stirred solution of labeled ketal oxirane 56a (0.50 g,

2.5 mmol) in 40 ml pentane was added 20 mL IM aqueous HCl. Stirring

was continued for 2.25 hours and the layers were then separated. The

aqueous layer was extracted four times with pentane. The combined

pentane layers were washed with 10% NaHCO^ and brine and dried over

KgCOg. Removal of solvent and chromatography on silica gel yielded

0.30 g of 57a (87%) as clear oil: NMR and ^ C  NMR as above. In
13the C NMR analysis, the resonance at 150.9 ppm was resolved into two
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18peaks with the upfield peak shifted by 0.039 ppm (46% 0). The

resonance at 136.7 ppm was resolved similarly with the upfield line
18shifted by 0.036 ppm (47% 0). Mass spectral analysis showed 48%.

Ig
0 incorporation.

18Oxidation of 3-methyl-4t5,6,7-tetrahydrobenzofuran- O 57a. To 

a stirred solution of 57a (0.144 g, 1.1 mmol) in 20 mL methylene 

chloride was added NaHCO^ (0.2 g). The mixture was cooled to 0° and 

then was added, in one portion, mCPBA (0.456 g, 2.2 mmol, technical 

grade). Stirring was continued ten minutes at 0°. The reaction 

mixture was washed with 10% NagSgO^, 5% NaOH and brine and dried over 

MgSO^. Removal of solvent afforded 0.152 g of 58a (85%) as a clear 

oil: NMR as above; NMR as above. High resolution NMR

analysis of the resonances at 189.8, 164.8 and 123.9 ppm showed them 

all to be single lines in the decoupled spectrum. However, the 

resonance at 170.7 ppm was resolved into two lines with the upfield 

resonance (C^O) shifted by 0.040 ppm (41% *®0). IR (neat) 1755 

(C^O), 1715 (C*®0) cm \  Mass spectral analysis showed 42% isotope 

incorporation.

18Synthesis and Oxidation of I,2,3,4,5,6,7,B-Octahydrodibenzofuran- 0 

Preparation of 2-(2-oxbcyclohexyl)-cyclohexanone 96. Following 

the procedure of Brown, to a stirred suspension of NaBH^ (1.72 g,

.45 mmol, pulverized prior to use) in 50 mL tetrahydrofuran containing 

ketal alkene 75 (22.21 g, 100 mmol) at room temperature was added 

dropwise a solution of boron triflouride etherate (8.72 g, 61 mmol, 

freshly distilled from calcium hydride, Baker) in tetrahydrofuran
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83(10 mL). The addition was complete in one hour and the reaction

mixture was then stirred an additional hour. At this point 16 mL of

3M NaOH was added and the product then oxidized by dropwise addition

of 16 mL 30% HgOg over a period of one hour. The reaction mixture

was poured into water and extracted several times with ether. The

combined extracts were washed with water and brine and dried over
13K2CO3. Removal of solvent gave 24.95 g of a crude yellow oil: C

NMR 110.3, 70.2, 64.7, 64.3 ppm; IR (neat) 3400 cm *. The alcohol
84was oxidized without further purification. The crude alcohol was 

dissolved in 150 ml of acetone and cooled to 0°. A solution of Jones 

reagent (350 mmol, prepared by dissolving 35 g CrO^ in 250 ml of water 

and adding 30 mL concentrated HgSO^) was added dropwise with stirring 

over a period three hours keeping the temperature below 5°. After 

the addition was complete, the reaction mixture was stirred two hours 

at room temperature. A small amount of sodium bisulfite was added to 

discharge the brown color of chromic acid from the upper layer. The 

layers were separated and the lower (aqueous) layer extracted three 

times with petroleum ether (35-60°). These extracts were combined 

with the original upper layer and they were washed twice with 10% 

N a H C O g  and brine and dried over MgSO^. The solvent was removed to 

yield a yellow oil which was chromatographed on silica gel. Elution 

with 10% ethyl acetate in hexane afforded 9.89 g of 96 (51%) as a 

clear oil. This material was found to be a mixture of diasteromers 

as noted in the literature.^ Initially this material was composed of 

90% of the material reported as an oil: ^ C  N M R  210.8(s), 50.3(d),

4l.9(t), 29.1(t), 26.5(t), 25.0(t) ppm; TLC on silica gel, R f  = 0.22
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[hexane-ether (1:1)). Upon standing at 0°, the material slowly
13isomerized to the material reported as a solid: C NMR 211.8(s),

49.0(d), 42.4(t), 30.2(t), 28.1(t), 25.5(t) ppm; TLC on silica gel Rf 

= 0.27 [hexane-ether (1:1)]. Mixture of diastereomers: IR (neat)

1705, 1450, 1310, 1220, 1130, 1025, 835 cm \  mass spectrum 194 (M+), 

98 (100) m/e.

18 18Preparation of 2-(2-oxocyclohexyl- 0)-cyclohexanone- 0 96a. A

solution of diketone 96 (0.57 g, 2.9 mmol), 117 pL of H^O (99%

Stohler Isotope Chemicals) and 2pL of concentrated aqueous HCl in 2 mL

tetrahydrofuran (sufficient to soluibilize) was allowed to stand for

22 hours. The solution was poured into 10 mL water and extracted

several times with hexane. The combined extracts were washed with

10% H a H C O g  and brine and dried over K g C O g .  Removal of solvent

afforded 0.56 g of 96a (98%) as a clear oil: ^H NMR (mixture of

diastereomers) 2.98-2.82(m), 2.7-2.6(m), 2.5-2.3(m), 2.2-1.2(m); 13C
NMR as above. The resonances at 211.8 and 210.8 ppm were both

resolved into two lines with the upfield resonance in each case

shifted by .053 ppm (52% 18O). IR 1705 (C16O)1 1670 (C18O) cm’1.
18Mass spectral analysis showed 54% incorporation of 0.

18Preparation of perhydrodibenzofuran- 0 77a. Labeled diketone 

96a (0.40 g, 2.0 mmol) was placed in a one mL flask. Two drops of 

concentrated HgSO^ were added and the flask heated to 130* under 

aspirator vacuum for ten minutes. The product was collected at 0° as 

it distilled. The reaction mixture was then washed with hexane and
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the distilled product was dissolved in hexane. These combined solu

tions were washed with 10% H a H C O g  and brine and dried over K ^ C O g . 

Removal of solvent yielded 0.31 g of 77a (85%) as a light yellow oil: 

1H  NMR and IR as above; 1 3 C  NMR 148.4(s), 116.9(s), 23.4(t), 23.3(t), 

23.2(t), 20.7(t) ppm. The resonance at 148.4 ppm was resolved into

two peaks with the upfield peak shifted by 0.039 ppm. Comparison of
18relative intensities of these resonances showed 39% 0 incorporation.
18Mass spectral analysis showed 41% incorporation of 0.

18Oxidation of perhydrodibenzofuran- 0 77a. To a stirred solu

tion of mCPBA (0.76 g, 4.4 mmol) in 20 mL methylene chloride at 0° 

was added a solution of 77a (0.38 g, 2.2 mmol) in methylene chloride 

(10 mL). After stirring for an additional ten minutes, the reaction 

mixture was washed with 10% Na^S^Og, twice with 5% NaOH and brine and

dried over MgSO^. Removal of solvent gave 0.37 g of 78a (82%) as a 
13white solid: C NMR as above. The resonance at 201.5 ppm was

resolved into two lines with the upfield resonance shifted by 0.050
18ppm. Comparison of the intensities of these lines showed 20% 0

incorporation at this point. In a similar manner the resonance at

172.3 ppm was resolved with the upfield resonance shifted by 0.040
18ppm. Analysis showed 20% 0 incorporaton at this site also. Mass

18spectral analysis showed 39% 0 incorporation.

Attempted Syntheses of Enediones

Attempt to prepare enedione dervied from perhydrodibenzofuran 77 

by photooxidation of 77. Following the procedure of Foote, a solu

tion of 77 (1.00 g, 5.7 mmol) and 35 mg rose bengal in 35 mL methanol
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was photolysed while oxygen was bubbled through the system. After

30 minutes, analysis by TLC showed no remaining furan. The methanol

was removed and the residue was recrystallized from petroleum ether

(35-60°). Filtration afforded 1.21 g of 100 (89%) as a white solid:

mp 98-100° [lit4 mp 101°]; 1H NMR 8.38 (IR, br s), 3.26 (3H, s), 2.6-
1.0 (16H, m) ppm; 13C NMR 134.8(s), 131.4(s), 113.l(s), 109.7(s),

50.3(q), 37.I(t), 35.0(t), 26.9(t), 26.7(t), 23.8(t), 23.6(t),

23.0(t), 22.9(t) ppm; IR (CHCl3) 3400, 1460, 1170, 1120, 1040, 1000,

965, 940, 905 cm 1. An attempt was made to reduce this compound with

tripheny!phosphine. To a stirred solution of 100 (1.20 g, 5.0 mmol)

in 20 ml ether was added slowly a solution of triphenyIphosphine'

(1.30 g, 5.3 mmol) in 30 mL ether. After standing one hour the solu-
13tion was concentrated. Analysis of the mixture by C NMR spectro

scopy showed only one small resonance in the carbonyl region (207 

ppm). This material was chromatographed on silica gel. Triphenyl- 

phosphine oxide was isolated but no compounds of interest were 

recovered.

Attempt to prepare enedione derived from perhydrodibenzofuran 77

by selenium dioxide oxidation of diketone 96 in ethanol. A solution

of diketone 96 (0.25 g, 1.3 mmol) and SeOg (0.40 g, 3.6 mmol) in 75 mL
67absolute ethanol was refluxed for seven hours. The reaction mixture 

was concentrated to approximately 10 mL, poured into water, and 

extracted several times with ether. The combined extracts were washed 

with 10% NaHCO3 and brine and dried over K3CO3. Removal of solvent
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gave 0.24 g of a white solid shown to be unreacted starting material 
1396 by C NMR spectroscopy.

Attempt to prepare enedione derived from perhydrodibenzofuran 77 

by selenium dioxide oxidation of diketone 96 in acetic acid. A solu

tion of diketone 96 (0.49 g, 2.5 mmol) and SeOg (0.29 g, 2.6 mmol) in
6730 mL acetic acid was refluxed for 30 minutes. The mixture turned 

a bright red during this reflux period. The solution was cooled and 

then poured into water. The aqueous solution was extracted several 

times with methylene chloride and the combined extracts were washed 

with 10% N a H C O g  and brine and dried over MgSO^. Removal of solvent 

gave 0.50 g of a red oil. This material was chromatographed on silica 

gel and elution with hexane-ethyl acetate in varying proportions 

afforded several fractions. Material eluted with hexane was found to 

contain perhydrodibenzofuran 77 by NMR spectroscopy. No other mater

ial appeared to account for more than 5% of the reaction mixture.

This was not pursued further.

Attempt to prepare enedione derived from 3-Methyl-4,5,6,7-tetrahydro-

benzofuran. Preparation of 2-(1-methylethylidene)-cyclohexanone 101.

Following the procedure of Mukherji, a solution of ketal-alcohol 54

(14.59 g, 73 mmol) and five drops concentrated aqueous HCl in 20 mL
68methanol and 150 mL water was refluxed for two hours. The solution 

was cooled, poured into water and extracted several times with ether. 

The combined extracts were washed with 10% N a H C O g  and brine and dried 

over KgCOg. Removal of solvent followed by distillation from a crys

tal of iodine gave 9.95 g of 101 (89%) as a clear liquid: bp 78-80°
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(10 mmHg) [lit84 bp 120-125° (20 mmHg); 1H NMR 2.52-2.42 (2H, m), 

2.42-2.35 (2H, m), 1.97 (3H, s), 1.90-1.65 (4H, m), 1.75 (3H, s) ppm; 

13C NMR 204.3(s), 142.l(s), 132.6(s), 42.5(t), 29.9(t), 24.6(t), 

24.6(t), 23.0(q), 22.0(q) ppm; IR (neat) 1680, 1610, 1445, 1370, 1290, 

1220, 1140, 1070, 990, 830 cm *. An attempt was made to brominate 

this compound using N-bromosuccinimide. A solution of ketoalkene 101 

(1.00 g, 7.2 mmol) and NBS (1.34 g, 7.5 mmol, Eastman Organic Chemi

cals) in 200 mL carbon tetrachloride was allowed to stand for one 

week. During this time the solution turned light orange and a white

precipitate formed. The solution was filtered and the solvent 
13removed. A C NMR spectrum of the reaction mixture showed it to 

consist of numerous products. These were not isolated or further . 

identified.

Oxidation of ketoalkene 101 to epoxide 103. To a solution of

mCPBA (0.78 g, 3.8 mmol technical grade) in 30 mL methylene chloride

at 0° was added ketoalkene 101 (0.50 g, 3.6 mmol). The reaction

mixture was maintained at 0° for 30 minutes. At this point, only a

faint precipitate of m-chlorobenzoic acid was observed. The reaction

mixture was therefore allowed to warm. After five hours at room

temperature, the reaction was worked-up by washing with 10% NagSgO^,

twice with 5% NaOH and brine and drying over MgSO^. Removal of

solvent afforded 0.55 g of 103 (98%) as a clear liquid: 1H NMR 2.70-
132.58 (2H, m), 2.32-1.70 (6H, m), 1.44 (3H, s), 1.22 (3H, s) ppm; ijC 

NMR 207.2(s), 70.6(s), 63.2(s), 43.4(t), 31.5(t), 26.3(t), 24.6(t), 

19.8(q), 19.5(q) ppm; IR (neat) 1715, 1360, 1115, 885, 785 cm-1.
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Oxidation of ketoalkeae 101 and menthofuran 59 with one equiva

lent of mCPBA. To a stirred solution of ketoalkene 101 (0.50 g,

3.6 mmol) and menthofuran 59 (0.54 g, 3.6 mmol) in 30 mL methylene 

chloride at 0° was added, in one portion, mCPBA (0.78 g, 3.8 mmol, 

technical grade). Stirring was continued for.ten minutes. The reac

tion mixture was washed twice with 5% NaOH and brine and dried over 

KgCOg. Removal of solvent gave 1.02 g of a clear liquid. Analysis 

by gas chromatography (SE-30 column) showed a substantial amount of

menthofuran had reacted but there was no evidence for epoxide 103.
13C NMR spectroscopy showed resonances for menthofuran 59, the 

e-lactone 60 and ketoalkene 101.

Studies With 2,5-Dimethylfuran

Oxidation of 2,5-dimethylfuran 3 with one equivalent of mCPBA. 

Following the procedure of LeGoff, to a solution of 2,5-dimethylfuran 

3 (1.01 g, 11 mmol) in 55 mL methylene chloride at 0° was added, in 

one portion, mCPBA (2.34 g, 11 mmol, technical grade).^  The flask 

was swirled and allowed to warm to room temperature. After standing 

for 11 hours, the reaction mixture was washed three times with 10% 

NaHCOg and brine and dried over Na^SO^. Removal of solvent afforded 

1.10 g of cis-hexene-2,5-dione 44 (93%) as a light yellow liquid:

13C NMR 200.8, 135.9, 29.8 ppm.

Oxidation of 2,5-dimethylfuran 3 with two equivalents of mCPBA.

To a solution of 2,5-dimethylfuran (0.20 g, 2.1 mmol, Aldrich) in 

12 mL methylene chloride at 0° was added, in one portion, mCPBA 

(0.93 g, 4.6 mmol technical grade). The flask was swirled and allowed



120

to warm to room temperature. After 11 hours, the reaction mixture 

was worked-up as above to yield 0.22 g of cis-hexene-2,5-dione 44 

(94%) as a light yellow Oil: 13C NMR 200.6, 135.9 and 29.8 ppm.

Oxidation of 2,5-dimethylfuran 3 with two equivalents of mCPBA 

in refluxing chloroform. A solution of 2,5-dimethylfuran 3 (0.20 g, 

2.1 mmol, Aldrich) and mCPBA (0.93 g, 4.6 mmol, technical grade) in 

25 mL chloroform was refluxed for 24 hours. The solution was cooled, 

washed three times with 10% NaHCO^ and brine and dried over MgSO^. . 

Removal of solvent gave 0.25 g of a viscous oil. Analysis by NMR 

spectroscopy showed this to be a mixture of two products. Approxi

mately 80% was identified as trans-hexene-2,5-dione: NMR 6.80

(IR, s), 2.38 (3H, s) ppm; 13C NMR 198.6, 138.0, 28.0 ppm. The other 

product (20%) was identified as an epoxide: NMR 2.38 (IR, s), 2.13

(3H, s) ppm; 13C NMR 202.4, 57.6, 24.2 ppm.

Synthesis of 2-Methyl-4,5,6,7-tetrahydrobenzofuran

Preparation of N-cyclohexylidenecyclohexylamine 107. A solution 

of cyclohexanone (20.0 g, 204 mmol, Baker) and cyclohexylamine 

(20.2 g, 204 mmol, Aldrich) in 150 mL ether was allowed to stand over
O

4 A molecular sieves for 12 hours. Filtration and removal of solvent 

followed by distillation afforded 35.4 g of 107 (97%) as a white
O C

solid: bp 113-115° (8 mmHg) [lit 3 bp 121-123.4° (10 mraHg)]; mp 23-

24°, 1H NMR85 3.4-3.2 (IR, m), 2.4-2.2 (4H, m), I.9-1.0 (16H, m) ppm; 

13C NMR 170.7(s), 58.0(d), 40.4(t), 34.3(t), 34.3(t), 29.1(t),

28.l(t), 27.8(t), 26.4(t), 26.0(t), 25.2(t), 25.2(t) ppm; IR85 (neat)
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1660, 1450, 1350, 1230, 1000, 955, 890 cm™1; mass spectrum85 193 (M+), 
98 (100) m/e.

Preparation of 2-(2-chloroprop-2-enyl)-cyclohexanone 108. Fol

lowing the procedure of Stork, a solution of EtMgBr in tetrahydro- 

furan was prepared under nitrogen by dropwise addition of a solution 

of ethyl bromide (17.60 g, 161 mmol, Baker) in tetrahydrofuran 

(100 ml) to magnesium turnings (3.93 g, 161 mmol). The addition 

was complete in 30 minutes and the reaction mixture was refluxed an 

additional hour. The resulting yellow-grey solution was allowed to 

cool to room temperature and a solution of the imine 107 (28.88 g,

149 mmol) in tetrahydrofuran (100 mL) was added with stirring over a 

15 minute period. The solution was again refluxed for one hour. The 

resulting burgundy reaction mixture was again allowed to cool and to 

this stirred mixture was added a solution of 2,3-dichloropropene 

(17.91 g, 161 mmol, Aldrich) in tetrahydrofuran (50 mL) over a 15 

minute period. The reaction mixture was then refluxed for 12 hours. 

The resulting yellow solution was cooled and then hydrolyzed by addi

tion of 100 mL of 2M aqueous HCl. The mixture was extracted several 

times with ether. The combined extracts were washed with 10% NaHCO-, 

water and brine and dried over ^CO^. Removal of solvent followed by 

distillation yielded 15.83 g of 108 (57%) as a clear liquid: bp 104-

106* (10 mmHg) [lit71 bp 86* (4 mmHg)]; 1H NMR 5.18 (2H, d), 2.91 

(1H, dd), 2.7 (1H, d), 2.5-2.3 (2H, m), 2.3-2.05 (3H, m), 1.95-1.8 

(1H, m), 1.8-1.55 (2H, m), 1.38-1.20 (1H, m) ppm; 13C NMR 210.8(a), 

140.5(s), 113.8(t), 47.4(d), 41.8(t), 38.7(t), 32.7(t), 27.6(t),
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24.8(t) ppm; IR (neat) 1715, 1640, 1450, 1435, 1150, 1125, 890 cm"1; 

mass spectrum 137 (M+-Cl, 100), 93, 67, 55, 41, 39 m/e.

Preparation of 2-methyl-4>5 >6 17-tetrahydrobenzofuran 109. Fol

lowing the procedure of Nienhouse, to 15 mL vigorously stirred 90%

HgSO^ with nitrogen bubbled-through at 0* was added dropwise chloro-
71ketone 108 (6.58 g, 38 mmol). The addition was complete in 30

minutes and the reaction mixture was stirred an additional hour. The

reaction mixture was then poured into 150 mL. ice-water and this was

extracted several times with hexane. The comined extracts were washed

with 10% NaHCOg and brine and dried over ^COg. Removal of solvent

afforded a crude yellow liquid which was chromatographed on silica

gel. Elution with pentane gave 4.50 g of 109 (87%) as a clear oil:

bp 67-69° (10 mmHg) [lit bp 77-79° (17 mmHg); 1H NMR 5.78 (1H, br S),

2.6-2.5 (2H, m), 2.45-2.3 (2H, m), 2.27 (3H, s), 1.9-1.65 (4H, m) ppm;

13C NMR 149.8(s), 149.0(s), 117.6(s), 106.5(d), 23.4(t), 23.4(t),

23.2(t), 22.3(t), 13.5(q) ppm. In a 1H coupled 13C NMR spectrum at

high resolution the resonances at 149.8 and 149.0 ppm both appear as

multiplets. Specific proton decoupling of the.resonance at 5.78 ppm
2collapses the peak at 149.8 ppm into a quartet ( J- „ = 10 Hz).CwH

Similarly, irradiation of the methyl resonance at 2.27 ppm collapses
2 71the signals at 149.8 ppm into a doublet ( = 7Hz); IR (neat)

1580, 1450, 1260, 1225, 1130, 960, 915, 790 cm 1; mass spectrum 136 

(M+), 108 (100) m/e.
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Oxidation of 2-Methyl-4,516t7-tetrahydrobenzofuran

Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran 109 with two 

equivalents of mCPBA. To.a stirred solution of mCPBA (3.69 g,

21.4 mmol) in 50 mL methylene chloride was added NaHCO^ (0.5 g) and 

then a solution of 109 (1.5 g, 10.7 mmol) in methylene chloride 

(10 mL). The reaction mixture began a gently reflux within seconds 

and a flocculent precipitate of m-chlorobenzoic acid formed within 

one minute. Stirring was continued for ten minutes at 0°. The reac

tion mixture was then washed with 10% Na2S^Og, 5% NaOH and brine and 
dried over MgSO^. Removal of solvent gave 1.74 g of a yellow oil 

found to be a mixture by NMR spectroscopy. Further analysis of the 

mixture in conjunction with these spectra showed the products of this 

reaction to be enedione H O  (20%), aldehyde 111 (45%), formate 112 

(20%) and another product tentatively identified as epoxide 113 
(15%). Chromatography on silica gel allowed separation of this . 

mixture.

The product arising from oxidation with one equivalent of mCPBA

was identified as enedione H O : 1H NMR 5.97 (1H, br s), 2.65-2.50

(4H, m), 2.22 (3H, s), 2.00-1.80 (4H, m) ppm; 13C NMR 204.6(s),

200.1(8), 150.1(8), 129.6(d), 43.2(t), 36.3(t), 29.7(q), 26.2(t),
1326.2(t) ppm. Further analysis showed the C resonance at 200.1 ppm 

was coupled to the methyl hydrogens by 6Hz and to the olefinic proton 

by 4Hz and this resonance was therefore assigned to the carbonyl 

carbon of the acetyl group: IR (neat) 1690 (br), 1630, 1450, 1420,

1360, 1225, 1200, 1140, 1115, 1070, 1020, 980, 915, 825 cm"1; mass 

spectrum 152(M ), 109 (100) m/e. A sample for elemental analysis was
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prepared by bulb-to-bulb distillation: bp 93-99° (0.75 mmHg). Anal.

Calcd for C9H12O2: C, 71.03; H, 7.95. Found: C, 70.89; H, 7.88.

The product arising from the oxidation with two equivalents of mCPBA

was identified as the aldehyde 111: bp 100-107° (0.8 mmHg); *H NMR

9.93 (1H, s), 2.50-2.35 (2H, m), 2.35-2.15 (2H, m); 2.24 (3H, s),

1.85-1.60 (4H, m) ppm; 13C NMR 189.2 (d, JC_H = 178 Hz), 168.6(s),

164.2(s), 126.7(s), 28.8(t), 22.1(t), 21.2(t), 21.1(t), 20.7(q) ppm;

IR (neat) 2750, 1760, 1675, 1650, 1365, 1275, 1235, 1205, 1180, 1125,

1100, 1070, 1020, 920 cm 1J mass spectrum 168 (M+), 126 (100) m/e.

The product arising from the oxidation with three equivalents of mCPBA

was identified as the formate 112: *H NMR 8.01 (1H, s), 2.35-2.25

(4H, m), 2.13 (3H, s), 1.85-1.70 (4H, m) ppm; 13C NMR 168.3(s), 158.6

(d, JC_H = 229 Hz), 137.2(s), 136.l(s), 26.8(t), 26.6(t), 22.3(t),

22.3(t), 20.7(q) ppm; IR (neat) 1760 (br), 1450, 1435, 1370, 1220,

1200, 1170, 1120, 1090, 1075, 1015, 925, 915, 880 cm"1; mass spectrum

184 (M ), 43 (100). A sample for elemental analysis was prepared by

preparative gas chromatography (Carbowax column). Anal. Calcd for

CgH12O4: C, 58.69; H, 6.57. Found: C, 58.53; H, 6.77. A fourth

product was tentatively identified formed from enedione H O  and having
I 13the structure of epoxide 113 H NMR 3.4(s) ppm; C NMR 204.2(s),

204.l(s), 67.2(s), 66.4(d), 42.6(t), 35.0(t), 27.6(q), 25.5(t),

23.9(t) ppm. This material was not obtained pure enough to allow 

further characterization.
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Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran 109 with one 

equivalent of mCPBA. To a stirred solution of 109 (1.03 g, 7.6 mmol) 

in 100 ml methylene chloride was added dropwise a solution of mCPBA 

(1.28 g, 7.6 mmol) in methylene chloride (40 mL). The addition 

required three hours. The reaction mixture was washed twice with 5% 

NaOH and brine and dried over I^CO^. Removal of solvent yielded 

1.13 g of a yellow oil which was chromatographed on silica gel. Elu

tion with 1% ethyl acetate in hexane gave an oil shown by NMR spectro

scopy to be a mixture of starting furan 109 and aldehyde 111. Elution 

with ethyl acetate afforded 0.89 g of enedione H O  (77%) as a yellow 

oil: spectral properties as above.

Oxidation of enedione H O  to aldehyde 111. To a stirred solution 

of mCPBA (0.61 g, 3.0 mmol technical grade) in 10 mL methylene chlor

ide at 0° was added dropwise a solution of enedione H O  (0.45 g,

3.0 mmol) in methylene chloride (5 mL). Addition was complete in five 

minutes and the reaction mixture was then stirred for 15 minutes.

The mixture was then washed twice with 5% NaOH and brine and dried 

over MgSO^. The solvent was removed and the yellow oil chromato

graphed on silica gel. Elution with 1% ethyl acetate in hexane 

afforded 0.41 g of aldehyde 111 (82%) as a clear oil: spectral

properties as above.

Oxidation of aldehyde 111 to formate 112. To a solution of 

aldehyde 111 (0.29 g, 1.7 mmol) in 10 mL methylene chloride was added 

in one portion mCPBA (0.30 g, 0.17 mmol). The flask was swirled and 

allowed to stand at room temperature for two hours; The reaction
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mixture was washed twice with 5% NaOH and brine and dried over KgCO^. 

Removal of solvent gave 0.28 g of formate 112 (91%) as a clear oil: 

spectral properties as above.

Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran 109 with two 

equivalents of mCPBA added slowly. To a stirred solution of 109 in 

20 ml methylene chloric at 0° was added dropwise a solution of mCPBA 

(1.31 g, 7.6 mmol) in methylene chloride (30 ml). Addition was 

complete in 1.5 hours. The reaction mixture was washed twice with 5% 

NaOH and brine and dried over K^CO^. Removal of solvent yielded a 

crude oil which was chromatographed on silica gel. Elution with 1% 

ethyl acetate in hexane gave 0.52 g of aldehyde 111 (80%) as a clear 

oil: spectral properties as above.

Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran 108 with 

three equivalents of mCPBA. To a solution of 109 (0.30 g, 2.2 mmol) 

in 20 mL methylene chloride was added, in small portions, mCPBA

(1.30 g, 7.5 mmol). The flask was swirled between additions and
-

stored at 0° for 12 hours. The reaction mixture was washed twice with 

5% NaOH and brine and dried over K^CO^. Removal of solvent afforded 

0.26 g of formate 112 (64%) as a clear oil: spectral properties as

above.

18Synthesis and Oxidation of 2-Methyl-4,5,6,7-tetrahydrobenzofuran- 0.
18Preparation of 2-(2-chloroprop-2-enyl)-cyclohexanone~ 0O 108a.

A solution of chloroketone 108 (0.69 g, 4.0 mmol), 75 pL H-O (99%
180, Stohler Isotope Company) and 2 pL concentrated aqueous HCl in
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3 mL tetrahydrofuran (sufficient to solubilize) was allowed to stand

at room temperature for 12 hours. The reaction mixture was poured

into water and extracted several times with hexane. The combined

extracts were washed with 10% NaHCO^ and brine and dried over K^CO^.

Removal of solvent yielded 0.65 g of 108a (94%) as a clear oil: *H
13NMR as above; C NMR as above. The resonance at 210.8 ppm was 

resolved into two peaks with the upfield peak shifted by 0.053 ppm. 

Comparison of the intensities of these resonances showed 38% incor- 

poraton of label. IR (neat) 1705 (C*^0), 1675 (C*®0) cm *. Mass 

spectral analysis showed 37% incorporation of

18Preparation of 2-methyl-4,5,6,7-tetrahydrobenzofuran- 0 109a.

To the stirred labeled chloroketone 59a (.64 g, 3.7 mmol) at 0° under

a nitrogen atmosphere was added 1.2 mL 90% HgSO^ (prepared using 
18120 pL of 97% 0 HgO, MSD Isotopes). The mixture was stirred for

one hour at 0° and then poured into 15 mL of water. The aqueous

mixture was extracted several times with hexane. The combined

extracts were washed with 10% NaHCO^ and brine and dried over K^CO^.
Removal of solvent followed by chromatography gave 0.37 g of 109a

(74%) as a clear oil: NMR and IR as above; 1^C NMR as above. The

resonance at 149.8 ppm was resolved into two lines with the upfield
18peak shifted by 0.041 ppm (12% 0). Similarly, the resonance at

149.0 ppm was resolved into two lines with the upfield line shifted
18by 0.039 ppm and again analysis showed 12% 0. Mass spectral anal-

18ysis showed 14% incorporation of 0.
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• 18 Oxidation of 2-methyl-4,5,6,7-tetrahydrobenzofuran- 0 109a

with one equivalent of mCPBA. To a stirred solution of 109a (0.37 g,

2.7 mmol) in 100 mL methylene chloride (dried by distillation from

) was added dropwise a solution of mCPBA (0.46 g, 2.7 mmol) in

methylene chloride (45 mL). After a three hour addition period, the

reaction mixture was washed twice with 5% NaOH and brine and dried
13over KgCOg. Removal of solvent yielded 0.37 g of a yellow oil. C 

NMR spectroscopy showed the oil to consist of a mixture as before.

The resonance at 200.1 ppm was resolved into two lines with the 

upfield resonance shifted by 0.050 ppm. Analysis showed 9% 0.

Oxidation of labeled enedione 110a to labeled aldehyde Ilia. To

a solution of labeled enedione 110a (0.35 g, 2.3 mmol) in 20 mL

methylene chloride was added, in one portion, mCPBA (0.44 g, 2.6

mmol). The flask was swirled and then allowed to stand for 15

minutes. The reaction mixture was washed with 5% NaOH and brine and

dried over KgCO^. Removal of solvent afforded 0.37 g of a yellow oil. 
13C NMR as above. The resonance at 168.6 ppm was resolved into two

Iftlines with the upfield line shifted by 0.037 ppm (9% 0). Mass spec

tral analysis showed 10% incorporation of *®0.

Synthesis and Oxidation of 2,3-Dimethyl-4,5,6,7-tetrahydrobenzofuran 

Preparation of 2,3-dimethyl-4,5,6,7-tetrahydrobenzofuran 120. 
Following the procedure of Cohen, to a stirred solution of 3-methyl- 

4,5,6,7-tetrahydrobenzofuran 57 (1.58 g, 12 mmol) in 50 mL tetrahydro- 

furan at -20° (ice-CaClg slush) under a nitrogen atmosphere was added, 

in one portion, a solution of n-butyl lithium (7.3 mL, 12 mmol, 1.6 M
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in hexane, Aldrich). The reaction mixture was stirred at -20° to 

-10° for 2.25 hours. To this yellow solution was added methyl iodide 

(1.80 g, 13 mmol, Baker). The reaction mixture was allowed to warm 

to room temperature and stirred for four hours. At this point, 25 mL 

of water was added and the mixture extracted three times with pentane- 

ether (1:1). The combined extracts were washed with 5% NaHSO^, three 

times with water and brine and dried over KgCO^ * Removal of solvent 

gave a yellow liquid which was chromatographed on silica gel. Elution 

with pentane afforded 1.67 g of a clear oil. Analysis by gas chroma

tography (SE-30 column) and NMR spectroscopy showed this material 

to contain 10% unreacted 3-methyl-4,5,6,7-tetrahydrobenzofuran 57 as 

well as the dimethylfuran 120. The yield of 69 was therefore 96%: 

1HNMR87 2.59-2.47 (2H, m), 2.37-2.25 (2H, m), 2.17 (3H, s), 1.83 

(3H, s), 1.86-1.65 (4H, m) ppm; 13C NMR 147.8(s), 144.8(s), 118.3(s), 

113.7(s), 23.3(t), 23.3(t), 23.2(t), 20.8(t), 11.3(q), 8.0(q) ppm;
O?

IR (neat) 1605, 1450, 1390, 1370, 1270, 1255, 1230, 1165, 1150,

1100, 905 cm 1; mass spectrum87 150 (M+), 122 (100) m/e.

Oxidation of 2,3-dimethyl-4,5,6,7-tetrahydrobenzofuran 120 with 
two equivalents of mCPBA. To a stirred solution of 120 (0.78 g,

5.2 mmol) in 50 mL methylene chloride at 0° was added dropwise a solu

tion of mCPBA (1.78 g, 10.4 mmol) in methylene chloride (50 mL). This 

addition required 15 minutes and the reaction mixture was then stirred 

for ten minutes. The mixture was washed with 10% NagSgOg, twice with 

5% NaOH and brine and dried over CO^. Removal of solvent yielded 

0.865 g of a clear oil. Analysis by NMR spectroscopy showed this

72
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material to be 60% enol acetate 121 and 40% e-lactone 122. This 

material was chromatographed on silica gel. Elution with hexane 

afforded 121 as a clear oil: 1H NMR 2.40-2.25 (4H, m), 2.27 (3H, s),

2.21 (3H, s), 1.80-1.58 (4H, m) ppm; 13C NMR 198.4(s), 168.5(s),

155.0(s), 126.l(s), 30.5(q), 28.8(t), 25.0(t), 22.3(t), 21.8(t), 

21.3(q) ppm; IR (neat) 1760, 1695, 1600, 1430, 1370, 1285, 1260, 1215, 

1160, 1110, 1075, 920, 735 cm"1; mass spectrum 182 (M+), l40, 125 43 

(100) m/e; TLC on silica gel, R^ = 0.29 [hexane-ether (1:1)]. A 

sample for elemental analysis was prepared by preparative gas chroma

tography (SE-30 column). Anal. Calcd for C^H^O^: C, 65.92; H,

7.74. Found: C, 65.74; H, 7.69. Elution with 10% ethyl acetate in 

hexane afforded 122 as a clear liquid: 1H NMR 2.65-2.58 (2H, m), 

2.58-2.51 (2H, m), 2.37 (3H, s), 1.86 (3H, s), 2.00-1.77 (4H, m) ppm; 

13C NMR 200.2(s), 171.2(s), 154.5(s), 124.5(s), 33.7(t), 31.8(q),

31.I(t), 26.0(t), 23.3(t), 13.3(q) ppm; IR (neat) 1755, 1670, 1580, 

1450, 1365, 1300, 1225, 1175, 1130, 1105, 1000, 915, 735 cm"1; mass 

spectrum 182 (M+), 140, 99 (100), 43 m/e; TLC on silica gel, Rf = 0.15 

[hexane - ether (1:1)]. A sample for elemental analysis was prepared 

by chromatography on silica gel. Anal. Calcd for C, 65.92;

H, 7.74. Found: C, 65.76; H, 7.78.

Synthesis and Oxidation of 2 l3-Dimethyl-4,5,6,7-tetrahydrobenzofuran-

18Preparation of 2 >3-dimethyl-4,5,6,7-tetrahydrobenzofuran- O 

120a. To a stirred solution of 3-methyl-4,5,6,7-tetrahydrobenzo- 

furan-130 57a (0.50 g, 3.7 mmol, 44% 1̂ O) in 15 mL tetrahydrofuran at
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-22° (carbon tetrachloride - dry ice slush) under a nitrogen atmos

phere was added, in one portion, a solution of n-butyl lithium 

(3.3 mL, 5.3 mmol, 1.6M in hexane, Aldrich). The solution was 

stirred for four hours at -22* and then was added methyl iodide 

(1.14 g, 8.0 mmol, Baker). The reacton mixture was stirred an addi

tional hour at -22* and then six hours at room temperature. The 

solution was poured into water and extracted several times with 

pentane-ether (1:1). The combined extracts were washed with 5%

N a H S O g ,  water and brine and dried over K g C O ^ .  Removal of solvent

followed by chromatography on silica gel yielded 0.42 g of 120a (75%)
I 13as a clear oil: H NMR as above; C NMR as above. The resonances

at 147.8 and 144.8 ppm were both resolved into two lines with the

upfield line shifted by 0.04 ppm. Comparison of the intensities of

these resonances revealed 44% incorporation of label. Mass spectral
18analysis showed 45% incorporation of 0. 18

18Oxidation of 2,3-dimethyl-4,5,6,7-tetrahydrobenzofuran- 0 120a . 

with two equivalents of mCPBA. To a stirred solution of 120a (0.39 g, 

2.6 mmol) in 20 mL methylene chloride at 0* was added dropwise a solu

tion of mCPBA (1.20 g, 5.9 mmol, technical grade) in methylene chlo

ride (30 mL). The addition was complete in 30 minutes. The reaction 

mixture was then washed with 10% NagSgO^, twice with 5% NaOH and brine 

and dried over MgSO^. Removal of solvent gave a clear oil shown by 

analysis by NMR spectroscopy to be 50% 121a and 50% 122a. This mater

ial was then chromatographed on silica gel. Elution with hexane
I 13

afforded 0.14 g of 121a as a clear oil: H NMR as above; C NMR as
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above. The resonance at 168.5 ppm was resolved into three lines with

one resonance shifted upfield by 0.010 ppm and the third resonance

shifted upfield by 0.037 ppm. Comparison of the intensities of these

lines showed 26% of the material to be associated with the resonance

shifted by 0.010 ppm and 16% with the resonance shifted by 0.037 ppm.

IR (neat) 1760 (C*^0), 1730 (C^O) cm *. Mass spectral analysis
18showed 41% incorporation of 0. Elution with 10% ethyl acetate in

I 13hexane afforded 0.13 g of 122a as a clear oil: H NMR as above; C

NMR as above. The resonance at 200.2 ppm was resolved into two lines
JO

with the upfield resonance shifted by 0.049 ppm (15% O). Similarly

the resonance at 171.2 ppm was resolved into two lines with the
18upfield resonance shifted by 0.040 ppm (26% 0). IR (neat) 1755

(C^O), 1730 (C18O) cm 1. Mass spectral analysis showed 40% incor- 
18poration of 0.

Low Temperature 1H NMR Experiment Monitoring the Reaction of 3-Methyl- 

4,5,6,7-tetrahydrobenzofuran with mCPBA

A solution of mCPBA (4.5 mg, 0.026 mmol) in 0.3 mL deuterio- 

chloroform was placed in a 5 mm NMR tube and cooled in the probe to 

230°K. The tube was removed and 3-methyl-4,5,6,7-tetrahydrobenzofuran 

57 (2.2 jjL, 0.015 mmol) was added. The tube was inverted and returned 

immediately to the probe. Sets of 12 acquisitions were accumulated 

per file with a delay of one minute between pulses. The first five 

sets of scans were acquired at 230° and the probe was warmed to 240* 

where two more sets were acquired. After this, a final set of 12
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scans was acquired at 260°. These files were then trasformed to 

yield the set of spectra which were analyzed.

The first spectrum showed a substantial resonance at 5.60 ppm 

and another very small peak at 9.66 ppm as well as a diminished 

resonance for the furan proton at 7.0 ppm. In the second spectrum 

the resonances at 5.60 and 9.66 ppm were both larger and another 

resonance had appeared at 10.14 ppm. Again the resonance for the 

proton on the furan moiety was less intense. In the following spec

tra, the resonances at 5.60 and 9.66 ppm remained at relatively 

constant intensity and the resonance at 7.0 ppm decreased in inten

sity while that at 10.14 increased. When 80% of the mCPBA had 

reacted, as seen in the first spectrum at 240°, the resonance at 5.60 

ppm began to decrease markedly in intensity. The next spectrum 

showed the resonance at 9.66 ppm to also be less intense. The 

resonance at 10.14 ppm continued to grow throughout the experiment.
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