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INTRODUCTION 

It has been known for many years that heat or Lems 

acids can cause epoxides to rearrange (1, 2, 3, . The 

mechanism is not known, but products can often be predicted 

by analogy making the rearrangement a useful tool in syn­

thesis. 

In the past few years, the photochemical transformation 

of conjugated dienes has made it possible to explore strained 

bicyclic olefins (5)« Two such compounds are bicyclo(3.2.0)-

hept-6-ene and bicyclo(^.2.0)oct-7-ene. The corresponding 

epoxides appeared to be interesting compounds due to the ex­

cessive strain of the fused rings and the fact that they were 

substituted cyclobutane oxides, a class of compounds that had 

not been studied previously. 

This exploration resulted in expansion to: 

a. The pyrolysis of cyclobutene oxides and norbornene 

oxide. 

b. The Lewis acid-catalyzed rearrangement of cyclobutene 

oxides. 

c. The rearrangement of cyclobutene oxides with lithium 

aluminum hydride, 

d. The pyrolysis of cyclobutanones and norbornanone (nor-

camphor). 

e. The photolysis of cyclobutanones and norbornanone. 
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HISTORICAL 

In discussing the rearrangements of the bicyclic epox­

ides, it is well to review the rearrangements of epoxides in 

general and then go on to the specific case of the cyclo-

butene oxides. The unique nature of the corresponding 

ketones does not necessitate a discussion of photolysis and 

pyrolysis of ketones in general. Instead, discussion is 

limited to the photolysis of cyclic and bicyclic ketones and 

the pyrolysis of cyclobutanones. 

Since this research was begun, other investigators have 

reported experiments that have a direct bearing on this work. 

These experiments will be dealt with in the Results and Dis­

cussion section as examples and analogies to this research. 

The Rearrangement of Epoxides 

Eeat or Lewis acids can cause an epoxide to rearrange to 

an aldehyde or ketone (1, 2, 3, » The course of the rear­

rangement process is governed by two factors; the direction 

of ring opening and the relative migratory aptitude of the 

different substituent groups. The direction of the ring 

opening is determined by the ease of breaking of the carbon-

oxygen bond, as show* by the effect of electron-releasing 

groups, which always facilitate breaking of the bond between 

oxygen and the carbon atom to which they are attached. This 

substituent effect of electron releasing groups (groups which 
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p y'ci" R, R' more electron-releasing than 

^c—c 
/ 2\ // R'' , R'' ' thus C^-O bond cleaves 
R' R 

-'cT-V'"  ̂2;c-ĉ  

non-concerted 
® B Ç  

/ \ 

eBF^ 

</ 

© 
:P.. BR 

concerted 
with inversion 

at Ci 
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stabilize an adjacent positive charge) must mean that the 

reaction is either a two-stage process involving a rate-

determining unimolecular breakage of the oxide ring, followed 

by a migration step (equation A), or a one-stage concerted 

process (but still unimolecular) in which carbon-oxygen bond 

breaking is more important in the transition state than is 

bond making (equation B) (1). When these reactions are cata^ 

lyzed by Lewis acids, the entity which rearranges is presum­

ably the acid-epoxide complex, as depicted in equations A and 

B. 

If the epoxide-to-carbonyl conversions follow the con­

certed path, they should undergo inversion at the migration 

terminus (C}) in the process (6). Two well defined examples 

are the boron trifluoride-catalyzed isomerizations of 5*^» 

epoxycholestane (I) to coprostan-6-one (II) and 5(3, 6^-epoxy-

coprostane (III) to cholestan-6-one (IV) (7). 

IE 
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I I I  

I. 32. 

Ely and Ely report the stereospecific rearrangement of V 

by heat or Lewis acids to VI with retention of configuration 

at the migration terminus (6). Obviously, this rearrangement 

cannot follow a concerted path. Bly and Bly suggest a non-

concerted path with a slow first step which would be anal­

ogous to that of an acid-catalyzed epoxide cleavage (1) and 

a fast' second step which would resemble that of a nonconcert-

ed pinacol rearrangement (8). Thus the first, and probably 

rate-determining, step would consist of heterolysis of the 

Cy-0 bond, assisted by the coordinated Lewis acid and by a 

backside "push" from the TT-electrons to form the intermediate 

ion. Va. The Cy-Cg bond of this intermediate could then ro­

tate with a minimum of steric interference to a conformation 

that would allow the migrating nucleophile (hydride) to at­

tack the delocalized carbonium ion from the preferred anti 

side (6). 
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BE :0 
.'H 

slow _ 

© 
BF^ --a .-H 

fast 

Ya. 

H fô; BR 
e 

19̂ H fast 

® 8 
:0: BF, 

C-H 

House and Heif have shown that a pair of geometrical 

isomers rearrange to different products, thereby favoring the 

concerted mechanism (9). In a two stage mechanism, one would, 

expect the two epoxides (VII, Vlli) to open in the same di­

rection giving the same intermediate carbonium ion and there­

fore the same product. Considering a concerted mechanism, it 

can be shovrn that the trans-isomer (VIII) is sterically hin­

dered from rearranging to the same product as the cis-isomer 

(VII) due to the unfavorable els orientation of the bulky 

groups. 

The relative migratory aptitude of R groups appears to 

be aryl>acyl>hydrcgen>ethyl>methyl (1). 
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Reusch and Johnson have reported that the diastereomeric 

pulegone oxides undergo thermal interconversion (10) and re­

arrangement with an alkyl shift (11). 

200' 

O 
oq 

with decomposition 

200° 
—^ 

"0 

Thermal and acid catalyzed rearrangements involving 

cyclic epoxides can lead to ring expansion or contraction 

(12, 13, 1^, 15). 

CH 

MeMgl 

0H major 
product 

,12̂  Steroid 
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ether 
och- OCHj 

Rearrangements of cyclobutene oxides 

Criegee and Noll reported the acid or pyrolytic rear­

rangement of 1,2,3,4^-tetramethyloyclobutene oxide (IX) to 

two unexpected products (X, XI) besides the desired diol 

(XII) (16), The unsaturated ketone (XI) could easily arise 

via acid catalyzed ring opening of the cyclopropyl ketone 

(X). 

2) HCO ® 
acetone 

80% + 

XL. 
O 
II 
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Cope and Gleason reported that the lithium aluminum 

hydride reduction of both exo- and eRdo-bicyclo(^.2«0)oct-7-

ene oxide (XIII and XIV, respectively), gave almost equal 

amounts of rearranged cis-2-methy1cyclohexanemethano1 (XV) 

and the corresponding bicyclo(4.2.0)octan-7-ol (exo-, XVI, 

from exo-oxide, XIII5 endo-, XVII, from endo-oxide, XIV) 

(17). 

hx) 
exo 

LiAIH^ 
ether 

ZZL. 
exo 

gOH 

EZ. 

n;o • 
endo 

Li A! Ha 
H 

endo • 
3Z 

Pyrolysis of cyclobutanones 

Cyclobutanone has been reported to rearrange to ethylene 

and ketene at 333-73° via a non-free radical mechanism 

(propylene, toluene, or nitric oxide did not decrease the 

rate) (I8). A bi-radical decomposition was suggested. 

o 
c c 

—^ (: c 

o 
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Beereboom reported the pyrolysis of a cyclobntanone to 

three products (19). No mechanisni was offered. 

CHO 

o 
340''. 

Photochemical Rearrangements 
of Cyclic Ketones 

The photochemical excitation of the carbonyl group of a 

simple cycloalkanone often leads to fission of the bond be­

tween the carbonyl group and the more heavily substituted o(-

carbon (20). This "«T-cleavage" leads to the formation of un­

saturated aldehydes and/or saturated ketenes. Schematically> 

using cyclohexanone as an example, the oC-cleavage may be 

viewed as a homolytic fission to an intermediate (X\riII) 

which can undergo intramolecular abstraction of a hydrogen 

atom at the carbon adjacent to the alkyl radical giving the 

unsaturated aldehyde (XIX) or from the carbon adjacent to the 

acyl radical giving the ketene (XX) (20). Evidence to sup­

port the mechanism for both aldehyde formation (21) and 

ketene formation (22) has been reported. 
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O 
II 

hv 
H. 

O 

XV 

o 
11 

ç 
6 CH, 

XZHO 

EE. 

Cycloalkanones can also isomerize without proton ab­

straction via cC-cleavage (23). 

Photolysis can also lead to loss of carbon monoxide 

leaving a biradical that can further react. Thus bicyclo-

(3'2.0)heptan-2-one (XXI) gives bicyclo(2.2.0)hexane (XXII) 

in low yield (2^). The stability of the decarbonylated di-

radical is apparently a deciding factor in product formation. 

The irradiation of XXIII gives XXIV, the decarbonylated di-

radical apparently more willing to dimeri%e than form the • 

strained benzocyclobutane. The cC-phenyl group probably aids 

the decarbonylation step in stabilizing the resulting radical 

since the analogous XXV gives only % of XXVI (compared to 

the formation of 80^ of XXIV), the major product being the 

reduced ketone, XXVII (25)» 
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OQ ̂  
-CO 

XX!. 331. 

xxnr. 

CO 

^ ^"XXiV. 

SE2 XXVL. XXV 

H+ CO 

Photolysis of cyclob-gtanones and norcamphor 

Benson and Kistiakowsky reported that photolysis of 

cyclobutanone gave ethylene and ketene as well as carbon 

monoxide and hydrocarbons (26). This work was confirmed 

by Blacet and Miller who concluded that the primary process 

is not free radical in nature (27)« 

P 
^C=C+ C=C>0+ C0+c-c=c+A 

Irradiation of l;2-cyclodecanedione (XXVIII) gives 

l-hydroxybicyclo(6.2.0)decan-10-one (XXIX) and a small amount 
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of cyclooctanone and ketene, presumably formed from secondary 

photolysis of the bicyclobutanone, XXIX (28). 

+ c=c=o 

XXVI It.  XXIX 

Srinivasan reported the vapor phase photolysis of nor-

cajnphor (XXX) gave bicyclo(2.2. l)hexane (XXXI), 1, J-hexadiene 

(XXXII) and carbon monoxide (29). The mercury photosensi­

tized decomposition in a quarts container gave the above 

products and allyl cyclopropane (XXXIII), as well as minor 

amounts of blcyolo(2.2.0)hexane (XXII), nortricyclene (XXXIV) 

and an unsaturated aldehyde that could not be identified (30). 

The photolysis of a deuterated sample of norcamphor suggested 

direct loss of carbon monoxide. Irradiation of optically 

active d-camphor (XXXV) gave a similar bicyclic compound 

(XXXVI) which was optically active (30). 

\ 

2EX1. 

+ CO 

'xxxnr. 

SKEZ. ZEXsr, xcr XXXIV 
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EE8U1T8 AND DISCUSSION 

The Pyrolysis of Cyclobutene Oxides 

For the study of cyclobutene oxides, bicyclo(3.2.0)hept-

6-ene oxide (XXXVII) and bicyclo(U-»2.0)oct-7-ene oxide (XIII) 

are ideal compounds in that they are symmetrical and held in 

a fixed conformation, thus giving fewer possibilities for 

initial bond breakage and fewer products by rearrangement. 

Bicyclo(3»2.0)hept-6-ene oxide (XXXVÏI) was prepared by 

peracid oxidation of the bicyclic photoproduct of l^j-^yclo-

heptadiene (infrared: 3050, 951, 85^, 837 and 788 cm~^, Fig­

ure 2, p. 20), Cope and Gleason reported that the peracid 

oxidation of bicyclo(^.2.0)oct-7-ene gives both exo- and 

endo-epoxides with the exo isomer favored 87:13 (17). The 

more rigid bicyclo(3.2.0)hept-6-ene would be expected to give 

an even greater predominance of the exo-epoxide. 

Pyrolysis was effected by dropwise addition of the epox­

ide to a column of glass helices in a temperature control 

oven under slow nitrogen flow (see Figure 1, p. I6). Optimum 

temperature was determined to be ^20^ for complete conversion 

and lowest number of products as determined by analysis by 

gas phase chromatography utilizing a Perkin-Elmer RX column. 

ether 
XXXV 
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1 

A 

syringe 

K—colu 
OVEN 

Acetone 
Dry Ice 

Figure 1« Pyrolysis apparatus 
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The percentages of products given were based on integration 

of the peak area compared to total peak area on the gas phase 

chromatogram® From a large number of high and low boiling 

products, a sample of the major constituent C50^) was iso­

lated by collection from the gas chromatograph. The infrared 

spectrum (Figure 2, p. 20) suggested an unsaturated aldehyde 

with absorption at 2820 and 2720 cm~^ (aldehydic proton), 

1725 cm"^ (carbonyl), and 308O, l6l5 and 910 cm"*^ (double 

bond). The infrared assignments used throughout this thesis 

are based on two standard texts (3I? 32). The aldehydic pro­

ton appeared as a triplet (J~2 c.p.s.) at 9.7 p.p.m. in the 

nuclear magnetic resonance spectrum suggesting a methylene 

group adjacent to the aldehyde (Figure 3, p. 22). • Integra­

tion of the nuclear magnetic resonance spectrum showed two 

olefinic protons (5»7 p.p.m.) relative to a total of ten pro­

tons. The nuclear magnetic resonance assignments used in 

this thesis are based on two reference texts (33, 3^) and 

information supplied by Dr. 0. L« Chapman and Dr. R. W» King. 

The aldehyde was identified as A^-cyclopentenylacetaldehyde 

(XXXVIII) by comparison vrith an authentic sample (see below) 

and by reduction to the corresponding alcohol and comparison 

with knovm 2-(A^«cyclopentenyl)ethanol (XXXIX). The infrared 

spectrum of the aldehyde, XXXVIII, was superimposable with 

that of an authentic sample, prepared by photolysis of nor-

camphor (see p. 60). The 2,^-dinitrophenylhydrazone of the 
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aldehyde had m.p, 104—^ (literature (35) m,p, 98-9°). A 

mixed melting point showed no depression. 

Reduction of XXXVIII with lithium aluminum hydride in 

still unsaturated (3080, 1615? 910 cmT^). Integration of the 

nuclear magnetic resonance spectra showed two hydroxymethyl-

ene protons at 3.6 p.p.m, (triplet, J~6.7 c»p.s.) relative to 

two olefinic protons at 5*6 p.p.m. (multiplet) and to a total 

of twelve protons (Figure 3> p* 22). The known alcohol, 

XXXIX, was prepared by lithium aluminum hydride reduction of 

A^-cyclopentenylacetic acid (XL), synthesized via the proce­

dure of Noller and Adams (36). The infrared spectrum of the 

primary alcohol was superimposable with that of XXXIX (Figure 

2, P» 20). The cc-naphthylurethan had m.p, 81-3°. A mixed 

melting point showed no depression. 

One unsaturated ether ( 2 % )  was collected (infrared: 

3050, l653j 16^0, 14-60; 1130 and IO28 cm~^), but enough 

material could not be obtained to further characterise it. 

ether gave a primary alcohol (3675 and 1056 cm"^) which was 

XXXVI 

CI 

CH(C02R). 

COOH 

XL 
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Figure 2. Infrared spectra 

Top - Bicyclo(3«2.0)h.ept-6-ene oxide (XXXVII) 

Middle - A^-Cyclopentenylacetaldehyde (XXKVIII) 

Bottom - Top, 2-(A^-Cyclopentenyl)ethanol (XXXIX) 
Bottom, Authentic sample 
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Kuclear magnetic resonance spectra 

Top - A^-Cyclopentenylacetaldehyae (XXXVIII) 

Bottom - 2-(A^-Cyclopentenyl)ethanol (XXXIX) 
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One of the minor products from the pyrolysate (5^) was 

isolated in impure form. The nuclear magnetic resonance 

spectrum of this material showed a sharp aldehyde doublet 

(J~5 c.p.s.) at 9»2 p.p.m., no olefinic protons and a methyl­

ene region that extended to 1.0 p.p.m. The infrared spectrum 

showed aldehyde absorption (2830 and 2720 cm"^), two carbonyl 

absorptions (I7IO and I690 cm*"^) and cyclopropyl absorption 

(3050 and 1030 cm"^). It seemed possible that the major sub­

stituent of this mixture was bicyclo(3.1,0)hexane-6-carbox-

aldehyde, either endo- or exo- or a mixture of both isomers. 

The mixture was reduced with lithium aluminum hydride to the 

more stable alcohols. The nuclear magnetic resonance spec­

trum showed two sets of hydroxymethylene doublets (J~7 

c.p.s#) at 3»3 and 3*5 p.p.m. in an area ratio of 2:1 respec­

tively, Both endo- and exo-6-hydroxymethylenebicvcloC1.0)-

hexane were synthesized for comparison. 

Meinwald, Labana and Chadha reported the formation of 

the rearranged bicyclo(3*l*0)hex-2-ene-endo-6-carboxaldehyde 

(XLI) from the attempted monoepoxidation of norbornadiene 

(XLII) (37)* Repetition of the peracid oxidation followed 

by immediate workup and flash distillation gave an unstable 

semi-solid with spectral properties which suggested that it 

was a fflonoepoxide of norbornadiene (XLIII). The nuclear 

magnetic resonance spectrum showed two olefinic protons 

(triplet, J^l.5 c*p«s«) at 3»5 p»p»m«, a two proton singlet 
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(epoxide protons) at 3*25 p*p.m., two bridgehead protons at 

2.9 p.p.m. and two bridge protons at 1.3 p.p.m. The infrared 

spectrum showed the presence of an epoxide linkage (8^2 cm"^). 

These results were later confirmed by Meinwald and coworkers 

in a personal communication. Distillation at higher tempera­

tures did afford the rearranged aldehyde (XLI) which was con­

verted to endo-6-hydroxymethylenebicyclo(1.0)hexane (XLIV) 

via silver oxide oxidation, hydrogénation in ethyl acetate 

with Adams catalyst and lithium aluminum hydride reduction. 

Ethyl bicyclo(^.l«0)hexane-exo-6-carboxylate was pre­

pared by addition of diazoacetic ester to cyclopentene as 

reported by Meinwald, Labana and Chadha (37). In the closely 

related case of the copper-catalyzed addition of diazoacetic 

ester to cyclohexene, it has been shown that steric discrimi­

nation takes place favoring the exo adduct over the endo by 

a 16:1 ratio (38). Analysis by gas chromatography showed 

that the resulting product was mainly one compound with two 

impurities. Without further purification, this was reduced 

to the corresponding je%2-6-hydroxymethylenebicyclo(3.1.0)-

hexane (XLV) with lithium aluminum hydride in ether. 

XDL "XOiT / 3L[ XLiyendo 
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DLL 

+ N,CHCO^Et 
Cu 

y H COgEl H H CH,OH 

M • 
y H 

ynr exo 

The alcohols were analyzed by gas phase chromatography 

on a THEÊD column at 125° and 1^0°. Under these conditions 

both exo and endo alcohols could be resolved. The product 

from the synthesis of the endo alcohol (XLIV) described above 

was shown to be one isomer. The product from the synthesis 

of the exo alcohol (XLV) was shown to contain both exo and 

endo isomers in a ratio of greater than 10:1 in favor of the 

exo isomer as expected. The major product from the reduction 

of the aldehyde obtained from the pyrolysis of XXXVII was 

shown to be the exo alcohol by comparison of retention times 

on the gas chromatograph. The endo alcohol was not present. 

Therefore, the bicyclic aldehyde obtained from the pyrolysis 

of XXXVII is blcyclo(1.1.0)hexane-exo-6-carboxaldehvde (LIII). 

Samples of these alcohols were collected from the gas chro-

matograph. The infrared spectrum of the reduced aldehyde 

obtained from the pyrolysis of XXXVII was superimposable with 
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that of synthetic XLV (3620, 3010, 2930, 2860, l470, 1448, 

14-18, 1380, 1126, 1067, 10^2, 1028, 1015, 993, 888, 871 and 

84-5 cm"^) and differed from synthetic XLIV (3620, 3010, 2930, 

2860, 1480, 1448, 14-10, 138O, 1330, II82, IO38, 1015, 901 and 

866 cm"^; Figure 4, p. 28), The nuclear magnetic resonance 

spectrum of XLV had a sharp hydroxymethylene doublet ( J~7 

c.p.s.) at. 3*3 p.p,m* and that of XLIV had a doublet (J~7 

c.p.s.) at 3*5^ p.p.m. (Figure 5, p. 30). Both spectra inte­

grated for twelve total protons relative to two hydroxymeth­

ylene protons. 

Bicyclo(4.2.0)oct-7-ene oxide (XIII) was prepared by 

peracid oxidation of the bicyclic photoproduct of 1,3-cyclo-

octadiene (infrared: 3040, 94-2, 82?, 809 and 76O cm"^; Figure 

6, p. 3^). 

ether 
M 

Pyrolysis of XIII at 400° was extremely clean giving 

only three products. The minor low boiling product (13^) 

appeared to be 1-methylcyclohexene (XLVI) by a comparison of 

retention times on the gas chromatograph. A sample was col­

lected from the gas chromatograph for spectral analysis. 

The nuclear magnetic resonance spectrum showed one olefinic 

proton (5*3 p*p.m.) relative to twelve total protons. 
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Figure 4". Infrared spectra 

Top - BxO"6-hydroxvmethvlenebicyclo( ̂. l«0)hex-
ane (XLV) from the reduction of bicyclo-
(3•1•0)hexane-exo-6-carboxaldehyde (LI11) 

Middle - Authentic sample of e^o-S-hydroxymethy1-
enebicyclo(3»l»0)hexane (XLV) 

Bottom - Endo-é-hvdroxymethylenebicycloC%.1.0)-
hexane (XLIV) 
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Figure 5* Nuclear magnetic resonance spectra 

Top - Endo-6-hydroxymethylenebicycloC3.1.0)• 
hexane (XLIV) 

Bottom - E2^-6-hydroxymethylenebicyclo(3.1.0)-
hexane (XLV) 
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Comparison of the infrared spectrum with that of known XLVI 

(prepared by reaction of methyl Grignard reagent with cyclo-

hexanone and acid dehydration of the resulting alcohol) con­

firmed the identity. Product percentages were determined by 

cutting out peak areas from several gas chromatograms, then 

weighing the "peak" and comparing it to the weight of the 

other peaks and averaging the results. 

The lesser of the two major products (31#) was identi­

fied as A^-cyclohexenylacetaldehyde (XLVII). The infrared 

spectrum was consistent with this structure (aldehydic hydro­

gen, 2860 and 2710 cm"l; carbonyl, 1725 cm"^; double bond, 

3030, 1650, 1^39 and 835 cm"^; Figure 6, p. 3^)» The nuclear 

magnetic resonance spectrum showed an aldehydic proton at 9*7 

p.p.m. (triplet, J-'2 c.p.s.) and two olefinic protons at 5»5 

p.p.m. (Figure 7, P# 36). The 2,^-dinitrophenylhydrazone of 

XLVII had m.p. 99.5-100.5® (literature (35) m.p. 97°). The 

2,4-dinitrophenylhydrâzone of dihydro XLVII had m.p. 123*5-5° 

(reported for the 2,4-dinitrophenylhydrazone of cyclohexyl-

acetaldehyde (39) m.p. 124-5°). To distinguish between 

A 2 3 A-cyclohexenylacetaldehyde and the possible A -isomer, the 

aldehyde was reduced to the corresponding alcohol with lith­

ium aluminum hydride and compared with an authentic sample 

of 2-(A^-cyclohexenyl)ethanol supplied by the General Elec­

tric Research Laboratories in Schenectady, New York. Though 

similar, the infrared spectra of the two alcohols were dif­
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ferent* The alcohol from the reduction of XLVII had absorp­

tion at 3300, 3030, 3010, 16^5, 1^8, lif32, II38, IO67, 104-9, 

1010, 973» 888, 835, 720; 678 and 662 cm"^. The infrared 

spectrum of 2-(-cyclohexenyl)ethanol had absorption at 3300, 

3030, 3010, 164-5, IW, 1432, 1138, 1070, 1050, 1040, 10.10, 

913, 900, 868, 835 and 652 cm'^ (Figure 6, p. 34). 

The major component of the pyrolysate (56^) appeared to 

be an enol ether. The infrared spectrum showed absorption at 

1670, 1040, 920 and 835 cm"^ (Figure 8, p. 38). The ultra­

violet spectrum in 95^ ethanol showed \max. 214^. (^^SlOO). 

The nuclear magnetic resonance spectrum showed one olefinic 

proton at 5*9 p.p.m. (triplet, J~1.5 c.p.s.) and two protons 

on carbon bearing oxygen at 4.3 p.p.m. (triplet, J~9*5 c.p.s.) 

and 3*7 p.p*in. (triplet, J*8.7 c.p.s.) (Figure 9» p. 40). 

Hydrogénation in ethyl acetate with 5^ platinum oxide on 

carbon gave a single ether believed to be 2,3-tetramethylene-

tetrahydrofuran (XLVIII) or 3,4-tetramethylenetetrahydrofuran 

(XLIX). The 2,3-tetramethylenetetrahydrofuran, synthesized 

from cyclohexanone andoC-bromo ethyl acetate via an enamine 

reaction, reduction and dehydration, was not identical to the 

dihydro enol ether. The nuclear magnetic resonance spectrum 

of the dihydro enol ether was relatively simple with one 

broad eight proton methylene peak at 1.5 p.p.m., one broad 

two proton peak centered at 2.15 p.p.m., and a well split 

multiplet of four protons on carbon bearing oxygen centered 
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Figure 6. Infrared spectra 

i 

Top - Blcyclo(^.2.0)oct-7-ene oxide (XIII) 

Middle - A^-Cyclohexenylacetaldehyde (XLVII) 

Bottom - Top. 2-(A^-cyclohexenyl)ethanol 
Bottom, 2-(A®-cyclohexenyl) ethanol 
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Figure 7. Nuclear magnetic resonance spectrum' of 
A*-cyclohexenylacetaldehyde (XLVII) 
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Figure 8. Infrared spectra 

Top *• 3,H-Tetramethylene-2,3-dihydro.furan (L) 

Bottom - Top, Cls-hexahydrophthalan 
Bottom, 3,^-Tetramethylene-
tetrahydrofuran (XLIX) 
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Figure 9» Nuclear magnetic resonance spectra 

Top - 3*^"Tetramethylene-2,3-dihydrofuran (L) 

Bottom - 3,^"Tetramethylenetetrahydrofuran (XLIX) 
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at 3.6 p.p.m. (Figure 9> P- 40). This suggested the more 

symmetrical 3»'+-tetramethylenetetrahydrofuran (els or trans) 

as the more likely structure for the dihydro enol ether. 

Ci8-T.4-tetramethylenetetrahydrofuran (XLIX, cis-hexa-

hydrophthalan) was synthesized from cis-bicyclo(4.2.0)oct-7-

ene via ozonolysis, reduction td the diol and dehydration (M), 

4l, 42). The nuclear magnetic resonance spectrum of authent 

tic XLIX was identical with that of the dihydro enol ether. 

The infrared spectra of the ethers were superimposable with 

absorption at 2930, 2860, 2670, 1590, l480, 1450, 1135, 1082, 

1060, 1030, 968, 926 and 892 cm"^ (Figure 8, p. 38). Thus 

the enol ether is 3;4-tetramethylene-2,3-dlhydrofuran (L). 

m ••XLVIl _L mâ 

O3 LiAIH^ 

O CO;Et 
H2SO4. LiAIHx J 

•XLVIH 
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Various runs on the pyrolysis of bicyclo(V«2.0)oct-7-

ene oxide gave the same products in the same ratio. Pyrolysis 

of this epoxide on a column of glass wool (greater surface 

area) gave the same results as pyrolysis on glass helices 

showing no surface effects. A similar lack of surface ef­

fects in epoxide pyrolyses has been reported (11). 

Pyrolysis of bicyclo(4^2*0)oct-7-ene oxide at lower 

temperature (350°) gives only 75% conversion with a smaller 

percentage of low boiling product. Pyrolysis at higher tem­

perature (^50®) gives less of the two major products, several 

low boiling products in higher yield and a slightly greater 

amount of a compound (LI) with a longer retention time on 

the gas chromatograph than the two major products, previously 

found in only trace amounts, Pyrolysis at 500° gives a high­

er yield of many low boiling products, almost none of the two 

major products obtained at 400°, several compounds of longer 

retention time on the gas chromatograph and much polymeric 

material. 

The trace compound (LI) was trapped from the gas chro­

matograph for spectral analysis. The infrared spectrum show­

ed aldehydic hydrogen (2820 and 27^ cm"^), carbonyl (1705 

cm"!) and cyclopropyl (3070, 3010 and 1035 cm"^) absorption. 

The nuclear magnetic resonance spectrum showed an aldehydic 

proton at 8.47 p«p«in« (singlet), no olefinic protons and 

methylene proton absorption from 2 to 0.6 p.p.m. The com-

\ 
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pound may be bicyclo(1.0)heptane-l-carboxaldehyde (LI), 

possibly formed from the rearrangement of L. The formation 

of LI from L would be analogous to the formation of cyclo-

propaniBcarboxaldehyde in the pyrolytlc rearrangement of 2,3-

dlhydrofuran (LII) (^•3)» The large upfleld shift of the al-

dehydlc proton In the nuclear magnetic resonance spectrum Is 

analogous to that of cyclopropanecarboxaldehyde which appears 

at 8.9 p*p«m« 

Schematically, It appeared reasonable that the rearrange­

ments to the aldehydes had occurred via initial breaking of 

either the C-0 epoxide bond followed by breakage of the appro® 

prlate C-C bond of the cyclobutane ring, or vice versa. On 

the flow sheet (p. W, homolytlc bond breakage is shown giv­

ing diradicals but the transformation could just as well be 

represented by heterolytlc cleavage to give ionic species. 

It is now apparent that bond breakage is also occurring be­

tween the C-C epoxide bond of the cyclobutene oxide without 

C-0 bond breakage followed by two 1,2-hydrogen shifts or a 

1,3-hydrogen shift. The apparent lability of this bond has 

been previously demonstrated (17). 

Considering the formation of bicvclo(T.1.0)hexane-exo-6-

carboxaldehyde (LIII), one would expect the dlradical inter­

mediate (XXXVIIa) to close to the thermodynamically more sta­

ble exo Isomer to the exclusion of the sterically hindered 

endo Isomer. 
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The 1-methylcyclohexene could be produced by decarbonyl-

ation of the intermediate diradical (Xllla), 7-norcarane car-

boxaldehyde (LIV), LI (via rearrangement from L), and A^-cy-

clohexenylacetaldehyde (LV) (see p. ^5)» Cyclopropylcarbox-

aldehydes are known to decarbonylate upon heating to give 

ring opened products. Wilson reported that the pyrolysis of 

2,3-dihydrofuran (LII) gave propene and carbon monoxide as 

the major products. The intermediate was shown to be cyclo-

propailecarboxaldehyde (43). A'-Cyclohexenylacetaldehyde (LV) 

could decarbonylate through the aid of homoallylic conjugation 

of the p,y-double bond which is not possible with the A^-iso* 

mer (W4). No A^-cyclohexenylacetaIdehyde was found in the 

pyrolysate from XIII. 

: Olife 

JJX 

HO 
CHO 

m 
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The possibility of initial isomerization of the cyclo-

butene oxides to the corresponding cyclobutanones with fur­

ther rearrangement to products vas eliminated by experiment 

(see p. 57)* 

The possibility of rearrangement of the enol ether, L, 

to the bicyclic aldehyde, LI, and 1-methylcyclohexene was 

investigated. Pyrolysis of 0.20 g. of the enol ether, under 

reaction conditions identical to the pyrolysis of XIII (400°), 

gave 0.12 g. of material which was shown to be essentially 

unreacted enol ether by analysis by gas chromatography. 

There was a trace of low boiling material with a retention 

time equal to that of 1-methylcyclohexene and a trace of 

material corresponding to the bicyclic aldehyde. This mate­

rial was again pyrolyzed at a higher temperature (420°) giv­

ing 0.06 g. of pyrolysate. This pyrolysate was essentially 

unreacted enol ether with a slightly greater amount of the 

two trace products. Therefore, it is unlikely that a major­

ity of the 1-methylcyclohexene from the pyrolysis of XIII is 

coming from decomposition of the enol ether. 

The Pyrolysis of Norbornene Oxide 

If the enol diradical (XXXVIIa) was the intermediate in 

the pyrolysis of XXXVII, a similar diradical would be expect­

ed to give analogous results. It was therefore decided to 

pyrolyze norbornene oxide (LVI) which could theoretically 
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give an analogous dlradical (LVId) which could lead to or 

• Norbornene oxide was prepared by peracid oxidation of 

norbornene and purified by sublimation. Vapor phase pyro-

glass helices in a temperature control oven and sweeping with 

a nitrogen stream. No pyrolysis was apparent under 500°. 

Complete conversion was effected at 550°. 

An Infrared spectrum of the crude pyrolysate showed the 

presence of an aldehyde as well as several carbonyl bands. 

Analysis by gas chromatography on a Perkin-Elmer RX column 

showed three major peaks whose ratios varied slightly with 

each pyrolysis. Percentages were determined by integration 

of the peak areas on the chromatogram. Samples of these 

three products were collected from the gas chromatograph. 

The major product of the pyrolysate (62-6?^) was proven 

to be A^-cyclohexenyl carboxaldehyde (LVII). The infrared 

spectrum was consistant for the unsaturated aldehyde with 

A^-cyclopentenylacetaldehyde. 

XXXVIII 

lysis was effected by dropping the solid onto a column of 
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absorption at 3030, 2850, 2710, 1730, 1645 and 862 (Fig­

ure 10, p. 54)» The nuclear magnetic resonance spectrum 

shoved one aldehyde proton as a singlet at 9*6 p.p.m., two 

olefinic protons at p.p.m. appearing as a multiplet upon 

expansion, and integrated for ten total protons relative to 

two olefinic protons (Figure 11, p. 56). The coupling con­

stants of aldehyde protons attached to cyclic moieties range 

from plus to minus and the protons occasionally appear as 

singlets instead of doublets. The 2,4-dinitrophenyIhydrazone 

of the aldehyde had m.p. I76-7® (literature (45) m.p. 176-7°)* 

The 2,4-dinitrophenylhydrazone of dihydro LVII had m.p. I71-2P 
(reported for the 2,4-dinitrophenylhydrazone of cyclohexane-

carboxaldehyde (46) m.p. 172°). An authentic sample of 

A -cyclohexenyl carboxaldehyde, synthesized by Diels-Alder 

addition of cyclobutadiene and acrolein, was supplied by Dr. 

Henry E. Hennis of the Dow Chemical Company, Midland, Michi­

gan. The infrared sample of authentic material was superim­

posable with that of the aldehyde from the pyrolysate. The 

2,4-dinitrophenylhydrazones of the aldehydes showed no mixed 

melting point depression. 

The second recurring product from the pyrolysate (5-10#) 

sublimed in the collection tube. Its infrared spectrum, show­

ed a carbonyl absorption at 1745 cm**^ (Figure 10, p. 54). 

The nuclear magnetic resonance spectrum showed a complex 

eight protoh methylene region from 1,3 to 2,0 p.p.m* and two 
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protons shifted slightly downfield at 2.5 and 2.6 p.p.m., 

respectively. The ketone was shown to be nor camphor (XXX) 

by comparison of its infrared spectrum with that of the known 

compound purchased from the Aldrich Chemical Company. The 

2,4-dinitrophenylhydrajBone had m.p. 131-1»7° (literature (4?) 

•m.p. 130-1.5^). 

The third identifiable product from the pyrolysate (5-

10%) was an oC,(3-unsaturated ketone. The ultraviolet spectrum 

in ethsoiol had Kmax. 21 (€>10,000). The infrared 

spectrum was consistent for A-cyclopentenone (LVIII) with 

absorption at 3050» 1716, 1645 and l6lO cm"^ (Figure 10, 

p. 54). . The nuclear magnetic resonance spectrum was consist­

ent with that reported for A^-cyclopentenone (48) with one 

|3-olefinic proton at 7»6 p.p.m., one oC-olefinic proton at 

6.1 p.p.m., two allylic methylene protons at 2.6 p.p.m. and 

two methylene protons alpha to a carbonyl at 2.2 p.p.m., all 

highly split (Figure 11, p. 56). The 2,4-dinitrophenylhydra-

jsone of LVIII was deep red and had m.p. 165-6° (literature 

(49) m.p. 165*6®). No acetaldehydes were found in the 

pyrolysate. 

The formation of LVII from aorbornene oxide suggests a 

Wagner-Meerwein type shift (8) followed by further rearrange­

ment (see p. 50), A similar rearrangement of the camphane 

radical has been reported by Berson, Olsen and Walia (50). 
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An analogous intermediate (XLIIIb) to LVIb can be shown for 

the conversion of the monoepoxide of norbornadiene (XLIII) to 

XLI, By comparison, this rearrangement goes upon slight heat­

ing while the saturated epoxide requires extremely high tem­

peratures# This is probably due to the ability of the double 

bond to stabilize the cleaved epoxide intermediate. 

By analogy to the postulated intermediate, LVIb, the 

lithium aluminum hydride reduction of norbornene oxide (re­

ported to be exo and 6% endo) gives 7-norborneol as well 

as the e:qpected 2-norborneol (exo isomer) (51)» 

Norcamphor presumably arises via a 1,2-hydrogen shift 

which is common in epoxide pyrolysis (1). Similarly, reac­

tion of norbornene oxide with magnesium halide is reported to 

give norcamphor as the major product (51). 

A Z 
The formation of Ù -cyclopentenone can be depicted as 

forming from the diradical intermediates, LVIa and LVIb, via 

elimination of ethylene followed by a 1,2-hydrogen shift (see 

p. 52). 

The possibility of norcamphor being an intermediate in 

the formation of LVII and LVIII was ruled out by later exper­

iments (see p. 57)# 

Another possible intermediate is LVIc which, by addition 

or elimination, could lead to the three products. This in­

termediate is analogous to that reported for the rearrange­

ment of the camphane radical (XXXVa) (50). 
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Figure 10# Infrared spectra 

Top - Top. A -Cyclohexenylcarboxaldehyde (LVII) 
Bottom, Authentic sample 

1 

Middle - Top. Norcamphor (XXX) 
Bottom, Authentic sample 

Bottom • A^-Cyclopentenone (LVIII) 
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Figure 11, Nuclear magnetic resonance spectra 

Top - A^-Cyclohexenylcarboxaldehyde' (LVII) 

Bottom - A^-Cyclopentenone (LVIII) 
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Pyrolysis of Cyclobutanones and Norcamphor 

In the pyrolysis of the two cyclobutene oxides, XXXVII 

and XIII, two of the possible products were the corresponding 

ketones, bicyclo(3»2.0)heptan-6-one (LIX) and bicyclo(^,2»0)-

octan-7-one (I»X), which could be formed via a 1,2-hydrogen 

shift from the diradical intermediates, XXXVIIb and Xlllb. 

These compounds were not observed in the pyrolysate but it 

was possible that they had formed as intermediates and then 

decomposed, under the reaction conditions, to the products 

observed. 

In the pyrolysis of norbornene oxide (LVI), the corre­

sponding ketone, norcamphor, was observed as a minor product 

but could also have been the major intermediate in the reac­

tion. 

To test these possibilities, the ketones were subjected 

to pyrolysis under re&ction conditions identical to those of 

the pyrolyses of the epoxides. 

Bicyclo(3*2.0)heptan-6-one (LIX) was obtained from bi-

cyclo(3»2.0)hept-6-ene by hydroboration (52) followed by 

chromic acid oxidation in ether via the procedure of Brown 

and Garg (53)* The infrared spectrum showed carbonyl absorp­

tion at 1780 cm"l. The semlcarbazone of LIX had m<p« 200-1.^ 

(literature (54) m.p. 198.5-201°). 

Pyrolysis was performed by the identical procedure and 

reaction conditions (420°) used in pyrolyzing the correspond-
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Ing epoxide (XXXVII). The ketone completely decomposed to a 

gas and a low boiling liquid. Comparison of retention times 

on the gas chromatograph suggested the liquid to be cyclo-

pentene. The infrared spectrum of the liquid was superim­

posable with that of known cyclopentene (1612 cm"^). No 

higher boiling products were observed. Assuming the gas to 

be ketene, the decomposition is analogous to the pyrolysis 

of cyclobutanone (l8). 

Blcyclo(^.2.0)octan-7-one (IX) was prepared from bicy-

clo(4^2.0)oct-7-ene via the procedure of Brown and Garg (55)* 

The infrared spectrum had carbonyl absorption at 1780 cm"^. 

Pyrolysis in the manner described for XIII (400°) gave a gas 

and a low boiling liquid. Comparison of retention times on 

the gas chromatograph suggested the liquid to be the expected 

cyclohexene. Comparison of the infrared spectrum with that 

of the known compound verified this conclusion. No higher 

boiling products were observed. 

The solid norcamphor (XXX) was purchased from the Aid-

rich Chemical Company and used without further purification. 

Pyrolysis was performed in a manner identical to that used to 

pyrolyze the solid norbornene oxide. At temperatures as high 

as 550° norcamphor passed through the pyrolysis tube unchanged 

and sublimed in the cold trap. An infrared spectrum of the 

trapped material was superimposable with that of starting 

material* 
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Thus the cyclobutanones (LIX and LX) and norcamphor can 

not be intermediates in the pyrolysis of the cyclobutene ox­

ides (XXXVII and XIII) and norbornene oxide* 

Photolysis of Cyclobutanones and Norcamphor 

In order to synthesize the acetaldehydes (XXXVIII and 

XLVII) obtained from the pyrolysis of the cyclobutene oxides 

(XXXVII and XIII), the corresponding cyclobutanones (LIX and 

LX) were subjected to photolysis. It was hoped that oC-cleav-

age of the cyclobutanone followed by intramolecular hydrogen 

abstraction would give the unsaturated aldehydes (20). 

A % solution of bicyclo(3*2.0)heptan-6-one (LIX) in 

ether was placed in an internally water cooled Pyrex vessel 

and irradiated with a General Electric UA-3 mercury arc lamp 

Reaction. 
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for one day. Removal of ether left a gummy, polymeric mate­

rial. The desired acetaldehyde (XXXVIII) was not apparent 

according to analysis by gas chromatography. The material 

was hot analyzed further. 

A 10% solution of bicyclo(^.2.0)octan-7-one (LX) in 

ether was irradiated in a similar fashion for four hours. 

Removal of ether left a polymeric residue. Analysis by gas 

chromatography showed that the desired acetaldehyde (XLVII) 

was not present. The material was not analyzed further. 

In an attempt to synthesize A-cyclopentenylacetaldéhyde 

(XXXVIII), a 10^ solution of norcamphor (XXX) in n-butyl 

ether was placed in an internally water cooled Pyrex vessel 

and irradiated by an external mercury arc lamp# After sev­

eral hours, an apparently clean conversion to a photoproduct 

was taking place as shown by analysis by gas chromatography 

on a Perkin-Elmer RX column. After several days, about ^0% 

of the norcamphor had been converted. To speed up the proc­

ess, the irradiation was conducted in a magnetically stirred, 

water cooled Pyrex immersion well apparatus with a quartz 

jacketed Hanovia immersion lamp. Using 10 g. of norcamphor 

in 100 ml. of 95% ethanol, the conversion was ^0% complete in 

9 hours. At the end of 2M- hours, the conversion was almost 

quantitative. Injection of measured aliquot samples into 

the gas chromatograph showed that the final concentration of 

photoproduct was almost equal to the initial concentration of 
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starting material. After removing the solvent vacuo, 

distillation gave a 67% yield of photoproduct. Much polymer 

is formed in the distillation. The photoproduct was shown to 

be the expected A*-cyclopentenylacetaldehyde (XXXVIII) by the 

chemical transformations outlined below. 

The 2,^-dinitrophenylhydrazone of the aldehyde had m.p. 

103-5® (literature (35) m.p. 98-9®)» The semicarbazone of 

XXXVIII had m.p. 115-7® (literature (56) m.p. II6®). 

The aldehyde was oxidized to the corresponding carbox-

ylic acid with silver oxide (57)# The amide derivative of 

the carboxylic acid had m.p. I3O-2® (reported for the amide 

derivative of A^cyclopentenylacetic acid (58) m.p. 131* 5-

2.5°)' A mixed melting point with the amide derivative of 

authentic A^-cyclopentenylacetic acid (XL), synthesized via 

the procedure of Noller and Adams (36), showed no depression. 

Cristol and Freeman reported that A^-cyclopentenylacetamide 

has m.p. 131.5-2.5® and the A^-isomer has m.p. 132.5-3*5® 

with no depression of the melting point when the two are 

mixed together. However, they reported differences in the 

infrared spectra (KBr) of these amides (58). The infrared 

spectrum of the amide obtained from the oxidized photoproduct 

was consistant with that reported for A-cyclopentenylacet-

amide (3360, 3190, 3060, 1660, 1630, 1353, 1320, 1300, 1280, 

1235, 1205 and 1155 cm"̂ . 

The aldehyde was reduced to the corresponding alcohol 
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with lithium aluminum hydride in ether. The oC-naphthyl-

urethan derivative had m.p. 82-3*5° and showed no mixed melt­

ing point depression on admixture with an authentic sample 

of the of-naphthylurethan of 2-(A^-cyclopentenyl)ethanol. 

The aldehyde was shown to be identical to the aldehyde 

obtained from the pyrolysis of bicyclo(3«2.0)hept-6-ene oxide 

by comparison of their infrared spectra (Figure 12, p. 6^; 

and Figure 2, p. 20), nuclear magnetic resonance spectra and 

a mixed melting point determination of their 2,^-dinitro-

phenyIhydrazones• 

The preferred formation of the A^isomer over the A*-

isomer is readily predicted by examining models of the 

cleaved intermediate (XXXa)» The protons delta to the 

carbonyl (leading to the A^-isomer) are further away 

from the carbonyl carbon than the framjna protons (leading to 

the A^-isomer). 

In the irradiation of camphor (XXXV), a A^-cyclopen-

tenylacetaldehyde is formed, but there are no protons 

to abstract (59)* 
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Figure 12. Infrared spectra 

Top - A^-Cyclopentenylacetaldehyde (XXXVIII) 
from photolysis of norcamphor 

Middle - Top. Blcyclo(1.2.0)hentan-exo-é-ol (LXI) 
Bottom, Authentic sample 

Bo'ttom - £ia-2-methylcyclopentanemethanol (LXII) 
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The formation of a ketene, the competing product in 

oC-cleavage, was not expected since it was shown that the 

irradiation of camphor apparently gave no ketene (22). 

The Lithium Aluminum Hydride Rearrangement 
of Bicyclo(3»2«0)hept-6-ene Oxide 

In order to prepare exo-bicyclo(%.2.0)heDtan-6-ol (LXI), 

the epoxide, XXXVII (exo isomer), was reacted with lithium 

aluminum hydride in ether. Analysis by gas chromatography 

on a Perkin-Elmer RX column showed the presence of two alco­

hols from the reaction mixture. Samples were collected from 

the gas chromatograph for spectral analysis. 

The major product (65^) was the expected exo alcohol 

(LXI), as shown by synthesis from bicyclo(3«2.0)hept-6-ene 

via hydroboration (52) and comparison of the infrared spectra 

of the two alcohols which were superimposable (Figure 12, 

p. 6M-). The nuclear magnetic resonance spectrum showed a 

two proton multiplet at 3*6 p.p.m., a methyl doublet (J~6 

c.p.s.) at 0.9 p.p.m., and integrated for fourteen total 

protons relative to two protons at 3*6 p.p.m. (Figure 13, 

p. 67). Therefore, the epoxide, XXXVII, had picked up four 

protons in reduction to the primary alcohol. 

Prior to the completion of this study, Cope and Gleason 

reported obtaining cis-2-methylcyclohexanemethanol (XV) from 

the lithium aluminum hydride reduction of both exo and endo-

bicyclo(4^2.0)oot-7-ene oxides (XIII and XIV) (17), 
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Figure 13* Nuclear magnetic resonance spectrumuôf 
cls-2-methylcyclopentanemethanol (LXII) 
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By analogy, and from our spectral data, we presumed our un­

expected alcohol to be cls-2-methylcyGlopentanemethanol 

(LXII)é The eC-aaphthylurethan derivative of LXII had m.p. 

91-2® (reported for theoC-naphthylurethan of cis-2-methvl-

cyclopentanemethanol (60) m.p. 92®; trans isomer (60) m.p. 

Cope and Oleason showed that initial attack by hydride 

cannot lead to the same intermediate for both alcohols, elim­

inating XIIIc as a possible intermediate for the formation of 

XV. They also showed that either pure exo or endo epoxide 

(XIII, XIV) give the same results (If). To explain their 

results, they suggest attack at the C-C bond of the oxide 

ring forming a carbanion (Xllld), which could be considered 

a tautomeric form of Xllle, which further reduces to product. 

This same C-C bond has been shown to be heat labile (see 

This suggested mechanism'infers the formation of a 

carbon-aluminum bond. It was decided to determine if this 

mechanism was indeed possible or whether some different mech­

anism was involved (i.e., Lewis acid-catalyzed rearrangement 

prior to reduction). 

98®). 

p. >+3). 

G a 

Mc XEd SDTe 
(1) 
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Nuclear magnetic resonance offered a simple and conven­

ient method of Investigation. Samples of the epoxide (XXXVII) 

were reduced with both lithium aluminum hydride and lithium 

aluminum deuterlde (95^) and worked up with both water and 

deuterium oxide; Since deuterium atoms do not appear in the 

proton magnetic resonance spectrum, their positions of incor­

poration were marked by peaks diminished in area from the 

undeuterated alcohols. Integration of peak areas gave the 

relative amounts of deuterium incorporated. The alcohols 

(LXII) were isolated by separation and collection from the 

gas chromatograph utilizing a THEED column. Deuterium con­

tent was analyzed by integration of the methyl and hydroxy-

methylene peaks (both conveniently separated from the rest 

of the spectrum) relative to each other and to the total 

number of protons. The relative ratio of peak areas are 

listed as well as the relative number of protons based on 

the assumed total number of protons (see Table 1, p. 70). 

The results are in accord with the suggested mechanism of 

Cope and Gleason (mechanism 1). Other mechanisms will also 

fit this data, i.e. mechanism 2. 

The organo-aluminum complex, XXXVIIc, is analogous to 

that suggested by Franzus and Snyder In their study of sol­

vent effects on lithium aluminum hydride reductions of nor-

bornadienes (61)• 
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Hx 

PO 
LIAIR; RIO 

C-OH 

R',R"=H ^3 R'=D,R"=H 

#2 R'=H,R"=D ^4 R',R"=D 

Table 1. Integrated peak areas and relative number of pro­
tons (based on the assumed total number of pro­
tons) from the nuclear magnetic resonance spectra 
of cis-2-methylcyclopentanemethanol (LXII) and 
deuterated LXII 

Integrated peak areas Relative number of protons 
Flask CHg CH2-OH total CH 2 CHg-OH total 

1 

2 

3 

k 

22 

15 

19 

11 

15 

Ih 

18® 

9 

107 

95 

102 

101 

2.9 

2.1 

2.2 

1.2 

2.0 

1.9 

2.1® 

1.0 

Ih.O 

13.0 

12.0 

11.0 

®TIncoprected for hydroxyl proton contained in peak. 
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At present, it is impossible to differentiate mechanisms 

(1) and (2) but it is clear that cleavage of the C-C bond of 

the epoxide and formation of a carbon-aluminum bond do occur. 

It remains to be seen whether these processes will be impor­

tant in less strained systems. 

After this work was initiated, Moore and Beede presented 

a talk at the 144th American Chemical Society Meetings on the 

lithium aluminum hydride reduction of cyclobutene oxides (62)# 

From the abstracts of that talk, it appears their work is 

analogous to ours. Using deuterium labels, they traced the 

incorporation of hydrogen into the molecule. Their results 

and conclusions are in agreement with those presented above. 

By adding aluminum chloride to the reaction mixture and 

varying the hydride/chloride ratio, Moore and Beede were able 

to vary the product mixture (62). 

¥ 
R= H,CHa 

H OH 

OH 
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The Lewis Acid-Catalyzed Rearrangement 
of Cyclobutene Oxides 

Moore and Beede recently reported the rearrangement of 

cyclobutene oxide (LXIII) and 1-methylcyclobutene oxide 

(LXIV) to cyclopropyl compounds by reaction with various 

Lewis acids (62). Thus LXIII with lithium iodide or alumi­

num chloride in ether rearranges very quickly and quantita­

tively to cyclopropylcarboxaldehyde (LXV). The substituted 

epoxide (LXIV) gives mainly cyclopropyl methyl ketone (L^I) 

and some 1-methylcyclopropylcarboxaldehyde (LXVII) when re­

acted with lithium iodide. The stereochemical course of the 

rearrangement was not investigated. 

In an effort to determine whether this rearrangement 

was stereospecific, it was decided to attempt isomerization 

of the cyclobutene oxides in our possession (XXXVII and XIII). 

By analogy, thiey should rearrange to the corresponding cyclo-

propylcarboxaldehydes which could then be oxidized to the 

corresponding carboxylic acids for identification. The exo 

and endo isomers of both bicyclo(3.1.0)hexane-6-carboxylic 

acid and bicyclo(^.1.0)heptane-7-carboxylic acid have been 

characterized* If the rearrangement was stereospecific, we 

expected to obtain one Isomer; if not, then a Alxtwe of 

isomers. 

The reaction of both XXXVII and XIÏI with aluminum chlo­

ride or boron trlfluorlde etherate In ether gave no Isomer-
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Izatlon* 

Anhydrous lithium iodide in ether was prepared by react­

ing lithium hydride with iodine in ether via the procedure of 

Taylor and Grant (63)* Refluxing XIII with lithium iodide in 

ether gave rearrangement with much decomposition* Analysis 

by gas chromatography on a Perkin-Elmer RX column showed that 

two new compounds had formed in small amounts. Samples were 

collected from the gas chromatograph for spectral analysis. 

One of the products was shown to be A^-cyclohexenylacet-

aldehyde (XLVII) by comparison of the infrared spectrum with 

that of the known compound obtained from the pyrolysis of 

XIII. 

The second product was a saturated aldehyde. The infra­

red spectrum had absorption at 2860, 2700 (aldehyde), 1705 

(carbonyl), 3OIO, 1020, 1000 and 8^8 cm"^ (cyclopropyl) (Fig­

ure 1^, p. 77)' The nuclear magnetic resonance spectrum 

showed an aldehyde doublet (J~^ c.p.s.) at 9.I p.p.m., no 

olefinic protons, and a complex methylene region from 2.4 to 

0.8 p.p.m. 

The reaction mixture was chromatographed by towering on 

silica gel with benzene as solvent. About 0.2 g. of a 

colorless, viscous liquid was obtained. This was oxidized 

with silver'oxide to a gummy product. Crystallization from 

ether gave a white solid which had m.p. 79-80°. The reported 

m.p. for blcyclo(U-.l.Û)heptan-endo-7-carboxvllc acid (LXVIII, 
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endo-7-norcarane carboxyllc acid) is 79-80°, whereas the exo 

isomer is reported to melt at 96*^ (64J. A, mixed melting 

point determination with an authentic sample of LXVIII (kind­

ly supplied by Professor J. A. Berson) had no depression. 

The infrared spectrum of the acid was superimposable with 

that of authentic LXVIII with carbonyl absorption at 1695 

cm"l and cyclopropyl hydrogen absorption at 3010 and 863 

cm"l (Figure l4, p. 77)* 

Considering the fact that the starting epoxide (XIII) is 

reported to be 87^ of the exo isomer (17), this would suggest ' 

that the rearrangement to bicyclo(>f.l«0)heT)tan-endo-7-carbox-

aldehyde (LIV) had taken place stereospecifically with inver­

sion of configuration at the migration terminus. 

As this manuscript was being prepared, other work was 

reported that verifies our findings, namely that 2(},3p-epoxy-

JoC-cholestane'(LXIX) rearranges upon reaction with methyl 

magnesium iodide to give a stereospecifically ring contracted 

product with inversion at the migration terminus (65). The 

authors suggest a Lewis acid-catalyzed rearrangement to both 

the cyclopentylcarboxaldehyde (LXX) and the cyclohexanone 

(LXXI) followed by reduction, via normal Orignard attack, to 

the products* 
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Figure Ik, Infrared spectra 

Top - Top, -Cyclohexenylacetaldehyde (XLVII) 
from the pyrolysis of XIII 
Bottom, A^-Cyclohexenylacetaldehyde 
from the rearrangement of XIII vdth 111 

Middle - Bicydo(^.1.0)heptan-endo-7-
carboxaldehyde (LIV) 

Bottom - Top, Bicyclo(^.1.0)heptan-jgjnâfi-7-
carboxylic acid (LXVIII. emdo-7-
norcarane carboxy11c acldj 
Bottom, Authentic sample 
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EXPERIMENTAL 

Experimental for the Pyrolysis of the Cyclobutene Oxides, 
Norbornene Oxide, the Cyclobutanones and Norcamphor 

Bicyclo(T.2.0)heDt-6-ene oxide (XXXVII) 

Bicyclo(3*2.0)hept-6-ene (5.3 g», 0.056 mole) in chloro­

form (50 ml.) was added dropwise with stirring at 0° to a 

perbenzoic acid solution (7.8 g., 0.056 mole, determined by 

thiosulfate titration for active oxygen, in 100 ml. of 

chloroform). The reaction mixture was left to run until no 

peracid remained (10 hrs.). The chloroform solution was 

washed with % aqueous sodium bicarbonate until the water 

layer no longer precipitated benzoic acid upon acidification 

with 2N hydrochloric acid. The chloroform layer was washed 

twice with water (50 ml.) and dried over anhydrous magnesium 

sulfate. The solvent was removed with a rotary film evap­

orator, and the residue distilled under aspirator pressure 

to give a colorless liquid material (k-.O g., b.p. 72-5°/ 

15 mm., infrared (neat)* 3050, 950, 837 and 788 cm"^, Figure 

2, p# 20). Analysis by gas chromatography on a Perkin-Elmer 

RX column showed one peak. 

Anal. Calcd. for 0, 76.32; H, 9.15. Found: C, 

76.35; H, 9.34. 
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Blcyclo(^.2.0)oct-7-ene oxide (XIII) 

Following the epoxidation procedure of Korach, Nielsen 

and Hideout (66), bicyclo(^.2.0)oct-7-ene (8.3 g., 0.077 

mole), methylene chloride (65 ml.), and anhydrous sodium 

carbonate (20 g., 0.188 mole) were stirred together in a 

250 ml. flask equipped with a thermometer and dropping fun­

nel. To this was added 18 g. of peracetic acid solution 

(0.095 mole) over ̂  hr. maintaining the temperature at 20°. 

The reaction mixture was allowed to stir for two hrs., then 

filtered and the filter cake washed with methylene chloride. 

The solvent was removed from the filtrate with a rotary film 

evaporator. The residue was fractionally distilled under 

vacuum giving l+.l g. (M-3^) of bicyolo(^.2.0)oct-7-ene oxide, 

b.p. 71-3°/l6 mm. (reported (I7) b.p. 82-4.5^/26 mm.), infra­

red (neat): 30^-0, 9^2, 825» 809 and 76O cm"^; Figure 6, p. 3^ 

Pvrolvsis of liquid epoxides and ketones 

The liquid epoxide or ketone (1.0 g.) was drawn into 

a long needle syringe. The needle was then inserted through 

a septum at the top of a pyrolysis column. Twelve inches of 

the column were filled with 1/8" glass helices and encased in 

an oven maintained at ^20® for XXXVII and LIX and 400® for 

XIII and LX (determined to be the optimum temperature for 

complete conversion of the epoxides and lowest number of 

products by gas chromatography). The temperature was deter­
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mined by attaching an iron-constantan thermocouple to the 

column and to a Rubicon Potentiometer with reference temper­

ature at 0®. The epoxide or ketone was allowed to drip onto 

the column at a slow enough rate to prevent flooding (10-15 

drops/minute). The system was kept under a positive nitrogen 

pressure. The pyrolysate was trapped in a receiver kept at 

-70® (Dry Ice-acetone). Pyrolysate mixtures were separated 

by gas chromatography utilizing a Perkin-Elmer RX column at 

75-150°. The products were collected from the gas chromato-

graph using 25-50 injections under the above conditions, in 

coiled glass tube receivers in a Dry Ice-acetone bath. 

A^-Cyclopentenvlacetaldehyde (XaCVIII) 

The major product from the pyrolysis of bieyelo(3.2.0)-

hept-6-ene oxide was A^-cyclopentenylacetaldehyde, infrared 

(Cei^.): 3080, '2820, 2720, 1725, l6l5 and 910 cm"^; Figure 2, 

p. 20. The nuclear magnetic resonance spectrum had absorp­

tion at 9*7 p.p.m. (triplet, c.p.s.), 5*7 p.p.m. (multi­

plet) and 3"05 p.p.m. (multiplet); integrated 1:2:1, respec­

tively; and integrated for ten total protons relative to two 

protons at 5*7 p.p.m. (Figure 3, P» 22). 

The 2,^-dinitrophenylhydrazone had m.p. 10^-5^ (litera­

ture (35) m.p. 98-9°)* A mixed melting point with the 2,4-
I 

dinitrophenylhydrazone of A^-cyclopentenylacetaldehyde (from 

the photolysis of norcamphor) had m.p. 103-5®* 
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g-(A*-Cyclopentenyl)ethanol (XXXIX) by the lithium alumlnmn 
hydride reduction of A^-cyclopentenvlacetaldehyde 

A^-Cyclopentenylacetaldehyde (2^0 mg.), from the pyroly-

sls of bicyclo(3*2.0)hept-6-ene oxide, was reduced with lith­

ium aluminum hydride (50 mg.) in ether (5 ml.). Excess hy­

dride was destroyed with 0.5 ml. of water, and the organo-

aluminum complex was hydrolyzed by addition of several drops 

of 2N hydrochloric acid. The reaction mixture was filtered, 

and the ether was removed with a rotary film evaporator. The 

oily residue was distilled, is vacuo^ in a micro distillation 

apparatus. An alcohol was obtained (150 mg., infrared (CCl^.): 

3670, 3350, 3O8O, 1615, 1055, 970 and 910 cm"l) Figure 2, 

p. 20; nuclear magnetic resonance: 5*6 p.p.m. (multiplet), 

3*6 p.p.m. (triplet, J~6.7 c.p.s.), 2.7 p.p.m. (multiplet); 

integrates 2:2:1, respectively; integrates for a total of 

twelve protons" relative to twr rotons at 3.6 p.p.m.. Figure 

3, p. 22) which was compared to known 2-(A^-cyclopentenyl)-

ethanol, prepared by the lithium aluminum hydride reduction 

of A^-cyclopentenylacetic acid synthesized by the procedure 

of Roller and Adams (36). The infrared and nuclear magnetic 

resonance spectra of the two alcohols were superimposable* 

The oC-naphthylurethan of the reduced aldehyde had m.p. 81-3° 

and showed no mixed melting point depression upon admixture 

with an authentic sample of the «-naphthylurethan of 2-(A^-

cyclopentenyl)ethanol* 
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2-(A^-'Cyclopentenyl)ethanol (XXXIX) by the lithium aluminum 
hydride reduction of i&f-cvclopentenylacetlc acid 

A^-Cyclopentenylacetic acid (1.0 g., prepared via the 

procedure of Noller and Adams (36) from 3-chlorocyclopentene 

and malonlc ester) was dissolved in ether and added dropwise 

to a stirred slurry of lithium aluminum hydride (5^00 mg.) in 

ether (50 ml.) and left to stir for several hrs. The excess 

hydride was quenched with a saturated solution of sodium 

sulfate in water. Hydrochloric acid (2N) was added to hydro-

lyze the organo-aluminum complex. The reaction mixture was 

filtered, and the ether layer was separated and dried over 

anhydrous sodium sulfate. Evaporation of the ether left a 

viscous liquid (0.9 g.). Analysis by gas chromatography on 

a Perkin-Elmer RX column showed one product and some unreact-

ed acid. A sample of the alcohol was collected from the gas 

chromatograph; Infrared and nuclear magnetic resonance 

spectra absorption are listed above. 

Anal. Calcd. for C, 7^.95; H, 10.78. Found: C, 

7^.83; H, 11.09. 

The of-naphthylurethan of authentic 2-( A^-cyclopentenyl) -

ethanol had m.p. 82-3®• 

Anal. Calcd. for C28Hig02N% C, 76.8^; H, 6.81; N,'^-.98. 

Pound: C, 77.00; H, 7*00; N, 5.25. 
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The monoepoxldatlon of norbornadlene 

Following the procedure of Meinwald, Labana and Chadha 

(37), 7*5 g» (0.0^ mole) of peracetic acid (which had 

previously been treated with 200 mg. of sodium acetate to 

neutralize any sulfuric acid present) was added to a stirred 

suspension of 10.6 g* (0.1 mole) of anhydrous sodium carbon­

ate in a solution of 7#^ g« (0.08 mole) of norbornadlene and 

65 g. of methylene chloride. The temperature was maintained 

at 20® during the addition which required 30 minutes. The 

reaction mixture was allowed to stir for 2 hrs., then filter­

ed, and the filter cake washed with methylene chloride. The 

solvent was removed under vacuum pressure maintaining the 

temperature of the residue below 25°« The residue was dis­

tilled by the sudden contact of a hot oil bath (120°) with 

the flask and the immediate application of a strong vacuum 

pressure to the system. Part of the residue flashed through 

the distilling apparatus and collected in a collection flask 

maintained at -70° (Dry Ice-acetone). This material was a 

semi-solid which became a viscous liquid at room temperature. 

An infrared spectrum of this material (neat) showed the pres­

ence of an epoxide linkage (852 cm**^). The nuclear magnetic 

resonance spectrum had absorption at 3«5 p.p.m. (triplet, 

J^l.5 c.p.s.), 3*25 p.p»m, (singlet), 2.9 p*p.m. and 1.3 

p.p.m. which Integrated 1*1*1:1. 
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Exo"6'-hydroxymethyleneblcyclo(3«l»0)hexane (XLV) by the 
reduction of bicyclo(3.1.0)hexane-exo-6-oarboxaldehyde 

A small amount of blcyclo(3el,0)hexane-exo-6-carboxalde-

hyde, obtained from the pyrolysls of blcyclo(3.2*0)hept-6-ene 

oxide, was collected from the gas chrmatograph. This sample 

was dissolved In ether and added to a stirred slurry of lith­

ium aluminum hydride (50 mg#) In ether (10 ml.) and left to 

stir for several hours. Water was added to quench excess 

hydride and hydrolyze the organo-alumlnum complex. The ether 

layer was separated, dried and the ether evaporated leaving 

25 mg. of a viscous material. Analysis by gas chromatography 

on a THEED column at 125° showed that the product was a mix­

ture whose major product had the same retention time as au­

thentic exo-6-hydroxvmethvlenebicvcloCT.l.O)hexane (synthe­

sized by the lithium aluminum hydride reduction of ethyl 

bl eye lo ( 3.1.0)'hexane -exo-6-car boxy late ) and had no peak cor­

responding to the endo isomer (synthesized by the lithium 

aluminum hydride reduction of blcyclo(3.1.0)hexane-endo-6-

carboxylic acid). The major product was collected from the 

chromatograph for spectral analysis. The infrared spectrum 

of this compound was Identical with that of authentic exo-6-

hydroxymethylenebicycloO» 1.0)hexane (see Figure 4, p. 28). 
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Ethyl blcydo(3*1.0)hexane»exo-6-carboxylate 

In a manner similar to that reported by Meinwald, Labana 

and Chadha, ethyl diazoacetate (5*5 g*, 0.0^ mole) was added 

to a suspension of 0*5 g* of copper powder in 18 g. (0.27 

mole) of cyclopentene with cooling (37)* After addition, the 

reaction mixture was allowed to warm to room temperature and 

then refluxed on a steam bath for 24 hrs. Water was added, 

and the organic layer was separated from the aqueous layer 

and copper powder. Excess cyclopentene was distilled from 

the organic layer leaving a viscous residue. Distillation 

gave a fraction (1.6 g., 21#) boiling at 80-85® (16 mm.). 

Analysis by gas chromatography on a Perkin-Elmer RX column 

showed this to be a mixture of three compounds with one pre­

dominating over the other two in the relative ratio of 17:3:1* 

Nc attempt was made to separate these compounds. 

Exo-6-hvdroxymethylenebicyclo(3 *1.0)hexane (XLV) 

Crude ethyl bicyclo(3.1.0)hexane-exD-6-carboxylate 

(0.5 g.) in ether was added dropwise to a slurry of lithium 

aluminum hydride (0.20 g.) in ether (20 ml.) and left to stir 

for several hrs. Water was added to quench the excess hy­

dride and hydrolyze the organo-aluminum complex. The ether 

layer was separated, dried, and the ether evaporated leaving 

0.3 g* of a viscous material. Analysis by gas chromatography 

on a THEED column at 125® showed one major product predomi­
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nating over two minor products in the ratio of 5:1. The 

retention time of the major product (4 minutes) was different 

from that of endo-6-hydroxymethyleneblGyclo(1.0)hexane (4^8 

min.). The lesser of the two minor products had a retention 

time identical to that of the endo alcohol. A sample of the 

major alcohol was collected from the chromatograph for spec­

tral analysis (infrared (CCl^,): 3620, 3010, 2930, 2860, 1^70, 

1448, 1380, 1126, 1067, 1052, 1028, 1015, 993, 888, 871 and 

845 cm"l, Figure 4, p. 28; nuclear magnetic resonance: 3*3 

p.p.m. (doublet, J~7 c.p.s.), integrates for twelve total 

protons relative to two protons at 3*3 p.p.m.. Figure 5, 

p. 30). I 

Endo-6-hydroxymethylenebicyclo(3.1.0)hexane (XLIV) 

BicycloCl.1.0)hexane~endo-6-carboxylic acid (200 mg.), 

synthesized by the procedure of Meinwald, Labana and Chadha 

(37), was added in small portions to a stirred slurry of 

lithium aluminum hydride (100 mg.) in ether (10 ml.) and left 

to stir for several hours. Water was added to quench the 

excess hydride and hydrolyze the organo-aluminum complex. 

The ether layer was separated, dried, and the ether evapo­

rated yielding 0.2 g. of a viscous material. Analysis by gas 

chromatography on a THEED column at 125^ showed one major 

product* A sample was collected from the chromatograph for 

spectral analysis (infrared (CCli^.)* 3620, 3010, 2930, 2860, 
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11+80, 1448, 1410, 1380, 1330, 1182, 1039, 1015 (broad), 901 

and 866 cm"^, Figure 4, p. 28; nuclear magnetic resonance; 

3-5 p.p.mi (doublet, J"7 c.p.s.), integrates for 12 total 

protons relative to two protons at 3*5 p.p*m,, Figure 5» 

p. 30). 

1-Methylcyclohexene (XLVI) 

The infrared spectrum of the olefin collected from the 

pyrolysis of XIII was found to be identical to that of au­

thentic 1-methylcyclohexene, obtained by methyl Grignard 

addition to cyclohexanone and acid dehydration of the result­

ing alcohol. 

A^-Cyclohexenvlacetaldehvde (XLVII) 

The lesser of the two major products from the pyrolysis 

of XIII was A^-cyclohexenylacetaldehyde (infrared (CCl^.): 

3030, 2860, 2710, 1725, 1685, 1650, 1435 and 835 cm"^, Figure 

6, p. 34; nuclear magnetic resonance: 9*7 p.p.m. (triplet, 

J~2 c.p.s.), 5*5 p.p.m. (multiplet), integrates 1:2, Figure 7, 

p. 36). 

The 2,4-ditaitrophenylhydrazone of XLVII had m.p. 99.5-

100.5° (literature (35) m.p. 97°). 

Anal. Calcd. for 024^16^)4^4-: 0, 55*255 H, 5*30. Found: 

C, 55.18; H, 5.06. 

Hydrogénation of XLVII (50 mg.) in ethyl acetate (5 ml.) 
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with a catalytic amount ot % palladium on charcoal gave the 

theoretical uptake of hydrogen in two hours. The 2,4-dl-

nitrophenylhydrazone had m.p. 123*5-5^ (reported for the 

2,4-dinitrophenylhydrazone of cyclohexylacetaldehyde (39) 

m.p. 12^-5°)» 

Reduction of A^-cyclohexenvlacetaldehvde 
with lithium aluminum hydride 

.Z^-Cyclohexenylacetaldehyde (100 mg#), obtained from the 

pyrolysis of XIII, was dissolved in ether (5 ml.) and added 

to a stirred slurry of lithium aluminum hydride (100 mg.) in 

ether (10 ml.). After two hours, several drops of water and 

2N hydrochloric acid were added to destroy the excess hydride 

and hydrolyze the organo-aluminum complex. The reaction mix­

ture was filtered and the ether evaporated. A small amount 

of the resulting alcohol was collected from the gas chromato-

graph for spectral analysis. The infrared spectrum of this 

alcohol was compared with that of 2-(A^-cyclohexenyl)ethanol, 

obtained as a gift from the General Electric Research Labora­

tories in Schenectady, New York. These spectra are repro­

duced in Figure 6, p. 34. 

Tetramethylene-2.1-dihvdrofuran (L) 

The major product from the pyrolysis of XIII was 3,4-

tetramethylene-2,3-dihydrofuran (infrared (neat): 2910, 2850, 

1670, 1470, 1445, 1100, 1085, 1060, 1040, 940, 920, 835 and 
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788 cm~l, Figure 8, p. 38; nuclear magnetic resonance: 5*9 

p.p.m. (triplet, J^l.9 c.p.s.), h,3 p.p.m. (triplet, J~9'5 

c.p.s.), 3*7 p.p.m. (triplet, J"8.7 c.p.s.), integrates 1:1:1, 

respectively, Figure 9> p« MO; ultraviolet (95^.ethanol): 

Kmax. 2l^»y«. (€'^ 6100)). 

Hydrogénation of %.4-tetramethylene-2.%-dihydrofuran 

The enol ether (50 mg.) was hydrogenated in ethyl acetate 

(5 ml.) with a catalytic amount of prereduced platinum 

oxide on charcoal. In two hours, the theoretical amount of 

hydrogen was taken up. The mixture was filtered and concen­

trated under vacuum giving essentially one compound as shown 

by analysis by gas chromatography on a Perkin-Elmer RX col­

umn. The saturated ether collected from the gas chromato-

graph showed infrared maxima (CCl^) at 2930, 2860, 2670, 

1590, 1^0, lk50y 1135, 1082, 1060, 1030, 968, 926, 892 cm"^ 

(Figure 8, p. 38) and nuclear magnetic resonance absorption 

at 3.6 p.p.m. (multiplet), 2.2 p.p.m. (broad), 1.5 p.p.m. 

(broad single peak) which integrated 4i2;8 (Figure 9> P# ^). 

Cis-3,^-tetramethylenetetrahydrofuran 
(XLIX. cis-hexahydrophthalan) 

Following the procedure of Warnell and Shriner for 

ozonolysis of an olefin (40), bicyclo(^.2.0)oct-7-ene (O.J g.) 

in anhydrous ethanol (MO ml.) was cooled in an ice bath and a 
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stream of ozone in oxygen {2%) was passed through the solu­

tion for ̂  hour. The end-point of the reaction was deter­

mined by the sudden liberation of iodine in a potassium 

iodide trap attached to the system. The ethanol solution 

was allowed to warm to room temperature and concentrated 

under vacuum. The crude liquid ozonide was dissolved in 

ether (5 ml.) and added dropwise to a stirred suspension of 

lithium aluminum hydride (1.0 g.) in ether (20 ml.). The 

mixture was allowed to stir for one hour then refluxed for 

^ hour. Excess hydride was quenched with water. Hydro­

chloric acid, 2N (1 ml.), was added and the solution stirred 

until hydrolysis was complete. The ether solution was fil­

tered and dried over anhydrous sodium sulfate. Removal of 

the ether under vacuum gave a colorless liquid diol (0.5 g*, 

70#; infrared (neat): 3350 (broad), 2930, 2860, IO3O (broad) 

cm"l).• A small amount of the diol in ether was induced to 

crystallize by keeping it in the freezer overnight. The 

white crystals had m.p. 40-2° (reported for ci s-hexahvdro-

phthalyl alcohol (67) m.p. ̂ 2-3°)* 

Without further purification, the liquid diol was re-

fluxed with sulfuric acid (2 ml., 18#) for 20 minutes, in a 

manner similar to that reported (4l, 42). The reaction'mix­

ture was allowed to cool and then extracted twice with ether. 

The combined ether layers were dried over anhydrous sodium 

sulfate. Remoyal of ether under vacuum left a strong smell-
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Ing Hqtiid (O.W g., 91^) which was shown to be essentially 

one compound by analysis by gas chromatography on a Perkin-

Elmer RX column* A small amount of authentic cis-hexahvdro-

phthalan (XLIX) was collected from the gas chromatograph for 

spectral analysis. Both the infrared and nuclear magnetic 

resonance spectra of XLIX were identical with those obtained 

from hydrogenated 3j^-tetramethylene-2,3-dihydrofuran (L)« 

The infrared spectra are reproduced in Figure 8, p. 38. 

2.^«"Tetramethvlenetetrahvdrofuran (XLVIII) 

Ethyl 2-cyclohexanonylacetate was synthesized via the 

procedure of Segre, Viterbo and Parisi in 44^ yield (68). 

A solution of 9*1 g» of the keto-ester in ether was added 

dropwise to a slurry of lithium aluminum hydride (3.0 g.) in 

ether (250 ml.). The addition took one hour, and the mixture 

was refluxed for one hour longer. Excess hydride was quenched 

by addition of a saturated solution of sodium sulfate in 

water and the organo-aluminum complex was hydro lyzed by the 

addition of 2N hydrochloric acid. The ether layer was sepa­

rated and dried over anhydrous sodium sulfate. Evaporation 

of ether and distillation yielded 5«5 g. (77#) of 2-hydroxy-

ethylenecyclohexanol, b.p. 11^° (0.2 mm.), Infrared (CClij.); 

broad bands at 3300, 1100 and I050 cm"^). 

The diol (1,0 g.) was refluxed with sulfuric acid (3 ml., 

18#) for hour* The aqueous mixture was extracted twice 
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with ether, which was then dried over anhydrous sodium sul­

fate. Evaporation of ether left 0.7 g. of crude product 

which was shown to be essentially one product by analysis 

by gas chromatography on a Perkin-Elmer RX column. A sample 

of the material, collected from the chromatograph for spec­

tral analysis, showed infrared bands at 114$, 1138, 1063, 

981, 933 and 858 cm'l. 

Norbornene oxide (LVI) 

Following the epoxidation procedure of Korach, Nielsen and 

Hideout (66), norbornene (8,0 g., 0.085 mole), methylene 

chloride (65 ml.), and anhydrous sodium carbonate (20 g., 

0.188 mole) were stirred together in a 250 ml. flask equipped 

with a thermometer and dropping funnel. To this was added 

18 g. of ̂ 0% peracetic acid solution (0.095 mole) over ̂  hour 

maintaining the temperature at 20°. The reaction mixture was 

allowed to stir for two hours, then filtered and the filter 

cake washed with methylene chloride. The solvent was removed 

from the filtrate with a rotary film evaporator. The residue 

was sublimed at atmospheric pressure using an oil bath at 

130®. The solid obtained (7.0 g., 75^ yield) had m.p. 120-2® 

(literature m.p. 118-9® (69), 125-7® (70)) and showed an 

infrared band (CCl^) at 848 cm"^. 
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Pvrolvsls of norbornene oxide 

The solid epoxide (1.0 g., in 50 mg» portions) was 

dropped onto a column of glass helices in a temperature con-

' trol oven identical to that reported for the pyrolysis of 

liquid epoxides and ketones. The column was kept under con­

tinuous nitrogen flow except for the momentary periods when 

the epoxide was added. No pyrolysis was apparent under 500°. 

The epoxide passed through the column and sublimed in the 

cold collection tube. Complete conversion was effected at 

550®. Products were separated and collected by gas chromato­

graphy using a Perkln-Elmer RX column at 125°• The retention 

times for the major products were; A^-cyclopentenone, 7.0 

min. I A^-cyclohexenylcarboxaldehyde, 10,1 mln. ; and norcam-

phor, 13«2 mln. 

df-Cvclorentenone (LVIII) 

The unsaturated ketone from the pyrolysis of LVI had 

infrared maxima (CCl^,) at 3050, 1716, 16^-5 and 1610 cm~l 

(Figure 10, p. 5^). The nuclear magnetic resonance spectrum 

had absorption at 7*6 p.p.m. (multiplet), 6.1 p.p.m. (mul­

tiplet), 2.6 p.p.m. (multiplet), 2.2 p.p.m. (multiplet) and 

integrated lil;2:2 (Figure 11, p. 56) and is consistent with 

that reported for A^-cyclopentenone (^-8). The ultraviolet 

spectrum (95/^ ethanol) had X.max. 215*^» (010,000). 

The 2,4-dlnltrophenylhydrazone of LVIII was deep red and 

V. 
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had m.p. l65-6° (literature (4^9) m.p. 165-6®)» 

A^-Cvclohexenylcarboxaldehyde ( LVII ) 

A small amount of the major product from the pyrolysis 

of LVI was collected from the gas chromatograph. The infra­

red and nuclear magnetic resonance spectra of this product 

were identical to that of an authentic sample of A^-cyclo-

hexenylcarboxaldehyde (prepared by Diels-Alder addition of 

acrolein and butadiene) kindly supplied by Dr. H. E. Hennis 

of the Dow Chemical Company, Midland, Michigan. The infrared 

spectra had maxima at 3030 , 28^0, 2710» 1730 and 16^+5 cm"^ 

(Figure 10, p. 5^). The nuclear magnetic resonance spectra 

had absorption at 9*6 p.p.m. (singlet), 5»^ p.p.m. (multiplet 

upon expansion) and integrated for ten total protons relative 

to two protons at p.p.m. and one proton at 9*6 p.p.m. 

(Figure 11, p; 56). 

The 2,4-dinitrophenylhydrazone of LVII had m.p. 176-7° 

(literature (>+5) m.p. 176-7°)# A mixed melting point with 

an authentic sample gave no depression. 

Anal. Calcd. for C, ?3*79î H. 4.86. Found: 

C, 54.12} H, 4.90. 

The unsaturated aldehyde (65 mg.) was hydrogenated'in 

ethyl acetate (5 ml.) using a catalytic amount of '$% palla­

dium on charcoal. The theoretical amount of hydrogen for one 

double bond was absorbed in 4- hours. Filtration and évapora-
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tion of the ethyl acetate left a product -which gave a 2,V-

dinit^ophenylhydrazone, m#p. 171-2^ (reported for the 2,4-

dinltrophenylhydrazone of cyclohexanecarboxaldehyde (46) 

iQ»p« 172^)» 

Norcamphor (XXX) 

The infrared spectrum of the solid collected from the 

pyrolysis of nèrbornene oxide (LVI) was identical to that of 

known norcamphor (purchased from the Aldrich Chemical Company). 

The 2,4-dinitrophenylhydrazone had m#p. 131-1.7° (literature 

(47) m.p. 130-1.5°). 

Bicyclo(3.2.0)heptan-exo-6-ol (LXI) 

Following the procedure of Brown and Zweifel (52), bi-

cyclo(3'2.0)hept-6-ene (18.2 g., 0.19 mole) in tetrahydro-

furan (80 ml.)' was placed in a dry three-necked flask equipped 

with a thermometer, a condenser and a sintered glass disper­

sion tube. The dispersion tube was connected to the diborane 

generator. This generator consisted of a two-necked flask 

equipped with a pressure-equalized dropping funnel (serving 

alternately as an inlet for nitrogen gas) containing 4.75 g# 

of sodium borohydride in 125 ml. of diglyme (1.0 M,solution). 

In thé generator flask was placed 25 g* (0.18 mole) of boron 

trifluoride etherate (^0^ excess) and 16 ml. of diglyme. 

The air in the apparatus was displaced by nitrogen. Then the 
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diborane, generated by dropwise addition of the sodium boro-

hydride solution to the boron trifluoride etherate, was 

passed into the olefin-tetrahydrofuran solution (maintained 

at 0®) by Initiating a slight flow of dry nitrogen through 

the generator. After completion of the sodium borohydride 

addition (approximately one hour), the generator was heated 

for one hour on a steam bath, maintaining a slight flow of 

nitrogen, to ensure the complete transfer of the diborane 

into the hydroboration flask. After cooling to room tempera­

ture, excess hydride was destroyed by the careful addition of 

water. The organoborane was oxidized by slowly adding 17 ml. 

of 3N sodium hydroxide, followed by the dropwise addition of 

17 ml. of 30^ hydrogen peroxide with stirring. The reaction 

mixture was stirred overnight, then extracted with ether 

several times. The combined ether extracts were washed with 

water and dried over anhydrous sodium sulfate. Evaporation 

of the ether yielded 17*0 g. (80#) of bicyclo(3.2.0)heptan-

exo-6-ol. infrared (neat): 3330, 2940, 2860, 1072, 1048, 

1018, 915 and 84o cm"^ (Figure 12, p. 64). The eC-naphthyl-

urethan of LXI had m.p. 130-2°. 

Anal. Calcd. for C3^8Hi^02Ns C, 76.84; H, 6.81; N, 4.98. 

Found:• C, 76.90; H, 6.97; N, $V06# 
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Blcvclo(^«2.0)heT)tan-6-one (LIX) 

Following the procedure of Brown and Garg for oxidation 

of an alcohol (53)» blcyclo(3.2.0)heptan-exo-6-ol (17.0 g., 

0.15 mole) and 65 ml. of ether were placed in a 500 ml. flask 

fitted with a stirrer, condenser and addition funnel. The 

chromic acid solution, prepared from potassium dichromate 

(16.0 g., 5^ mmole) and 96^ sulfuric acid (12.5 ml.) diluted 

with water to 80 ml., was added to the stirred solution over 

a period of 15 minutes maintaining the temperature at 25°. 

The mixture was left to stir for one hour becoming dark blue 

in color. The ether layer was separated, and the aqueous 

layer was extracted twice with ether. The combined extracts 

were washed with saturated sodium bicarbonate, then water. 

The etherate was dried over anhydrous sodium sulfate. Re­

moval of ether yielded 13.0 g. of crude product. Distilla-

tion gave 5*0 g. (30^) of bicyclo(3«2.0)heptan-6-one, b.p. 

65-70° (16 mm.), infrared (CHClg)% I78O cm"^. The semi-

carbazone derivative had m.p. 200-1.5° (literature (5^) 

m.p. 198.5-201°). 

Bicyclo(^.2.0)octan-7-one (LX) 

Following the procedure of Brown and Garg for•the con­

version of olefins to ketones (55), bicyclo(^.2.0)oct-7-ene 

(3*0 g., 0.028 mole) and lithium borohydride (300 mg.) in 

ether (25 ml.) were placed in a 100 ml. flask fitted with a 
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stirrer, condenser, addition funnel and thermometer. To the 

reaction mixture was added 1.0 ml. of boron trifluoride 

etherate in k ml. of ether over a period of 1^ minutes at 25^. 

After two hours, excess hydride was destroyed by the addition 

of 5 ml. of water. The chromic acid solution, prepared from 

potassium dichromate (5.0 g., 13«5 mmole) and 96% sulfuric 

acid (2.5 ml.) diluted with water to l6 ml., was added to 

the stirred solution over a period of 15 minutes maintaining 

the temperature at 25®. After heating under reflux for two 

hours, the upper layer was separated and the aqueous layer 

extracted twice with ether. The combined ether layer and 

ether extracts were washed with saturated sodium bicarbonate, 

then water. Removal of ether and distillation gave 1.2 g. 

(35^) of bicyclo(^.2.0)octan-7-one, b.p. 55-60° (if mm.), 

infrared (neat): I78O cm"^. 

Pyrolvsis of bicycloC^.2.0)heptan-6"One (LIX) 

The pyrolysis of bicyclo(3.2.0)heptan-6-one (400 mg.), 

in a manner previously described, gave a gas and a low boil­

ing liquid. The liquid was analyzed by gas chromatography on 

a Perkin-Elmer RX column at 75°* The retention time of the 

liquid was identical to that of cyclopentene. A sample of 

the liquid was collected from the gas chromatograph. The 

infrared spectrum was superimposable with that of authentic 

cyclopentene (purchased from the Aldrich Chemical Company). 
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Pvrolvsls of blcyclo(tf.2.0)octan-7-one (LX) 

The pyrolysis of bicyclo(^-.2.0)octan-7-one (250 mg.), in 

a manner previously described, gave a gas and a low boiling 

liquid. The liquid was analyzed by gas chromatography on a 

Perkin-Elmer RX column at 75^» The retention time of the 

liquid was identical to that of cyclohexene. A sample of 

the liquid, collected from the gas chromatograph, had an 

infrared spectrum which was superimposable with that of 

authentic cyclohexene (purchased from the Aldrich Chemical 

Company). 

Attempted pyrolysis of norcamohor (XXX) 

The solid ketone (0.5 g., in 50 rag. portions, purchased 

from the Aldrich Chemical Company) was dropped onto a column 

of glass helices in a temperature control oven in a manner 

Identical to that reported for the pyrolysis of norbornene 

oxide. At temperatures as high as 550®, the ketone passed 

through the column and sublimed in the cold collection tube. 

An infrared spectrum of the collected material was super-

imposable with that of the starting material. 
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Experimental for the Photolysis of 
the Cyclobutanones and Norcamphor 

Photolysis of blcyclo(1.2.0)heDtan-6-one (LIX) 

A 5/^ solution of bicyclo(3*2.0)heptan-6-one in ether 

(2.0 g. in ̂ -0 ml.) was placed in an internally cooled Pyrex 

vessel and irradiated with a General Electric UA-3 mercury 

arc lamp for 2^ hours. Analysis by gas chromatography showed 

that the ketone had decomposed to not less than 10 products. 

Removal of ether left a gummy, polymeric material. The de­

sired A^-cyclopentenylacetaldehyde was not present as shown 

by a comparison of retention times on the gas chromatograph 

using a Perkin-Elmer RX column. The material was not ana­

lyzed further. 

Photolysis of bicycloC^-.2.0)octan-7-one (LX) 

A 10^ solution of bicyclo(^-.2.0)octan-7-one in ether 

(1.0 g. in 10 ml.) was placed in an internally cooled Pyrex 

vessel and irradiated with a General Electric UA-3 mercury 

arc lamp for k hours. Analysis by gas phase chromatography 

showed that all of the ketone had decomposed. Evaporation of 

the ether left a polymeric residue. The desired A^-cyclo~ 

hexenylacetaldehyde was not present as shown by a comparison 

of retention times on the gas chromatograph using a Perkin-

Elmer BX column. The material was not analyzed further. 
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Photolysis of norcamphor (XXX) 

Norcamphor, in concentrations of 5-10^, was irradiated 

in n-butyl ether, ether and 95^ ethanol. The following is 

a representative procedure. 

A % solution of norcamphor in 95^ ethanol (12 g. in 

2^0 ml.) and a stirring magnet were placed in a water cooled 

Pyrex immersion well apparatus set on a magnetic stirrer. 

Irradiation with a quartz jacketed Hanovia immersion lamp 

gave almost quantitative conversion to one product in 2^ 

hours. Analysis by gas phase chromatography of 30/<f. samples 

at various stages of the irradiation showed that rearrange­

ment was taking place at a steady rate, then slowing slightly 

past the 50^ mark. Little or no side reactions were apparent. 

Injection of measured aliquot samples into the gas chromato-

graph on a Perkin-Elmer RX column showed that the final con-

centration of the photoproduct was almost equal to the ini­

tial concentration of starting material. The solvent was 

removed with a rotary film evaporator. Distillation gave 

7.2 g. (60#) of A^-cyclopentenylacetaldehyde (XXXVIII), 

b.p. 66-9^ (31 mm.). Some aldehyde was present in the fore­

run and 2.5 g* of polymeric material was left in the distill­

ing flask. The product showed infrared absorption (CCli^) at 

3080, 2820, 2720, 1725, 1615, 910 cm~l (Figure 12, p. 640, 

and nuclear magnetic resonance absorption at 9*7 p.p.m. (trip­

let, J~2 c.p.s.), 5*7 p.p.m. (multiplet), and 3*1 p.p.m. 
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(broad multiplet). These peaks integrate 1:2:1 respectively. 

Integration gives a total of ten protons relative to one pro­

ton at 9*7 p.p.m. This spectrum is identical to that of 

A^-cyclopentenylacetaldehyde from the pyrolysis of XXXVII 

which is reproduced in Figure 3» P* 22. The semicarbazone 

of the photoproduct after recrystallization from water had 

m.p. 115-7° (literature ($6) m.p, 116®). The 2,4-dinitro-

phenylhydrazone of the photoproduct had m.p. 103-5° (litera­

ture (35) m.p. 98-9^). 

Anal. Calcd. for C, 53*79; H, ̂ -.86. Found: 

C, 53.86; H, ̂ .90. 

The aldehyde (XXXVIII) was reduced to the corresponding 

alcohol (XXXIX) with lithium aluminum hydride in ether. The 

oC-naphthy lure than derivative had m.p. 82-3*5° and showed no 

mixed melting point depression on admixture with an authentic 

sample. 

A^-Cvclopentenylacetic acid (XL) bv the silver oxide 
oxidation of A*-cycloDentenvlacetaldehyde (XXXVIII) 

Following the procedure of Campaigne and LeSuer (57), 

silver oxide was prepared by adding a solution of silver 

nitrate (7*5 g., O.Ok-5 mole) in water (15 ml.) to a solution 

of sodium hydroxide (3.5 g*, 0.088 mole) in water (15 ml.) 

with vigorous stirring. The brown semi-solid was cooled in 

ice. To this mixture was added A^-cyclopentenylacetaldehyde 

(2.0 g,f 0.018 mole) in small portions with stirring. 
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The reaction mixture was left to stir for 5 minutes after the 

addition was completed. The black silver suspension was re­

moved by suction filtration and washed with several portions 

of hot water. The cold combined filtrate and washings were 

acidified with concentrated hydrochloric acid and extracted 

several times with ether. The combined extracts were dried 

over anhydrous sodium sulfate. Removal of ether gave 1.2 g. 

(52^) of A^-cyc3.opentenylacetic acid. The infrared spectrum 

(CCli^) was superimposable with that of authentic XL, synthe­

sized via the procedure of Noller and Adams (36). The amide 

derivative, recrystallized from benzene-Skelly D, had m.p. 

130-2® (literature (58) m.p. 131*5-2.5®) and showed no mixed 

melting point depression upon admixture with an authentic 

sample. The infrared spectrum of the amide (KBr) was con­

sistent with that reported (58) for A^-cyclopentenylacetamide 

(3360, 3190, 3060, 1660, 1630, 1353, 1320, 1300, 1280. 1235, 

1205 and 1155 cm"l). 

Experimental for the Rearrangement 
of Bicyclo(3»2.0)hept-6-ene Oxide 

with Lithium Aluminum Hydride 

Lithium almiinum hydride reduction 
of biGycloC^.2.0)hept-6-ene oxide 

Bicyclo(3»2.0)hept-6-ene oxide (0.8 g.) in ether (5 ml.) 

was added dropwise to a stirred slurry of lithium aluminum 

hydride (500 mg.) in ether (50 ml.). The mixture was allowed 
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to stir for three days. Water was added to destroy the ex­

cess hydride and hydrolyze the organo-aluminum complex. The 

ether layer was filtered and dried over anhydrous sodium sul­

fate. Evaporation of the ether left 0.8 g. of a viscous 

material. Analysis by gas phase chromatography on a Perkin-

Elmer RX column at 125° showed the product to be a mixture of 

two compounds in the ratio of 35s6?. Samples of both alcohols 

were collected from the gas chromatograph for spectral inves­

tigation. The major alcohol had Infrared absorption (neat) 

at 3330, 1072, iqJ+8, 1018, 915 and 840 cm~^ (Figure 12, 

p. 64). The retention time on a THEED column at 100° was 

identical to that of bicyclo(3*2«0)heptan-exo-6-ol (LXI), 

prepared by hydroboration of bicyclo(3.2.0)hept-6-ene. The 

infrared spectrum of the major alcohol was superimposable 

with that of LXI. 

The minor alcohol had infrared absorption (CCl^,) at 

3320, 1377 and 1022 cm-^ (Figure 12, p. 64). The nuclear 

magnetic resonance spectrum (CDCl^) had absorption at 3*6 

p.p.m. (multiplet) and 0.9 p.p.m. (doublet, J*6 c.p.s.) which 

integrated 2:3 and for a total of l4 protons relative to 3 

protons at 0,9 p.p.m. (Figure 13, p. 67)* The oC-naphthyl-

urethan of the minor alcohol had m.p. 91-2° (reported (60) 

for the oC-naphthylurethan derivative of cis-2-methylcyclo-

pentanemethanol (LXII) m.p. 92®, trans isomer m.p. 98°). 

Anal. Calcd. for C]^QH2i02N* C, 76.29; H, 7*47; N, 4.94. 
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Found: C, 76.15; H, 7.41; N, 4.92. 

Reduction of blcvclof%.2.0)heDt-6-ene 
oxide with deuterated reagents 

Four simultaneous experiments were run as described 

below. Blcyclo(3'2.0)hept-6-ene oxide (1.7 g») in ether 

(10 ml.) was added dropwlse to each of four flasks. Flasks 

#1 and #2 contained a stirred slurry of lithium aluminum 

(0.50 g.) in ether (25 ml.); flasks #3 and #4 contained a 

stirred slurry of lithium aluminum deuterlde (0.50 g., 95#, 

purchased from Metal Hydrides, Inc.) in ether (25 ml.). 

The mixtures were left to stir for two weeks. After two 

weeks with lithium aluminum deuterlde there is still 10^ 

of unreacted epoxide whereas the reaction with lithium alu­

minum hydride goes to completion. Moisture was excluded by 

the use of calcium chloride drying tubes. Excess hydride 

was quenched and the organo-alumlnum complex hydrolyzed by 

the addition of deuterium oxide to flasks #2 and #4 and the 

addition of water to flasks #1 and #3. Each reaction mix­

ture was worked up in an identical manner. The ether layer 

was separated, filtered and dried over anhydrous sodium sul­

fate. The ether was evaporated and samples of the primary 

alcohol collected from the gas chromatograph utilizing a 

THEED column at 100® for separation. The nuclear magnetic 

resonance spectra were run in carbon tetrachloride and care­

fully integrated. The integrated peak areas of the hydroxy-
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methylene, methyl and total proton absorption for the four 

experiments described above are listed in Table 1, p. 70. 

Experimental for the Lewis Acid Rearrangement 
of the Cyclobutene Oxides 

Attempted Lewis acid rearrangements of 
the cyclobutene oxides 

Both bicyclo(3«2.0)hept-6-ene oxide and bicyclo(4.2oO)-

oct-7-ene oxide (0.1 g.), in separate experiments, were added 

to stirred solutions of each of the following: aluminum 

chloride in ether (100 mg. in 10 ml.), aluminum chloride in 

acetone (100 mg. in 10 ml.), boron trifluoride etherate in 

ether (0.1 ml. in 10 ml.), and lithium iodide trihydrate in 

ether (0.1 g. in 10 ml.). At various intervals, 1.0 ml. 

aliquots were withdrawn with a pipette and 0.5 ml. of water 

added with shaking. The ether layer was separated with a 

syringe and dried over anhydrous sodium sulfate. Samples of 

the ether layer were injected into the gas chromatograph to 

determine if rearrangement had taken place. No rearrangement 

was detected even after refluxing the reaction mixtures for 

2k hours. 

Lithium iodide rearrangement of 
bicyclo(4.2.0)oct-7-ene oxide 

Bicyclo(^.2.0)oct-7-ene oxide (0«5 g.) was added to a 

stirred solution of lithium iodide in ether (10 ml., 10$) 
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prepared by the procedure of Taylor and Grant (63)* The 

reaction mixture was allowed to reflux for 6 hours. After 

cooling to room temperature, a 1.0 ml. aliquot was withdrawn 

with a pipette and 0.5 ml. of water added with shaking. The 

ether layer was separated with a syringe and dried over anhy­

drous sodium sulfate. A sample was injected into the gas 

chromatograph using a Perkin-Elmer RX column at 150°. From 

the retention times of the peaks from the sample, it was 

obvious that the epoxide was completely destroyed and that 

two new products had formed. The ether layer from the 

aliquot was concentrated by passing a stream of nitrogen 

over it and the residue was injected into the gas chromato­

graph. Samples of these two products were collected from the 

gas chromatograph for spectral investigation. The first prod™ 

uct had a retention time identical to that of A^-cyclohexenyl-

acetaldehyde CXLVII). The infrared spectrum (CCli^) was super­

imposable with that of an authentic sample of XLVII obtained 

from the pyrolysis of blcyclo(if.2.0)oct-7-ene oxide (Figure l4, 

p. 77). 

The second product had infrared absorption (CCl^j at 

3010, 2860, 2700, 1705, 1665, IW9, 1^15, 1290, 1210, 1172, 

1117, 1020, 1000 and 858 cm"^ (Figure 1^, p. 77)* The nuclear 

magnetic resonance spectrum had absorption at 9*1 p.p.m. 

(doublet, c.p.s.) and 0.8 p.p.m. (multiplet). 

The reaction mixture was chromatographed by towering on 
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a 6 inch column of silica gel and eluting with benzene» Most 

of the colored material remained on the column while 0.20 g. 

of a colorless, viscous material was obtained. This material 

was oxidized by dissolving it in 1.0 ml. of 95^ ethanol and 

adding it to a stirred solution of silver nitrate (1.1 g.) in 

water (3 ml.) followed by the slow addition of sodium hydrox­

ide (0.^ g.) in water (? ml.). The reaction mixture was 

allowed to stir for several hours, then it was carefully 

acidified with 5N hydrochloric acid and immediately extracted 

twice with ether. Removal of the ether left a viscous liquid 

which was dissolved in pentane and put in the freezer over­

night. In the morning, white crystals (50 mg.) had formed 

which had m.p. 79-80®. The reported m.p. for bicyclo(3«l«0)-

endo-7-carboxylic acid (LXVIII, endo-7-norcarane carboxylic 

acid) is 79-80®, whereas the exo isomer is reported to melt 

at 96° (64j. *A mixed melting point determination with an 

authentic sample of LXVIII (kindly supplied by Professor 

J. A. Berson) had no depression. The infrared spectrum 

(CCl^) of the acid was superimposable with that of authentic 

LXVIII with absorption at 1695, 1305, 1212, 1175, IIO8, 975 

and 863 cm"^ (Figure p. 77). 
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Gas phase chromatography 

Two gas chromatography columns were used extensively, 

1. a Perkin-Elmer RX column (a two meter, i" diameter column 

utilizing Ucon oil LB-550-X on diatomaceous earth), and 

2. a THEED column (a one meter, -i" diameter glass column 

utilizing tetrahydroxyethylene ethylene diamine (THEED) 

1:3 on 60/80 Firebrick). The column used, conditions and 

retention times'are listed for the reactions reported: 

Pyrolysis of bic^clo(3*2.0)hept-6-ene oxide 

bicyclo(3«2.0)hept- . column 1 125°t 1? p.s.i. 8.^ mln. 
6-ene oxide (X^VII) 

unidentified enol ether 5*2 

A^-cyclopentenylacetaldehyde (XXXVIII) 7*^ 

bieyelo(3' 1.0)hexane-e^-6-carboxaldehyde (LIU) 12.0 

2-(A^-cyclopentenyl)- 1 175°» 20 p.s.i. 7.0 
ethanol (XXXIX) 

A^-cyclopentenylacetic acid (XL) 17.0 

ethyl bicyclo(1.1.0)hexane-exo-6-carboxylate 7.0 

exo-6-hydroxymethvlenebi- (a) 2 150°, 15 p.s.i. 2.0 
cyclo(3.1.0)hexane (XLV) (b) 2 125°, 15 p.s.i. ^-.0 

endo-6-hydroxvmethvlenebi- (a) 2.5 
cyclo(3.1.0)hexane (XLIV) (b) ^.8 

Pyrolysis of bicyclo(^.2.0)oct<-7-ene oxide 

bicyclo(^.2.0)oct- 1 150°, 15 p.s.i. 10.^ 
7-ene oxide (XIII) 

1-methylcyclohexene (XLVI) 1,6 

3.^-tetramethylene-2,3-dlhydrofuran (L) 7«P 
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A^-cyclohexenylacetaldehyde (XLVII) 9.1 

bicyclo(^-.l,0)heptan-l-carbpxaldehyde (LI) 12.0 

jcis-hexahydrophthalan (XLIX) 1 175^» 15 p*s.i. 5*^ 

Pyrolysis of norbornene oxide (LVI) 

A^-cyclopentenone (LII) 1 125®> 1? p.s.i. 7.0 

A^-cyclohexenylcarboxaldehyde (LVII) 10.1 

norcamphor (XXX) 13*2 

Pyrolysis of bicyclo(3*2.0)heptan-6-one and 
bicyclo(4^2.0)octan-7-one 

bicyclo(3.2.0)heptan- 1 150°» 15 p«s.i. 8.2 
6-one (LIX) ^ 

bicyclo(^-.2.0)octan-7-one (LX) 10.2 

cyclopentene 1 75°, 10 p.s.i. 4.2 

cyclohexene 4.7 

Photolysis of norcamphor 

norcamphor (XXX) 1 150°, 15 p»s.i. 7*0 

A^-cyclopentenylacetaldehyde (XXXVIII) 4.2 

Lithium aluminum hydride reduction of 
bicyclo(3.2.0)hept-6-ene oxide 

cis-2-methylcyclopentane- 2 100°, 10 p.s.i. 4.6 
methanol (LXII) 

bicyclo(3.2.0)heptan-exo-6-ol (LXI) 8.7 

Lithium iodide rearrangement of bicyclo(4.2.0)oct-7-ene oxide 

bicyclo(4.2.0)oct-7-ene oxide 1 150°, 15 p.s.i. 9*4 

A^-cyclohexenylacetaldehyde (XLVII) 8.7 

biGyolo(4.1.0)heDtan-endo-7-carboxaldehvde (LIV) l4.8 
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STIMMARY 

It has been known for many years that heat or Lewis 

acids can cause epoxides to rearrange. The pyrolysis (420°) 

of bicyclo(3o2.0)hept-6-ene oxide (I), synthesized by the 

peracid oxidation of bicyclo(3«2.0)hept-6-ene, gives a 50^ 

yield of A^-cyclopentenylacetaldehyde (II) and a small amount 

of bicyclo(3»l*0)hexane-e2^-6-carboxaldehyde (III). The 

pyrolysis (400°) of bicyclo(4^2.0)oct-7-ene oxide (IV) gives 

3,4-tetramethylene-2,3-dihydrofuran (V), A^-cyclohexenylacet-

aldehyde (VI) and 1-methylcyclohexene (VII) in the ratio of 

56:31î13) respectively. The pyrolysis of norbornene oxide 

(550°) gives A^-cyclohexenylcarboxaldehyde (VIII), norcamphor 

(IX) and A^-cyclopentenone (X) in yields of approximately 65, 

8, and 8^, respectively. 

The pyrolysis of bicyclo(3.2.0)heptan-6-one (420°) and 

bicyclo(4.2.0)octan-7-one (400°) give cyclopentene (XI) and 

cyclohexene (XII), respectively. Norcamphor is unaffected at 

temperatures as high as 550°. The photolysis of norcamphor 

gives II in good yield. The structures of all of the above 

compounds were rigorously proven by both chemical and spec­

troscopic means. ^^-Cyclopentenylacetic acid and 2-(A*-cyolo-

pentenyDethanol were synthesized and compared to the corre­

sponding acid and alcohol obtained from II. Exo and endo-6-

hydroxymethyleneblcyclo(3.1.0)hexane were synthesized and 

compared with the alcohol obtained by the reduction of III. 
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C1 s-hexahydrophthalan was synthesized and foiond to be identi­

cal to dihydro V. Authentic samples were used for the com­

parison of VII, VIII, IX, X and XI, 

The reduction of I with lithium aluminum hydride in ether 

gives two alcohols in the ratio of 6505* The major alcohol 

is bicvclod.g.O)heptan-exo-6-Ql (XIII), as shown by synthe­

sis via hydrobdration of bicyclo(3*2.0)hept-6-ene. The un­

expected minor %lcohol is ci s-2-methvlcyclODentanemethanol 

(XIV). Reduction of I with lithium aluminum deuteride and 

work up with both deuterium oxide and water shows that the 

formation of XIV proceeds via cleavage of the C-C bond of the 

epoxide (I) with the formation of a carbon-aluminum bond. 

This study was based on the integration of peak areas in the 

nuclear magnetic resonance spectra of the deuterated alcohols. 

Lithium iodide in ether reacts with IV to give VI and 

bicyclo(^-.1.0)Tieptan-end2-7-carboxaldehyde (XV). The struc­

ture of XV was proven by oxidation to the corresponding known 

acid. This suggests that the Lewis acid-catalyzed rearrange­

ment of epoxides proceeds stereospecifically with inversion 

at the migration terminus. 

Possible mechanisms for all of the above rearrangements 

are discussed. Gas phase chromatography was used extensively 

in all of the above reactions for the separation, collection 

and identification of compounds. 
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