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ABSTRACf 

2,2'-Bismethylenebicyclopropane rearranges to 6-methylenespiro[2.4]hept-4-ene 

and 3,6-bismethylenecyclohexene in solution at 195°C. The formation of six dimers is also 

observed. 6-Methylenespiro[2.4]hept-4-ene is the major monomeric product in solution. 

2,2'-Bismethylenebicyclopropane equilibrates between meso and dl diastereomers. 

6-Methylenespiro[2.4]hept-4-ene undergoes a facile surface catalyzed rearrangement 

to 5-methylspiro[2.4]hepta-4,6-diene. The surface rearrangement occurred both in solution 

and during preparative gas chromatography. 

The equilibrium of 2,2'-bismethylenebicyclopropane favors the meso diastereomer. 

The activation parameters for the equilibrium process were found to be: ktorwarct=l014.1 

exp(-38,500cal/RT) and kreverse=l015.1 exp(-36,700caVRT); where the forward reaction is 

defined as the dl racemate isomerizing to the meso diastereomer. 

The exact structural identity of the six dimers was not achieved due to experimental 

difficulty. Experimental evidence implicates the involvement of 3,6-

bismethylenecyclohexene in at least three of the dimerizations. 

Flash Vacuum Pyrolysis of 2,2'-bismethylenebicyclopropane also resulted in the 

formation of 3,6-bismethylenecyclohexene and 6-methylenespiro[2.4]hept-4-ene. No 

bimolecular reactions were observed. The major product in the gas phase is 3,6-

bismethylenecyclohexene. 



Both concerted or diradical mechanisms could describe the rearrangements of 2,2'

bismethylenebicyclopropane. Either type of mechanism could explain the interconversion 

of meso and d/2,2'-bismethylenebicyclopropane and the formation of 1-methylene-2-

(cyclopropylidenemethyl)cyclopropane. The mechanism responsible for the formation of 

3,6-bismethylenecyclohexene is not clear. 

3,6-Bismethylenecyclohexene does not result from a cyclopropylcarbinyl 

rearrangement of the trimethylenemethane diradical formed from 2,2'

bismethylenebicyclopropane, as first thought The cyclopropylcarbinyl rearrangement 

would result in formation of both cis and trans bisallylethylene diyls. No products from 

the trans diyl are observed, thus ruling out involvement of the cyclopropylcarbinyl 

rearrangement. 3,6-Bismethylenecyclohexene must result from either a concerted 

rearrangement of the trimethylenemethane diradical from 2,2'-bismethylenebicyclopropane 

or directly from a concerted rearrangement of 2,2'-bismethylenebicyclopropane. 

Overall, a diradical mechanism is implicated due to the observation of dimerization 

between 2,2'-bismethylenebicyclopropane and 3,6-bismethylenecyclohexene. No 

concerted mechanism could explain this result 

The formation of 6-methylenespiro[2.4]hept-4-ene is thought to occur through the 

intermediacy of 1-methylene-2-(cyclopropylidenemethyl)cyclopropane. 1-Methylene-2-

(cyclopropylidenemethyl)cyclopropane is not observed, as it rapidly undergoes a 

vinylmethylenecyclopropane rearrangement to 6-methylenespiro[2.4]hept-4-ene. 

Dimerization could result through the combination of monomers with the diradical 

formed from 2,2'-bismethylenebicyclopropane. Other mechanistic possibilities include 

[4+2] cycloadditions between 5-methylspiro[2.4]hepta-4,6-diene and 3,6-

bismethylenecyclohexene or 5-methylspiro[2.4]hepta-4,6-diene with itself. 
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INTRODUCTION 

Many years of chemical research have been devoted to the study of cyclopropane and 

its derivatives. A phenomenal number of papers appear in the chemical literature and 

recently a treatise devoted solely to cyclopropanes has been published. I One reason for all 

of this attention is that cyclopropanes undergo many fascinating, unimolecular 

rearrangements when heated to rather modest temperatures. The present study of the 

thermal rearrangement of 2,2'-bismethylenebicyclopropane (1) will demonstrate new and 

interesting cyclopropane chemistry. 2,2'-Bismethylenebicyclopropane has an intriguing 

structure in that it possesses two methylenecyclopropane rings that are joined through a 

common carbon-carbon bond. It will be interesting to learn how this structural feature will 

affect its rearrangement . Possible insight into 1 's rearrangement may be provided by 

analysis of the results of four previously studied cyclopropane derivatives that share 

structural similarities with 1. They are methylenecyclopropane (2), 

vinylmethylenecyclopropane (3), bicyclopropyl (4), and bicyclopropylidene (5). 

C>--<1 X '-
2 3 4 5 

Investigators have been attempting to determine whether or not the mechanisms in these 

rearrangements are concerted or proceed through diradical intermediates. 

The concept of concerted reaction mechanisms originated in 1965 when R. B. 

Woodward and Roald Hoffmann published a series of papers establishing rules for 



conservation of orbital symmetry. 2 A concerted reaction is one in which bond breaking 

and bond making occur simultaneously, although not necessarily to the same extent, in the 

transition state.3 In utilizing the Woodward-Hoffmann Rules, one identifies both the 

reacting molecular orbitals (those involved in bond breaking and bond making) and their 

symmetry elements (mirror plane or c2 axis). The reacting molecular orbitals are traced 

2 

through the reaction maintaining the appropriate symmetry elements. A reaction is 

"allowed" to take place concertedly if there is no symmetry imposed energy barrier 

encountered when the bonding reactant electrons are transferred to the bonding molecular 

orbitals of the product. In concerted reactions distinct stereospecificity results from the 

orbital symmetry requirement. If a reaction is not concerted, then it must proceed in a 

stepwise manner. Diradicals would be one possible type of intermediate (although there are 

other alternatives). 

Diradicals can result from bond homolysis between adjacent atoms connected by an 

inert molecular chain.4 The activation energy necessary to form a diradical from carbon

carbon bond fission is very high unless the bond is weak due to strain or unless the 

diradical is stabilized in some way, or both. A diradical can be defmed as a system with 

two unpaired electrons that occupy degenerate or nearly degenerate orbitals. The electrons 

are not completely independent, but retain at least some weak interactions.S Multiplicity, 

S, is a term which describes the spin quantum numbers of the electrons belonging to a 

species, in this case a diradical, equation 1. 

Equation 1: 

S=2stl 
The spin quantum number, ms (ms = s), of an electron is equal to ±1/2. When the 

unpaired electrons of a diradical have both of their spins paired s= I+ 1/2 + -l/21 = 0 and 

8=1; this situation is referred to as a singlet. A triplet occurs when the two electrons have 



parallel spins; in this case s=1 and S=3. The conversion from singlet to triplet (or vise 

versa), intersystem crossing, is forbidden (slow); that is to say that normally singlets are 

derived from singlet precursors and triplets from triplet precursors. As is the case in 

concerted reactions, stereochemical relationships can be a useful tool in determining the 

nature of the diradical involved in a particular reaction mechanism. In fact, different 

rearrangement products can result depending upon the multiplicity of the diradical. The 

investigation of cyclopropane rearrangements is one area where this type of reasoning has 

been applied. 

3 

Cyclopropane has long been known to undergo a thermally induced structural 

rearrangement to propene.6 Cis and trans-dideuterocyclopropanes were found to 

interconvert approximately 16 times faster than either rearranged to propene.7a Geometrical 

isomerization of this sort prompted investigators to propose the intermediacy of a 

trimethylene diradica1.7b,c Structural rearrangement is thought to proceed via a vicinial 

hydrogen shift along the trimethylene diradical followed by double bond formation. With 

respect to the current investigation of 1, the first structurally related compound to be 

discussed is methylenecyclopropane, 2. A diradical intermediate is presumed to be 

operating in its rearrangement as well. 

Methylenecyclopropane undergoes a degenerate isomerization exchanging ring and 

exo methylene carbons at temperatures in excess of 150°C, equation 2. 8 This 

Equation2: 

X X 

r ~X 
X 

rearrangement was flrst observed in 1932 when Feist's ester (trans-2,3-

carbethoxymethylenecyclopropane) was melted and found to form two different 2-



carbethoxy-1-carbethoxymethylenecyclopropanes.9 Geometrical isomerization was later 

found to occur in 2,3-disubstituted compounds.lOc Methylenecyclopropanes have been 

extensively studied by W. E. von Doering, J. J. Gajewski, J.P. Chesick, and others.lO 

The interest in these rearrangements is due to the probable trimethylenemethane diradical 

intermediate. Trimethylenemethane (S) is a cross conjugated 1t electron system. The term 

)l . . 
5 

ll . 
~ 

4 

cross conjugated refers to the fact that either of the two p-orbitals in the diradical should be 

able to delocalize into the p-orbitals of the neighboring double bond. Interestingly, 

trimethylenemethane has been found to have roughly 13 KcaVmole of stabilization available 

to it; the value of only one allylic resonance. Using Benson's methods for estimating 

"thermochemical" properties one can calculate this energy.ll For example, one starts with 

82.6 KcaVmole (the bond dissociation energy of an sp3-sp3 C-C bond) subtracts 27.6 

KcaVmole (the ring strain energy of a cyclopropane ring) and then subtracts 13 KcaVmole 

(the value of one allylic delocalization). One obtains 42 KcaVmole as an estimate of the 

activation energy of the methylenecyclopropane rearrangement. This calculated value is 

only 2 KcaVmole higher than the 40.4 KcaVmole activation energy Chesick observed for 

the interconversion of 2-methylmethylenecyclopropane to ethylidenecyclopropane.lOb 

Obviously, only one p-orbital is conjugated with the double bond. This observation has 

lead to the belief that the trimethylenemethane diradicals involved in the 

methylenecyclopropane rearrangement have an orthogonal structure (one p-orbital is 

perpendicular to the conjugated 1t allylic system). 

Theoretical calculations have predicted that the ground state for trimethylenemethane 

is a triplet with D3h geometry. The same calculations predict a singlet-triplet splitting in 



5 

trimethylenemethane of not less than 14Kcal/mol (in favor of the triplet).12 The multiplicity 

of the trimethylenemethane diradical involved in the methylenecyclopropane rearrangement 

is believed to be a singlet The orthogonal singlet is believed to be 1.8 Kcal/mole more 

stable than the planar singletS The absence of 1,4-bismethylenecyclohexane, the 

trimethylenemethane dimer, rules out the involvement of a triplet trimethylenemethane in 

the pyrolyses. 

The currently accepted mechanism is illustrated by the following example (Scheme 

l).lOc,g The first step is C2-C3 bond fission to a bisorthogonal trimethylenemethane 

Schemel 

trans 

I 
_&Me 

H--,'3 2'H 
Me 

syn anti 

diradical. Bond fission is followed by a goo rotation about one methylene group (either 

direction-one way gives syn; the other anti) to form two different chiral orthogonal 

trimethylenemethane diradicals. The species causing structural isomerization would also be 

responsible for geometrical isomerization. A goo rotation back from the orthogonal 

trimethylenemethane diradicals in the opposite direction would result in cis-2,3-

dimethylmethylenecyclopropane (or trans-2,3-dimethylmethylenecyclopropane). Carbon 2 

is known as the pivot carbon and remains orthogonal to the allylic system. Formation of 

the new ring in the syn and anti methylenecyclopropanes occurs with bond formation 
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through the backside of the p-orbital on the pivot carbon causing inversion of 

configuration. In this mechanism the ring carbon possessing the group best able to 

stabilize a localized radical becomes the pivot carbon. An achiral intermediate is also 

implicated in this rearrangement because there is a small percentage of racemization starting 

with optically active trans-2,3-dimethylmethylenecyclopropane.IOc 

The achiral bisorthogonal trimethylenemethane 6 and bisplanar trimethylenemethane 

7 have been proposed to explain the racemization. Other investigators have shown that the 

bisplanar trimethylenemethane, 7, is accessible in the pyrolyses of 

methylenecyclopropanes.8 It is still unknown whether or not 6 is also involved in 

racemization. No convincing evidence for the concerted [1,3] shift has been presented thus 

far. 

6 7 

Vinylmethylenecyclopropane is the second important cyclopropane derivative to be 

discussed. The parent compound was first synthesized in 1968 by Billups, Shields, and 

Lepley.13 Subsequently, they discovered its structural rearrangement to 3-

methylenecyclopentene in pentane solution at 80.5°C. Initially it is easy to envision the 

rearrangement proceeding via C2-C3 bond rupture followed by allylic rearrangement of a 

diradical intermediate to the methylenecyclopentene, equation 3. 

Billups, Shields, and Lepley believed the mechanism to be concerted with a 

transition state much like that of the Cope Rearrangement of 1,5-hexadiene, i.e., two 

allylic radicals. Diradicals like trimethylenemethane were deemed unlikely due to the mild 

conditions. Lewis, Billups, Leavell, and Vanderpool later obtained a gas phase energy of 
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Equation 3: 

2 

activation for this rearrangement of 25.8 Kcal/mole.14 This activation energy is much 

lower than that of the methylenecyclopropane rearrangement (40.4Kcal) and the 

vinylcyclopropane rearrangement (49.6Kcal).15 The low activation energy indicates that a 

concerted mechanism is quite likely. 

The vinylmethylenecyclopropane rearrangement is simply a more facile example of 

the vinylcyclopropane rearrangement. As early as 1960, Overberger observed the 

rearrangement ofvinylcyclopropane to cyclopentene during the pyrolysis of 1-

cyclopropylethylacetate at 510°C.16 This structural rearrangement can be described by 

either a Woodward-Hoffmann allowed [1,3] shift or by the intermediacy of a diradical, 

much as in equation 3. Although the intermediacy of a diradical has not been ruled out, a 

recent investigation by Baldwin seems to indicate that this structural rearrangement could be 

described by concerted processes, equation 4.17 

Equation4: 

& & & 
= I 

\¥( + + + o····· ~ 

65% 8% 22% 5% 
(+)-(lS, 2S)-trans, trans (-) (+) (-) (+) 

Baldwin studied the rearrangement of ( + )-(1S,2S)-trans, trans-2-methyl-1-

propenylcyclopropane. He observed this compound's rearrangement to four optically 

active cyclopentenes. Based on the product distribution observed, he concluded that 

competition between four concerted processes (two allowed; two forbidden), with possible 

intervention of a planar 7t-vinylcyclopropane described the mechanism. With this in mind, 
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it is not unreasonable to assume a similar type mechanism to be involved in the 

vinylmethylenecyclopropane rearrangement. 

Prior to Baldwin's study, Lewis and Billups attempted to elucidate the exact nature 

of the mechanism involved in the vinylmethylenecyclopropane rearrangement, by studying 

the rearrangement of vinylethylidenecyclopropane using the methyl group as a labei.14 

Their results are summarized in Scheme 2. Starting isomers 8 and 9 were found to 

disappear in first order processes with activation energies of 23. 7Kca1/mol and 

25.6Kca1/mol. Compounds 8, 9, 10, and 11 were mutually interconvertible; while 12 

and 13 were formed irreversibly. Product 12 was formed only from 8 and 9 and product 

13 was formed only from 10 and 11. Partitioning among the products is significant: 8 

favors formation of 11 over 10 in a 2:1 ratio, whereas 9 favors formation of both 

approximately equally. Interestingly 11 favors formation of 8 over 9 in a ratio of 14:1 

while 10 only favors 8 in a ratio of 6:1. 

Scheme2 

LL 
\ ., I 

8,9 

8 

12 

9 

11 
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Lewis and Billups suggested a mechanism involving 14 concerted reactions with 

nine transition states. They also suggested that a large number of diradicals differing only 

in rotation about single bonds could also explain the results. No [3,3] shifts were observed 

here, only [1,3] shifts. Diradical intermediates would have allowed both. If diradical 

intermediates were involved, compound 13 would have been formed directly from 8 and 9 

without the need for intermediacy of 10 and 11. Also if a diradical was responsible for 

the products, the partitioning of 10 and 11 would have been the same starting from either 

8 or 9. They favored the concerted processes proposing transition states that resembled the 

hypothetical diradicals. 

Gilbert and Higley studied the rearrangement by NMR using deuterium labeled 

compound 14, equation 5.18 Compound 14 was found to equilibrate with compound 15, 

EquationS: 

~~CD2 D C/CDr 
+ .)=1 + 2 )=1-

D 16 D 17 

thus providing the first example of a degenerate methylenecyclopropane rearrangement in 

this system. Starting with pure compound 14, the ratio of 16 to 17 was found to be 1:1 at 

a point in the reaction where the ratio of 14 to 15 was 70:30. Gilbert suggested a 

symmetrical, orthogonal diradical such as 18 was responsible for the distribution of 

deuterium found in 16 and 17, quite different results from Lewis and Billups. Diradical 

18 was not believed to be the sole intermediate. Analysis of 16 and 17 from an 

equilibrated mixture of 14 and 15 showed that slightly more 16 was favored. The time 

dependent ratios of 16 and 17 could result from a minor concerted pathway or from other 

diradicals that do not achieve the geometrical symmetry of 18. 
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The gas phase rearrangement of bicyclopropy 1 ( 4) was first reported by Flowers and 

Frey in 1962.19 They studied the rearrangement in the temperature range of 408°-474°C 

and found an overall activation energy of 60.7Kcal/mole. The rearrangement is not as 

clean as that of the other cyclopropanes mentioned and results in a total of seventeen 

products (not all of which could be identified by Flowers and Frey), equation 6. 

Cyclohexene, ethylene, butadiene, cis and trans 1-cyclopropylpropane (19), 

Equation 6: 

+ 

19 20 21 22 

23 

+ 

(20), allylcyclopropane (21), 2-cyclopropylpropene (22), 1-methylpentene (23) and a 

number of C6 dienes were identified as products. 1-Methylpentene and the C6 dienes were 

considered secondary products that resulted from further rearrangement of cis and trans 1-

cyclopropylpropene, 2-cyclopropylpropene, and allylcyclopropane. Flowers and Frey 

believed that cleavage of only one ring was involved in the formation of compounds 19-

22. They believed that their results would not allow the differentiation between a 

cyclopropane mechanism such as the Smith mechanism and a free trimethylene diradicai.20 

The most interesting feature of this reaction was the formation of cyclohexene. Its 

formation can easily be rationalized as resulting from a cyclopropylcarbinyl rearrangement 
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of the second ring after the C1-C2 bond of the first ring opened.21 Surprisingly, Flowers 

and Frey believed that cyclohexene resulted from a concerted pathway and not from the 

opening of the second cyclopropane ring. Unfortunately, they do not report the percentage 

of product that cyclohexene represented. They were not able to give activation parameters 

for its formation due to experimental difficulties. Although they postulated that the 

activation energy and A factor were considerably lower than that for the overall 

decomposition. It is difficult to tell how important this pathway is in the overall 

decomposition. Also interesting is that they did not feel that butadiene and ethylene could 

be the result of a retro Diels-Alder reaction of cyclohexene. 

In 1982, Farneth and Thomsen studied the rearrangement of bicyclopropyl using 

both infrared photochemistry and gas phase pyrolysis. The results from each technique 

were very similar.22 They observed basically the same product mixture as Flowers and 

Frey, with some very important exceptions. No cyclohexene was observed in the laser 

photolysis, only butadiene and ethylene. In the pyrolysis, cyclohexene was observed as 

well as a decrease in the amounts of butadiene and ethylene and an increase in the amount 

of ally !cyclopropane. In each case, no branched c6 dienes, 2-cyclopropylpropenes (22), 

or compounds 19 and 20 were formed. These products result from C2-C3 bond cleavage. 

Also, they were able to prove that butadiene and ethylene were the products of chemically 

activated cyclohexene undergoing a retro Diels-Alder reaction (this is true in both the 

pyrolysis and the laser photolysis). To explain the bicyclopropyl rearrangement they 

proposed a mechanism that has an initial common diradical intermediate formed from C1-

C2 bond cleavage. This common diradical then follows several different pathways, 

resulting in the different products. In their mechanism, cyclohexene was formed (in 

approximately 20% of total product), as expected, from the opening of the second ring and 

not from a concerted process. 



The final cyclopropane derivative to be discussed is bicyclopropylidene (5). Its 

structure differs from the other compounds mentioned in that two cyclopropane rings are 

joined directly through a common double bond. Bicyclopropylidene undergoes a 

12 

methylenecyclopropane rearrangement to methylenespiropentane at temperatures in excess 

of 300°C, equation 7.23 The mechanism is believed to be essentially the same as that 

proposed for the methylenecyclopropane rearrangement. The trimethylenemethane 

diradicals involved in this rearrangement are also believed to be orthogonal and not 

Equation 7: 

-~. 
5 24 

planar.23b,d,e Bicyclopropylidene does not equilibrate with methylenespiropentane 

(probably due to the increased stability of the latter compound). There has been no 

geometrical (cis, trans) isomerization of 5 observed. Unfortunately, no correctly 

substituted compounds have been synthesized in order to complete the comparison to that 

portion of the methylenecyclopropane rearrangement. Unlike the other 

methylenecyclopropanes studied, Conia and Le Perchec have observed the formation of the 

dimer (25) along with methylenespiropentane in the liquid phase (probably due to a 

concentration effect).23f Previously, this type of dimerization had only been observed in 

25 

the di -halomethylenecyclopropanes. 
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One might expect bismethylenecyclobutane to appear in the product mixture; 

however, it does not. It would have been the product that resulted from cleavage of both 

rings. Bismethylenecyclobutane is not formed directly from bicyclopropylidene. Instead, 

it is observed when methylenespiropentane is rearranged to a 7: 1 mixture of 1,2-

bismethylenecyclobutane and 1,3-bismethylenecyclobutane, equation 8.24 This 

rearrangement occurs to an extent of only 8% at 300°C, after 10 hours; a higher percentage 

of rearrangement is observed at temperatures in excess of 500°C. Apparently there is a 

significant energy barrier in going from the singly ally lie diradical (that appears in both 

Equation 8: 

cxf-
24 

t>-<. 

:~ 
+ 

equation 7 and equation 8) to the doubly ally lie diradical that results in formation of 1,2-

bismethylenecyclobutane (upper pathway in equation 8).23d 1,3-Bismethylenecyclobutane 

is believed to be the result of an entirely different diradical pathway (lower pathway in 

equation 8).23d 

The common feature in the mechanisms of compounds 2, 4, and 5 is a slow ring 

opening step that is followed by a faster, irreversible structural isomerization. Cleavage of 

the C2-C3 bond of the cyclopropane ring seems to occur when ally lie delocalization of the 

diradicals results (the rearrangements of compounds 2 and 5, for example). Ironically, 

most investigators believe that vinylmethylenecyclopropane (3) rearranges via a concerted 

mechanism, even though allylic delocalization should be possible for a diradical 
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intermediate. Investigators continually question the exact role of diradicals. Are they true 

intermediates or only transition states? One can say that diradicals are at least a good 

working hypothesis when attempting to determine the course of rearrangements in systems 

such as these. This should also prove to be true for the rearrangement of 1. 

2,2'-Bismethylenebicyclopropane, 1, has appeared twice in the chemicalliterature.25 

In 1972 Liittke and Heinrich reported it as one of 12 products formed from the reaction of 

bisallenyl with diazomethane in the presence of Copper (I) chloride. Its lHNMR, UV, and 

IR spectra were given.25a This synthesis was unsuitable for any large scale preparation of 

material for two reasons. First, their synthesis used diazomethane, which was generated 

using the method of Gaspar and Roth. 26 Gaspar and Roth admitted that their particular 

reactor was known to explode on frequent occasions. It is undesirable to use large 

amounts of diazomethane on a regular basis. Secondly, the yield is low for the desired 

compound and it is only one of twelve products formed in this reaction. This difficult 

reaction precedes a very difficult separation and gives a very low yield of material. 

Then in 1976, a second synthesis was devised by Bergman, Shea and Davis 

Scheme 3 

1.) CHBr3, NaOH, 
Triethylbenzyl
ammoruum 
Chloride 

2.)Zn/HOAc 

Me 

Me 

KDt-Bn • 
Br DMSO 

(Scheme 3).25b They synthesized the compound in three steps beginning with 2,4-

hexadiene. Their reason for preparing 2,2'-bismethylenebicyclopropane was to use it as a 

relay compound in the determination of the stereochemistry of meso and d/1,1'-dimethyl-

3,3'-bicyclopropenyl (which isomerizes to meso and d/1 using KO-t-Bu/Me2SO) the 

subject of their study. They were able to assign the stereochemistry of the two 
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diastereomers of 1. Although the synthesis of Bergman, Shea, and Davis seemed to have 

potential for producing larger amounts of compound with less difficulty, they listed no 

yield for the elimination step in their paper. The exclusion of this yield suggests that it 

might have been low. 

This project utilizes a third different synthesis of 2,2'-bismethylenebicyclopropane 

that was developed in the group of Professor W. E. Billups. It has several advantages over 

the other two syntheses in that it is preparatively useful and one step shorter than that of 

Bergman. The reagents used are 1,3-butadiene, 1,1-dichloroethane and butyllithium. All 

three reagents are commercially available and relatively inexpensive (Scheme 4). The 

Scheme4 

( n-BuLi 
Et20 
-30°C 

Cl 

KOt-Bu 
DMSO 

Me 
Cl 

problems inherent in using diazomethane are also avoided. The rearrangement of 2,2'

bismethylenebicyclopropane has not been studied before the present work. 

One would expect this system to exhibit a rearrangement similar to that observed in 

methylenecyclopropane. 2,2'-bismethylenebicyclopropane exits in three isomeric forms: a 

meso compound and an enantiomeric pair. In this case, the "degenerate" rearrangement 

would be comprised of both the meso compound isomerizing to the racemic dl pair and also 

the racemic dl pair isomerizing to the meso form. The process would be directly analogous 

to the pivot mechanism operating in the methylenecyclopropane rearrangement. As was 

stated earlier, the rearrangement occurs with inversion of configuration in the carbon 

common to both old and new rings, the pivot carbon. In this case, carbon 2 would 
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be the pivot carbon and would result in diastereomerization (Scheme 5). 

Scheme 5 

1 

~ b_l 
1 2 2 H 

meso { (R, S) 
dl { 

(S, S) 
(S,R) 

or and 
(R,R) 

'\ I 
H- 2 
1 

Another anticipated reaction of 2,2'-bismethylenebicyclopropane would be its 

conversion to compound 26 through a similar process as that just described. Alternatively, 

carbon 1 could contain the radical site and a second methylenecyclopropane rearrangement 

would result in a new isomer. 1-Methylene-2-(cyclopropylidenemethyl)cyclopropane (26, 

Scheme 6) is the equivalent of the Feist's Ester Rearrangement product (i. e., similar to syn 

and anti 2-carbethoxy-1-carbethoxymethylenecyclopropane). Compound 26 is itself a 

vinylmethylenecyclopropane and would be expected to further rearrange, possibly yielding 

6-methylenespiro[2.4]hept-4-ene (27), an unknown spiro compound. The 

vinylmethylenecyclopropane rearrangement would be expected to be faster than a 

methylenecyclopropane rearrangement. 



Scheme 6 

I 
~ 

27 

28 

This process would be somewhat similar to the anionic rearrangement observed 

when cyclopropylcyclopropylidenemethylcyclopropane (29) is treated with BuLi

H2N(CH2)4NH2 at 70°C yielding the spiro[2.4]heptene derivative (30), equation 9.27 

Equation 9: 

t>=! 
29 \1 

n-BuLi • 
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Whereas compound 30 is a vinylcyclopropane and could undergo further slower 

rearrangement (although this was not observed here), compound 27 would be unable to do 

likewise, because the vinylcyclopropane rearrangement of 27 would result in an anti-Bredt 

compound. 

The previous discussion assumes that only one of the two rings has rearranged. One 

must consider the possibility that the second ring could also undergo the 
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methylenecyclopropane rearrangement. The product of this second rearrangement would 

be the symmetrical dicyclopropylideneethane (28) (Scheme 6). 

Both 1-methylene-2-(cyclopropylidenemethyl)cyclopropane 26 and 

dicyclopropylideneethane, 28 are known compounds.25a Compounds 26 and 28 are 

minor products in the reaction of bisallenyl with diazomethane, mentioned previously. 

Dicyclopropylideneethane has appeared twice more in the literature. In 1984 Paquette 

described a six step synthetic sequence to compound 28.28a One year later, Tsuji devised a 

three step synthesis of 28 beginning with readily accessible 3-dimethylaminosulfolane.28b 

Interest in 28 stemmed from its potential as a diene in the Diels-Alder reaction. Thus far 

28 has given Diels-Alder adducts with 4-phenyl-1,2,4-triazoline-3,5-dione, 4-methyl-

1,2,4-triazoline-3,5-dione, tetracyanoethylene and dimethyl acetylenedicarboxylate.28a,b 

Also of considerable interest is the possible further rearrangement of 

dicyclopropylideneethane to dispiro[2.0.2.2]oct-7 -ene (31), equation 10. 

Dispiro[2.0.2.2]oct-7-ene has been synthesized and has been found to be stable up to 

300°C. However, dispiro[2.0.2.2]oct-7-ene's known propensity to polymerize at room 

temperature, even in dilute solution, might preclude its observation in this system.29 

Equation 10: 

One last possibility, however unlikely, would be a concerted Cope Rearrangement. 

2,2'-Bismethylenebicyclopropane is actually a rather strangely substituted 1,5-hexadiene 

and could therefore undergo an allowed [3,3] Sigmatropic Shift. This event is deemed 

highly unlikely as the product would be the very strained 1,2-dicyclopropen-1-ylethane 

(32, Scheme 7). The heat of formation for compound 32 was calculated using Benson's 



Group Additivity Ru1es and was found to equal127.2 Kcal/mol.ll Obviously this value 

lies greatly uphill from 2,2'-bismethylenebicyclopropane with Mlf= 75.9 Kcal/mol 

calculated using the same method. 

Scheme 7 

3 

4 

[3,3] -
1 

4 6 

32 

The reason for attempting this project is three fold: 1.) to learn the results of the 

thermal rearrangement of 2,2'-bismethylenebicyclopropane; 2.) to study the thermal 

properties of its rearrangement products, if warranted; 3.) to gain insight into the 

rearrangements of this and other previously mentioned cyclopropane derivatives. 

19 
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RESULTS 

A. The Thermal Solution Phase Rearrangement of 2.2'-Bismethylenebicyclopropane 

The thermal rearrangement of 2,2'-bismethylenebicyclopropane, 1, was studied at 

195°C in mesitylene solvent Initial gas chromatographic analysis of the rearrangement 

solution revealed that 1 seemed to rearrange to at least nine different compounds (C-K, 

figure 1). No other significant peaks were observed. The monomeric or dimeric nature of 

the products was established by capillary GCMS. There were three monomeric (rn!e 106) 

isomers and at least six dimeric (rn!e 212) compounds. 2,2'-Bismethylenebicyclopropane 

was also found to equilibrate between two isomeric forms: a meso compound (A) and a dl 

pair (B). The existence of the isomers had been established previously.25 When 1 was 

heated neat at 195°C, a yellow polymeric material was formed. The same products result 

from either meso or dl1. 

Dilution of 1 by a factor of ten did not stop the formation of dimers; however, 

dilution decreased the amount of dimers formed, tables 1-4. Dilution by a factor 

Table 1. Initial Dilution of the Rearrangement Solution at 167°C 

Time in Hours 

2 

6 

9 

24 

30 

49 

76 

Ratio of Total Monomer Area~LCyclohexane 

1.120 

0.790 

0.680 

0.390 

0.310 

0.165 

0.093 
aMonomers consist of compounds 1, C, D, and E. Cyclohexane was used as internal 
standard. 
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Figure 1. The chromatogram of the results of the thermal, solution phase rearrangement of 
2,2'-bismethylenebicyclopropane at 195°C. Peaks at 7.49, 8.03, and 8.35 
minutes are due to mesitylene. 
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Table 2. Dilution of the Rearrangement Solution by a Factor of 10 at 167°C 

Time in Hours Ratio of Total Monomer AreaWCyclohexane 

2 

6 

9 

24 
30 

72 

1.110 

0.920 

0.820 

0.570 

0.520 

0.250 
aMonomers consist of compounds 1, C, D, and E. Cyclohexane was used as internal 
standard. 

Table 3. Initial Dilution of the Rearrangement Solution at 195°C 

Time in Hours 

0.5 

2 

4 

Ratio of Total Monomer AreaS!/Cyclohexane 

0.680 

0.350 

0.180 
aMonomers consist of compounds 1, C, D, and E. Cyclohexane was used as internal 
standard. 

Table 4. Dilution of the Rearrangement Solution by a Factor of 10 at 195°C 

Time in Hours 

0.5 

3 

4 

Ratio of Total Monomer Area!!/Cyclohexane 

0.780 

0.380 

0.280 
aMonomers consist of compounds 1, C, D, and E. Cyclohexane was used as internal 
standard. 

of ten at 167°C resulted in a 63% increase in the amount of monomeric material present at 

long reaction times. Dilution by a factor of ten at 195°C resulted in a 36% increase in the 

amount of monomeric material present Dimers were still observed on the chromatograms. 

The total amount of dimers formed was not calculated. An overall increase in the total 

amount of monomers present, as a result of dilution, should correspond to a reduction in 

the total amount of dimers formed. Dimer formation was still observed in solution 

experiments where the initial concentration of 1 was 1.2 x 10-lM. 
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a.) Identification of the Monomeric Products: 

Once the monomers were separated from the dimers, isolation of the individual 

monomeric rearrangement compounds was accomplished by preparative gas 

chromatography. The compounds were identified by NMR spectroscopy. Proton, carbon, 

and two dimensional experiments were utilized in the identification process. One new and 

particularly interesting heteronuclear two dimensional experiment, lH-detected 

Heteronuclear Multiple-Quantum Coherence, was used extensively in the identification 

process.30 An HMQC experiment gives the direct connectivity between protons and the 

carbons to which they are attached. One obtains the connectivity by matching the peak 

located above a given proton chemical shift on the x-axis to the carbon chemical shift on the 

y-axis. These experiments irradiate the protons attached to carbon and monitor the effect of 

the 13C nucleus on the proton signal. Only carbons with protons are effected; therefore, 

quaternary carbons are not observed in the spectra. These types of heteronuclear 

experiments are useful when the amounts of material are small. 

1.) 3.6-Bismethylenecyclohexene: 

The first of the monomeric compounds to be identified was 3,6-

bismethylenecyclohexene, (33). It was thought to be peak C , the first of the three 

monomeric products seen on the capillary trace (figure 1 ). Other than the peaks for 1 and 

residual mesitylene, two well separated peaks were seen on the preparative trace. 

¢ 
3,6-Bismethylenecyclohexene, (33) 
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The first peak on the preparative trace was broad and slightly unsymmetrical. Peaks 

meeting that description are usually the result of two coeluting compounds. For this 

reason, the first part of the first product peak was trapped and analyzed separately from the 

second half. It was thought that two compounds barely baseline resolved on the capillary 

column would probably not be resolved on the preparative column. 

The 300MHz proton spectra from the first half of the GC peak consisted of three 

peaks: o 2.45 (singlet, 4H), 4.90 (doublet, 4H), and 6.20 (singlet, 2H) (figure 2a.). The 

carbon spectra also yielded three peaks (this particular carbon experiment did not allow the 

detection of quaternary carbons): o 30.30, 112.03, and 130.49 (figure 2b.). These results 

are consistent with a structure such as 3,6-bismethylenecyclohexene. The compound is 

symmetrical and would therefore be expected to give simple spectra. The chemical shifts of 

both the protons and carbons are well within the ranges expected for this type of 

cyclohexene structure. 

Since the concentration of the solution was very low, an HMQC experiment was run 

to provide concrete proof of the structure. The results of this experiment are shown in 

figure 3. The protons at 2.45ppm could be assigned to the carbons at 30.30ppm, the 

protons at 4.90ppm could be assigned to the carbons at 112.03ppm and the protons at 

6.20ppm could be assigned to the carbons at 130.49ppm. This experiment facilitated 

unambiguous assignment of the structure. 

2.) p-Xylene: 

The second half of that same preparative peak was examined spectroscopically and found to 

yield a 90MHz proton spectra consistent with a mixture of 33 andp-xylene (34). p

Xylene's protons have chemical shifts of 8 2.30 (singlet, 6H) and 7.04 (singlet, 4H). The 

observed lHNMR spectrum was consistent with the published spectrum for 
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Figure 2a. 300MHz lH NMR Spectrum for 3,6-Bismethylenecyclohexene. Large peak at 
1.50ppm is due to water. Peaks at 0.80, 1.20, and 5.40ppm are due to residual 
compound!. 

22: 2CI 18! ea 2~ 

Figure 2b. 300MHz Be NMR Spectrum for 3,6-Bismethylenecyclohexene. 
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Figure 3. HMQC Spectrum for 3,6-Bismethylenecyclohexene. 
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p-xylene.31 It seemed possible that p-xylene was the second eluting peak (D) on the 

capillary chromatogram. Indeed, if one took the NMR sample from this identification and 

analyzed it by capillary G. C. two peaks were observed with virtually identical retention 

0 
CH3 

p-Xylene, (34) 

times as peaks C and D on the capillary trace shown in figure 1. When a small amount of 

known p-xylene was added to the solution, the result was a 63% increase in the ratio of 34 

to 33. This experiment lead to the temporary assignment of p-xylene as the second of the 

three monomeric products. 

The formation of 34 in this rearrangement was thought to be unlikely as it does not 

result from any of the expected mechanistic processes for 1 discussed earlier. Four 

experiments were conducted to verify the inclusion of 34 as a monomeric rearrangement 

product of 1. 

Net hydrogen shifts by way of chain reactions are easy. The first experiment was 

conducted to ascertain whether mesitylene was involved in the formation of 34. It was 

possible to synthesize d12-mesitylene with D2S04 and d6-acetone using the known 

literature preparation of the parent compound.32 The rearrangement of 1 at 195°C was 

repeated, this time using d12-mesitylene as the solvent. The results were analyzed by gas 

chromatography and GCMS. No difference was observed in the chromatograms that were 

run in d12-mesitylene. No deuterium incorporation was observed in the mass spectrum of 

any of the monomers or dimers. This experiment eliminates a chain reaction involving the 

easily extractable hydrogens of the solvent. 
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An independent synthesis of 33 facilitated a second experiment. Equal volumes of 

two solutions of roughly equivalent molarities of 1 and 33 were combined and heated at 

195°C. Gas chromatographic analysis revealed that a "new" peak appeared in front of 33; 

obviously the assignment of peak C was incorrect (figure 4). The second peak (D) was 

3,6-bismethylenecyclohexene, 33. 

The third experiment consisted of heating samples from a mesitylene solution of 1 at 

195°C, and analyzing them by gas chromatography. Portions of a stock solution of 

p-xylene were coinjected with various samples from the control run. The coinjections 

showed thatp-xylene was not present at any time in the rearrangement. p-Xylene actually 

has a retention time just slightly longer than compound 33 (it shows up after D). 

The fourth and final experiment consisted of heating a mesitylene solution of 

independently synthesized 33 at 195°C. These results showed that 33 did not form p-

xylene, thus precluding its formation from any of the compounds in this rearrangement (see 

table 14). It was discovered that certain G. C. conditions resulted in the formation of p

xylene from compound 33, thus p-xylene was found to be only an artifact of the 

preparative G. C. conditions. 

3.) 5-Methylspiro[2.4Jhepta-4.6-diene: 

The identity of the third compound was found to be 5-methylspiro[2.4]hepta-4,6-

diene (35), (peak E, figure 1). It was the second peak observed on the preparative 

vQ 
5-Methylspiro[2.4]hepta-4,6-diene, (35) 
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Figure 4. Chromatograms from 1:1 33 to 1 experiment. Original solution (top). Peaks in 
order of elution are: heptane, meso 1, dl, 1, 33, residual p-xylene, and three 
peaks from mesitylene. Chromatogram after one hour (bottom). Same peaks in 
order of elution, except for the appearance of 27 in front of 33. 
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trace. This structure was elucidated in the same manner as for 33. 5-

Methylspiro[2.4]hepta-4,6-diene's 300MHz proton spectra exhibited signals at o 1.55 

(singlet, 4H), 2.00 (singlet, 3H), 5.70 (singlet, 1H), 6.00 and 6.40 (AB, 2H) (figure 5a.). 

These results were entirely consistent with the known proton spectrum of the 

compound.33d The 13C spectra consisted of peaks at o 12.17, 15.55, 37.19, 132.63, 

133.16, 139.65, and 140.08 (figure 5b.). A DEPT carbon experiment was performed to 

confirm the types of carbons believed to be in the compound. In this experiment the CH 

even carbons would remain upright while CH odd carbon peaks would become inverted 

(figure 6). Quaternary carbons would disappear. The results of the experiment revealed 

that only the signal at 12.17ppm remained upright. This signal is twice the intensity of the 

others and represents the two secondary cyclopropyl carbons. The 13C chemical shifts for 

the cyclopropane carbons in spiro[2.4]hepta-4,6-diene are known to be 12.32ppm.34a The 

carbon signals at 37.19ppm and 140.08ppm disappeared as they belong to the quaternary 

carbons. The three olefinic carbons were all found to be CH odd carbons and so was the 

carbon at 15.55ppm. As a fmal confirmation of structure, an HMQC experiment was 

performed (figure 7). The results showed that the protons at 1.60ppm were connected to 

the carbons at 12.17ppm, the protons at 2.00ppm were attached to the carbon at 15.55ppm, 

the proton at 5.70ppm was connected to the carbon at 133.16ppm, the proton at 6.00 was 

connected to the carbon at 139.65ppm and the proton at 6.40ppm was connected to the 

carbon at 132.63ppm. The quaternary carbons at 37.19ppm and 140.08ppm were also 

absent from this spectra. 

The UV absorption pattern for spiro[2.4]hepta-4,6-diene has a A max of 257nm.34b 

The UV absorption spectra of compound 35 is very similar. The observed A max of 35 

was 261nm (calculated A max was 268nm.).35 All of this evidence proved the 5-

methylspiro[2.4]hepta-4,6-diene structure. 
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Figure 5a. 300:MHz lH :t--.TMR. Spectrum for 5-Methylspiro[2.4]hepta-4,6-diene. The large 
peak at 1.50ppm is due to water. 
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Figure 5b. 300MHz 13C NMR Spectrum for 5-Methylspiro[2.4]hepta-4,6-diene. 
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Figure 6. DEPT Carbon Spectrum for 5-Methylspiro[2.4]hepta-4,6-diene. 
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Figure 7. HMQC Spectrum for 5-Methylspiro[2.4]hepta-4,6-diene. 



Its appearance in this rearrangement is attributed to a surface reaction of 6-

methylenespiro[2.4]hept-4-ene (27), equation 11. Substantial evidence pointed to this 

Equation 11: 

27 35 

process. Observation of the capillary gas chromatograms taken before and after the two 

preparative cycles necessary to separate the monomers (figure 8) reveals that the 

monomeric peak at 5.04 (C) minutes is one of the major product peaks in the first 

34 

chromatogram. After the solution was prepped once to remove as much of the mesitylene 

as possible, the same peak is no longer the same size; however, there has been an increase 

in the size of the monomeric peak at 5.89 (E) minutes; indicating a transition from the one 

form to the other. This is believed to correspond to 27 (peak C, figure 1) rearranging to 

35 (peak E, figure 1). Shifts of double bonds during preparative chromatography are not 

unknown.36 

The effect of increased surface area on the rearrangement of 27 --- 35 was 

tested. Aliquots of a stock solution of 1 were placed in three sets of melting point capillary 

tubes that had been treated in different ways. The first set was the control. The second set 

was treated with ammonium hydroxide to neutralize any acidic surfaces of the tube. The 

third set was untreated, except that a small amount of ground capillary tube was added to 

each. The results of the surface area experiments are shown in tables 5-7. Compound 27 

disappears rapidly in the tubes with extra glass surface area; thus confirming that the 

observed rearrangement is a surface area phenomenon. Treating the capillary tubes with 

base does not stop the rearrangement. 
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Figure 8. Chromatogram taken before preparative chromatography to remove the 
mesitylene (top). Chromatogram taken after removal of the mesitylene 
(bottom). The first peak on the bottom chromatogram is pentane and the last 
peak is residual mesitylene. 
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Table 5. Ammonium Hydroxide Surface Area Experiment-Control Experiment Results 

Time (hours) Ratioa 'Z.7 Leb. Ratio JSLC Tot. 27+JS Ratio JJLC Ratio lLC 

30 0.053 0.015 0.068 0.022 0.094 

72 0.038 0.024 0.062 0.020 0.011 

120.5 0.014 0.050 0.064 0.013 0.000 
aRatio of area % of compound 27 divided by area % of cyclohexane internal standard, 
same for the rest hCyclohexane internal standard. 

Table 6. Ammonium Hydroxide Surface Area Experiment-Treated Experiment Results 

Time (hours) Ratioil27 Ld2 Ratio JSLC Tot. 27+JS Ratio JJLC Ratio lLC 

30 0.049 0.021 0.070 0.022 0.102 

72 0.036 0.042 0.078 0.019 0.011 

120.5 0.010 0.068 0.078 0.014 0.000 
aRatio of area % of compound 27 divided by area % of cyclohexane internal standard, 
same for the rest. hCyclohexane internal standard. 

Table 7. Ammonium Hydroxide Surface Area Experiment-Extra Glass Experiment 

Iim~ (hQI!r~) B.atiQ! Z,7/Cb. B.atiQ JS/C TQt, 27+JS RatiQ JJLC RatiQ lLC 

30 0.020 0.044 0.064 0.017 0.098 

72 0.002 0.086 0.088 0.014 0.011 

120.5 0.000 0.070 0.070 0.013 0.000 
aRatio of area % of compound 27 divided by area % of cyclohexane internal standard, 
same for the rest. hCyclohexane internal standard. 

b.) Attempted Identification of the Dimeric Products: 

There were six dimers to be separated and identified. Several other smaller peaks on 

the chromatogram (figure 1, retention times in dimer area) gave m/e 212, but they did not 

form in quantities large enough to have a realistic possibility for identification. Neither 

preparative gas chromatography nor column chromatography allowed for the separation of 

all of the dimers. Two dimers were isolated separately from the first attempt at separation 
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of the individual dimers by gas chromatography. Only these two compounds survived the 

conditions used for separation. 

1.) Dimeri: 

The f"rrst of these two compounds seems to correspond to dimer I, (figure 1 ); 

although, this cannot be said with all certainty. The assignment of this compound as dimer 

I is based on a comparison of retention times between a chromatogram of the dimer NMR 

sample and a chromatogram from the solution phase rearrangement. The G.C. conditions 

were identical and the times were: 20.04 minutes and 20.21 minutes, respectively. The 

slight variations in time can be explained by the fact that the chromatograms were not taken 

consecutively. Retention times are not always perfectly reproducible even under the best 

circumstances. Alignment of the two traces on a light board showed the two peaks did 

overlap, corresponding to the same dimer. Dimer I appeared to have undergone some 

decomposition on contact with the extremely hot detector block (360°C). G. C. analysis of 

the NMR sample showed numerous smaller peaks surrounding the dimer, as if some 

decomposition had occurred. An attempt was made by NMR to ascertain its structure. 

Numerous NMR experiments were performed, but no one single structure could be 

assigned to the compound Proton, carbon, DEPT, HETCOR, and COSY experiments 

were run. The results of these experiments are shown in figures 9-12. 

Overall, the dimer shows sixteen carbons in the 13C spectrum (table 8). There are 

no cyclopropane carbons present as evidenced by the chemical shifts of the carbons. A 

DEPT experiment revealed that there were eight CH even carbons, four quaternary 

carbons, and four CH odd carbons in the structure. The 1 H spectrum shows an AB system 

( 5.80-6.20 ppm), two different methylene groups (4.60ppm and 4.80ppm), and two 

broad multiplets (1.30ppm-2.00ppm and 2.20ppm-2.60ppm). The HETCOR results show 

the following 13C-1H couplings (all in ppm): 138.62-6.20, 135.64-5.80, 105.20-4.80, 

103.94-4.60, 59.28-2.00, 52.05-2.20, 38.18-1.45, 34.01-2.00, 31.73-2.60, 30.98-1.75, 



Table 8. Chemical Shifts and Type of Carbons in First C16fl20 

Chemical Shift (in 1mm) Type of CarbonS! 

25.14 

30.67 

30.98 

31.73 

34.01 

38.18 

46.73 

47.88 

52.05 

59.28 

103.94 

105.20 

135.64 

138.62 

154.09 

sp3---CH2 

sp3---CH2 

sp3---CH2 

sp3---CH2 

sp3---CH2 

sp3---CH2 
sp3 ___ b 

sp3 ___ b 

sp3---CH 

sp3---CH 

sp2---CH2 

sp2---CH2 

sp2---CH 

sp2---CH 
sp2 ___ b 

156.29 sp2 ___ b 

aType determined by DEPT experiment. bThese carbons are not seen in the DEPT 
spectrum; therefore, they are quaternary carbons. 
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and 30.67-2.50. The problem with the HETCOR experiment is that there are two carbons 

that show up at 25ppm, each coupled to protons of different shifts (1.55ppm and 

0.80ppm). This could be due to the presence of small amounts of impurity peaks 

mentioned previously. The COSY spectrum indicates that the AB protons are isolated and 

coupled only to each other. The methylene protons, on the other hand, are coupled to 

protons at 2.60ppm and 2.20ppm. The COSY spectrum is difficult to interpret in the 2.60-

l.OOppm region. The protons at 2.20ppm and 2.60ppm are coupled to each other as well 

as other protons upfield. 



I 
8.1 

Figure 9 300MHz lH NMR Spectrum for Dimer I. The large peak at 1.50ppm is due to 
water. 

39 



> 

Figure 1 Oa. 300MHz 13C NMR Spectrum for Dimer I. 

411.8 UJ.I 

Figure lOb. DEPT Carbon Spectrum for Dimer I. CH even are upright and CH ood are 
down. 

40 



41 

• l1 1 ' I '" 

L .. 
I 

I.S 

t-• 

I i ' 
___ .J._ --+-..._+---+----.----+ -+' ---4-+--+--

i I I ' 
~t-- -~-- ----1·-t--~+-+-t------l 
. _] 1-l -- -~~ ' 

I e-- ~--r- II- ----1--+-l -+--+-,, -l--l--J--l 

-, t ~ i I i """]"1'-----t-f-----t~,--+--+--1---l 
...... l· i I ! 

0
-1 

1.i.t !SC ~~l ~lf !I~ it tl 11USIU!tl ... 

Figure 11. HETCOR Spectrum for Dimer I. Direct connectivity between the proton and 
the carbon to which it is attached is found by matching the peak above the 
carbon chemical shifts on x-axis to the corresponding proton chemical shift on 
they-axis. 
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Figure 12. COSY Spectrum for Dimer I. COSY spectrum shows proton -proton coupling. 
The proton-proton coupling is revealed through the cross peaks. The proton 
chemical shifts are found on both axes. 
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An FfiR was also taken of this dimer. The IR showed absorbances at 3155, 2938, 

1652, and 1561cm-1. This indicates the presence of exocyclic double bonds and possibly 

an isolated, internal double bond. The 1652 cm-1 absorbance is in the range for exocyclic 

methylene groups on six membered rings (1651 cm-1)_36 The 1561 cm-1 absorbance 

indicates the presence of a very strained internal double bond (perhaps in a four membered 

ring-1566 cm-1).36 

2.) Unassigned Dimer: 

Even less can be said with any certainty about the structure of the second dimer. The 

NMR sample consisted of one large peak (retention time 24.31 minutes) in only 69% 

purity. Three other earlier eluting peaks comprised the rest of the total area. None of the 

retention times of these compounds matched the retention times of dimers F-K. (The same 

identification process was conducted for this material as was for dimer I. ) A proton and 

carbon spectrum were taken of this material before the G. C. analysis. The proton 

spectrum consists of peaks at 8 1.30 (d), 2.20-2.60 (broad multiplet), 3.00 (d), 4.70 (d), 

and 5.60 (broad singlet), (figure 13a.). The integration was high. Only twelve carbons 

could be observed in the Be spectrum even after extended experiment times (figure 13b). 

These results are not significant as only a small amount of impure dimeric material was 

obtained. It was unlikely that any useful information could be obtained from this material. 

No further work was continued on this sample. 

c.) The Kinetics of the Equilibration of meso and d/2.2'-Bismethylenebicyclopropane 

During the course of the study of the solution phase rearrangement, it was observed 

that 2,2'-bismethylenebicyclopropane reached an equilibrium that favored the meso 

diastereomer. The equilibrium ratio of meso to dl was approximately 1.20 (ratio of area 

percents). This equilibrium ratio was achieved only after the presence of 27 and 33. 
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Figure 13a. 300MHz lH NMR Spectrum for the Unassigned Dimer. Large peak at 
1.50ppm is due to water. 
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Figure 13b. 300MHz Be NMR Spectrum for The Unassigned Dimer. 
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The five percent of reaction (or initial rate) method was used to obtain rate constants 

for use in the approximation of the equilibrium constants of 1 in the temperature range 

131.1 °C-151.1 °C. This method gives a good approximation of the rate constant if the 

starting compound is 98% pure. The reaction of 1 in this temperature range is slow 

enough for at least six points to be taken before five percent of reaction occurs. At least 

three runs were made in each direction at each temperature. 

The rate constants were determined graphically using the program Cricket Graph version 

1.2.1. Zero order plots of concentration versus time were made. The concentration was 

expressed as a ratio of the area percent of the forming diastereomer to the internal standard. 

This process gave zero order rate constants that could be converted to first order constants 

through the process outlined in equation 12 (shown here for meso in excess). The result is 

a first order rate constant that is not dependent upon the concentration of the internal 

standard and that is corrected for the dependence on the diastereomer in excess. 

Equation 12: 

m---- dl; m=meso, dl=dl pair 

-d(m)/dt=km 

ln(m)/(m)0=-kt; first order 

(m)=(m)0-(dl); concentration of meso 

ln[(m)of(m)0 - (dl)/(m)0]=-kt 

ln[1-(dl)/(m)0]=-kt; ln(l +x)=x 

(dl)/(m)0=kt; should have plotted 

(dl)/(H)=kt; was plotted instead 

(first order)kest=(zero order)kobs [(H)/(mo)]; H=heptane 
k 

In this equilibrium study, the reaction dl meso • meso (dl forming meso) was 

designated as the forward reaction. The meso compound is the first to elute on polar 

columns and the column used in this study is polar.25b The rate constants and the 
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equilibrium constants found for the stated temperature range are listed in table 9. 

Table 9. Results of Equilibrium Study in the Temperature Range 131 °C-151 °C 

Temperature (°C) krorward fP) kreverse u-11 Keg 

131.1 1.90 X 10-6 1.64 X 10-6 

131.1 1.78 X lQ-6 1.58 X 10-6 

131.1 1.74 X lQ-6 1.61 X 10-6 1.12(±0.06) 

141.1 5.58 X 10-6 4.69 X 10-6 

141.1 5.56 X lQ-6 4.73 X lQ-6 

141.1 5.42 X lQ-6 4.89 X lQ-6 

141.1 5.62 X lQ-6 1.16(±0.03) 

151.1 1.75 X lQ-5 1.29 X lQ-5 

151.1 1.75 X lQ-5 1.53 X 10-5 

151.1 1.74 X 10-5 1.19 X 10-5 

151.1 1.60 X lQ-5 1.24(±0.17) 

A van't Hoff plot of LnKeq versus 1!f was made of all equilibrium constants from 

the solution phase experiments and the initial rate method (figure 14). The equilibrium 

constants used can be found in table 10. The slope of this plot reveals a standard molar 

enthalpy change of 837J/mol (200cal/mole). They-intercept yields a standard molar 

entropy change of 0.863eu. The R2 is bad not only because of the scatter, but also because 

the slope is very small. In this case, Ln Keq does not correlate with temperature. 

The activation parameters for the equilibrium process were determined through least 

squares Arrhenius plots, figures 15 and 16. These plots utilized all of the rate constants 

included in table 9. The two plots yielded activation parameters of 
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y = 0.43390 - 1.0070e-2x RA2 = 0.026 
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Figure 14. Van't Hoff plot using all equilibrium constants from Table 10. 
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y = 15.092 - 0.8421 5x R"2 = 0.999 
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Figure 15. Arrhenius plot for the forward reaction: dl to meso. 
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Figure 16. Arrhenius plot for the reverse reaction: meso to dl. 
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Table 10. Equilibrium Constants used in van't Hoff Plota 

Tem,Qerature (C) Km Tem,Qerature (C) 

130 1.22 151.1 

130 1.28 167 

130 1.21 167 

130 1.16 167 

131.1 1.13 167 

131.1 1.08 167 

131.1 1.16 167 

141.1 1.19 167 

141.1 1.15 167 

141.1 1.15 167 

151.1 1.36 195 

151.1 1.14 195 
aThe equilibrium constants come from the dilution experiments, the surface area 
experiments, and the initial rate method approximated rate constants. 

k=1015.1exp (-38,500±200 cal/R.T) for the forward reaction and k=1014.1exp (-

36,700±400 cal/R.T) for the reverse reaction. 
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Km 
1.46 

1.21 

1.21 

1.15 

1.37 

1.20 

1.21 

1.23 

1.24 

1.24 

1.21 

1.21 

MM2 calculations were performed on compound 1 by Dr. T. Fukuyama. The 

results show very little difference between meso and d/1, see table 11. The results of the 

calculations could be a true reflection of the difference in their energies; but, this may not be 

the case. 

Table 11. MM2 Calculations: Heat of Formation and Strain Energy for Compound 1 

Diastereomer 

meso 

dl 

a All units are Kca1/mole. 

Heat of Formation a 

100.622 

100.695 

Strain Energy.a 

83.149 

83.222 



50 

B. Flash Vacuum Pyrolysis of2.2'-Bismethylenebicyclopropane 

Flash vacuum pyrolysis of 2,2'-bismethylenebicyclopropane was conducted over a 

variety of temperature and pressure combinations (table 12). The results were basically the 

Table 12. Results of Flash Vacuum Pyrolysis of 2,2'-Bismethylenebicyclopropane 

Temperatureil Pressureh Area%~: md dJ.d 36 27 33 34 35 

292 4.5 3.8 3.7 3.3 34.4 45.5 0.0 3.8 

292 8.0 1.2 1.3 1.8 43.2 47.1 0.0 3.1 

296 8.0 1.0 1.7 2.4 34.1 53.3 1.5 2.4 

298 0.2 40.4 47.1 0.0 1.0 6.9 1.5 1.0 

298 0.9 29.1 24.1 0.0 11.0 26.3 3.4 2.8 

298 1.5 17.8 16.0 3.6 21.1 32.0 2.0 2.1 

298 1.8 0.0 0.0 4.6 30.3 48.5 5.3 5.9 

298 8.0 0.0 0.0 0.0 36.1 45.7 0.0 5.3 

330 0.05 9.5 10.7 8.7 3.4 37.8 12.1 7.0 

348 0.5 0.0 0.0 8.4 9.0 48.3 13.0 9.5 

352 0.04 1.4 1.9 9.2 3.4 46.3 16.3 9.3 

352 0.05 3.1 4.5 8.5 2.8 43.6 15.9 7.9 

360 0.2 0.0 0.0 7.4 4.6 49.1 15.5 9.4 
aTemperature in °C. bPressure in mmHg. c Area % taken from chromatogram integration; 
includes the compound's % of area left once solvent area has been excluded. dm represents 
the meso compound, dl represents the dl pair. 

same as for the solution phase rearrangement. The formation of 6-

methylenespiro[2.4]hept-4-ene (27), 3,6-bismethylenecyclohexene (33), p-xylene (34), 

and 5-methylspiro[2.4]hept-4-ene (35) were observed. 

There were three differences between the results of the solution rearrangement 
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Figure 17. Chromatogram for the results of flash vacuum pyrolysis. Peaks in order of 
elution are: pentane, meso 1, 36, d/1, 27, 33, minor p-xylene, and minor 
35. 
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and the gas phase rearrangement (figure 17). First, the presence of a new compound, (36) 

with a G. C. retention time of approximately 4.60 minutes was revealed. It elutes between 

the two diastereomeric forms of 1. Secondly, the major product in the gas phase 

rearrangement is 33. This is not true for the solution rearrangement where compound 27 

appears to predominate. In reality, compound 33 is probably also the major product in 

solution. (This result is not observed because 33 is believed to participate in the 

dimerization reactions in solution.) The third difference is the obvious absence of the 

dimers. FVP conditions make bimolecular reactions improbable; none were observed here. 

a.) 6-Methylenespiro[2.4Jhept-4-ene: 

A combination of the techniques of flash vacuum pyrolysis and NMR subtraction, as 

well as the judicious use of chromatographic materials allowed for the identification of 6-

methylenespiro[2.4]hep-4-ene (27) as a rearrangement product in the gas phase. 

, ..... i\ 
~ 

6-Methylenespiro[2.4 ]hept -4-ene, (2 7) 

Prior to the gas phase work, the presence of compound 27 was not completely established. 

The use of a completely inert gas chromatography support helped to prevent the surface 

rearrangement to compound 35; however, no liquid phase could be found to separate 

compounds 33 and 27 well enough for them to be separated by preparative 

chromatography. An alternative approach was to perform an NMR subtraction experiment. 

The NMR subtraction experiment was the only possible way left to confmn the presence of 

27 in the mixture of the rearrangement products of 1. An attempt to independently 

synthesize 27 had also failed. It was possible to isolate a mixture of 33 and 27 through 

FVP and preparative gas chromatography. It was also possible to obtain a pure sample of 
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33 through independent synthesis. The 1 H NMR spectra of the pure compound was 

subtracted from the lH NMR spectra of the mixture via the computer. The peaks from 33 

disappear to reveal the spectra of 27 (figure 18). The lH NMR of 6-

methylenespiro[2.4]hept-4-ene, 27, consists of peaks at o 0.80 (d, 4H), 2.65 (singlet with 

fine splitting, 2H), 4.85 (d, 2H), 5.70 and 6.10 (AB, 2H). 

A coinjection experiment was performed to verify that 27 was involved in both the 

gas and solution phase rearrangement. Compound 1 was heated in solution at 195°C. A 

sample of 1 was pyrolyzed at 292°C and 4.5mmHg. All products are present under these 

conditions in relatively the same percentages in both solution and in the gas phase. The 

two solutions obtained were combined in a 1:1 ratio. The G. C. analysis revealed that 

identical products were formed in both the gas phase and in solution, with two exceptions. 

The first exception was the appearance of the dimers from the solution rearrangement and 

the second exception was the peak at 4.60 minutes from the gas phase rearrangement. 

b.) Attempted Identification of 36: 

Initially, the new compound, 36, was thought to be compound 26, discussed earlier. 

Compound 26 is the vinylmethylenecyclopropane precursor to compound 27. Preliminary 

experiments which tested the thermal behavior of 36, indicated that this assumption was 

probably incorrect. A solution of 36 obtained from pyrolysis was heated at 80.5°C, 

121 °C, and 166.2°C, table 13. Compound 36 did not form 27 and was found to be quite 

stable at these temperatures. Obviously 26 would have undergone the 

vinylmethylenecyclopropane rearrangement at these temperatures. 

In an attempt to identify 36, compound 1 was pyrolyzed at 346°C and 0.4mmHg. 

These conditions allowed for the formation of 8.9% of 36 accompanied by 40.6% of 33, 

13.4% of 34, and 8% of 35. On this scale, the formation of three new minor compounds 

with retention times of7.8 minutes (1.4%), 8.4 minutes (2%), and 9.0 minutes (1.7%) 
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Figure 18. Results of lH NMR Subtraction Experiment for 6-Methylenespiro[2.4]hept-4-
ene (27). Spectrum on bottom is pure 33. Middle spectrum is of mixture of 
27 and 33. Spectrum on top is result of subtraction and is the spectrum for 
27. Peak at 1.50ppm is due to water. 
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was observed. Numerous other small peaks (1% or less) were observed on the 

chromatogram. 

Table 13. Thermolysis of 36 at 80.5°C-166.2°C 

Tim& Ratio 36/lb Ratio 27/1 Ratio 36/27 Temperature (0 C) 

0 0.093 0.062 1.50 80.5 

2 0.083 0.055 1.51 80.5 

6 0.085 0.054 1.57 80.5 

24.5 0.086 0.053 1.62 80.5 

46 0.084 0.055 1.53 80.5 

0 0.103 0.067 1.54 121.0 

1 0.099 0.064 1.55 121.0 

3 0.103 0.068 1.51 121.0 

6.5 0.108 0.070 1.54 121.0 

17 0.101 0.057 1.77 121.0 

0 0.097 0.067 1.45 166.2 

0.5 0.099 0.065 1.52 166.2 

1 0.092 0.063 1.46 166.2 

3 0.093 0.060 1.55 166.2 

6 0.094 0.056 1.68 166.2 

20.5 0.093 0.047 1.98 166.2 
aTime in hours. hl=The internal standard, which was benzene at 80.5°C and heptane at 
121 °C and 166.2°C. 

Compound 36 and the three minor compounds were collected by preparative 

chromatography. The 1 H NMR spectrum of the minor peaks at 8.4 minutes and 9.0 

minutes revealed that they were p-ethyltoluene and styrene, respectively. Both the Iff 

NMR spectra and mass spectra for these compounds matched those reported for these 

compounds in the literature}1,37 The peak at 7.8 minutes is apparently a monomer (gives 

a mass spectrum with m/e 106). The mass spectrum shows loss of methyl, ethylene, and 
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ethyl radical. Its structure is not immediately obvious from its lH NMR spectrum. 

Analysis of the NMR sample on a nonpolar capillary column shows two unresolved peaks. 

Analysis on a polar capillary column shows only one peak. Since this compound (or 

compounds) forms only to an extent of 1.4%, no considerable effort was spent on 

determining its exact structure. 

Analysis of the trap containing 36 on a nonpolar capillary column showed that it was 

a mixture of two compounds in an 80:20 ratio (figure 19). The lH NMR spectrum from 

this mixture proved that compound 26 was not present in the mixture. Since a large loss of 

the area of 27 accompanies the appearance of 36, it is possible that 36 is a result of 

decomposition of 27. Only minor amounts of 36 (less than 5%) are present at 

temperatures under 300°C. Some attempt was made to assign structures to the mixture. 

Cyclopentadienes and fulvenes were considered, but no exact structural assignments were 

made. Compound 33 is the major product at temperatures over 300°C, although it is 

accompanied by a fair amount of p-xylene at these conditions. The presence, even in minor 

amounts, of styrene and ethyltoluene indicate that temperatures above 300°C are too harsh. 

C. The Synthesis and Thermal Properties of 3.6-Bismethylenecyclohexene 

a.) Synthesis of 3,6-Bismethylenecyclohexene: 

In an attempt to identify a possible source of the p-xylene and the dimers present in 

the solution phase rearrangement it was necessary to synthesize 3,6-

bismethylenecyclohexene, 33. A search of the chemical literature revealed only two 

existing syntheses for this compound; neither of which was straight forward or 

convenient.38,39 There were two requirements for the synthesis of 33 for this project: 1.) 

the preparation should be relatively short; and 2.) it should provide sufficient amounts of 

material. It was with these two objectives in mind that a synthetic strategy was designed. 
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Figure 19. G. C. analysis of trap containing 36. Peaks in order of elution are acetone, 
CDCl3, and the two peaks of 36. 
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A first approach to the synthesis was unsuccessful; however, the second synthetic 

approach, outlined in Scheme 8 was successful. A total of four steps was required. 

Scheme 8 
0 

0+0 3:2CHaOH- ., 

0 0 
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~260°C -¢+(1~0 
Maleic Anhydride l!j)__./ 
5:1 Pentane-Acetone ~0 

33 

The first step consisted of a Diels-Alder reaction between benzoquinone and 

cyclopentadiene. The benzoquinone-cyclopentadiene adduct was then reduced with zinc 

and acetic acid. The reduced adduct was then subjected to double olefmation using a Wittig 

reaction. The Wittig diene was pyrolyzed in order to obtain the desired 33. 

b.) The Thermal Rearran&ement of 3.6-Bismethylenecyclohexene: 

As was mentioned earlier, the thermal properties of this specific compound were of 

interest as a possible source of the p-xylene and dimers found present in the thermal 

solution phase rearrangement of 1. The p-xylene turned out to be only an artifact, but the 

dimers were nonetheless present. The NMR experiments on dimer I, which was isolated 

by gas chromatography seemed to indicate the presence of a bismethylenecyclohexene in 

the overall C16fi20 skeleton. Two experiments were performed to learn more about the 

thermal properties of 33. 

The first experiment focused upon heating 33 in mesitylene at 195°C. A small 

amount of p-xylene was present in the solution; as a result of the G. C. purification of 33. 

The results of this experiment are found in Table 14. 
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Table 14. Ratios of Area of 3,6-Bismethylenecyclohexene versus Area of Heptane 

Time (in minutes) Ratio FJHb Ratio p-XC/H Ratio Total area/H 

0 0.781 0.060 0.841 

15 0.743 0.063 0.806 

30 0.694 0.062 0.755 

60 0.632 0.062 0.694 

120 0.524 0.061 0.585 

180 0.454 0.065 0.519 

240 0.379 0.062 0.440 

420 0.214 0.055 0.269 

1440 0.039 0.061 0.100 

1875 0.016 0.039 0.055 

aT=Triene, 3,6-Bismethylenecyclohexene. bH=Heptane used as internal standard. cp
X=p-Xylene. 

As the results in Table 14 indicate, the amount of 33 declines steadily with time. No 

new peaks were observed in the gas chromatogram. No increase in the amount of p-xylene 

was observed Only the formation of a white solid in the bottom of the capillary tubes was 

seen. The amount of solid increased as the amount of 33 decreased with time. This was 

obviously some polymer of the compound. No dimers of 33 were observed. The 

disappearance of 33 is shown graphically in figure 20. 

The results of the second experiment are qualitative in nature and not quantitative. 

(This experiment was previously discussed in section 1.) In this experiment, equivalent 

molarity solutions of 1 and 33 were combined. The resulting solution was heated at 
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195°C. Interestingly, there is a defmite change in the amounts of specific dimers on the 

chromatogram as compared to earlier experiments. The same dimers are observed; 

0.6 

~ 
T/H I 0.4 1!1 c. 

+ p-X!H 

~ 
0.2 

0 1 0 20 30 40 

Time in Hours 

Figure 20. Disappearance of 3,6-bismethylenecyclohexene with time at 195°C. (T=3,6-
bismethylenecyclohexene; p-X=p-xylene; H=heptane) 

however, there is an astounding increase in the peak heights of three of the dimers formed 

(figure 21). The amounts of dimers G, I, and K appear to increase when 1 is heated in the 

presence of 33. The assignment of the dimers is based on retention times and alignment of 

the two chromatograms on a light board. This process shows the dimers to be G, I, and 

K. These results show that 33 is involved in the formation of at least three of the dimers. 



b 

G I K 
• 

0 !;:'; 

I - :f G K 

I 
I 

~ 

J 
. 
: . ~ 

.._& lU J-.J -- • ~ " • • . .. • . S • { u 7 ~_Jj .. • i:~ ~ f." ~ 

Figure 21. Comparison of chromatograms from an earlier experiment (top) and the 1:1 
experiment for compound l to compound 33 (bottom). 
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DISCUSSION 

A. The Thermal Solution Phase Rearrangement of2.2'-Bismethylenebicyclopropane: 

a.) Mechanistic Possibilities for Formation of the Monomeric Products: 

2,2'-Bismethylenebicyclopropane, 1, was found to rearrange in solution to 3,6-

62 

bismethylenecyclohexene, 33 and 6-methylenespiro[2.4]hept-4-ene, 27. The formation 

33 27 

of six dimers was also observed. Compound 27 was found to undergo a surface reaction 

to form 35. 

As pointed out earlier, 1 was expected to react in a series of methylenecyclopropane 

rearrangements. The predicted compounds, 26 and 28 were unobserved in the 

rearrangement (even in the gas phase). Compound 26 would result from one 

35 

methylenecyclopropane rearrangement of 1 and 28 would result from two consecutive 

methylenecyclopropane rearrangements. The formation of both 33 and 27 from 1 is very 



interesting. Whereas the formation of 27 was expected, the formation of 33 was quite 

surprising. 
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3,6-Bismethylenecyclohexene cannot result directly from a methylenecyclopropane 

rearrangement. Compound 33 could possibly form from further concerted rearrangement 

of the first trimethylenemethane diradical (1') formed from ring opening of 1 (Scheme 9). 

Scheme 9 

U .U 26 

meso ~ 1' ""' 

~~ ¢ 
33 

This same diradical would also be responsible for both the interconversion of meso and dl 

1 and the formation of compound 26. 

A second explanation for the formation of 33, would be via a cyclopropylcarbinyl 

rearrangement of the diradical1'; however, there are a number of problems inherent in this 

mechanistic sequence (Scheme 10). The first is that the formation of two diyls (cis and 

trans) should be possible from the cyclopropylcarbinyl rearrangement of 1'. The fate of 

the cis diyl is clear, it would close to the observed 33. The fate of the trans diyl is not 

clear. No products from the trans diyl are observed in solution or in the gas phase. In the 

gas phase, 33 was the major product and no bimolecular reactions were observed. There 

was very little loss of material, only about 5.4% (below 300°C). These results imply little 

or no formation of a trans diyl. 
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Scheme 10 

+ 

cis trans 
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37 

33 

A possible product of the trans diyl would have been 2,5-

bismethylenebicyclo[2.2.0]hexane, 37. The diyl might have been able to close to form 37; 

however, this compound is not observed, nor would it have been at 195°C. Calculations 

have shown that the central bond in 37 is very weak; there is only a 5Kcal barrier to ring 

opening} I Diyl38 which results from central bond opening in 37, might be present in 

solution; however, the only rearrangement possible for 38 would have been a series of 

38 
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Woodward-Hoffmann forbidden [1,3] hydrogen shifts (an unlikely mechanistic process) to 

form p-xylene. No p-xylene is formed in the rearrangement of 1. None of the possible 

hydrogen abstraction products of 38 are observed. The only possible path still left for 38, 

if it were present, would be dimerization reactions. This cannot be ruled out, but it is not 

necessary to invoke 38 in order to explain the dimers observed in the rearrangement of 1. 

A more likely reason for the absence of 37 is that the trans diyl must undergo considerable 

bond deformation in order to form a bicyclohexane structure. 

If the trans diyl were formed from a cyclopropylcarbinyl rearrangement of 1', it 

would not be able to close back to 1 directly as this would be a violation of the rule of 

microscopic reversibility. In order not to violate the rule of microscopic reversibility, the 

direct formation of the trans diyl would have had to occur through a reversible reaction of 

1. If the trans diyl were formed from 1', it would first have to undergo a reverse 

cyclopropylcarbinyl rearrangement back to 1' in order to return to 1. This event is deemed 

unlikely as 1' should lie substantially uphill from the trans diyl. 

A final explanation for the formation of the observed rearrangement products of 1 

would be that the diradicall' is not involved at all. The mechanisms involved could all be 

concerted. A concerted [1,3] shift could be responsible for the isomerization of meso 1 to 

d/1; shifts such as these result in inversion of configuration at the migrating carbon. This 

same concerted mechanism would also be responsible for formation of 26. A concerted 

rearrangement for formation of 33 would explain why no products from a trans diyl are 

observed. The only problem with this assumption is the presence of the dimers in solution. 

A possible reason that the dimers were not present in the gas phase would be that the low 

pressures used prevented their formation. 

One is forced into including the involvement of one of the two possible concerted 

reactions in the formation of 33. The first concerted reaction would be the formation of 33 

directly from 1. The second reaction, the formation of 33 from a concerted rearrangement 
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of 1', seems to be the most likely mechanistic process (Scheme 11). This concerted 

mechanism explains the formation of 33 without invoking the trans diyl (which 

experimental evidence indicates to be absent) and it still allows for the formation of dimers. 

Scheme 11 

n 
u ¢ 
1' 33 

The second monomer to be discussed is 27. 6-Methylenespiro[2.4]hept-4-ene is an 

expected monomeric rearrangement product. Its formation was predicted to result from a 

vinylmethylenecyclopropane rearrangement of 26, equation 13. Although compound 26 is 

not observed; it is not unreasonable to assume its intermediacy in the rearrangement. 

Equation 13: 

27 

As pointed out earlier, it would be the result of a methylenecyclopropane rearrangement of 

one of the two methylenecyclopropane rings of 1. Compound 26 is itself a 

vinylmethylenecyclopropane. Vinylmethylenecyclopropane is known to rearrange in 

solution at temperatures as low as 80.5°C and the temperature here was much higher 

(195°C).13 The activation energy for this process is quite low, only 26.6KcaVmol)4 It is 

unlikely that we would have been able to isolate 26 in solution; it is too reactive at this 
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temperature. It would undergo a vinylmethylenecyclopropane rearrangement as soon as it 

formed. In fact, compound 28 would not be observed due to this same reason. 

Compound 26 would undergo the vinylmethylenecyclopropane rearrangement before 

undergoing a second methylenecyclopropane rearrangement (Ea=40.4KcaVmol). 

The rearrangement of 27 to 35 appears formally to be a [1,3] hydrogen shift. The 

[1 ,3] sigmatropic shift of hydrogen is forbidden to occur via a suprafacial concerted 

mechanism. In this case, the experimental evidence points to a surface reaction of 27. The 

rearrangement of 27 was observed both in solution and during preparative 

chromatography. 

During the solution phase rearrangement of 1, no 35 was formed until sufficient 

quantities of 27 had been formed. After all of 1 had reacted, 35 began to build up as 27 

decreased. At long heating times, most of 27 had disappeared and a large amount of 35 

was present. Treatment of the glass surface of the capillary tube did not stop the 

rearrangement. In fact, addition of extra glass surface resulted in a significant increase of 

35 which corresponded to a matching loss of 27. The source of the proton in this reaction 

is apparently the soft glass surface of the capillary tubes. The experiment run in d 12-

mesitylene showed no incorporation of deuterium, so the solvent is not the source of the 

hydrogen. 

Compound 27 also underwent this surface reaction during preparative 

chromatography. If chromosorb Pis used as the column support, all of 27 goes to 35. 

Only through the use of the most inert gas chromatography support (chromosorb 750) was 

this shift prevented. Surface reactions of compounds during preparative chromatography 

are not completely unknown. Huntsman, De Boer, and Woosley saw the same type of 

surface effected rearrangement for 4-methylenecyclopentene during preparative 

chromatography using chromosorb P as their column support. 36 



68 

b.) Potential Dimers from the Solution Phase Rearrangement : 

The formation of dimers from 1 was not expected; however, Conia did observe the 

dimerization ofbicyclopropylidiene in solution at 210°C.23f Diradicals are very shon lived 

species, at best, and it would not be likely that two diradicals could combine. The 

combination of the radical species 1 I with other monomers present in solution is possible, 

particularly if the solution is filled with a relatively high concentration of reactive 

monomers. The experiment between equivalent amounts of 1 and 33 showed that 33 was 

involved in the dimerization reactions of 1. 

Other types of dimerization mechanisms are [2+2] and [4+2] cycloadditions, dipolar 

additions, and ionic mechanisms. None of these mechanisms are likely to occur in this 

system, except for the [ 4+2] cycloaddition. Two possibilities exist. The first would be 

[4+2] cycloaddition between 35 and 33. The second possibility would be cycloaddition 

between two molecules of 35. The dimerization of cyclopentadienes are well known. 

At this point, it is only possible to speculate as to the identity of the dimers. No 

method adequate for separation of them was found. It is important to note that there are a 

number of possibilities for dimerization in this system. 

NMR spectra were obtained for only one dimer. Many possible dimeric species 

from this rearrangement were considered. The dimeric possibilities that contained 

cyclopropane rings were ruled out, based on the 13C chemical shifts observed. Obviously, 

some further rearrangement of these dim eric species from 11 and monomers has to take 

place or cyclopropane rings would have been present. This is quite possible as the 

experimental conditions used in the isolation of this dimer were harsh and could have easily 

caused further rearrangement of its structure. As soon as one structure was thought to fit 

most of the NMR evidence, one of the two dimensional experiments would disprove the 

temporarily assigned structure. Structures such as 39 and 40 were given the most 

consideration, but both were eventually eliminated because they were the products of 
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unlikely mechanistic processes. These two structures had come closest to fitting both the 

I H and Be NMR data available on the one dimer. Both of them have the correct number 

and type of carbons necessary, the same could not be said for other alternative dimer 

possibilities. 

~ 
40 

c.) Kinetic Equilibration of meso and dl2.2'-Bismethylenebicyclopropane: 

The rate constants obtained from the initial rate method were used to approximate the 

equilibrium constants for 1 at 131.1 °C, 141.1 °C, and 151.1 °C. In this approximation 

dl krnew d kdl dl Keq=kmesolkdl (where: • meso an meso .. ). The Keq 's found were 

1.12(±0.06), 1.16(±0.03), and 1.24(±0.17), respectively. All three are essentially equal 

to 1.20 (within experimental error). The Keq 's from reactions where 1 was allowed to 

react past five percent of reaction yielded Keq 's of approximately 1.20 (the ratio of the area 

percent of meso to dl). The results for Keq here are in fair agreement indicating this was a 

reasonable method for approximating the equilibrium constant of 1. 

A van't Hoff plot was made using all the equilibrium constants, Keq, from the 

solution experiments and the equilibrium constants approximated from the initial rate 

method, equation 14. A van't Hoff plot shows the dependency of the equilibrium constant 

Equation 14: 

0 ('0 
LnKeq= -t:,.rH /RT + fl~'-' /R 
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upon temperature. A plot of Ln Keq versus 1!f will give a slope of M/0 IR (standard molar 

enthalpy change) and an intercept of D.S0 /R (standard molar entropy change). Unless there 

is a significant energy difference between two molecules in an equilibrium, the change in 

standard molar enthalpy, M/0 , will be small. The observation of the equilibrium over a 

large temperature range would be necessary to observe a significant change in M/0/R (the 

slope of a van't Hoff plot). 

The slope of this plot gave a M/0 of 837J or 200Cal. The M/0 is not very large as 

can be expected. In a reversible process, the standard enthalpy is equal to the difference 

between the activation enthalpies of the forward and reverse reactions (Mi0 =M-ltr

Ml+r).40b Since the transition state for the forward and reverse reactions is the same, the 

M/0 would be due to the energy difference between meso and d/1. There is little energy 

difference between them; for example, the MM2 calculations show possibly only a 73 cal 

difference in their heats of formation. 

One can use equation 14 to calculate what the Keq should be at 250°C, a temperature 

well above the range observed here (131.1 °C-195°C), equation 15. The estimated Keq 

Equation 15: 

Ln Keq=M/0/RT; assuming D.S0/R=O 

Keq=l.21 

equals 1.21. This value is very close to the approximated constants and essentially equal to 

the Keq of 1.20 observed in the solution experiments. Overall, one can conclude that the 

equilibrium between meso and d/1 is not particularly dependent on the temperature, at least 

not in the small temperature range used here. 

Arrhenius plots for the equilibrium process of 1 yielded activation parameters of 

kmeso=1015.1 exp(38,500±400/RT) for the forward reaction and kdp1Q14.1exp(-

36,700±200/RT) for the reverse reaction, equation 16. These two activation energies are 
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essentially the same (both about 37Kcal) if one uses the 95% confidence interval for their 

measurement (1.96cr). One expects the activation energies to be approximately equal in a 

equilibrium process where the change in molar enthalpy is small (MI =Ea f- Ear). 

Equation 16: 

log k=log A - Eaf2.303RT 

It is possible to calculate what the activation energies should be for the two reactions. 

Most unimolecular rearrangements have an A factor that falls in the range of 1012- 1014.40a 

The A factor for the isomerization of methylmethylenecyclopropane to 

ethylidenecyclopropane has an A factor of 1Q14.26)0b A value of A=1014.6 will be used 

here because one would assume the methylenecyclopropane rearrangement to be twice as 

fast statistically in this case where there are two methylenecyclopropane rings. One then 

uses the average value of the rate constants from the data at a given temperature ( 141.1 °C 

in this example) and calculates using equation 16. The example in equation 17 is for the 

forward reaction. These calculations give the following results: Ear0 r=37.6Kcal and 

Equation 17: 

log(5.55 x 1Q-6)=1og1014.6- Ea/2.303(1.987)(414.1); kmeso 

Ea=37 ,600caVmole 

Earev=37.7Kcal. These estimates are as expected. The activation energies should be 

approximately equal for the equilibrium. These approximated values are close to the 

observed activation energies of 38.5KcaVmole and 36.7KcaVmole (forward and reverse). 

The activation energies observed for the isomerization of meso and dll are within 

the range for other methylenecyclopropane rearrangements. Chesick found activation 

parameters of (kr+ kb)=1Q14.26exp (-40,400/R.T) for the interconversion of 2-

methylmethylenecyclopropane to ethylidenecyclopropane.lOb Dolbier found activation 
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parameters of k=1Ql4.94exp (-39,200/RT) for the rearrangement of cis 2,2,2',2'

tetramethylbicyclopropylidene to 1',1',2,2-tetramethylmethylenespiropentane and 1',1'

dimethylisopropylidenespiropentane. Trans 2,2,2' ,2'-tetramethylbicyclopropylidene 

rearranged to the same two compounds with activation parameters ofk=1Ql4.77exp (-

38,800/RT).23d The observed 36.7Kcal/mol activation energy for the reverse reaction is 

slightly low when compared to these values. This is probably due to systematic error. An 

indication of this error is that the A factor for the forward reaction is slightly high and the A 

factor for the reverse reaction is slightly low. 

B. Flash Vacuum Pyrolysis of2.2'-Bismethylenebicyclopropane: 

The term flash vacuum pyrolysis (FVP) refers to a general method utilized when the 

generation of highly reactive or kinetically unstable species is desired.41 Usually, in FVP 

one sublimes a compound into a hot, evacuated pyrex (or quartz) tube; thus, permitting the 

high temperature and short contact time necessary for the reaction to occur.4lb The highly 

reactive species can be condensed immediately on a cold (liquid nitrogen) surface (to be 

analyzed later) or analyzed on line with the pyrolysis apparatus. The procedure is 

essentially the same in all cases. In FVP, the variables of pressure, temperature, and 

contact time are very important. Often the goal of FVP experiments is to study the early 

unimolecular rearrangement compounds of a starting material when further consecutive or 

bimolecular reactions follow. Bimolecular reactions are eliminated by the use of low 

pressures. 

a.) The Absence of 26 from the FVP Product Mixture: 

It was hoped that FVP would allow for the isolation of compound 26. In the 

consecutive reaction 1 26 27, the rate of the rearrangement 1 2 6 

(k26) should be much slower because it has the higher activation energy (at least 

40Kca1/mol).l0b The activation energy for the rearrangement 26 --~ 27 is much 

lower (on the order of 25.8Kcal/mol).l4 If one raises the temperature at which the reaction 
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is observed by 100°C, the rate of the rearrangement 1 26 will substantially 

increase. The rate of the rearrangement 26 27 (k27) will also increase; but, not as 

dramatically as the first rearrangement. If the contact time of 1 is kept short, more of 1 will 

have reacted than 26. In this way, it was hoped that sufficient quantities of26 could be 

formed, but this was not to be the case. 

A new compound, 36, was observed in the pyrolysate resulting from pyrolysis of 1 

at temperatures in excess of 290°C and pressures ranging from 1.5 to 8mmHg. Compound 

36 formed to an extent of less than five percent, depending on the pressure. The 

compound 36 comprised approximately nine percent of the products observed from 

pyrolysis at 350°C and 0.5mmHg. Certain empirical evidence supported the assumption 

that this might be 26. In all of the pyrolyses over 300°C where 36 is observed, there is a 

substantial decrease in the amount of 27 formed (9% or less of product mixture). 

Obviously, if 26 were present in a significant amount, much less of 27 would have been 

formed. 

To test this assumption, a small amount of 1 was pyrolyzed at 350°C and 0.5mmHg. 

Solutions of this pyrolysate were heated at 80.5°C, 121 °C, and 166°C. If 36 were truly 

26, it would undergo the vinylmethylenecyclopropane rearrangement and form 27 at these 

temperatures. No rearrangement of 36 was observed at theses temperatures. No increase 

in the amount of 27 was observed. The identity of 36 was no longer assumed to 26. 

Large scale isolation of 36 proved that it was definitely not 26. In fact, 36 is not 

believed to be a product of the rearrangement of 1 at all. The I H NMR spectrum seemed to 

indicate that 36 was a mixture of cyclopentenoid structures that could result from 

cyclopropane ring opening in 27. This result would explain why there is such a 

corresponding loss of 27 from the product mixture at these conditions. Spiro[2.4]hepta-

4,6-diene rearranges to 6-methylfulvene, 3,4-bismethylenecyclopentene, 1-

vinylcyclopentadiene, and 2-vinylcyclopentadiene in the gas phase at 345°C.42 The 
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spiro[2.4]hept-4-ene system should behave analogously at these conditions; however, this 

has not been reported in the literature. 

Two minor products observed at these conditions are styrene and ethyltoluene. 

These two compounds are not isomers of the starting material or any monomeric product. 

They comprise 2% and 1.7% of the product mixture, respectively. Their appearance in the 

product mixture is an indication that unusual mechanistic processes are occurring. 

Obviously, temperatures as high as 350°C are simply too harsh for 27 and quite likely 1. 

Styrene and ethyltoluene are not observed in the pyrolyses at lower temperatures nor are 

any other unusual products. 

It is possible to calculate the temperature at which sufficient amounts of 26 could be 

observed in this reaction. One uses the steady state approximation, equation 18. 

Equation 18: 

1 26 27 
k26 (1)=k27 (26); from the steady state approximation. 

0.05=(26)/(1)=k26fk27 

In order to observe 26 at least five percent of it must form. Five percent of 26 would be 

enough to detect and possibly to isolate. If the difference in their rates is due only to the 

difference in activation energies, one can use the Arrhenius equation to calculate the 

temperature at which five percent of 26 would form, equation 19. The appropriate 

activation energies are 

Equation 19: 

k26fk27=e(-~&RT + E~7/RT) 

T=2449K (2176°C) 

40.4Kcal for a methylenecyclopropane rearrangement (1 --- 26) and 28.5Kcal for a 

vinylmethylenecyclopropane rearrangement (26 --- 27 ). The calculations reveal that 

no 26 could possibly be observed at temperatures as low as 350°C. 
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b.) The Appearance of 34 and 35 in the FVP Product Mixture: 

One last point which merits brief discussion, is the appearance of compounds 34 (p

xylene) and 35 (5-methylspiro[2.4]hepta-4,6-diene) in the gas phase work. Both 34 and 

35 can be produced during preparative gas chromatography of compounds 33 and 27, 

respectively. They appear in the gas phase work in fairly minor amounts (less than 6% for 

either compound) until the temperature is well over 300°C. In the FVP work, a vycor tube 

was used for the pyrolysis. This pyrolysis tube was filled with 1/4 inch pyrex tubes in 

order to increase the surface area for excitation of 1. The pyrex tubes were held in place by 

Nichrome wire. All of this material would provide sufficient surface area for catalysis of 

these rearrangements. Even treating both the pyrolysis tube and pyrex tubes with base did 

not prevent the formation of 34 and 35. Their formation could be base catalyzed. The 

formation of 34 from 33 should be thermodynamically favored. The formation of 35 

from 27 has been shown to be a surface phenomenon. In this context, it is not surprising 

that the formation of these compounds cannot be eliminated. 

C. The Synthesis and Thermal Properties of3.6-Bismethylenecyclohexene: 

a.) Synthesis of 3.6-Bismethylenecyclohexene: 

3,6-Bismethylenecyclohexene was first prepared in six long steps by Bailey and 

Barclay (Scheme 12).38 Their interest in the compound stemmed from the possibility of 

extending their method of ester pyrolyses to this conjugated triene system. The pyrolysis 

of esters was considered by Bailey to be an excellent method for the preparation of strained 

or highly reactive unsaturated compounds. 

A second synthesis, which appeared in the literature, was even more complicated. It 

was presented by Richard Benson in aU. S. patent application.39 His process involved 

treating allene with ethylene or substituted acetylenes using a Ni carbonyl phosphite 

complex. The result was a mixture of isomeric 3,5-and 3,6-bismethylenecyclohexenes, 

which were separated by preparative gas chromatography. Each of the cyclohexenes was 



then either polymerized or aromatized and then oxidized in an attempt to discover new 

useful polymers or to provide a cheaper source of commercially useful phthalates. 
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Although the synthesis of Bailey and Barclay worked, it took six steps and a shorter 

synthesis was preferred. Bensons' preparation was out of the question due to the inherent 

difficulties of adapting an industrial preparation to laboratory scale. Alternate syntheses of 

Scheme 12 

1.) SOClz 
2.) Br2, 100°C 
3.) CH30H 

• 

C02 Me 0 1.) CH10H, H,O, 
KOH 

C02Me 2.) HCl 
cis and trans 

• 

6 + ¢ 
33 that took fewer than six steps were devised. The first attempted synthetic sequence was 

to center around the use of 1,4-cyclohexanedione as a starting compound (Scheme 13). 

Scheme 13 

0 

0 
0 

1.) LDA, 78°~ 
THF 

2.) PhSeCl 

0 OSePh 
0 

1.) DMSO, NaH 

Ph3PCH3Br 

1,4-Cyclohexanedione was to be a-phenylselenated. The second step was to be a "double" 

Wittig reaction which would convert both carbonyls to methylene groups. There was 
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literature precedent for this type of Wittig reaction. Shea and Phillips had used a DMSO 

solution of methylenetriphenylphosphorane in the transformation of 2,2'-biscycloalk:anones 

into the corresponding 2,2'-bismethylenebiscycloalk:anes.43 The third and final step in the 

synthesis was to consist of oxidation of the selenide to a selenoxide followed by its 

elimination. 

1,4-Cyclohexanedione is a commercially available material that is somewhat 

expensive; so this synthesis was first attempted with cyclohexanone. Cyclohexanone 

would be a much simpler compound to use while working out the procedures. 

Unfortunately, even using the model system, several problems were encountered. The first 

problem was the sensitivity of a-phenylselenylcyclohexanone. All attempts at purification 

of the compound by column chromatography resulted in its decomposition. The solution 

was to use it without further purification. The same type of problem was again 

encountered after the Wittig reaction. Crude material had to be used in the oxidation step. 

Examination of the results of the oxidation did not reveal any 3-methylenecyclohexene. 

Due to the purification problems encountered in this model synthesis and particularly the 

failure of the oxidation step, a second synthetic approach to 33 was tried. 

The synthesis of 33 was achieved with the second strategy outlined earlier in 

Scheme 8. Chapman had used a similar process in order to synthesize 3,6-

·cyclohexenediones.44 He synthesized the parent 3,6-cyclohexenedione, as well as mono-, 

di- and tri- substituted analogs. The difference in the two syntheses was the double 

olefination step. No problems were encountered during this synthesis. 

b.) The Thermal Behavior of 3.6-Bismethylenecyclohexene: 

3,6-Bismethylenebicyclopropane, 33, is isomeric with p-xylene. Triene 33 was 

found to be stable in solution with respect top-xylene formation. The difference in the 

heats of formation of these two compounds is substantial: p-xylene ll.Hf= -2.78KcaVmole; 

3,6-bismethylenecyclohexene ll.Hj0= 35.72KcaVmole.ll The formation ofp-xylene would 



have represented the fall to the most stable CsH10 compound. Had this rearrangement 

occurred, it would have proceeded mechanistically through a series ofWoodward

Hoffmann forbidden [1,3] hydrogen shifts. For this reason no p-xylene formation is 

observed. 
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Compound 33 is not; however, stable toward polymerization. The formation of a 

white, solid polymeric material from this compound is not surprising. Benson had already 

looked into the uses of polymers formed from reaction of 33 with itself or 3,5-

bismethylenecyclohexene in his patent application. The polymerization of a less 

unsaturated analog, 1,4-bismethylenecyclohexane, has been extensively studied by Ball 

and others.45 

No dimer formation was observed between molecules of 33 when heated alone in 

solution. This is not surprising when one considers that the only possibility for 

dimerization, excluding free radicals, would be through [2+2] cycloaddition. The 

mechanistically favored [ 4+ 2] cycloaddi tion cannot occur due to the conformation of the 

double bonds in 33. In order for [4+2] cycloaddition to be possible, the compound with 

the four electron system must have its conjugated double bonds in an s-cis conformation. 

No two of 33's double bonds are arranged in a s-cis conformation (all of the double bonds 

are arranged ins-trans conformation with each other), so dimerization is not observed. 

3,6-Bismethylenecyclohexene is believed to participate in dimerization reactions with 

1. Compound 33 is known to disappear with time from samples during the rearrangement 

of 1. This could be loss due to simple polymerization, but this is deemed less likely when 

other reactive species are in the reaction media. No white solid has ever been observed in 

the samples for the rearrangement of 1 and none was observed in the experiment 

combining 1 with 33. The increase in peak heights for dimers G, I, and K when 1 is 

reacted in the presence of excess 33, provides evidence for the participation of 33 in at 

least three of the dimerizations. The one dimer isolated has the retention time of I and its 
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spectral evidence indicates the inclusion of a bismethylenecyclohexane in its structure. One 

last piece of compelling evidence is that 33 is the major product from 1 in the gas phase 

and not in solution where dimerization reactions take place. 



EXPERIMENTAL 

General: 

All NMR spectra were recorded using either an IBM AF 300 (lH: 300.13MHz, 

13C: 75.5MHz), a JEOL FX90Q (lH: 90MHz, 13C: 22.63MHz) or a Varian EM-390 
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(1 H: 90MHz) spectrometer. All chemical shifts are reported in ppm and are referenced to 

tetramethylsilane internal standard or residual solvent peak (CDC13 lH: 7.25ppm, 13C: 

77.0 ppm; clt;-DMSO lH: 2.50 ppm). All spectra were recorded in CDC13 unless 

otherwise noted. Low resolution mass spectra were recorded on a Finningan Model 3300 

GC/MS spectrometer operated at 35ev or 70ev. UV spectra were obtained using a Carey 

17 UV Nisible spectrophotometer. Fourier Transform Infrared Spectroscopy was 

performed on an IBM Instruments IR 98 Spectrometer. High Performance Liquid 

Chromatography was performed using a Kontron Analytical LC Pump 414 with a Kratos 

Spectroflow 757 Absorbance Detector. Reverse phase Alltech column RSIL C18 HL was 

used with acetonitrile:water azeotrope as the eluent. HPLC solvents were Baker or 

Mallinkrodt HPLC grade and were fractionally distilled prior to use. All flash vacuum 

pyrolysis work was performed using a Lindberg Hevi-Duty thermolysis oven and 

controller. All melting points and boiling points listed are uncorrected. 

Gas chromatographic work was performed on two different Varian instruments. All 

preparative separations were performed on a Varian Aerograph Series 200 ( model202-1B) 

gas chromatograph equipped with a thermal conductivity detector. All analytical work was 

performed on a Varian Aerograph Series 2400 ( model244010-00) gas chromatograph 

equipped with a flame ionization detector. All chromatographic columns used are listed in 

table 15 and will be referred to by letter throughout the experimental portion of this text. 



All non-commercial gas chromatography columns either listed in table 15 or 

mentioned in the text, were prepared following procedures outlined in Basic Gas 

Chromatography.46 

Table 15: Gas Chromatographic Columns Cited in Experimental Section 
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DESIGNATION DIMENSIONS COLUMN MATERIAL MESH SIZE 

A 

B 

c 
D 

E 

F 

G 
H 

I 

J 

30m x 0.53mm DB-W AXa 

5ft x l/2in 

lOft x l/4in 

lOftx l/4in 

15ftx l/4in 

8ft x 3/8in 

15ft x l/4in 

15ft x l/4in 

30mx0.75mm 

30mx0.25mm 

10% DEGS on Chromosorb PAW (60/80) 

5% DEGS on Chromosorb PAW (60/80) 

10% Dexsil410GC on Chromosorb PAW(80/100) 

5% DEGS on Chromosorb PAW (60/80) 

5% SE 30 on Chromosorb PAW 

3.5% DEGS, 1/10% Triton X100b 

5% DEGS on Chromosorb PAW DCMS 

S-WAXC 

SE54d 

(60/80) 

(60/80) 

(60/80) 

a A chemically bonded liquid phase from J & W Scientific (Megabore capillary column) 
similar in polarity to DEGS. bThe support used was Chromosorb 750, the most inert 
support commercially available. c A chemically bonded liquid phase from Supelco Inc. 

similar in polarity to DEGS and DB-WAX. dCapillary column (2Jl film thickness) available 
from Hewlett Packard, Inc. This particular column is the property of Dr. Engel's lab and 
was used in the gas chromatograph in that lab. 

Compounds: 

A. The Synthesis of 2.2'-Bismethylenebicyclopropane: 

Synthesis of 1.1'- Dichloro-1.1'-dimethylbicylopropane: The formation of 

methy1chlorocarbene was via the method of Arora and Binger.47 1,3-Butadiene (25mL, 

0.29moles) was condensed at -78°C and then transferred to a stirred solution of anhydrous 

ether (lOOmL) and 1,1-dichloroethane (31.3g, 0.32moles) cooled to -30°C. The dry, 

nitrogen filled reaction flask was fitted with an addition funnel, thermometer and a dewar 

condenser filled with a dry ice-acetone bath. Butyllithium (139mL, 0.32moles) was added 
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dropwise to this mixture over a period of 1.5 hours. The temperature was carefully 

maintained between -30°C and -40°C. After the addition of butyllithium was complete, the 

cooling bath was removed and the flask was allowed to come to room temperature. 

Portions of water were carefully added to quench any remaining butyllithium. The organic 

layer was separated. The water layer was extracted three times with 50mL of ether . The 

organic layers were combined and dried over Na2S04. The solvent was removed under 

reduced pressure. In order to obtain the di-addition product, the entire process was 

repeated using the dried organic layer separated from the frrst reaction. The exact same 

amounts of reagents were used the second time. The crude product from the second 

reaction was fractionally distilled and the fractions boiling from 29°C to 40°C (0.4mmHg) 

are collected and used without further purification. The product of this reaction is a mixture 

of stereoisomers that are not separated, but used as a group in the elimination reaction. 

Spectral results given are for the mixture. (8.2g, 16% yield.) 

lH NMR: 8 0.72-1.08 (m, 4H), 1.12-1.48 (m, 2H), 1.60 (s, 6H), (figure 22). 

GCMS: m/e 178 with m+2 (180) and m+4 (182). 

Dehydrochlorination of 1.1 '- Dichloro-1. 1 '-dimethylbicyclopropane: The method 

for elimination used here was also that of Arora and Binger.47 To a rapidly stirred solution 

of potassium t-butoxide (3.7g, 0.03mole) in DMSO, under nitrogen was added dropwise 

1,1'-dichloro-1,1'-dimethylbicyclopropane (2.0g, 0.01mole). The temperature of the 

reaction flask was maintained at 40°C during the addition by means of an oil bath. Once the 

addition was complete, the bath was removed and the reaction was allowed to stir at room 

temperature for two hours. Pentane (10mL) was then added and stirring was continued for 

10 minutes. The reaction solution was slowly added to an equal volume of water. The 

organic layer was separated. The water layer was extracted three times with 30mL of 

pentane. The organic layers were combined and dried over Na2S04. The pentane was 

removed under reduced pressure. The crude oil was then bulb to bulb distilled. Pure 2,2'-
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bismethylenebicyclopropane was separated by preparative gas chromatography ( columns 

C or E). (171mg after prep, 15% yield.) It is possible to separate meso and dl isomers 

depending upon the GC conditions (column E, 60°C isothermal). Meso elutes first. 

~ lH NMR: 8 0.80 (broad singlet with fine structure, 2H); 1.20 (collapsed triplet, 

2H); 1.65 (broad singlet with fine structure, 2H); 5.35 (s, 4H), (figure 23a.). 13C: 8 

9.36; 16.14; 103.66; 133.34, (figure 23b.). GCMS: m/e 106, (figure 25a.). 

dL lH NMR: 8 0.85 (broad singlet with fme structure, 2H); 1.10 (collapsed triplet, 2H); 

1.70 (broad singlet with fine structure, 2H); 5.35 (s with fme splitting, 4H), (figure 24a.). 

13C: 8 6.72; 15.60; 103.01; 134.13,(figure 24b.). GCMS: m/e 106, (figure 25b.). 

B. The Synthesis of d12-Mesitylene: 

!h2-Mesitylene: The synthesis of d12-mesitylene was accomplished by modification 

of the Organic Syntheses preparation of mesitylene. 32 To a dry, nitrogen filled three neck 

round bottom flask equipped with an addition funnel and a thermometer was added llmL 

of d6-acetone (9.59g, 0.15 mole). The reaction flask was cooled to between 0°-5°C. 

Concentrated D2S04 (16g, 0.16mole) was added dropwise with stirring. During the 

addition, the temperature was not allowed to rise above 1 0°C. The reaction was stirred for 

one half hour with continued cooling. The bath was then removed and the reaction was 

stirred at room temperature overnight The reaction solution was then steam distilled using 

steam generated from deuterium oxide. Distillation was continued until the distillate was 

clear. The distillate was washed twice with 10mL of 1M NaOH and once with lOmL of 

water. The water layer was washed with 5mL portions of benzene. The organic layer was 

fractionally distilled through a short vigreaux column in order to remove d6-acetone, 

benzene and residual water. The mesitylene was collected in the fraction boiling above 

100°C. The d12-mesitylene was further purified by preparative gas chromatography 

(column F, l10°C isothermal). (292mg, 4.4% yield). GCMS: m/e 132. 
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C. The Synthesis of 3.6-Bismethylenecyclohexene: 

a.) Attempted Synthesis of 3.6-Bismethylenecyclohexene: 

a-Phenylselenation of Cyclohexanone: A dry, nitrogen purged 50mL three neck 

round bottom flask was fitted with a thermometer, addition funnel and rubber serum cap. 

Dry THF (18mL, 0.22mol) and diisopropylamine (l.lg, O.Olmol) were added via syringe 

to the flask. The solution was stirred and cooled in an ice bath. Butyllithium (4.6mL, 

O.Olmol) was added slowly via syringe. The solution was stirred at 0°C for 10 minutes 

after the addition of butyllithium was complete. The baths were switched and the solution 

was cooled to -78°C. Cyclohexanone (l.Og, O.Olmol) was added dropwise to the LDA 

solution. Stirring was continued at -78°C for an extra 20 minutes before the addition of 

phenylselenyl chloride. Phenylselenyl chloride (2.18g, O.Olmol) was added dropwise as a 

solution in THF. The temperature was maintained at -78°C during the addition. The bath 

was removed and the solution was stirred for one hour as it was allowed to come to room 

temperature. The solution was transferred to a one neck round bottom flask and the THF 

was removed via rotovap without heating. The crude product mixture was added to an 

equal volume of H20. Then 50mL of a 50:50 ether:pentane solution was added. The 

aqueous layer was removed and extracted twice with 15mL of pentane. The organic layers 

were combined and dried over MgS04 . The solvent was removed by rotovap without 

heating. All attempts to further purify the crude yellow oil (1.31g) by silica gel column 

chromatography resulted in decomposition of the material. The compound was only 

characterized as an impure material by NMR and HPLC. 

lH NMR: () 1.50-1.92 (broad singlet with fine structure); 1.92-2.40 (broad singlet 

with f'me structure); 3.60-3.84 (m); 7.20 (s with fine structure); 7.45 (s with fine 

structure). Traces of diisopropyl amine and ether were also present. No integration. 

HPLC: Detector at 320nm, the wavelength of selenium absorption. Flow rate 

1.5mL/min. One peak at 2.7 minutes. 
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Wittig Reaction on Crude a-Phenylselenylcyclohexanone: a

Phenylselenylcyclohexanone (1.2g, 4.7mmole) and methylenetriphenylphosphorane (1.7g, 

4.75mmole) were allowed to react according to the procedure of Corey, Greenwald and 

Chaykovsky.48 The early portion of the procedure is discussed in great detail for the 

Wittig reaction of the reduced Diels-Alder adduct (section, b.) and will be skipped here for 

fear of redundancy. The major difference in the two procedures was the work up. The 

crude reaction mixture was transferred from the three neck reaction flask to a 125mL 

erlenmeyer flask filled with 15mL of pentane that was under nitrogen atmosphere. The 

solution was stirred for 10 minutes. Stirring was stopped and the layers allowed to 

separate. The pentane layer was checked via HPLC (the detector setting was 320nm). The 

extractions were continued until no product appearred in the HPLC trace. The pentane 

layers were combined and the the solvent removed. No attempt at purification was made 

on crude product (266mg). 

lH NMR: 8 1.40-2.40 (broad multiplet); 3.80 (collapsed triplet); 4.40 (broad 

singlet with fine splitting); 7.00 (singlet with fme structure); 7.20 (singlet with fine 

structure). The NMR is of the crude material. Other signals are present, such as DMSO 

and triphenylphosphine oxide. No integration. 

HPLC: Detector at 320nm, the wavelength of selenium absorption. Flow rate 

1.5mL/min. Peaks for starting material at 2.7 minutes and possibly product at 4.9 minutes. 

Attempted elimination of the a-Phenylselenylmethylenecyclohexane: It was 

questionable whether or not the Wittig reaction actually worked; however, the elimination 

was attempted. The crude Wittig material (267mg, 1.06mmole) and hydrogen peroxide 

(72.5mgs, 2.13mmol) in 5mL CH2Cl2 were reacted using the method outlined in Organic 

Syntheses.49 Work up of this reaction gave no evidence of methylenecyclohexene. 
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b.) Successful Synthesis of 3.6-Bismethylenecyclohexene: 

Diels-Alder Adduct of Benzoquinone and Cyclopentadiene: The adduct was 

prepared via a method similar to that described in the early chemical literature. 50 

Benzoquinone (50.0g, 0.46mole) was dissolved in 250mL of a 3:2 methanol/ethanol 

solution in a three neck round bottom flask fitted with a thermometer and an addition 

funnel. The resulting suspension was stirred and cooled in an ice bath. Cyclopentadiene 

(30.4g, 0.46mole) was added dropwise with continued stirring. Near the end of 

cyclopentadiene addition, the temperature rose about 8-1 0°C and the suspension became a 

clear, yellow solution. After this point, the solution quickly solidified. The solid yellow 

adduct was collected and recrystallized from methanol to yield light yellow needles ( 63.2g, 

Mpt. 72°C, 79% yield). 

lH NMR: o 1.46 (s with fine splitting, 2H); 3.20 (s with fine splitting, 2H); 3.50 (s, 2H); 

6.03 (s, 2H); 6.50 (s, 2H), (figure 26a.). GCMS: rn/e 174, (figure 26b.) 

Zinc/Acetic Acid Reduction of the Benzoguinone-Cyclopentadiene Adduct: The 

procedure described is that of Chapman.44 The benzoquinone-cyclopentadiene adduct 

(20.0g, O.llmole) in glacial acetic acid (llOmL, 1.92mole) was added dropwise to a 

rapidly stirred solution of activated zinc dust in water (110mL, 6.11mole). The 

temperature rose quickly from 28°C to 45°C. After addition was complete the temperature 

dropped. Stirring was continued for 15 minutes. The reaction mixture was diluted with 

water (100mL) and then chloroform (200mL) was added. The chloroform layer was 

separated and washed first with 5% NaHC03 solution and then with saturated NaCl 

solution. The chloroform layer was dried over MgS04. Chloroform was removed under 

reduced pressure. (The yield was quantitative.) 

lH NMR: o 1.23 (s with fine splitting, 2H); 1.96-2.69 (complex multiplet, 4H); 3.06 (s, 

2H); 3.26 (s, 2H); 6.00 (s, 2H), (figure 27a.). GCMS: rn/e 176, (figure 27b.). 
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Further purification was necessary for the next step. The crude oil was dissolved in 

warm ligroine and yielded light yellow crystals upon cooling to 0°C. These crystals could 

not be collected by suction filtration, as they were very low melting. The ligroine was 

decanted and the cool crystals were used in the Wittig reaction. 

Wittig Reaction of the Reduced Benzoquinone-Cyclopentadiene Adduct: The double 

olefination of the reduced adduct was achieved using dimsyl anion to generate the ylid.48 

Into a dry, nitrogen filled, three neck flask fitted with reflux condenser, thermometer, and 

addition funnel was added NaH (0.88g, 0.02mole, 60% dispersion in mineral oil). The 

NaH was rinsed three times with dry pentane (under strong nitrogen flow) to remove the 

mineral oil. Dry DMSO (11mL, 0.16mole) was added and the solution was heated 

between 75°C-85°C, with stirring, until the evolution of hydrogen ceased. The dimsyl 

anion solution was then cooled in an ice bath for fifteen minutes. The ice bath was 

removed. A warm DMSO solution oftri-phenylmethylphosphonium bromide (7.85g, 

0.022mole) was added to the anion solution. The resulting yellow ylid solution was stirred 

at room temperature for 10 minutes. The reduced adduct (2.0g, 0.01mole) was dissolved 

in DMSO and added dropwise to the ylid solution. Stirring was continued for two hours 

after addition of the adduct. The reaction solution was added to an equal volume of water 

and was extracted three times with pentane. The combined pentane layers were dried over 

MgS04. The pentane was removed under reduced pressure. Pure product was obtained 

by column chromatography using pet ether as the eluent (843mg, 45% yield). 

lH NMR: o 1.43 (s, 2H); 2.07 (s, 4H); 3.00 (collapsing doublet, 4H); 4.76 (s, 4H); 6.03 

(s, 2H), (figure 28a.). GCMS: m/e 172, (figure 28b.). 

Pyrolysis of the Wittig Product: A typical pyrolysis consisted of dropwise addition 

of the Wittig product (94 mg, 0.55 mmole) into the top of a vertical pyrolysis tube 

containing six inches of 1/4 inch pyrex tubes. The pyrolysis apparatus was operated at 

atmospheric pressure at a temperature of 260°C and with a nitrogen flow rate of 18 
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mL/min. The eluents of the pyrolysis tube were captured in a trap containing 2mL of 

pentane. The trap was immersed in a dry ice-acetone bath and was connected to a bubbler. 

Once sufficient time had passed for all starting material to have reacted, the trap was 

removed (maintaining immersion in the dry ice bath). Maleic anhydride (54 mg, 0.55 

mmole) dissolved in 1mL of acetone was then added to the trap contents. The maleic 

anhydride acted as a Diels-Alder dieneophile and captured the free cyclopentadiene. The 

contents of the trap were transferred to a flask and concentrated by distillation through a 

short vigreaux column. The contents were checked by gas chromatography versus p

xylene (column A, 60°C isothermal, then to 200°C at 10°/min after three minutes). 3,6-

Bismethylenecyclohexene was isolated by preparative gas chromatography (Column E, G 

or H, 75°C isothermal all columns. Note: Purification at temperatures lower than 105°C 

prevents the formation of small amounts of p-xylene. ). (The yield after prep is 

approximately 41%, based uponp-xylene internal standard.) 

lH NMR: o 2.45 (s, 4H); 4.90 (s, 4H); 6.20 (s, 2H), (figure 29a.). GCMS: m/e 106, 

figure 29b.). 

D. The Attempted Synthesis of 6-Methylenespiro[2.4Jhept-4-ene: 

Diels-Alder Reaction of Anthracene and 1-Cyclopentene-2.4-dione: 1-cyclopentene-

2,4-dione (318mg, 3.30mmol) and anthracene (588mg, 3.30mmol) were refluxed in 7mL 

of benzene for four days according to the procedure of DePuy and Lyons. 51 After four 

days, the reaction was cooled to room temperature and the crude adduct was collected by 

suction filtration. In order to remove any residual anthracene, the crude adduct was taken 

up in 2N NaOH, flltered and then reprecipitated using 2N HCL (515mgs, 57% yield). 

lH NMR: (in %-DMSO, 2.50ppm) o 2.84 (s, 2H), 4.52 (s, 2H), 4.60 (s, 1H), 

6.84-7.44 (m, 8H). Enolic proton was not observed in 0-lOppm. 

Esterification of the Diels-Alder Adduct: Esterifcation of the Diels-Alder adduct was 

accomplished via a Schotten-Baumann type reaction. 52 The reaction flask was fitted with a 
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thermometer to monitor the temperature. The adduct (lOOmg, 0.37mmol) was suspended 

in 1mL of H20 and cooled to between 0°C-5°C. A 20% aqueous NaOH solution (73mg, 

0.37mmol) was added to the suspension over a 10 minute period with stirring and 

continued cooling. 2,6-Lutidine (0.9mg, 0.01mmol) in 1mL CH2Cl2 was added. 

Acety1chloride (48mg, 0.55mmol) was added over a 30 minute period keeping the 

temperature between 10°C-20°C. The solution was stirred overnight at room temperature. 

The esterified adduct was purified by flash chromatography. (18.8mg, 16% yield). 

lH NMR: 3 2.34 (s, 3H), 2.88 (d of d, 1H), 3.36 (d of d, 1H), 4.60 (d of d, 2H), 

5.84 (s, 1H), 7.00-7.48 (m, 8H). 

Attempted Wittig Reaction on Diels-Alder Adduct and Esterified Diels-Alder Adduct: 

The Wittig reaction was attempted on both the adduct and the esterified adduct. The same 

procedure was used for these reactions as for those Wittig reactions described earlier.48 In 

each case the reaction failed. No product was formed. This synthesis was abandoned due 

to the failure of the Wittig reactions on both of these compounds. An NMR subtraction 

experiment allowed assignment of structure and this synthesis was no longer necessary. 

Rearrangement EXDeriments: 

A. Large Scale Rearrangement of2.2'-Bismethylenebicyclopropane: 

Rearrangement: A first attempt at this rearrangement heated 749mgs (7.07mmole) of 

undiluted meso and d/2,2'-bismethylenebicyclopropane in a sealed, evacuated ampoule. 

This resulted in the formation of a large amount of yellow polymeric material. 

Rearrangement was accomplished by heating 619mgs (5.84mmole) of meso and d/2,2'

bismethylenebicyclopropane that was diluted 10:1 with mesitylene at 195°C for 1.5 hours 

in a sealed, evacuated ampoule. 

Separation of the Rearrangement Products: After heating, the solution containing the 

rearrangement products was bulb to bulb distilled. Three fractions were collected: 1.) the 

first contained the three monomeric products and residual2,2'-bismethylenebicyclopropane 
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along with a small amount of mesitylene; 2.) the second fraction's contents were essentially 

the same as the first, except for a larger amount of solvent; 3.) the third fraction consisted 

of the rest of the mesitylene and the dimers. The first two fractions were combined. 

Separation of the Monomeric Products: These combined fractions were then 

subjected to preparative gas chromatography using column B (105°C, isothermal) in order 

to separate the products from the mesitylene solvent All of the monomers were collected 

together at this point, in pentane solvent. They were then separated by preparative gas 

chromatography using column E (105°C, isothermal). Each of the monomers was collected 

separately using traps filled with CDC13 and cooled to -40°C. 

Attempted Separation of the Dimeric Products: The separation of the dimers was not 

achieved. Two different chromatographic methods were tried: 1.) preparative gas 

chromatography; 2.) column chromatography. 

Preparative Gas Chromatography: The choice of liquid phase was determined 

through a series of preliminary test separations that utilized existing donated columns for 

the GCMS. The analyses were performed on the GCMS. The dimensions of each glass 

column were five feet by one-quarter inch. The packings were: 1.) 5% Dexsil300 on 

Chromosorb W (90/100); 2.) 10% Dexsi1410 on Chromosorb W (110/120); and 3.) 10% 

OV 1 on Chromosorb W (unknown mesh size). These four liquid phases have maximum 

operating temperatures of over 300°C. DEGS was not used due to its rather low maximum 

operating temperature ( 190°C). It was necessary to use liquid phases with high maximum 

operating temperatures to insure dimer retention times practical for efficient preparative 

column chromatography. 

The solution of dimers obtained above was used in the comparisons. Each test used 

a sample size of 0.5Jll, an injector temperature of 170°C, an electron energy of 35ev, and a 

sensitivity of 10-7. The test runs used identical G. C. conditions: column temperature 
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100°C-300°C, 10°/min, after three minutes. The Dexsi1410 column demonstrated the best 

separations during these tests. 

One other liquid phase was tried. A 10~1 injection of the same dimer solution was 

made on column F to see if SE 30 could be used. The separation of the dimers was not as 

good as for Dexsil410, only two broad peaks were seen. 

Actual preparative separation of the dimers was attempted using column D. The 

column had been treated with REJUV 8 silylating agent (available from Supelco, Inc.) in 

order to cover any active sites. Two different sets of G. C. conditions were tried. The first 

set of conditions were: detector temperature-360°C; injector temperature-200°C; and 

column temperature-250°C. The first detector setting was high because Dexsi1410 

columns bleed more than most liquid phases and a high temperature protected the detector 

filaments from contamination. The second set of conditions were: detector temperature-

2750C; injector temperature-200°C; and column temperature-250°C. 

The chromatogram showed five peaks that were not well separated or baseline 

resolved. Approximately 150~1 of dimer solution was prepped using the first set of 

conditions. The dimers were collected in five separate traps filled with CDCl3. G. C. 

analysis of the first, third, and filth traps showed only many small peaks and none of the 

dimers (column A, 60°isothermal, then to 200°C,l0°/min after 3 minutes). Apparently the 

dimers decomposed at the first set of conditions. Analysis of traps two and four showed 

possibly dimer I in trap two and another unassigned dimer in trap four. These two samples 

were subjected to NMR experiments for possible identification of structure. The majority 

of the dimers were unable to survive the first set of conditions, so the detector temperature 

was lowered to 275°C. 

Approximately 50~1 of dimer solution was prepped, using the second set of 

conditions, and collected in a single trap. Analysis of this sample was the same as before. 



Only the same two dimers survived. No improvement in dimer survival resulted by 

lowering the detector temperature. 

92 

Column Chromatography: The attempted chromatographic separations used 

Alumnia (Woelm, N, Act. 1 and 1.5) in a ratios of 100:1 and 400:1 alumina to material. 

Three columns were tried: 1.) activity 1-100:1, 2.) activity 1-400:1, and 3.) activity 1.5-

400:1. The same amount of dimer solution was used each time: 216mg (250Jll). The 

eluent was pet ether. The pet ether was distilled (boiling point 45°-65°C) and passed 

through alumina (30:1, N, Act. 1) in order to remove any peroxides. Column fractions 

were collected and analyzed by gas chromatography (column A, 60°C isothermal, then to 

200°C at 10°/min after three minutes). 

Column 1: Fractions one through six contained only mesitylene. Fractions seven 

through 10 contained mesitylene and dimers F, G, and H (figure 1.). Fractions 11 through 

17 contained larger amounts of diJ!lers F, G, H, and J. The same fractions also contained 

mesitylene, and dimers I and K. Fractions 18 through 22 still contained mesitylene and 

dimers I-K. After fraction 22 only mesitylene eluted. 

Column 2: A brown band formed at the top of the column as elution of the dimeric 

material was begun. No dimers eluted from this column even after sufficiently large 

portions of solvent had been passed through the column. Apparently, the alumina caused 

decomposition of the dimers. 

Column 3: The results of this column were disappointing. No separation was 

achieved as the mesitylene and all dimers eluted in fractions three through ten. 

Identification of the Rearrangement Products: The identification of the monomeric 

products was accomplished by the use of I H and 13C NMR. Both 1D and 2D experiments 

were conducted. Due to the small sample sizes available, a new, extremely sensitive 2D 

heteronuclear experiment was used lH-detected Heteronuclear Multiple-Quantum 

Coherence experiments were used on the monomeric compounds. 53 The solvent used was 
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CDCl3. Basically the same experiments were used in an attempt to identify the two dimeric 

products that were isolated. Traditional homonuclear (COSY) and heteronuclear 

(HETCOR) 2D experiments were also utilized in the attempted dimeric identification. 

B. Coinjection of p-Xylene with NMR Sample Used for Identification of zz-Xylene: A 1:5 

stock solution of p-xylene in pentane was made. The NMR solutions used to identify 

compound 33 and 34 were analyzed by gas chromatography (column A, 60°C isothermal). 

Each was then combined in a 1:1 ratio with the stock pentane solution and analyzed again 

by gas chromatograhy (column A, 60°C isothermal). The amount of 33 in each sample 

was used as an internal standard. An increase in the area percent of the second peak on 

each trace was observed. This peak corresponded top-xylene. 

C. Deuterium Incorporation Experiment Using d12-Mesitylene: The stock solution in this 

experiment was prepared by adding 2,2'-bismethylenebicyclopropane (23.8mg, 

0.26mmole) to a vial and diluting with 120J..LL of d12-Mesitylene. The strange amount of 

d12-mesitylene used was due to its limited availability. Heptane (6.84mg, 0.07mmole) was 

added to the solution to serve as the internal standard. Eight capillary tubes were filled with 

aliquots of this stock solution and sealed. They were submerged in a constant temperature 

oil bath at 195°C. Each sample was removed and quenched in an ice-water bath prior to 

analysis by gas chromatography (column A, 60°C isothermal, then to 200°C at 10°/min 

after three minutes). Each sample was then analyzed by GCMS to detect the presence or 

absence of deuterium (column I, 60°C isothermal, then to 200°C at 10°/min after three 

minutes) in the rearrangement products. 

D. 1:1 33 to 1 Experiment: The solution used for this experiment was prepared by 

combining equal volumes of two solutions: 1.) a 0.24M solution of 2,2'

bismethylenebicyclopropane; 2.) a 0.34M solution of 3,6-bismethylenecyclohexene. Both 

solutions used mestiylene as solvent. Heptane was again used as internal standard. The 

samples for this experiment were prepared and treated similarly to those of the previous 
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chromatography (column A, 60°C isothermal, then to 200°C at 10°/min after three 

minutes). 
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E. p-Xylene Experiment: A 1.2 X 10-1M solution was prepared by adding 2,2'

bismethylenebicyclopropane (13.0mg, 0.12mmole) and heptane ( 12.0mg, 0.12mmole) to a 

1mL volumetric flask and diluting to the mark. This solution was used as a control 

experiment. The samples were prepared, treated and analyzed exactly as for the previous 

two experiments. A 1 x 10-1M solution ofp-xylene was prepared in the same manner as 

the above solution. The coinjection experiment was conducted by combining 5J.!.L aliquots 

of the solutions from the control experiment with 1J.!.L of the p-xylene solution. These new 

samples were analyzed by gas chromatography (column A, 60°C isothermal, then to 200°C 

at 10°/min after three minutes). 

F. Rearrangement of 3.6-Bismethylenecyclohexene: Samples were prepared by adding 

heptane (16.4mg, 0.17mmole) to 3,6-bismethylenecyclohexene (18.2mg, 0.17mmole) and 

diluting to a volume of 500J.!.L with mesitylene. The solution was well mixed. The 

individual samples were prepared by syringing 20J.l.L aliquots into capillary tubes and then 

sealing the tubes. The samples were heated in a constant temperature oil bath at 195°C for 

various lengths of time. Each sample was quenched in an ice-water bath prior to analysis 

by gas chromatography (column A, 60°C isothermal, then to 200°C at 10°/min after three 

minutes). 

G. Surface Area Experiments: A stock solution was made consisting of dl 1, 

cyclohexane, and mesitylene in a volume ratio of 1 : 1.5 : 100, respectively. The 

cyclohexane was used as an internal standard. This stock solution was added to three sets 

of capillary tubes. The first set was the control experiment and consisted of untreated 

tubes. The second set was treated with ammonium hydroxide prior to use. The third set 

contained an amount of crushed capillary tube material. Each individual sample consisted 
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of a 1 OJ..LL aliquot of stock solution that had been sealed in the specifically treated (or 

untreated) capillary tube. The samples (including treated, control and glass added) were 

submerged in a constant temperature oil bath set at 167°C. Samples were removed and 

quenched in an ice water bath after 30, 72, and 120 hours. All samples were analyzed by 

gas chromatography (column A, 60°C isothermal, then to 200°C at 10°/min after three 

minutes). 

Ammonium Hydroxide Treatment: The capillary tubes were filled with concentrated 

NH40H. The filled tubes were allowed to stand for 15 minutes. The NH40H was 

removed and the tubes were rinsed once with deionized water. The tubes were dried in an 

oven and cooled in a desiccator prior to use. 

H. Dilution Experiments: Two sets of basically identical experiments were performed. 

The first set consisted of a pair of experiments performed at 195°C. The first run was the 

standard dilution and the second run was at a ten fold dilution. The second set of 

experiments consisted of an identical pair of runs, except the temperature was lowered to 

167°C. 

195°C: A solution consisting of dl compound 1 (7J.l.l, 94% pure), cyclohexane 

(lOJ..Ll), and mesitylene (70J.l.l) was prepared. Eight samples (lOJ..Ll each) were sealed in 

capillary tubes and immersed in a constant temperature oil bath set at 195°C. Each sample 

was removed, quenched in an ice-water bath, and analyzed by gas chromatography 

(column A, 60°-200°C, 10°/min after three minutes). A second solution of dl compound 1 

(lJ..Ll, 94% pure), cyclohexane (1J.l.l), and mesitylene (lOOJ..Ll) was prepared. Eight samples 

(12J..Ll each) were treated and analyzed as described before. 

167°C: A solution consisting of dl compound 1 (5J..Ll, 94% pure), cyclohexane 

(7.5J..Ll), and mesitylene (50J..Ll) was prepared. Nine samples (7J..Ll each) were sealed in 

capillary tubes and immersed in a constant temperature oil bath set at 167°C. Each sample 

was treated and analyzed exactly as described for the dilution experiments at 195°C. A 
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second solution of dl compound 1 (1~1, 94% pure), cyclohexane (1.5~1), and mesitylene 

(100~1) was prepared. This time 10 samples of 10~ each were prepared, sealed, treated 

and analyzed as described previously. 

I. Flash Vacuum Pyrolysis Experiments: Various milligram amounts of 2,2'

bismethylenebicyclopropane were weighed out into a small flask that was designed to 

integrate with the existing pyrolysis apparatus. (Typical runs used 20mg, 0.19mmol of 

compound 1, larger amounts were used for specific experiments.) This flask was placed 

on line and cooled to liquid nitrogen temperature. A vacuum was then applied to the entire 

system. The temperature was measured at the top of the hot zone prior to application of the 

vacuum. The pressure was measured by a McLeod gauge on line with the vacuum pump. 

The pyrolysis tube was filled with approximately six inches of 7 millimeter pyrex tubes to 

provide surface area. The glass tubes were held in place with Nichrome wire. Both the 

pyrolysis tube and glass tubes were treated with ammonium hydroxide, rinsed with 

distilled water and dried prior to use. The liquid nitrogen bath was removed from the 

sample flask aild it was allowed to warm to room temperature, thus degassing in the 

process. The sample sublimed from the flask without the assistance of external heating. 

Two traps were on line after the pyrolysis tube. The first trap was cooled to -78°C. The 

second trap was cooled to -196°C. The rearrangement products were all collected in the 

first trap. No products were ever observed in the second trap. The first trap was rinsed 

with approximately lmL of pentane. Alternatively, the trap was rinsed with CDCl3 in 

those instances when the products would be analyzed by NMR. The pentane solutions 

were analyzed by capillary gas chromatography using column A (60°C isothermal, then to 

200°C at 10°/min after three minutes). The pyrolyses were run at various temperatures and 

pressures, see table 14 . 
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J. Selection of Sup,port and Liquid Phases in Separation of Compounds 33 and 27: Prior 

to the NMR subtraction experiment, the search for both a suitable support and liquid phase 

for separation of 33 and 27 was made. 

Selection of Support: Two experiments were performed in order to ascertain 

whether the use of an inert support would prevent the formation of 35 from 27 during 

preparative gas chromatography. Two different fifteen feet by one-quarter inch DEGS 

columns (G and H) were prepared: 1.) 3.5% DEGS with 1/10% Triton X100 on 

Chromosorb®750 (60/80); and 2.) 5% DEGS on Chromosorb PAW DMCS (60/80). A 

mixture of 33 and 27 was obtained by pyrolyzing 1 (27.8mg, 0.26mmol) at 296°C and 

8mmHg. The compounds were taken up in 1mL of pentane. The results were first 

checked by capillary G. C.(column A, 60°C-200°C, 10°/min after three min.). Injections of 

this solution were then made on both columns. The same conditions were used: detector-

1500C; injector-160°C; column-75°C isothermal. Column 1 showed only one broad peak. 

Column 2 showed two peaks. The results from column 2 are the same as previous prep of 

compounds using column E. Calculations showed that the area for the two peaks on 

column 2 were equivalent to the area of the one peak on column 1. These calculations also 

revealed that the two peaks on column 2 were in the same percentages as the results from 

the capillary trace. 

In a second experiment 1 (50.8mg, 0.48mmol) was pyrolyzed at 292°C and 

8mmHg. The mixture of 33 and 27 obtained was taken up in 1mL of pentane and prepped 

on column 1 at the same conditions as before. The first half of the peak was collected 

separately from the second half of the peak in CDC13 filled traps at -40°C. NMR analysis 

of both trap contents were the same. The NMR spectra showed a mixture of compound 33 

and what was believed to compound 27. No [1,3] hydrogen shift had occurred. 

Chromosorb®750 could be used in columns for prep of compound 27. 
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Selection of a Liguid Phase: Two alternative liquid phases were tried. A fifteen feet 

by one-quarter inch column of 3.5% Silar lOC on Chromosorb®750 (60/80) was prepared. 

A three foot by one quarter inch Hayesep®D column was also prepared. Compound 1 

(67.5mg, 0.64mmol) was pyrolyzed at 287°C and 8mmHg. The compound mixture was 

treated exactly as before. Injections on the Silar lOC column showed only one broad peak. 

There was no improvement in separation of the compounds. (The conditions for the Silar 

lOC column were the same as for columns 1 and 2.) Injections of this solution on the 

Hayesep®D column were not even attempted. That column was first tested with mixture of 

cyclohexane, cyclohexene and benzene and the first peak had a retention time of over 20 

minutes (conditions: column-125°C-200°C, heating ballistically; injector and detector 

settings as before.). These retention times are too long for efficient preparative work. 

K. NMR Subtraction Experiment: This experiment resulted in the identification of 6-

methylenespiro[2.4]hept-4-ene, 27. Compound 1 ( 67.5mg, 0.64mmol) was pyrolyzed at 

287°C and 8mmHg. Compounds 27 (39%), 33 (50%), and 35 (8%) were collected in 

750jll of pentane. The pentane solution was prepped using column G (75°C isothermal) to 

separate 33 and 27 from 35. The mixture was collected in a trap filled with CDCl3 cooled 

to -40°C. The contents of the trap were transferred to a NMR tube, degassed, and sealed 

under vacuum .. 

The Wittig precursor ( 47mg, 0.27mmol) to 33 was pyrolyzed at 265°C with a 

nitrogen flow of 18mL/min. The pentane solution of 33 was concentrated and prepped on 

column G (75°C isothermal). Compound 33 was also collected in a trap filled with CDCl3 

at -40°C. The CDCL3 solution was treated as described above. 

The NMR subtraction experiment was conducted using the samples described and 

prepared above. 53 

L. Test to Confirm Presence of 27 in Solution and Gas Phase: A control sample which 

consisted of 3Jll of compound 1 in 30jll of mesitylene (no internal standard) was heated for 
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four hours at 195°C. Compound 1 (21mg, 0.20mmol) was pyrolyzed at 292°C and 

4.5mmHg. The pyrolysis products were taken up in 1mL of pentane. The two solutions 

were combined in a 1:1 ratio and analyzed by gas chromatography (column A, 60°C 

isothermal, then to 200°C, 10°/min after three minutes). 

M. Tests of the Thermal Stability of 36 Formed During FVP: Compound 1 (24.5mg, 

0.23mmol) was pyrolyzed at 346°C and 0.4mmHg. The products were taken up in 1mL of 

pentane. Benzene (15J.1l, 0.17mmol) was added as internal standard. Eight samples of this 

solution were sealed in capillary tubes and heated at 80.5°C in a constant temperature oil 

bath. The samples were removed and quenched in an ice-water bath. Analysis of the 

samples was by gas chromatography ( column A, 60°C isothermal, then to 200°C at 

10°/min after three minutes). This type of experiment was conducted two more times. 

Compound 1 (22mg, 0.21mmol) was pyrolyzed at 348°C and 0.4mmHg. The products 

were taken up in 1mL of mesitylene and heptane (15J.1l, 0.10mmol) was added. Two sets 

of capillary tubes were made from this stock solution. The flrst set was heated in a 

constant temperature oil bath at 121 °C. The samples were treated and analyzed as before. 

The second set of samples were stored at -196°C prior to use. They were heated in a 

constant temperature oil bath at 166.2°C. These samples were also treated and analyzed as 

before. 

N. Large Scale Rearrangement via FVP to Identify 36: Compound 1 (240mg, 2.30mmol) 

was pyrolyzed at 346°C and 0.4mmHg. The products were taken up in 1mL of pentane 

and the results checked by gas chromatography (column A, 60°C isothermal, then to 200°C 

at 10°/min after three minutes). The products were separated using column E (80°C, 

isothermal) and trapped individually in traps filled with CDCl3 and cooled to -40°C. The 

contents of each trap were analyzed by NMR and gas chromatography (column A, 60°C 

isothermal, then to 200°C at 10°/min after three minutes and column J, 35°C isothermal, 

then to 250°C at 10°/min after flve minutes). 
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Kinetic Experiments: 

A. Experiments used to Approximate the Equilibrium Constants: The solutions used in 

these experiments were all prepared in a similar manner. In each case, a weighed amount 

of at least 98% pure meso or d/2,2'-bismethylenebicyclopropane was placed in a lmL 

volumetric flask. A weighed amount of heptane was then added and the flask was diluted 

to the mark with mestiylene solvent The 2,2'-bismethylenebicyclopropane used was first 

prepped on column Eat 60°C in order to separate the meso and dl isomers in at least 98% 

purity. The solutions were all approximately 1.2 x to-1M in the desired isomer. 

Individual samples were prepared by syringing 20J1.L aliquots of the stock solution into 

capillary tubes. The tubes were subsequently sealed and submerged in a constant 

temperature oil bath. The tubes were heated for known lengths of time and were removed 

and quenched in an ice water bath. The samples were analyzed by gas chromatography 

(column A, 60°C isothermal, then to 200°C at 10°/min after three minutes). The 

temperatures used in these experiments were: 1.) 131.1 °C; 2.) 141.1 °C; and 3.) 151.1 °C. 

The mesitylene was fractionally distilled prior to use. 
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Figure 22. 90MHz lH NMR spectrum for isomeric mixture of 1,1 '-dichloro-1, 1 '
dimethylbicyclopropane. 
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Figure 23b. 300MHz 13C NMR Spectrum for meso 2,2'-Bismethylenebicyclopropane. 
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Figure 24b. 300MHz 13C NMR Spectrum for d/2,2'-Bismethylenebicyclopropane. 
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Figure 25a. Mass Spectrum of meso 2,2'-Bismethylenebicyclopropane. 
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Figure 25b. Mass Spectrum of d/2,2'-Bismethylenebicyclopropane. 
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Figure 26a 90MHz lH NMR Spectrum for the Diels-Alder Adduct of Benzoquinone and 
Cyclopentadiene. 

• 63 
100 R!1P.: OOOE.s;gz 

15 

r 
I 

Figure 26b. Mass Spectrum of the Diels-Alder Adduct of Benzoquinone and 
Cyclopentadiene. 



Figure 27a 90:MH.z lH NMR Spectrum for the Reduced Diels-Alder Adduct of 
Benzoquinone and Cyclopentadiene . 
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Figure 27b. Mass Spectrum of the Reduced Diels-Alder Adduct of Benzoquinone and 
Cyclopentadiene. 



Figure 28a. 90MHz I H NMR Spectrum for the Wittig Product. 
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Figure 28b. Mass Spectrum of the Wittig Product. 
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Figure 29a. 90MHz lH NMR Spectrum for 3,6-Bismethylenecyclohexene. 
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Figure 29b. Mass Spectrum of 3,6-Bismethylenecyclohexene. 
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