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GENERAL INTRODUCTION

For the last decade, the Trahanovsky research group has focused on the

study of various reactive molecules such as o-quinodimethanes (o-QDM's) and

p-quinodimethanes (p-QDM's) derived from benzene, furan, and thiophene. These

types of molecules are reactive and dimerize or polymerize at room temperature.

One of the group's interests is to understand the dimerization mechanism of these

molecules.

Paper 1 describes the preparation and dimerization product analyses of

2-ethylidene-5-methylene-2,5-dihydrothiophene. Insights provided by these results

into the mechanism of the dimerization of 2,5-dimethylene-2,5-dihydrothiophene are

discussed.

In paper 2, a convenient synthesis of cyclooctadecane is presented.

EXPLANATION OF THESIS FORMAT

This thesis consists of two complete papers in the style suitable for

publication in journals published by the American Chemical Society. As such, each

paper has its own numbering system and reference section following the text. The

research described in the results and experimental section was done by the author

unless otherwise indicated. Detailed analytical data and spectra are contained in a

appendix following each section.



PAPER 1. CHARACTERIZATION AND OLIGOMERIZATION OF
2,5-DIMETHYLENE-2,5-DIHYDROTHIOPHENE AND
2-ETHYLIOENE-5-METHYLENE-2,5-DIHYDROTHIOPHENE



INTRODUCTION

Considerableattentionhas been focusedon para-quinodimethanes,a large

and importantclassof reactivemolecules.Szwarcwasthe firstto observethat the

pyrolysisof p-xyleneat lowpressureleads to the formationof a whitepolymeric

materialwhichhe suggestedwas formedvia the reactiveintermediatep-QDM 1,

1

p-xylylene.1 Errede and co-workersshowedthat solutionsof p-xylylene (1) couldbe

prepared at lowtemperatures (-78°C) and reactionsof 1 with a varietyof molecules

were studied.2 Pearsonandco-workershavesubsequentlypreparedI and the

naphthalene-basedand 9,10-anthracene-basedp-QDM's bythe pyrolyticcleavage

of the correspondingparacyclophanesand reportedtheir 1H NMR, IR, and

UV-visiblespectra.3

The first heterocyclicp-QDM's were reportedby Winberget al. in 1960.4

2,5-Dimethylene-2,5-dihydrofuran(O-monomer2) was preparedfrom

2

(5-methyl-2-fuffuryl)trimethylammonium ion by a 1,6-elimination reaction of the

Hofmanntype involvingremovalof a protonfromthe methylgroupand eliminationof

trimethylamine.O-Monomer2 was isolatedat-78°C and uponwarminga dimer,

[2.2](2,5)furanophane(OO-dimer3), and polymerwere formed.
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4

_-_ + polymer

warming

2 3

The sulfuranalog, 2,5-dimethylene-2,5-dihydrothiophene(S-monomer4) was

firstobtainedby Andersonby pyrolysisof 5-ethyl-2-methylthiopheneat 825°C and

collectionof the monomerin a liquid-nitrogencooledtrap.5 On warmingto room

temperaturepolymericpoly(2,5-dimethylene-2,5-dihydrothiophene)formed

spontaneously.S-Monomer4 was notdirectlyobserved.

4

Winberget al. prepared S-monomer4 by a procedureanalogousto that used

to prepareO-monomer2. However,the sulfuranalogappearedto be muchmore

reactivethan the oxygenmonomeras 4 could notbe observedby thismethod.4 The

- onlyproductsisolatedfromthis reactionwere a dimer,[2.2](2,5)thiophenophane

(SS-dimer5), and polymer.

Ito, Nakatsuka,and Saegusareportedthat the fluoride-ioninduced

1,6-eliminationfrom the appropriatetrimethylsilyl-trimethylammoniumioncan be

- used to prepare p-xylylene (1), O-monomer2, and S-monomer4.6 O-Monomer 2

was sufficientlylong-livedto be observedby 1H NMR in the reactionmixture. In the

sulfurcase, a mixtureof SS-dimer5 andSSS-trimer6 were produced.
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This is the first reportof SSS-tdmer 6 which includesitsmelting point, and 1HNMR,

UV, and massspectra. SSS-Trimer6 hadbeen reportedin 1974 by Mizogamiand

co-workersas a byproductina cross-breedingHofmannreaction,butthe report

includesno physicalcharacteristicsof SSS-trimer6.7

(CH3)3SiCH2 CH2N(CH3)3
r

4

+ + polymer

5 6

The structureof SS-dimer 5 was studied as earlyas 1965 by Kamenar and

Prout.8 The 1H NMR of OO-dimer 3 was studiedin 1967 by Sutherlandand

co-workers.9 The structuresof bothdimers3 and 5 were determinedfrom

three-dimensionalX-ray data by Randaccioandco-workers.10

O-Monomer2 wasalso preparedby the flashvacuumpyrolysis(FVP) of 7,11

and by the [6+6] photocleavageof OO-dimer3.12 In bothcases2 was observedat

roomtemperatureby 1H NMR11or UV-vis12spectroscopy.

7 0 2
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The directobservationof S-monomer4 was reportedonly recentlyby Schweig

andco-workers.13 S-Monomer4 was preparedbythe FVP of 8 and characterized

by UV photoelectron,UVNIS, and IR spectroscopy.S-Monomer4 was also

observedwhengeneratedbythe FVP of SS-dimer5.13

CH3 CH2CI -HCI

8 4

We have foundthat S-monomer4 can be preparedin goodyieldby the FVP of

5-methyl-2-thiophenemethylbenzoate(9). We haveobtainedthe/H and 13CNMR

spectraof 4 at lowtemperatures,observed4 by GC/IR and GC/MS, and studiedthe

oligomerizationof 4. In addition,inorder to fullyunderstandthe mechanismof the

H3c_OyPh FVP _-_
O

9 4

dimerizationand trimerizationof 4, the oligomerizationof a mixtureof the methyl

derivativesof 4, E, andZ-2-ethylidene-5-methylene-2,5-dihydrothiophene(11a = E,

11b = Z), whichwas also preparedby FVP of 5-ethyl-2-thiophenemethylbenzoate

(10), was also studied. The resultsof thisworkare reportedherein.



H3C
Et

O'_ph . H3C +

10 11a 11b



RESULTS AND DISCUSSION

Preparation and Flash Vacuum Pyrolysis of 5-Methyl-2-thiophenemethyl

Benzoate (9)

5-Methyl-2-thiophenemethylbenzoate(9) was preparedin highyieldbythe

reductionof 5-methyl-2-thiophenecarboxaldehyde(12) with lithiumaluminum

hydridefollowedby the esterificationofthe resultingalcohol(13) withbenzoyl

chlorideinthe presenceof triethylamine.

O

LiAIH4 H3C__ _
H3C H _ OH

12 13

O

°'  ,coc,
13 9

FVP of benzoate 9 at 650°C and ca. 10-5 torr produced in ca. 75% yield

S-monomer 4, which appeared as a yellow band in the cold trap at 77 K. Benzoic

acid and a small amount of a white polymer were also produced. Carbon

disulfide-chloroform was added to the trap and the mixture was then warmed to

-78°C. This provided a solution of 4 which was relatively stable under these

conditions.



9 -PhCOOH "
4

The structureof 4 was confirmedby itsspectralproperties. The 1HNMR

spectrum(at -70°C) showsthreesingletsat 86.52, 5.24, and5.02. The 13C NMR

spectrum (at -70°C) alsoshowsthreepeaksat _5150.5, 136.6, and 104.7. The IR

and massspectra,obtainedby GC/IR andGC/MS, are alsoconsistentwithstructure

4.

When a 0.1 M solutionof S-monomer4 was allowedto warmto room

temperature,SS-dimer 5, SSS-trimer6, and polymerwere produced. The structures

of products5 and6 were indicatedbythoirspectralproperties,whichagree wellwith

the availableliteraturedata.4,6 The ratioof SS-dimer5 to SSS-trimer6 was foundto

J be 1 to 3.0 as measuredby GC 14.

Evidence for formationof an SSSS-tetramerwitha molecularweightof 440 was

obtainedbyGC-MS14. QuantitativeGC showed1.88 mg (0.0042 mmol,0.677 tool

%, basedon amountof initialmonomer)of the SSSS-tetramer.

A highdilutionexperimentwas carriedoutto explorethe possibilityof obtaining

a greateryieldof SS-dimer514. A preparative-scalepyrolysis(2.0 g) of benzoate 9

was carriedoutwithS-monomer3 beingdissolvedin 1.025 L of carbondisulfide,

whichresultedin a 0.0066 M solutionof the S-monomer. After fivedaysat room

temperature,the tool ratioof SS-dimer5 to SSS-trimer6 producedwas 8.8:1, as

measuredby GC.

The formationof 2,5-dimethylene-2,5-dihydrothiophene(4) by FVP of the

thiophenebenzoate 9 is explainedby a mechanismproposedfor the furan analog,

two [3,3] sigmatropicshifts followedby {3eliminationof benzoicacid.11,15
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O

H3C_ .._ 13,3] H3CvS \Shift

9 Ph

_ -PhCOOH Ph_L° S

4 H3C _'_ _

A concertedor two-step diradical mechanismcould be proposed for conversion

of S-monomer 4 to its corresponding SS-dimer 5. However, a thermal concerted

[=6s + =6s] cycloaddition is not allowed by the Woodward-Hoffmann rules16and is

thus unlikely. Moreover, formation of a large amount of SSS-trimer 6 is easily

explained by a diradical mechanism. We propose, therefore, the mechanism

presented in Scheme 1.
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Scheme 1

2 " .CH2 CH2.

4 14
5

4

•OH 2 OH2"

15

4 6

t

•OH 2 OH2°

16

4
polymer SSSS-tetramer

In this mechanismtwo moleculesof 4 combineto givediradica114which can close

to give SS-dimer 5 or react with another molecule of 4 to give diradica115, the

precursor of SSS-trimer 6. The production of a small amount of SSSS-tetramer is

consistent with diradica115 reacting with a molecule of 4 to give diradical 16 which

can close to give an SSSS-tetramer. Each diradical could either close to give an

oligomer or react with _ molecule of 4 to give the next higher diradical. As the

diradical becomes larger, closure to give an oligomer should be less likely since it
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should be more difficult for the two radical sites to encounter each other. Apparently

diradica116 and the larger diradicals lead primarily to polymer.

Attempted Trapping of Diradlcal Intermediate 14

Conventional trapping agents. In orderto attemptto obtainevidencefor
i

a diradicalmechanismfor dimerizationand trimerizationof S-monomer (4), a series

of trapping experiments along with their control reactions was carried out. The

results are listed in Table 1.

Table 1. Summary of Trapping Experiment Results.

Trappingagent Ratio Product(s)
trappingagent : S-monomer4

1,4-Cyclohexadiene 400 1 dimer 5 + trimer6

9,10-Dihydroanthracene 40 1 dimer 5 + trimer6

Dimethylmaleate 20 1 dimer 5 + trimer6

Phenylsilane 16 1 dimer5 + trimer6

Styrene 10 1 dimer5 + trimer6

Thiophenol 19 1 Ph'_ 17

Tri-n-butyltin hydridea 100 1 Several tin compounds,
no compound 18a

_. Structure could not be
2 1

TEMPOb determinedb

aproposed trapping reaction:

n-Bu3Sm'-I+ .c.,--'_J_c,,. _
14 18

bAfter preparative HPLC separation of the product mixture, 1HNMR and mass
spectra of the major component were obtained, but its structure could not be
determined from these data.
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No evidencefor trappingof an intermediatediradicalwas obtainedwithany of

these trappingagents. Inthe caseswherethe normaloligomerizationproductswere

obtained,if there is a diradicalintermediateit mustcyclizebeforethe agent can react

withit.

Oxygen as a trapping agent. Since oxygenis a scavengerof free

radicals17, itwas usedto attemptto trapdiradicalintermediate14. Oxygenwas

bubbledthrougha seriesof solutionsof 0.1 M monomer4 for 5, 10, 20, 50, 60, and

180 seconds. At the same time nitrogenwas bubbledthrougha seriesof the same

monomerconcentrationsolutionsforcomparabletime periods. 1H NMR

spectroscopywas used to examine the reactionproducts. It was found that a new

compound, X, was obtained when oxygen was bubbled through the S-monomer

solution. Separation of compound X was attempted, but compound Y was obtained

instead. We believe X is an oxygen-containing compound, but we could not

determine the structure of either X or Y. 1H NMR spectra of X and Y are presented

in the appendix (see appendix, Figure A-6, 7).

Silica gel
02 + _ X =Y

4

The 1H NMR spectrum (CDCI3)of compoundX showsa pairof singletsat

6.865 and 4.988 ppm ina 1 to 2 ratio. These singletsincreasedas the time of

oxygenbubbling increased(see appendix,FigureA-8, 9). GC analysisof boththe

oxygenand nitrogenbubblingexperimentsshowsthat the dimer5 to trimer6 ratiois

different. In the oxygencase, the ratioof dimer5 to trimer6 is higherthan in the

nitrogencase (see appendix,FigureA-10, 11), h these experiments,we believe

oxygenaddedto S-monomer4 directlyto formcompoundX. Withoxygenthe
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oligomerizationprocessiscompletewithin11 hours(see appendix,FigureA-12), but

withnitrogen,ittakes a longertime (48 h) to consumethe monomer. No evidence

for a trappeddiradicalwas found.

Trapping by 2,5-dimethylene-2,5-dihydrofuran (2). Althoughthe above

radicaltrappingreactionsfailed,trappingbyO-monomer2 was successful.

O-Monomer2 was selectedas a potentialtrap of diradicalintermediate14, because

it is similarbothinsize andreactivityto S-monomer4.14 O-Monomer2 was

preparedby FVP of 7 at 560 °C and ca. 10.5torr11,15and the solutionin CS2 was

storedat -78 °C overnight.The followingday S-monomer4 was prepared,the

solutionsmixed,and the relativeconcentrationsof the monomersin the mixture

were determinedby 1H NMR spectroscopy.The mixturewas allowedto reactat

roomtemperatureovernightuntilnoneof S-monomer4 remained. However,clueto

the differencesin reactivity,muchof O-monomer2 remainedafterall S-monomer4

was gone. The excessO-monomer2 was selectivelydestroyedby the additionof

aceticacid. The excessacidwas easily removedby basicworkupwithoutdamage

to the oligomerizationproducts. Fourcompoundscontainingthe thiophenemoiety

were produced: OS-dimer19,18SS-dimer5, OSS-trimer20, and SSS-trimer6.

Relative yieldsof eachdependedon the ratioof monomersusedand are

summarizedin Table2.

+ + 4-

19 5 20 6
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Table 2. Summaryof Yields of Productsinthe Co-oligomerizationof O-Monomer 2

and S-Monomer4

i i ill i ii

Product Run 1 1:1 ratioa R-_n2 3:1 ratioa Run 3 6:1 ratioa

RelativeYield, RelativeYield, Absolute Absolute RelativeYield,

mole%b mole%b Yield, mgc Yield, %d mole%b

H i , i i,, H i i ,J i i i |,,= ii i

OS-dimer 19 34.2 56.6 44.1 18.1 58.3

SS-dimer5 24.1 12.6 25.6 19.5 31.3

OSS-trimer20 10.4 12.6 7.2 3.8 6.2

SSS-trimer6 31.3 18.2 5.1 3.8 4.2

aRatioof O-monomer 2 to S-monomer4.

bRelativeyieldsare molesper 100 molesof productsbasedon onlythe OS,
SS, OSS, and SSS productsandweredeterminedbyGC analysis(responsefactors
proportionalto weightwere assumed).

CAbsoluteyieldsin Run 3 were determinedby GC usingbiphenylas an internal
standard.

dAbsoluteyieldbasedon molesof S-monomer4 available(thisassumesa 75%
yieldfrom benzoate9).

Some OO-dimer 3 was also produced, but amounts varied due to the variationin the

lengthof time the solutionof monomerswas allowedto standbeforethe aceticacid

treatmentto destroythe excessO-monomer2. It shouldbe notedthat onlya trace

of OOS-trimer21 was observed(byGC-MS) and noOOO-trimer22 was observed.

The productswere separatedbycarefulcolumnchromatographyon silicagel with
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21 22

hexanes. OSS-Trimer 20 was not previously known,and itsstructure is indicated by

its spectralproperties.

We thinkthe formationof OSS-trimer20 is consistentwiththe proposed

mechanism. Thusthe followingsequenceaccountsfor the formationof OSS-trimer

20. OSS-Trimer 20 couldalso resultfromOS-diradical24, whichcouldreactwith

S-monomer4 to formeitherOSS-diradica123or 25, bothof whichcouldcloseto give

OSS-trimer 20.

_ 20°CH2 OH2°

23

' " IIPI' ' ' "
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•CH2 CH2" " 2024

= 2023 Or.cH2 CH2"

25

BecauseO-monomer2 is in higherconcentration(3:1 O-monomer: S-monomer),

one mightexpecta comparableamountof OOS-trimer21 to be produced. However

GC-MS showedonlya trace of thisproduct. OS-Diradical24 is probablyformedbut

the rate of closureto give OS-dimer19 isfaster than the rateof additionto another

monomer. This agreeswiththe resultsof the oligomerizationof O-monomer2 which

producesonlyOO-dimer 3 and polymer. One explanationfor the absence of

OOO-trimer22 is that onceOO-diradical26 is formed,it rapidlyclosesto OO-dimer

3 ratherthan pickingupa thirdO-monomer2 molecule.
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J
2 2 °CH2 CH2- 3

°CH2_ CH2 °

27

The polymer producedin this reactioncould be formed byan independentroute

suchas free radicalpolymerization.Anotherpossibleexplanationisthat if

OO-diradical26 picksup a thirdO-monomer2 molecule,the resultingOOO-diradical

27 reactswithanothermoleculeof O-monomer2 leadingto polymerfasterthan

closingto OOO-trimer22.

2 _ 22
2 2 _ 26 _ 27

"_ polymer
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Intramolecular disproportionatlon products from oligomerization of

2-ethylldene-5-methylene-2,5-dlhydrothiophene (11) as evidence for a dlradical

intermedlste. In an attemptto providedirectevidencefor the diradicalmechanism

forthe oligomedzationof thiophene-basedp-QDM's, we focusedourattentionon

the trappingof diradicalintermediate14. Of the trappingagentswe used,only

2,5-dimethylene-2,5-dihydrofuran(2) trappedthe diradical. The othertrapping

agentsfailedprobablybecausea) the diradicalintermediateis too shortlivedand

too reactiveforthe radicaltrappingagent,andb) someof the trappingagents,such

as oxygenandthiophenol,reacteddirectlywiththe very reactive4. In an attemptto

gainmoreevidencefor an intermediatediradicalinthe oligomerizationof thiophene-

basedp-QDM's, itwas decidedto study2-ethylidene-5-methylene-2,5-dihydro-

thiophene(11). Other studieshaveshownthatdiradicalswith(x-methylgroups

H2C_CH2CH3
11

can give rise to intramoleculardisproportionationproducts.19,20 Observationof such

a productfrom 11 wouldbe goodevidencefor the existenceof a diradical

intermediate.

2-Ethylidene-5-methylene-2,5-dihydrothiophene(11) was preparedby flash

vacuumpyrolysisof 5-ethyl-2-thiophenemethylbenzoate (10) whichwas obtainedin

highyieldas shownin Scheme2.
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Scheme 2

_ n-BuLiEt,_EtBr"

28 29

0

Et._ n-BuLi__ Et
DMF H

29 30

O

Et LiAIH4 Et
H _ OH

30 31
0

Et3N Et_ ._Et OH PhCO(_I O Ph

_" 31 10

5-Ethyl-2-thiophenecarboxaldehyde(30) was preparedby alkylationof

thiophene(28) withbutyllithium(BuLi)/ ethylbromide(EtBr)and followedby

formylationof 2-ethylthiophene(29) withbutyllithium(BuLi)/ dimethylformamide

(DMF). The aldehyde30 was reducedwith lithiumaluminumhydrideto give

5-ethyl-2-thiophenemethanol(31) whichwas esterifiedto give 5-ethyl-2-thiophen-,-

methylbenzoate (10).

About40% of 2-ethylidene-5-methylene-2.5-dihydrothiophene(11) was

obtainedfromflash vacuumpyrolysisof 10 at 680°C and ca. 10-5. Product11

appearedas a darkyellowband inthe _iquidnitrogentrap at 77K. Benzoicacid and

whitepolymerwere alsoproduced.



21

The 1H NMR spectrumof compound11 showsthat itsexistsas two isomers

(E=11a, Z=11b) in a ratioof ca. 3:1. When a ca. 0.05 M solution(1:1 CS2 :CDCI3)

of S-monomer(11) was allowedto warmto roomtemperature,SS-cyclicdimers33a,

and33b, acyclicdimers34a and34b, andSSS-cyclictrimers36a and36b were

produced. SSS-Acyclictrimerswere notobserved. The resultsare summarizedin

Table 3.

33a 33b

34a 34b

36a 36b
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Table 3. SummaryofOligomerizationProductsof

2-Ethylidene-5-methylene-2,5-dihydrothiophene(11)a

i i, i H i

Product Relativeyieldb,%

SS-cyclicdimers 33a (cis,trans)c 37

SS-cyclicdimers 33b (cis,trans)c

SS-acyclicdimers34ad 19.5

SS-acyclicdimers34bd

SSS-cyclictrimers36a (cis,trans)e 43.4

SSS-cyclictrimers36b Icis, trans)e

aA0.05 M of 11 (a 3 to 1 mixtureof the E-isomer,11a, to the Z-isomer,11b) in
a 1:1mixtureof CS2 : CDCI3 assolventwas oligomerized.

blsolatedyieldsafterflashchromatography.

CThemixtureof isomerswas isolatedand identifiedby 1H NMR, 13C NMR and
GC/MS (see appendix,FigureA-17, 18, 19, 20). Basedon 13C spectrum,
bothcis and trans isomersexist.

dThe mixtureof isomerswas isolatedand identifiedby 1H NMR, COSY, 13C
NMR and GC/MS (see appendix,FigureA-21, 22, 23, 24). The ratioof two
acyclicdimers,34a and34b, is ca. 2.2 : 1 basedon 1H NMR analysis.

eThe mixtureof isomerswas isolatedand identifiedby 1H NMR and GC/MS
(see appendix,FigureA-25, 26).
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Formationof acyclicdimers 34a and 34b stronglysupportthe proposed

diradicalmechanism.2O,21 Scheme3 accountsfor the formationof 33a, 33b,34a

and 34b, Scheme4 accountsfor the formationof 36a, 36b.

Scheme 3

11

32a 32b 32c

t ._ t / L

34a 34b

33a 33b
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In an attemptto furtherunderstandthe compositionof the mixtureof dimers

33a and33b, a quantitative13CNMR experiment22usingCr(acac)3in

deutereochloroform(CDCI3) was performedon the mixture. Analysisof thesedata

showed16 singletsinthe thiophenecarbonregion(6 159.8-147.9) (appendixFigure

A-19). This isconsistentwiththe conclusionthat eachconstitutionalisomerexistsin

3 stereoisomericforms, 1 cisisomerand twotransisomers. The parentdimer 5 has

been shownto existin the steppedanticomformation.8,10The 1H NMR signalfor

H H

H

H

Steppedantistructure

the ethano bridgeof 5 is an AA'BB'pattern. Analysis of the temperature

dependenceof these1H NMR spectraof 5 shownthatthe barrierto interconversion

of these formsis largerthan 27 kcal/ mo123.Thus,a mixtureof 33a and 33b should

consistof the followingsixisomers.
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H H

H H

H'Fv __b_,I_ H
H Me

33a-cis

H H H H

H H

H H

Mel'r _ H'r
H H

H Me Me" H

33a-trans-A 33a-trans-B

H H

_,,,,, Me

H H

33b-cis

H H H H

H_ H "_

H H
H H

Me_"_H
H H H H

_3b-trans-A 33b-trans-B
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In the GC studiesof the interconversionof cyclicdimersand acyclicdimers,

the mixtureof cyclicdimers33a (cis,transA andtransB) decomposedat high

injectortemperaturesof the gas chromatograph.Usinga highinjectortemperature

(T=200°C), GC of dimers33a (cis,transA andtransB) decomposedto diradical

200°C_

32a

33a
cis, trans-Aand trans-B

34a

32a, whichtransferredhydrogenatomto formcompound34a. This gave a 1 • 1.6

cyclicdimersto acyclicdimer ratio(see appendix,FigureA-26). Usinga relatively

low injectortemperature(T=150°C), nosignificantamountof 34a was obtained,

whichindicatesthat 33a was stableundertheseconditions.

150°C
-_ Doesnot open

33a
cis, trans-A and trans-B



28

With the lower injectortemperature(150°C) an 8.8 : 1 cyclicdimersto acyclicdimer

ratiowas obtained(see appendix,FigureA-27). Even at highertemperatures,dimer

33b does notopen probablybecausethe dimer is lesscongested.

200°C or
Doesnotopen

150°C

3,3b
cis, trans-Aandtrans-B
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EXPERIMENTAL SECTION

Methods and Materials

The pyrolysisapparatus21andsomegeneral methods24have been described

previously.1H NMR spectrawere obtainedfromNicolet300 spectrometer.

Chemicalshiftsare reportedin parts per million(8) fromtetramethylsilane(TMS) and

deuterochloroform(CDCI3). 13C NMR spectrawereobtainedfrom Nicolet300 and

VXR-300 spectrometers. Infraredspectra(IR) were measuredwith IBM/98

spectrometer. Highresolutionmassspectrum(MS) was measuredwithan

AssociatedElectronicIndustriesMS-902 instrument.GC/MS were recordedon a

Finnigan4000 GC/MS with Incodata system. Gas chromatographicanalysiswere

performedon a Hewlett-Packardmodel5840A gas chromatograph(GC) equipped

witha 30 meter, DB-1 capillarycolumnfromJ&W scientificand a flame ionization

detector. Elementalanalyseswerecarriedout by Galbraithlaboratories,Knoxville,

Tennessee. Commercialthiophene,ethylbromine,n-butyllithium,N,N-dimethyl

formamide(DMF), lithiumaluminumhydride(LiAIH4),triethylamine,5-methyl-2-

thiophenecarboxaldehyde,and benzyolchloridewere purchasedfrom Aldrich

ChemicalCompany.

5-Methyl-2-thiophenemethyl Benzoate (9)

To a stirredslurryof 1.774 g (0.0467 mol)of lithiumaluminumhydride(LiAIH4)

in 150 mLof dry ether at 0°C was slowlyaddeda solutionof 11.77 g (0.0933 mol)of

5-methyl-2-thiophenecarboxaldehyde(12)in 50 mLdry ether. The mixturewas

stirredat roomtemperaturefor30 rain. A standardworkup25gave 10.86 g (0.0847

mol,92%) of 5-methyl-2-thiophenemethanol(13): 1HNMR (CDCI3,300 MHz) (see
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appendix,FigureA-14) 8 6.68 (d,J = 3 Hz, 1 H), 6.50 (m, 1 H), 4.64 (s, 2 H), 2.46 (s,

3 H)[lit261H NMR 86.65 (2 H), 4.52 (s, 2 H), 2.18 (s, 3 H)].

A solutionof 12 mL (0.103 tool)of benzoylchloridein 60 mL of dry etherwas

addeddropwiseovera 50-rainperiodto a stirredsolutionof 10.86 g (0.086 tool)of

5-methyl-2-thiophenemethanol(13) and 12 mLdistilledtriethylaminein 150 mLof

dry ether. After stirringat roomtemperaturefor over night(ca. 20 h), 100 mL

distilledwaterwas addedandthe layerswere separated. The aqueouslayerwas

extractedwithether (4x25 mL). The combinedether layerswas washed

successivelywith 1 M hydrochloricacid (3x50 mL),saturatedsodiumbicarbonate

(3x50 mL),and saturatedsodiumchloride(3x50 mL). Afterdrying (MgSO4)and

concentrating,18.7 g (0.081 tool)of 5-methyl-2-thiophenemethylbenzoate(9) was

recovered(95%). (b.p. 124°C, 0.45 mmHg): IR (thinfilm)3080, 296(), 2930, 1725,

1610, 1455, 1270, 1100, 800, 710 cm-1;1H NMR (CDCI3,300 MHz) (see appendix,

FigureA-15) 8 8.08 (m, 2 H), 7.40 (m, 3 H), 6.90 (d,J - 3.6 Hz, 1 H), 6.56 (m, 1 H),

5.37 (s, 2 H), 2.44 (s, 3 H).

5-Ethyl-2-thlophenemethyl benzoate (10)

To a stirredslurryof 0.3760 g (0.0099 mol)of lithiumaluminumhydride

(LiAIH4) in 40 mL of dry etherat 0°C was slowlyaddeda solutionof 2.777g (0.0198

tool)of 5-ethyl-2-thiophenecarboxaldehyde(30)in 20 mLdry ether. The mixture

was stirredat roomtemperaturefor 1 h. A standardworkup23gave 2.512 g (0.0177

tool)of 5-ethyl-2-thiophenemethanol(31) (89%). 1H NMR (CDCI3,300 MHz) (see

appendix,FigureA-28) 8 6.818 (d,J=3.3Hz, 1H), 6.648 (d, J=3.6Hz, 1H), 4.746 (s,

2H), 2.861 (q, J=7.2Hz, J=7.8Hz, 2H), 1.648 (broad,1H). IR (thinfilm) (see

appendix,FigureA-29): 3333, 2966, 2930, 1456, 1207, 1005, 804 cm-1.



31

A solutionof 2.81 g (0.01999 tool)of benzoylchloride=n25 mL of dry ether

was addeddropwiseovera 30 rainperiodto a stirredsolutionof 2.512 g (0.0177

tool)of 5-ethyl-2-thiophenemethanol(31) and2.9 g (0.0287 mol)of triethylaminein

40 mLof dry ether. Afterstirringat roomtemperatureforovernight(16-18 h) 50 mL

distilledwaterwas addedandthe layerswere separated. The aqueouslayerwas

extractedwithether (4x25 mL).The combinedether layerswas washed

successivelywith 1M hydrochloricacid (3x50 mL) and saturatedsodiumchloride

(3x50 mL). Afterdrying overmagnesiumsulfate(MgSO4) andconcentrating,3.6 g

(0.0146 moles)of 5-ethyl-2-thiophenemethylbenzoate(10) (82%) was recovered.

Purecompoundwas obtainedby silicacolumn1:100 ethylacetateand hexaneas

eluent. (b.p 145°C, 1.2 mmHg). 1H NMR (CDCI3,300 MHz) (see appendix,Figure

A-30) 6 8.072 (m, 2H), 7.451 (m, 3H), 6.909 (d, J=3.3Hz, 1H), 6.683 (d, J=3.6Hz,

1H), 5.435 (s, 2H), 2.848 (q,J=7.5Hz, 2H), 1.307 (t, j=7.5Hz, 3H). 13C NMR

(CDCI3 75.5 MHz) 6 166.10, 149.22, 135.05, 132.89, 129.87, 129.57, 128.18,

128.05, 122.88, 61.29, 23.44, 15.76. IR (thinfilm)cm-1( see appendix,Figure

A-31): 3063, 2968, 2934, 1718, 1603, 1450, 1267, 1096, 1069, 1026, 806,712.

High resolutionmassspectrum:calculatedm/z 246.0715, measuredm/z 246.0720.

Elementalanalysiscalcd68.3 % C, 5.73% H, measured68.4% C, 6.06% H.

2-Ethylthiophene (29)27

To a stirred5.26 g (0.0625 mol)of thiophene(28) in 9:1 THF and HMPA (100

mL) at -78°C was slowlyadded1.98 M, 35 mL of n-butyllithium(n-BuLl). After

stirringfor 2 h, 4.7 mL of distilledethylbromidewas addedto the same flask. The

reactionmixturewas stirredat roomtemperatureforovernight. After the reaction

was complete,hydrochloricacid (0°C) was addedto the reactionmixtureuntilthe
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solutionwasturn yellow. The solutionwastransferredto the separatoryfunnel.

Organiclayerwas extractedwithsaturatesodiumbicarbonate(2X50 mL) and

saturatesodiumchloride(2X50 mL). Afterdryover magnumsulfate(MgSO4)and

concentrating,5.66 g (0.051 moles)of 2-ethylthiophene(29) was recovered(81%).

1H NMR (CDCI3,300 MHz) (see appendix,FigureA-32) 6 7.107 (d,J=4.2Hz, 1H),

6.912 (m, 1H), 6.791(m, 1H), 2.874 (q, J--.7.5Hz,2H), 1.316 (t, J--7.2Hz, 3H) Pure

ethylthiophene(29) can be obtainedby distillation(b. p 138°C). [lit28:b. p. 134°C.

lit29:1H NMR 6 7.1 (1H), 6.9 (1H), 6.79 (1 H), 2.8 (2H), 1.3 (3H)].

5-Ethyl-2-thiophenecarboxaldehyde (30)

To a 4.0 g (0.0357 mol)ofdistilled2-ethylthiophenewhichwas in 9 to 1 THF

and HMPA (100 mL) at -78°C 1.9 M (23 mL) of n-butyllithium(n-BuLl)was slowly

added.After stirringabout45 rain,28 mL of dimethylformamide(DMF) was addedto

the solution. The reactionmixturewas slowlyallowedto warmup to room

temperatureand stirredfor overnight.A standardworkup gave4.0 g (0.0285 tool)

of 5-ethyl-2-thiophenecarboxaldhyde(30) (80%). Pure compoundcan be obtained

from distillation(b. p60°C, 0.15 mmHg) [lit:30b. p. 103-104°C, 9 mmHg]. 1H NMR

(CDCI3,300 MHz) (see appendix,FigureA-33) 6 9.818 ( s, 1H), 7.619 (d,J=3.6Hz,

1H) 6.925 (d, J-3.9Hz, 1H), 2.931 (q,J=7.5Hz, 2H), 1.352 (t, J=7.5Hz, 3H) [lit:3o1H

NMR (CDCI3) 6 9.79 (s), 7.761(J-3.7 Hz), 6.9 (J=3.7 Hz), 2.89 (J--7.4 Hz), 1.31

(J=7.4 Hz)]. IR (thinfilm) (see appendix,FigureA-34) cm-l" 2966, 1663, 1464,

1452, 1227, 1082, 812, 758, 669.
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General Pyrolysis Procedure 21

The ovenwas maintainedat temperaturesranging640-660°C for

5-methyl-2-thiophenemethylbenzoate(9) and 679-690°C for

5-ethyl-2-thiophenemethylbenzoate(10). A sampleof the benzoatein a pyrexboat

was placedinthe samplechamberand the systemwas evacuatedto ca. 10-5tort.

The samplechamberwas heatedto 60-90°C duringthe pyrolysis.A condenser

cooledto ca. -20°C was insertedbetweenthe furnaceandthe liquidnitrogen-cooled

trapto collectthe benzoicacidformedas a byproductaswell as any unreacted

benzoate. The liquidnitrogen-cooledtrapwas used to collect the morevolatile

products.Uponcompletionof the pyrolysisa solventor solventmixturewas

depositedintothe trapthrougha sidearm. Nitrogengas wasthen introducedinto

the systemandthe trapwas warmedto -78°C. The coldpyrolysatewas then

transferredto othervesselsforfurtherstudyat -78°C or allowedto warmto room

temperature.

Pyrolysis of 5-Methyl-2-thiophenemethyl Benzoate (9)

A 0.3360 g (0.0136 mol)of 9 was pyrolyzedat 640°C inthe normalmanner.

Uponcompletion,5 mL of a 1:1mixtureof carbondisulfide(CS2) and

deuterochloroform(CDCI3)was distilledintothe trap, whichresultedina 0.10 M

solutionof 2,5-dimethylene-2,5-dihydrothiophene(4). A quantitativelow

temperature1H NMR analysisof the pyrolysateusingdibromoethaneas a standard

showedthe presenceof 4 in74.4% yield. Afterallowingthe pyrolysateto stand at

roomtemperatureovernight,substantialamountsof [2.2](2,5)thiophenophane

(SS-dimer 5, 14.7 mol%) and [2.2.2](2,5)thiophenophane(SSS-trimer6, 44.3 mol%)
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were formed. The productswere separatedby columnchromatographyon silicagel

(1:100 ethylacetateto hexanes).

2,5-Dimethylene-2,5-dihydrothiophene(4): 1H NMR (see appendix,Figure

A=I) (1:1 CS2/CDCI3,300 iHz) 8 6.52 (s, 2 H), 5.24 (s, 2 H), 5.02 (s, 2 H); 13C

NMR14(see appendix,FigureA.2) (1:1CD3COCD3,22.5 MHz) 6 150.5, 136.6,

!04.7; GC-IR14 (see appendix,FigureA-3) 3101,3001, 158° tintense),1192, 837

(intense)cm-1[lit13 IR (Ar 15 K) 1586.6 1187.4,840.8, 831.2,801.6 cm-1];GC-MS

m/e (relativeintensity)(see appendix,FigureA-4) 112 (4.94), 111 (8.51), 110

(100.00), 109 (40.59), 95 (5.4), 84 (23.36), 77 (14.31), 74 (4.26), 71 (12.90), 69

(14.92), _,6(54.29), 65 (13.86), 63 (6.49), 58 (25.78), 55 (10.33), 51 (30.51), 50

(24.22), 47 (2.09).

13,14-Dithiatricyclo[8.2.13,6]tetradeca-4,6,10,12-tetraene

([2.2](2,5)thiophenophane,SS-dimer5). m.p. 190-191°C [lit6 m.p. 194-197°C] 1H

NMR (CDCI3, 300 MHz) 8 6.725 (s, 4 H), 3.22 (m, 4 H), 2.87 (m, 4 H) [lit61H NMR

(CDCI3) 6 6.75 (s, 4 H), 3.04 (AA'BB'm, 8 H)]; 13CNMR14(CDCI3,75.45 MHz) 8

151.2, 126.8, 32.2; GC-MS m/e (relativeintensity)222 (0.58), 221 (2), 220 (15), 112

(5), 111 (8), 110 (100.00), 109 (9), 84 (5), 77 (5), 66 (15), 58 (5). [lit6 massspectrum

mle (relativeintensity)220 (24), 110 (100)]; highresolutionmassspectrum1, calcd

for C12H12S2 220.0380, measured220.03818.

19,20,21-Trithiatetracyclo[14.2.1.13,6.19,12]heneicosa-4,6,10,12,-

16,18-hexe.ene([2.2.2](2,5)thiophenophane,SSS-trimer6). m.p. 125-126°C [lit6

m.p. 126.5-127°C]; 1H NMR (CDCI3,300 MHz) 8 6.60 (s, 6 H), 3.00 (s, 12 H) [lit6 1H

NMR (CDCI3) _ 6.60 (s, 6 H), 3.01 (s, 12 H)]; 13CNMR14(CDCI3, 75.45 MHz)

: 140.3, 124.4, 31.2; GC-MS m/e (relativeintensity)332 (0.83), 331 (1), 330 (9), 222

(0.5), 221 (2), 220 (9), 112 (5), 111 (8), 110 (100), 84 (5), 77 (3), 66 (13)[lit6 mass
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spectrumm/e (relativeintensity)330 (100), 220 (36), 110 (61)]; highresolutionmass

spectrum14,calcdfor C18H18S3330.05707, measured330.05712.

Evidencefor SSSS-tetramer. A 0.781 g (0.00336 moll)quantityof 9 was

pymlyzedat 680°C inthe normalmanner14. Uponcompletion,10 mLof CS2was

distilledintothe trap. Afterwarmingto -78°C, the solutionwastransferredto a flask

containing0.112 g (0.000724 mol)biphenyl. A GC traceof the coldsolutionwas

obtained,and multipleion detectionGC-MS showedthe expectedSS-di_ner5 and

SSS-trimer6, as wellas a 1.88 mg (0.677 mol%,basedon amountof initial

monomer)of a compoundhavinga molecularweightof 440, and fragmentsat m/e

330 and 220.

Preparation of SS-Dimer 5 by High Dilution Experiment

A 2.10 g (0.00902 mol)quantityof 9 was pyrolyzedat 625°C inthe normal

manner21. Uponcompletion,25 mL CS2 wasdistilledintothe trap. Afterwarmingto

-78 °C, the solutionwasaddedto I L of CS2, whichresultedina 0.00660 M solution

of S-monomer4. After5 d at roomtemperature,the productratioof S-monomer4 to

SS-dimer5 to SSS-trimer6 was 1.00:32.89:5.58as determinedby GC.

Pyrolysis of 5-ethyl-2-thiophenemethyl benzoate (10)

A 0.1439 g (0.0005845 mol)of quantityof 10 was pyrolysedat 680°C inthe

normalmanner21. Uponthe completion,4.4 mL of 1:1 mixtureof carbondisulfide

(CS2) anddeuterochloroform(CDCI3) was distilledintothe trap, whichresultedin a

0.05 M solutionof 2-ethylidene-5-methylene-2,5-dihydrothiopene(11). (see

appendix, Figure A-13).
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A quantitativelowtemperature1HNMR analysisof the pyrolysateusing

diphenylmethaneas a standardshowedthat the presenceof 11a in 34% yieldand

11b in 9% yield. Afterallowingthe pyrolysateto standat roomtemperatureunder

argon for ca. 3 days, substantialamountof [2.2](2,5)thiophenophane(SS-dimer)33,

acyclicdimer 34, and [2.2.2](2,5)thiophenophane(SSS-trimer)36 were formed. The

productswereseparatedbyflashcolumn(silica). Ethylacetateand hexane (1:200)

were usedas eluent.

2-Ethylidene-5-methylene-2,5-dihydrothiophene(isomer11-a, E form): 1H

NMR (CDCI3,300 MHz) 8 6.435 (d,J=6Hz, 1H), 6.399 (d, J=5.7Hz, 1H), 5.635 (q,

J=7.2Hz, 1H), 5.147 (s, 1H), 4.979 (s, 1H), 1.803(d, J-7.2Hz, 3H).

2-Ethylidene-5-methylene-2,5-dihydrothiopene(isomer11- b, Z form): 1H

NMR (CDCI3,300 MHz) 86.49-6.4 (d,J=6.6Hz, 2H), 5.4 (q, J=6.gHz, 1H), 5.1 (s, .,

1H), 4.9 (s, 1H), 1.9 (d,J-7.SHz, 3H).

trans,cis-(2,3-Dimethyl)-I3,14-dithiatricyclo[8.2.13,6]tetradeca-4,6,10,

12-tetraene([2.2](2,5)thiophenophane,SS-dimer33a-cis, 33a-trans);

trans,cis-(2,8-dimethyl)-13,14-dithiatricyclo[8.2.13,6]tetradeca-4,6,10,12-tetraene

([2.2](2,5)thiophenophane,SS-dimer33b-cis, 33b-trans): 1H NMR (CDCI3,300

MHz) 8 6.8-6.6 (m, 8H), 3.7-2.3 (m, 12H), 1.6-1.2 (severald, J=6.9 Hz, 12H);

GC/MS: m/e (relativeintensity)248 (M+, 4), 124 (100), 97.1 (6.02), 65.0 (2.82), 39.1

(5.17). 13CNMR (CDCI3,75.5 MHz, 7 mg of Cr(acac)3was added)8 159.78,

158.07, 157.26, 157.16, 156.73, 156.19, 155.94, 154.12, 150.54, 150.46, 150.23,

149.59, 149.55, 148.80, 148.39, 147.93 (16 quaternarycarbons),126.94,126.26,

125.87, 125.82, 125.32, 125.26, 124.57, 124.38, 122.82, 122.48, 122.26 (11

signals),47.02, 44.96, 43.64, 41.69, 41.47, 39.77, 39.57 (7 signals),36.98, 32.37,

32.31,31.68, 31.11 (5 signals),19.49, 19.30, 18.56, 17.19, 16.17, 12.46 (6 signals).
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5-Ethyl-5'-vinyl-2,2'-ethylenedithiophene(acyclicdimer 348): 1HNMR

(CDCI3,300 MHz) 86.7 (m, 2H), 6.5 (m, 2H), 6.7 (q, J=17.1Hz, J=10.8Hz, 1H), 5.48

(d, J=17.1Hz, 1H), 5.08 (d, J=10.8Hz, 1H), 3.1 (s, 4H), 2.8 (q, J=7.5Hz, 2H),

1.3 (t, J=7.2Hz, 3H), 13C NMR (CDCI3,75.5 MHz): _ 145.6, 143.3, 141.2, 140.96,

130.2, 125.8, 124.8, 124.2, 122.8, 112.2, 32.5, 32.2, 23.5, 16.0.

5-Methyl-5'-vinyl-2,2'-propylenedithiophene(acyclicdimer34b): 1H NMR

(CDCI3,300 MHz) 8 6.7 (m, 2H), 6.5 (m, 2H), 6.7 (q, J=17.4Hz, 1H), 5.48 (d,

J=17.4Hz, 1H), 5.08 (d, J=l 0.8Hz, 1H), 3.25-2.9 (m, 3H), 2.4 (s, 3H), 1.3 (d,

J=6.9Hz, 3H), 13C NMR (CDCI3,75.5 MHz): _ 145.6, 143.3, 141.2, 140.96, 130.2,

125.8, 124.8, 124.2, 122.8, 112.2, 40.1,37.6, 29.8, 22.2, GC/MS m/e (relative

intensity)248.2 (8), 125.1 (100), 123 (35).

(2,3,14-Trimethy)19,20,21-tdthiatetracyclo[14.2.1.13,6.19,12]heneicosa.

4,6,10,12,16,18-hexaene ([2.2.2](2,5)thiophenophane,SSS-trimer36a);

(3,9,15-trimethy)19,20,21-trithiatetracyclo[14.2.1.13,6.19,12]heneicosa.

4,6,10,12,16,18-hexaene ([2.2.2](2,5)thiophenophane,SSS-trimer36b): GC/MS:

role (relativeintensity)372.5 (M+, 0.3), 234.1 (11), 123.0 (54), 111 (100). 1H NMR

(CDCL3, 300 MHz) 8 6.63-6.55 (m, 12H), 3.47 (s, 4H), 3.0-3.2 (m, 14H), 1.37-1.27

(m,18H).

Trapping Experiments

The conventional trapping experiment. To a 0.5 mL of S-monomer4

solution(0.1 M), 0.3615 g of purified9, 10dihydroanthraceneand 4.5 mL of CCI4

were added. Thisresultsin a 1 to 40 monomerto 9, 10-dihydroanthraceneratio. To

a 0.5 mL of S-monomersolution4 (0.1M), 0.3606 g of anthracenein4.5 mL of CCI4

was added. Both reactionswere allowedto standat roomtemperatureovernight.
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GC, GCMS, and NMR were used to analyze the final products. The same procedure

was appliedto the restof the conventionaltrappingexperimentmentionedinthe

paper. The resultsare summarizedin Table 1.

Oxygen was used as trapping agent. To 6 NMR tubes,0.5 mL of S-

monomer4 (0.1M) solutionwas addedto each tube. Oxygenthenwas bubbled

throughthe monomersolutionat differenttime period:5, 10, 20, 50, 60, and 180

sec. To 6 NMR tubes,0.5 mL of S-monomer4 (0.1M) solutionwas addedto each

tubeand nitrogenwas bubbledto each tubeat differenttime:5, 10, 20, 50, 60, and

180 sec. 1H NMR was usedto followbothreactions.After standingat room

temperaturefor 2 d, GC was usedto analyze the products.

Co-oligomerization of O-Monomer (2) and S-Monomer (4). Preparationof

O-monomer152 andS-monomer414. A 1.77 g (0.00819 mol)quantityof

5-methyl-2-furfurylbenzoate(7) was pyrolyzedat 560°C inthe normalmanner.

Uponcompletion,17 mL of CS2 was distilledintothe trap. After warmingto -78°C,

the solutioncontaining2,5-dimethylene-2,5-dihydrofuran,O-monomer2, was stored

at -78°C.

A 0.370 g (0.00159 mol)quantityof 5-methyl-2-thiophenemethylbenzoate(9)

was pyrolyzedat 680°C inthe normalmanner. Uponcompletion,10 mL of CS2 was

distilledintothe trap. After warmingto -78°C, the solutioncontainingS-monomer

4 was combinedwiththe O-monomer2 solutionand allowedto standat room

temperatureovernight. Integrationof the 1H NMR obtainedjust beforewarming

showedthe ratioof O-monomer2 to S-monomer4 to be 5.6:1.

OligomerizationProducts.After standingat roomtemperatureovernight,a

numberof dimersand trimersderivedfrom S-monomer4 were formed,as wellas

OO-dimer3 (identifiedby GC/MS) and polymer. Yieldswere determinedby GC
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analysisusingbiphenyl as an internal standard. The compoundsand yields are

summarized in Table 2.

It should be noted that using a 1:1 ratio of O-monomer 2 to S-monomer 4 gave

the highest relative yield of trimers but that using a 3:1 ratio gave a greater

OSS-trimer 20 to SSS-trimer 6 ratio.

Because excess O-monomer 2 remained for several days after all of the

S-monomer 4 had reacted, the excess O-monomer 2 was destroyed by adding an

equal volume of glacial acetic acid to the reaction mixture. This mixture was allowed

to stand for 30-90 min. Excess acetic acid was removed by first adding ethyl ether,

then extraction with water (2x50 mL) followed by saturated sodium bicarbonate

extractions until the ether solution was basic. After drying (MgSO4)and

concentrating the products were dissolved in a minimum amount of hexanes.

Separation by careful column chromatography on silica gel (hexanes) yielded pure

samples of all five products. The sulfur containing products not mentioned above

were identified by the following data.

13-Oxa-14-thiatricyclo[8.2.1.13,6]tetradeca-4,6,10,12-tetraene14(OS.dimer

19). 1H NMR (CDCI3, 300 MHz) (see appendix, Figure A-35) 8 6.93 (s, 2 H), 5.96 (s,

2 H), 2.90 (m, 8 H) [lit.151HNMR (CDCI3)8 6.92 (s, 2 H), 5.94 (s, 2 H), 2.88 (m, 8

H)]; 13CNMR (CDCI3,75.45 MHz) 8 154.9, 151.6, 128.3, 108.5, 33.1,31.0; GC-MS

m/e (relative intensity) 206 (1.28), 205 (3.17), 204 (24.40), 112 (4.69), 111 (7.48),

110 (100.00), 94 (29.94), 84 (3.70), 77 (7.36), 66 (22.20), 51 (17.82)[lit. 18mass

spectrum m/e 110, 94].

19-Oxa-20,21-dithiatetracyclo[14.2.1.13,6.19,12]heneicosa.4,6,10,12,-

16,18-hexaene14(OSS-Trimer 20). m.p. 79.5-84°C; 1HNMR (CDCI3, 300 MHz)

(see appendix, Figure A-36) 8 6.58 (q, AB, 2 H), 5.98 (s, 4 H), 2.96 (m, 12 H); 13C
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NMR (CDCI3,75.5 MHz) (see, appendix, FigureA-37) 8 152.4, 141.4, 140.5, 124.2,

123.9, 106.7, 32.0, 29.7, 29.2; highresolutionmassspectrum,calcdfor C18H18OS2

314.07991, measured314.07872.
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Figure A-1. 1H NMR spectrum (300 MHz, CDCI3) of 2,5-dimethylene-2,5-dihydrothiophene (4) (S:
chloroform, I"impurities, X: compound X).



!

.........L...............t ............I........... I.............I........... I............j ...........

160 15".0 I_"0 1,30 12(_ I10 tO()

Figure A-2. 13C NMR spectrum (22.5 MHz, CD3COCD3) of S-monomer4 at-70°C.
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Figure A-6. 1H NMR spectrum (300 MHz, CDCI3) of compoundX (Oxygenwas bubbled through the
monomer 4 solution. D: dimer. T: trimer, S: chloroform,S: methylenechloride,W: H20).
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Figure A-7. 1HNMR speolrum (300 MHz, ODGI3)of compound Y (D: dimer, T: trimer, S: chloroform, W:
1-120,H: high boiling residue from hexane, the eluenl, U: unknown compound).
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Figure A-8. 1H NMR spectrum(300 MHz, CDCI3) of the oligomefizationproductsof 2,5-dimethyl-
ene-2,5-dihydrothiophene(4) (Oxygenwas bubbledthroughthe monomer4 solutionfor 1
min;D: dimer,T: tdmer, S: chloroform,S: methylenechloride,W: H20, X: compoundX).
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Figure A-9. 1H NMR spectrum(300 MHz, CDCI3) of the oligomerizationproductsof 2,5-dimethyl-
ene-2,5-dihydrothiophene(4) (Nitrogenwas bubbledthroughthe monomer4 solutionfor 1
min;D: dimer,T: trimer,S: chloroform,S: methylenechloride,h impurities,X: compoundX).
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Figure A-10. Gas chromatograph(DB-1, temperatureprogram100°C, 5 min, 10°C/min, 200°C, 35 min;
Oxygen was bubbled through the monomer 4 solution for 1 min) of the oligomefization
products of 2,5-dimethylene-2,5-dihydrothiophene (4) (D: dimer, T: trimer).
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F|gure A-12. 1H NMR spectrum(300MHz, CDCI3)oftheoligomedzationproductsof
2,5-dimethylene-2,5-dihydrothiophene(4) (11 hourspassedafter oxygenwas bubbled
throughthe monomer4 solutionfor I min;D: dimer,T: trimer;S: methylenechloride,W:
H20, X: compoundX).
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Figure A-14. 1H NMR spectrum(300 MHz, CDCI3) of 5-n-,ethyl-2-thiopl-,enemethanol(13) (S: chloroform,
W: H20, E: ethylacetate).
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(11) (S: chloroform,h materialfromgrease).
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Figure A-20. GC/MS of dimers 33a and 33b.
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Figure A-21. 1H NMR spectrum(300 MHz, CDCI3) of acyclicdimers34a and 34b (S: chloroform,W:
H20).
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Figure A-22. H NMR COSY spectrum (300 MHz, CDCI3) of acyclic dimers 34a and 34b.
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Figure A-23. 13C spectrum (75.5 MHz, CDCI3) of acyclic dimers 34_ and 34b (S: chloroform).
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Figure A-27. Gas chromatograph of dimers 33a and 33b and acyclic dimers 34a (DB-1, temperature
program 100°C, 2 min, 2.0°C/min, 135°C, 10°C/min, 200°C, 10 mir_,10°C/min, 250°C, 10
min; Injector temperature = 200°C, A: acyclic dimer; D: dimer).
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Figure A-28. Gas chromatographof dimers33a and 33b and acyclicdimer34a (DB-1,135°C,
10°C/min,200°C, I0 min, 10°C/min,2,50°C, 10 min; Injectortemperature= 150°C, A: acyclic
dimer;,D: dimer).
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Figure A-29. 1H NMR spectrum(300 MHz, CDCI3) of 5-ethyl-2-thiophermmethanol(31) (S: chloroform,
E:ether).
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Figure A-31. 1H NMR spectrum(300 MHz, CDCI3) of 5-ethyl-2-thiophen_ethyl benzoate (10) (S:
chloroform,W: H20).
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Figure A-34. 1HNMR spectrum(300 MHz, CDCI3) of 5-ethyl-2-thiophenecarbo×aldehyde (30) (S:
chloroform).
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Figure A-38. 13C spectrum (75.5 MHz, CDCI3) of OSS-trimer20.
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PAPER 2. A CONVENIENT SYNTHESIS OF CYCLOOCTADECANE
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INTRODUCTION

Cyclooctadecane(1) has been used in a number of physical and mechanistic

studies1-3and as a syntheticintermediate.4 Itwas first preparedin 1928 by

Clemmensenreductionof 1,10-cyclooctadacadionewhichwas preparedby

decompositionof a metallicsaltof sebacicacid5 and it hassincebeen preparedby

severallengthy,multi-steproutes.6,7 Recently,compoundI was preparedby a

sequenceinvolvingthe metathesisof cyclononene.8

We nowwishto reportthat cyclooctadecane(1) can be preparedconveniently

by the Raney nickelreductionof [2,2,2](2,5)thiophenophane(2).

Re2OVAI203/SnMe4

n-Hexane,35-50°C

Pd/C/n-hexane
Ha 25°C

quant

1

Raney Ni l
(1)

2 1
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RESULTS AND DISCUSSION

[2.2.2](2,5)Thiophenophane(2) has been producedby the oligomerizationof

2,5-dirnethylene-2,5-dihydrothiophene(3) whichwas preparedby a Hofmann

reaction9 or by fluoride-ioninduced1,6-eliminationfrom the appropriate

trimethylsilyl-trimethylammoniumion.10 In bothcasesdimer 4 was also produced.

-I-

3

4 2

We have foundthat 2,5-dimethylene-2,5-dihydrothiophene(3) can be prepared

in highyieldbyflashvacuumpyrolysisof 5-methyl-2-thiophenemethylbenzoate

(5).11 We havestudiedthe oligomerizationof 1:1 carbondisulfide-deuterochloroform

solutionof variousconcentrationsof 3 at varioustemperaturesand haveconcluded

O
5 3

that a fair yieldof trimer2 is obtainedbyoligomerizationof a O.1 M solutionof ,3at

35°C. 12 Pure trimer 3 can be obtainedfrom the productmixturebyflash

chromatography.
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Reductionof 3 withan excessof Raney nickel13-16givesa yield of 75%

cyclooctadecane(1), eq. (1).
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EXPERIMENTAL SECTION

The pyrolysisapparatushasbeen previouslydescribed.171H NMR spectrum

was obtainedon a NicoletNT-300 spectrometer. 13CNMR spectrawere obtained

fromVXR-300 spectrometers. Chemicalshiftsare reportedin parts per million(8)

from chloroform(CDCI3). Gas chromatographicanalysiswas performedon a

Hewlett-Packardmodel5840A gas chromatographyequippedwith a 30 meterDB-1

capillarycolumnand a flame ionizationdetector.GC-MS analysiswas performedon

a Finnigan4000 GC/MS with Incosdata system.RaneyNickelwas purchasedfrom

Aldrich.

5.Methyl-2-thlophenemethyl benzoate (5)

A solutionof 11.8 g (0.0935 mol)of 5-methyl-2-thiophenecarboxaldehydein

50 mL of etherwas reducedand esterifiedbythe procedurereported11to yield18.7

g (0.080 tool) of 5-methyl-2-thiophenemethylbenzoate (5) (95%): b.p.87-89°C (0.05

mmHg); 1H NMR (CDCI3,300MHz) 8 8.15-8.02 (m, 2H), 7.55-7.38 (m, 3H), 6.95 (m,

1H), 6.50 ( m, 1H), 5.40 (s, 2H), 2.38 (s, 3H).

Pyrolysis of 5-methyl-2-thiophenemethyl benzoate (5)

A 0.6210 g (0.0027 tool) of 5 was pyrolyzedat 640°C inthe normalmanner17.

Uponcompletion,20 mL of 1:1 mixtureof carbondisulfide(CS2) and

deuterochloroform18 (CDCI3)was distilledthroughthe side armto the trap, which

resultedin a 0.1 M solutionof monomer3 Afterallowingthe pyrolysateto standat

roomtemperatureforca. 48 h, [2,2](2,5)thiophenophane(dimer4), and [2,2,2](2,5)

thiophenophane(trimer2,60%) were formed. Pure trimer(39.8 rag,0.00012 tool)



88

was separatedfromdimerby flashcolumn(silicagel) using1:150 ethylacetateand

hexaneas eluent.

Desulfurization of Trimer (2) with Raney Nickel

A solutionof 33.2 mg (0.0001 mol)of thiophenstrimer2 in 25 mL of absolute

ethanolwas stirredunderargon. ExcessRaney-Ni (1.2 g) in absoluteethanolwas

addedto the flask.The reactionwas allowedto reflux(78°C) forca. 18 h. Upon

completion,Raney nickelwasfilteredoff and25 mLof pentaneand50 mL of

saturatedsodiumchloridewas addedto the reactionmixture. The aqueouslayer

was extractedwithpentane(2x10 mL). The combinedorganiclayerswas washed

by saturatedsodiumchloride. Afterdryingandconcentrating,24 mg of a lightoil

was recovered. GC analysisofthisproductshowedthe presenceof

cyclooctadecane(1) as the majorcomponent(75-80%, 0.000076 tool)retentiontime

13 minon DB-1 column. GC-MS analysisshowsthissinglepeak has mass252.3.

1H NMR of I (CDCI3,300 MHz) (see appendix,FigureA-l): 8 1.3 (s, 36H). [lit2

(CDCI3) 8 1.3]. 13CNMR of I (CDCI3,75.5 MHz) (see appendix,FigureA-2): 8 27.5.

[lit2 (CDCI3,75.5 MHz) 8 27.53]. GC/MS m/e (relativeintensity)(see appendix,

FigureA-3, 4): 252.3 (M+, 19), 224.2 (1) 167.1 (1), 153.12 (2), 139.09 (3), 125.07

(8), 111.05 (15), 97.03 (29), 83.06 (38), 69.02 (41), 55.03 (75), 41.00 (100). [lit8

GC/MS 252 (M+,25), 55 (100)].

, ,. , 111
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Figure A-1. 1H NMR spectrum (300 MHz, CDCI3) of cyclooctadecane (1) (1:material from pentane, the
solven! for extraction, S: chloroform, T: TMS).
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Figure A-3. Gas chromatograph (DB-1, temperature program 1PO°C,5 min, 10°C/min, 200°C, 20 min) of
the desulfurizationproduct(C: cyclooctadecane).
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GENERAL SUMMARY

Effectsof o_-substitutiononthe terminiof the reactivedieneunitof

2,5-dimethylene-2,5-dihydrothiophenerevealeda non-concertedmechanismfor

thiophene-basedp-quinodimethanes.Formationof 19-oxa-20,21-dithiatetra-

cyclo[14.2.1.13,6.19,12]heneicosa.4,6,10,12,16,18-hexaene(OSS-Trimer 20) from

the trappingexperimentalsoprovidesevidencethat oligomerizationof

2,5-dimethylene-2,5-dihydrothiopheneproceedsvia a diradicalmechanism.

In paper 2, we foundthat cyclooctadecanecan be convenientlyprepared by

the Raney Nickelreductionof [2.2.2](2,5)thiophenophane.
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