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MEMORANDUM 

Notes to the Reader. 

Throughout this text a number of abbreviations are 

t:OIIJJrllHtly used, these are: 

n .m.r·. 

1 • r· • 

t. J. c. 

Nuclear magnetic resonance spectroscopy 

Infra-red spectroscopy 

Thin layer chromatography 
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ABSTRACT 

In this research the thermal reactions of polyfluoroaryl 

prop-2-ynyl ethers in inert solvents and with alkenes ~as 

investigated. 

Chapter 1 discusses the history of the Claisen and Cope 

rearrangements with particular reference to the scope, mechanism 

and stereochemistry of these reactions. Chapter 2 examines the 

behaviour of aryl prop-2-enyl and aryl ·prop-2-ynyl ethers when the 

ortho, para or both positions in the aromatic ring are substituted 

and illustrates the formation of both internal Diels-Alder adducts 

and cyclisation products. 

Chapter 3 reports the behaviour of polyfluoroaryl -prop-2-

ynyl ethers and includes the first period of the author's own work. 

The thermolysis of these ethers was undertaken in a non-vitreous 

environment in both n-decane and 1,1,2-trichlorotrifluoroethane 

leading to large quantities of the cyclisation products: 2-

fluoromethyl-4,5,6,7-tetrafluorobenzo[b]furan (117) from penta­

fluorophenyl prop-2-ynyl ether (115) and 2-fluoromethyl-4,5,6,7,8,9-

hexafluoronaphtho[2,1-b]furan (126) from 1,3,4,5,6,7,8-hepta­

fluoro-2-naphthyl ·prop-2-ynyl ether (120). 

The final chapter describes the second period of the author's 

work in which the thermolyses of 1,3,4,5,6,7,8-heptafluoro-2-

naphthyl prop-2-ynyl ether (120) and 2-fluoromethyl-4,5,6,7,8,9-

hexafluoronaphtho[2,1-b]furan (126) in the presence of (Z)-but-2-ene 

(120 only), 2,3-dimethylbut-2-ene and 3,3-dimethylbut-1-ene 

respectively were examined. The formation of the following novel 

alkenes is reported: 2-(2-methylbut-l-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,1-b]furan (137), 2-(2,3,3-trimethylbut-l-enyl)-

4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan (138), 2-(2,2,3-trimethyl-

(iii) 



but-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (139) and 

2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho­

[l,2-b]furan (140). The latter•s formation was attributed to the 

presence of 2,3,4,5,6,7,8-heptaf]uoro-l-naphthyl prop-2-ynyl ether 

(142) in the starting material, ether (120). The Chapter is 

concluded with a discussion of the mechanistic implications of 

the formation of compounds (138) and (139) from the two c6 alkenes 

in reaction with the ether (120) and the 2-fluoromethyl derivative 

(126). The particular reactions of 3,3-dimethylbut-l-ene with 

(120) and with (126) are especially interesting. Three mechanistic 

routes have been submitted to account for the products formed in 

these reactions: (a) that the formation of (138) and (139) 

requires an initial anti-Markownikov addition of a carbocation, 

subsequent rearrangement and proton loss; (b) that the 

formation of (138) and (139) requires initial attack by F· 

followed by anti-Markownikov adduct formation, ionisation by loss 

of F yielding a primary carbocation which rearranges and then 

loses a proton; and (c) that the formation of (138) and (139) 

really involves 2,3-dimethylbut-2-ene - formed by prior 

isomerisation of the terminal alkene by H+. 
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The Claisen and Cope Rearrangements: Scope, Mechanism and Stereo-

chemistry 

l.l. Introduction 

The principal aim of this investigation is to examine the 

mechanism of cleavage of the sp3 carbon-fluorine bond in the 

Claisen rearrangement products obtained from the vapour and liquid 

phase thermolyses of polyfluoroaryl allyl ethers. 

1.2. The Claisen Rearrangement 

AI lyl ethers of enols and phenols undergo a skeletal rearrange-

ment to C-allyl derivatives when heated at high temperatures. 

Claisen observed that compound (1), when distilled in the presence 

of ammonium chloride rearranged to isomer (2)1 (Scheme 1). 

OCH2CH=CH
2 I 

0 CH2CH=CH2 
II I 

CH
3

-C=CHC02C2HS CH
3
-C-CHC02C2H

5 
(l) (2) 

Scheme l 

Tht~ CJ ai sen rearrangement is better known for the rearrange-

rnt~nt of ally I phenyl ether's to ortho a·l Jy.l. phcnoJ s as illustrated 

by (3) and (4) 2 (Scheme 2). When the ortho position is 

(3) (4) 

Scheme 2 

substituted, the initial Claisen rearrangement may be followed by a 

Cope rearrangement which is the all carbon analogue of the Claisen, 

first observed in l,S-hexadienes 3 to yield the para-allyl phenol 



(11).4 There are many examples of products from the Claisen re-

arrangement in the literature and the topic has been widely 

reviewed.4-lZ The behaviour of allylic phenyl ethers may be 

summarised by Scheme 3. 9 It can be seen that the thermal 

(7) 

R2CH 
'cH 

R~:~l 
(8) 

OH 

(ll) 

Scheme 3 

H 

(9) 

(10) 

rearrangement of ether (7) proceeds by an intramolecular pathway 

yielding an ortho dienone (8) which when R3 
= H rapidly enolises to 

the 2-(2,3-alkenyl)phenol (9). The result of this process is that 

the y-carbon of (7) becomes directly attached to the ortho 

position of the benzene ring in phenol (9), a process referred to as 

inversion. If however the ortho-position is substituted i.e. 

R3 I H then enolisation is not possible and a subsequent Cope re-

arrangement generates the para-dienone (10) which will enolise to 

yield the 4-(2,3-alkenyl)phenol (ll); in this situation R3 f H 

there are two reversals of ends of attachment and the carbon which 

was initially attached to oxygen in (7) is now directly attached to 

the ben~ene ring in (11). 

- 2 -



1 .. ). The Mcch<tnism nf the Claisl~ll lk;tl'l'<lllf!:t'llll'llf 

ALthough Cla.isen proposed an intr·amolccuJar mech<lllism 

involving the simultaneous making and breaking of a carbon bond 

coupled with the rearrangement of the double bond as early as 1925, 13 

it was not until the 1960's that the intramolecular processes 

involved in the rearrangement were fully explained. 

In early mechanistic work, the Claisen rearrangement to the 

ortho position was shown to be a first order reactionl4,l5 which 

docs not require cata.lysjs by either acids or bases. The intra-

rnoLc(~ular nature of the reaction was illustrated by the absence of 

cross products 1n a number of rearrangements: e.g. the 

transformation of a mixture of allyl· 2-naphthyl ether and 

cinnamyl phenyl ether16 ; or cinnamyl 4-methyl-phenyl ether and 

allyl-4-amino phenyl ether. 17 The conclusions drawn during this 

period suggested that the rearrangement was best explained by a 

cyclic mechanism4 (Scheme 4), in which the cleavage of the carbon-

Scheme 4 

oxygen bond occurs as the 1-carbon becomes attached to the ortho 

position in the benzene ring, and this step rather than 

- 3 -



l
. . d . . 18 eno .1sat1on was rate eterm1n1ng. 

The rearrangement to the p;u·;1-position was also slwwn to hl' 

fi.rst ordcr 1
l) but at that time the atomic distances wen~ bel ievcd 

to rule out the probability of a cyclic mechanism, and it was 

postulated that the para transformation was the result of either 

d . l . . . . 4 ra 1ca or 10n1c 1nteract1ons. 

Throughout the 1950's a great deal of investigative work was 

undertaken to identify the nature of the mechanism of the Claisen 

rearrangement. C d F . 20' 21 f . l d d onroy an 1restone 1rst postu ate , an 

later isolated the intermediate ortho-dienone, via a maleic 

h d 'd dd c . l 22- 24 . l d d d 6 an y r1 e a uct. urt1n et a . 1so ate an rearrange -

allyl-2,6-dimethyl-2,4-cyclohexadienone, and so illustrated the 
\ 

probability of an intermediate cyclohexadienone in the para-

Claiscn rearrangement. 25-28 Schmid et al. were able to show, using 

"14 
a y- C labelled compound, that both the ortho- and para-Claisen 

transformations required an intermediate cyclohexadienone. Finally 

Alexander and Kluiber 29 were able to confirm the cyclic mechanism 

of the rearrangement, when they observed retention of configuration 

in the rearrangements of optically active 1,3-dimethylallylphenyl 

ether (13) and l,3-dimethylal~yl(2,6-dimethyl)phenyl ether (15) 

(Scheme 5). 

(15) 
Scheme 5 

- 4 -



Despite the work during the 1950's the rearrangement was still 

categorised as a 'No Mechanism' rcaction11 until JQ65 when the 

Claiscn rearrangement and other· tr·a.nsformations of that type wen~ 

defined by Woodward and Hoffmann as examples of s.igmatropic 

rearrangements.30 

1.4. The Claisen Rearrangement as a Sigmatropic Transformation 

Sigmatropic rearrangements are concerted reactions of the 

type shown (Figure l). Group G migrates with its a-bond in a 

n-frarnework, the reaction is accomplished by a shift in the n-bonds. 

G G 
I I 
C- ( C=C-C) ~ ( C=G-L}~C 

n n 

Fig. l. General Example of a Sigmatropic Transformation 

Woodward and Hoffmann define these shifts as a 'sigmatropic change 

of order [i,j]' , 30 where i and j indicate the number of the atom 

to which each end of the migrating a-bond goes, numbering from the 

original two atoms forming the original a-bond. The a-bond, which 

is flanked by one or more n-electron systems, migrates to its new 

position during a concerted reorganisation of the system. 

Mechanistically the concerted nature of a sigmatropic re-

arrangement requires a cyclic transition state in which the 

migrating group is attached to both the source and the terminus of 

the migration. Bonding in the transition state can be seen as an 

overlap of an orbital lobe or lobes in migratory group G, with an 

orbital of an allylic system, i.e. the n-framework. The Claisen 

and Cope rearrangements may both be seen as [i = 3, j = 3] 

transformations (Figure 2); the bond which appears to connect two 

allyl systems at positions l,l rearranges via two n-electron 

systems to positions 3,3 producing the changes illustrated (Figure 

2). In the transition state the Highest Occupied Molecular 

- 5 -



-----<~ 

2 

6~3 
103 

2 

Claisen Rearrangement of allyl vinyl ethers 

2 2 ]CJ 103 C> 
l ~ 3 1 ,0- 3 

2 
2 

Cope Rearrangement of 1,5-hexadienes 

Fig. 2. Claisen and Cope Rearrangements as [3,3] Shifts 

Orbital (HOMO) of one component overlaps with the HOMO of the 

other, each HOMO is singularly occupied and their combination 

yields an electron pair. The migrating group G passes from one 

end of the allylic system to the other and therefore the terminal 

carbons are of principal concern. In the HOMO of the n-framework 

the length of the chain dictates the phase of the terminal carbons. 

The symmetr·y of the HOMO in (C-:G--c)-C at ternates regularly and so the 
n 

HOMO varies according to the number of carbons involved in the 

rearrangement (Figure 3). 

CHAIN 
LENGTH 3 5 

Fig. 3. HOMO of various carbon skeletons 

7 

In the Cope and Claisen rearrangements the migrating species 

is a 3-carbon chain and in carbon migrations there exist two 

possible bonding overlaps in the transition state of the sigmatropic 

- 6 -



transformation. These are: (a) overlap of a single carbon 

orbital lobe with both ends of the n-framework, (b) overlap 

through two lobes on the migrating carbon. 

Depending on the symmetry of the n-system, the symmetry­

allowed migration may be suprafacial or antarafacial (Figure 4). 

By bonding through a single lobe ori the migrating carbon the 

SUPRAFACIAL ANTARAFACIAL 

Fig. 4. Carbon Migration Single Lobe Overlap 

stereochemical configuration of the migrating group is retained. 

The second possibility, overlap through two p-lobes will lead to 

inversJon of configuration (Figure 5). 

SUPRAFACIAL ANTARAFACIAL 

Fig. 5. Carbon Migration Overlap with Two P-Lobes 

- 7 -



E 

I.S. Till~ CLtiscn Re;u·r·<mgcmcnt- ThC' Moll~~;ulitl' Ot·bital Explanation 

llu1.lt 111\· Cl;tiSl'll ;tnd l:l'l'l' l'l'ill'l'illl/!,l'llll'llls illttSIJ·;t1l'd irt 

l'igun~ 2 hav\~ been catl~l,;or·ised itS [3,:D sigm<ttJ·opic t.J'ilrtsfol'lnations. 

It is possible to show by use of the phase relationships of the 

Highest Occupied Molecular Orbital (HOMO), that for rearrangements 

of the order [i,j] in which both i and j are greater than one, 

thermal changes are symmetry allowed only when i + j = 4n + 2 whilst a 

photochemically induced transformation requires i + j = 4n9 where 

n is the number of electrons in the transition state. A pictorial 

representation of the [3,3] shifts may be devised by considering 

the 1r-clectron system over the 3 carbons of the allyl group under 

HUckel Orbital Theory.ll These can be described by three molecular 

orbitals ~l' ~ 2 and ~ 3 which may be occupied by only two paired 

electrons (Figure 6). The three energy levels are defined as: 

bonding, non-bonding and anti-bonding. In Figure 6 each lobe of 

the wavefunctions has a phase (designated+ or-), bonding can only 

occur between wavefunctions of the same phase. 

Fig. 6. Molecular Orbitals of the Allyl Group 

- 8 -



In the allyl radical, which has three electrons as shown (Figure 6), 

the HOMO is represented by ~ 2 . Given that both the Claisen and 

Cope rearrangements proceed via a concerted pathway involving the 

formation and overlap of allyl quasi radicals in the transition 

state it can be shown that with a HOMO of structure ~2 the [3,3] 

rearrangement is allowed (Figure 7). 

2 2 

Fig. 7. ~2 Orbital Symmetry Allows [3,3] Transformation 

In this concept of the transition state atoms l,l and 3,3 are 

arranged so that the relative phases of the orbitals are 

. . d 9 m;unta:tne . Further, this pictorial representation is consistent 

with the stereochemical requirement for intramolecular allylic 

transformations, which demands that bond breaking and bond 

formation both occur on the same side of the allyl group - a 

f . l . . 30 supra ac1a m1grat1on. 

In the Claisen rearrangement of allyl phenyl ether and in the 

allyl migration shown by the all carbon analogue 4-phenylbut-l-ene, 

the highest occupied molecular orbital of the phenoxy and benzyl 

radicals is ~4 (Figure 8).32 

The HOMO for the benzyl and phenoxy radicals are very 

similar except in the position of the nodal planes with respect to 

the substituent. The diagram (Figure 8) illustrates how the phase of 

the wavefunction changes sign between the substituent and the ortho-

- 9 -



0 

+ + 

BENZYL PHENOXYL 

Fig. 8. ~4 HOMO of Benzyl and Phenoxy Radicals 

position and again between the ortho- and para-positions. 

The consequences of these features in the Claisen rearrangement 

ensures that in the transition state the allyl radical may be 

represented by ~2 (Figure 7) and the phenoxy radical by ~4 
(Figure 8). The nature of the phases of the wavefunctions results 

in the migration of the allyl group to both the ortho- and para-

positions being thermally allowed by the symmetry of the molecular 

orbitals (Figure 9). 

Fig. 9. Phase Relationships g1v1ng Thermally Allowed 
Migrations of the Allyl Group to both Ortho- and Para­
Positions 

- 10 -



Finally it should be noted that the migration of an allyl group 

to tiH' or·tlw-~pl)Sit.ion <ts obser·vl'd in both the Cl<1isen l'l'<tl'l'ilngl'llll'llt of 

:illy I phenyl l'tiH'r·, :rnd t:hl~ Ct)JH' t.r·:tnsf'onu:tt ion in 4-pht'll.yl- but·--1-etH', 

can be n~gar-dcd ei thcr- as a [.1, 3] or [.3, 7J s.igrnatr·opic shift 

depending on which direction the a-bond migrates along the aromatic 

ring. Where there is a choice, Hoffmann recommends the assignment 

of minimum values to i and j to represent the shift.9 

1.6. The Stereochemistry of [3,3] Sigmatropic Transformations 

In the preceding paragraphs the characterisation of both the 

Claisen and Cope rearrangements as suprafacial [3,3] sigmatropic 

shifts has been explained in mechanistic terms as requiring a 

cyclic transition state which may be seen as having two possible 

geometries: a chair-like arrangement (17), or a boat-like system 

(JH) (J~igure 10). For molecules which can adopt either system 

':-. 1 }' _- _-_-~~ -_ / 
(17) (18) 

Fig. 10. Two Possible Geometries of Cyclic Transition 
State in [3,3] Suprafacial Migrations (X = O,C) 

the chair (17) is strongly favoured. 6 Furthermore, of the two 

possible chair-like arrangements, the one which minimises diaxial 

interactions is preferred. These observations have been demonstrated 

for the Cope rearrangement of meso and racemic 3,4-dimethyl­

hexa-l,5-diene,33 in which the chair arrangement is favoured by a 

free energy of activation difference of 6 kcal/mol, whilst in the 

racemic mixture where two chair-like systems are available there is 

a free energy of activation difference of 2 kcal/mol (Scheme 6). 

- 11 -



H,......~-== ',. H 
H c I 

3 I I > \ \ 
I \ 

~~H 
(19) (20) (21) 

Scheme 6 

A similar order of favourability to Scheme 6 is observed in the 

amino Claisen rearrangement.34 Concerted [3,3] sigmatropic 

f . 1 . 6 d h' h b d d trans ormat1ons are stereose ect1ve an t lS as een emonstrate 

using optically active molecules for both the aromatic, 35 and 

amino 34 Claisen rearrangements and Cope transformations. 36 

When the chair-like transition state geometry cannot be 

achieved, the rearrangements proceed via a boat configuration and 

there are a number of examples in the literature, including a 

number of bicyclic derivatives in which the unsaturated linkages are 

part of the ring system,37 or in the Cope rearrangements of divinyl 

cyclopropanes and cyclobutanes.38 

The Claisen and Cope rearrangements can be seen, therefore, as 

stereoselective [3,3] sigmatropic shifts which pass through a 

cyclic transition state usually having the preferred chair-like 

configuration (19), but which may also adopt the boat-like 

arrangement (20), when steric constraints demand it. 

1.7. The Abnormal and Ortho-Ortho Claisen Rearrangements 

There exists two other types of aromatic Claisen rearrangements 

which must be briefly discussed. The first of these is the abnormal 

- 12 -



Claisen rearrangement, the original example of which was reported 

by Lauer and Filbert. 39 They observed that Y-ethyl-allyl phenyl 

ether (22) underwent a Claisen rearrangement to yield 2-(a,y-dimethyl 

allyl)phenol (24) -not the expected 2-(a-ethyl-allyl)phenol (23). 

Later work showed that (23) was also present40 (Scheme 7). The 

(22) 

H 
0/~ 

(23) 

OH 

(23) 

( 2 5) 

Scheme 7 

Et OH Me 

(24) 

abnormal product is formed from the expected product40 via two [1,5] 

homo-dienyl shifts. Equilibria of the type (23)~(25) may be set 

up in most Claisen rearrangements but they cannot lead to the 

formation of new products unless there is another alkyl group (Et 

above) on the side chain which is able to participate. 41 A reaction 

which is closely related to the abnormal Claisen rearrangement occurs 

when phenyl propynyl ether (26) is heated (Scheme 8). The product of 

the normal Claisen transformation a-allenylphenol (27) is able to 

further rearrange by a [1,5]-H shift followed by electrocyclisation to 

give the observed chromene (29). 41 The ortho-ortho Claisen 
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6~--.. 01-1 

(26) (27) 
Scheme 8 

(28) (29) 

transformation, which is also observed in aromatic systems like 

those already discussed, is not thermally allowed by Woodward­

Hoffmannrules.30 It has however been postulated by a number of 

workers to account for observed experimental results.42 

If the rearrangement followed a concerted pathway through the 

n-system of the ring, it would be a [3,5] shift which is only 

thcrma"lly allowed via a suprafacial-antarafacial process, requiring 

a transitjon state whose geometry would be extremely difficult if 

not impossjb]e to attain. 

An alternative mechanism is a multi-stage process the first 

stage of which is the formation of an intramolecular Diels-Alder 

adduct derived from the addition of the allyl n-bond to the diene, 

the adduct then undergoes a stepwise fragmentation to yield the 

observed products. This pattern of reaction was first postulated by 

Schmid et a1. 42 (Scheme 9). 

The rearrangement was used to account for the distribution of 

radioactivity between a and y carbons observed when 2,4,6-trimethyl­

phenyl allyl ether having y 14c (30) was heated. The radioactive 

distribution was accounted for by the occurrence of an ortho-ortho 

rearrangement (31~32) with a reversal of ends of attachment. In the 

stepwise mechanism an internal Diels-Alder adduct (34, 35) is formed 

from the ortho-dienone (31, 32) and cleavage of the four membered 

ring completes the rearrangement. 
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Me 
Me 

(34) ( 3-5) 

Scheme 9 
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CHAPTER 2 

Cliiisut lh~;lrTangcrnents Obscr·vt~d in Ar·yl Pt·op-~·-CIJ,YI and Ar·yl P1·up-

L.-yny1 Ethcr·s 

2.1. Introduction 

In this chapter, an examination will be made of the important 

features of the behaviour of aryl allyl ethers when either the 

ortho, para or both positions are substituted, thus preventing 

enolisation to the 2-allyl phenol (9) or the 4-allyl phenol (11). 

One example of the remarkable behaviour of these substituted ethers 

is the ortho-ortho Claisen rearrangement discussed in detail in 

Chapter I, Section l. 7. 

2.2. The Intramolecular Diels-Alder Addition 

In Section 1.7 it was shown how Schmid et a1. 42 postulated an 

intramolecular Diels-Alder adduct to account for observed results. 

Whilst the proposed Diels-Alder adducts (34, 35) were not isolated, 

in 1968 Schmid and co-workers 43 examined the thermolysis of 2,6-

dimethylphenylprop-2-ynyl ether (36) and obtained adduct (38) 

(Scheme 10). 

OCH 2C::CH 0 0 

Me& Me 
-- 0 ·- B 

(36) (37) (38) 

Scheme 10 

The formation of the intramolecular adduct was rationalized in 

terms of a [3,3] sigmatropic rearrangement of the ether (36) to the 

ortho allenyl dienone (37), followed by ring closure to the tricyclic 

deri va ti ve (38). 

In 1974 Brooke44 also postulated th~ internal Diels-Alder 
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addition to account for the products formed when pentafluorophenyl 

2 prop-2-enyl ether (39), and [2,3,3- H
3
Jprop-2-enyl ether (40) were 

pyrolysed at 480° through a quartz tube packed with glass wool. 

Pentafluorophenylprop-2-enyl ether (39) did not dehydro-

fluorinate on pyrolysis, as was expected, but instead isomerized 

to the bicyclic compound (42), via the Claisen intermediate ortho-

dienone (41) (Scheme 11). 

F

6
:2:H=CH2 

F h F 

F 

(39) 

F 

(41) (42) 

Scheme 11 

The formation of (42) requires that the adduct (43) be formed, 

followed by cleavage of a carbon-carbon bond to form the relatively 

stable diradical (44) which undergoes hydrogen abstraction to give 

(42) (Scheme 12). 

0 

(39) ---:@; 
F 

(43) 

~(42) 

(44) 

Scheme 12 

The described reaction sequence required that the hydrogen 

atoms on c
3 

and c
5 

in (42) were derived from the two terminal 

vinylic hydrogens in ether (39). To test this proposition the 

deuterated ether (40) was prepared, which was expected to undergo 
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the reaction sequence in Scheme 13. 

l•o:D"CD2 
0 0 

F 

1"01' ... ---lilt=> () 

"' "' F F 
~ ~ 

F F 

(40) (45) 

0 

F 

F 

H H 

(47) 

Scheme 13 

On pyrolysis however the deuterated ether (40), did not give 

exclusively (47), but also produced an isomer (SO) which required 

the precursor to (49) be obtained from (48) (Scheme 14). 

0 0 F F 0 

F~F ~ F~F ---8!> F 

F z# F F~ F 

F F D D 

(48) (49) (so) 

Scheme 14 

The most satisfactory explanation of this phenomenon was 

that the second possible Diels-Alder adduct (Sl~~was formed 

followed by a stepwise rearrangement as suggested by Schmid et a1.
42 

(Scheme 15). 

(40) ... (45) .... 

0 

~®: 
F 
(51~) 

Scheme 15 
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In a later paper, Brooke and Hall 4S showed how .it was poss i b ll' 

for the internal Diels-Alder adduct (51) to cleave in two ways: 

(a) Cleavage leading to the initially formed Claisen re-

arrangement ortho-dienone (41) which could then produce 

the bicyclic derivative (42) (Scheme 11). 

(b) A cleavage which could produce l-fluorovinyl-2,3,4-

trifluorophenyl ketone (52) which readily polymerised in 

air and was therefore hydrogenated to prevent this 

occurd ng ( S3 ), (Scheme 16). 

(
Lt 4 ) Cleavage 
, ' <J(a) 

F F @
0 

F 
F F \ 

cleavage F(f /c~ 

0 

F II 
F~)(CH3 
F I H F 
~ 

( S3) 

.b 
F F (b) c::::=> C CH

2 F~ II 

F 

(51) 

HziCatalyst 

Scheme 16 

0 
H 

1-HF 

(52) 

Headily Polymerised 

The relative ease of cleavage was then determined by repeating 

the pyrolysis and immediately reducing the vinyl ketone (52) with 

deuterium in order once again to prevent polymerisation of (52). 

Two compounds were obtained (54, 55) in the ratio 1:1.1, these in 

turn indicated that the pyrolysis products were a ketone (56) 

obtained from (5la) and a second ketone (57) derived from Diels-

Alder adduct (58) (Scheme 17). 

It was concluded that cleavage of bonds (a) was easier than 

cleavage of bonds (b) in (51) (Scheme 16). This deduction was based 
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0 0 6(olx F 'l.y ··@·· •··o: ,...cn
2 CD 

ll VI, # H F 
F F D 3 

l"~l F 
~ -{> 

Jt' 

I<' ,D D 
( 5Ja) (56) (54) 

0 0 0 F(]!YCH2 Fd~CH2D F~F ------.:::=> 
F ~ I D F ------c::- F I D F ~F ~ 

F D D 

(58) (57) (55) 

Scheme 17 

upon the isolation of the bicyclic ketones (47, 50) in the same 

ratio as that of the unsaturated ketones (54, 55), which indicated commor. 

precursors, namely the 2,4-dienones (45, 48). Furthermore, the 

equilibrium between these compounds (45, 48) must be establi~hed 

quickly in comparison to reactions arising from Diels-Alder adducts 

(51, 58 and 46, 49). 

It is obvious therefore that the formation of an intramolecular 

Diels-Alder addition adduct is an important feature of the behaviour 

of 2,6-disubstituted aryl allyl ethers. 

2.3. Cyclisations Following Initial Claisen Rearrangements 

An alternative reaction, which Claisen intermediates such as 

the ortho allenyl dienones can undergo, is cyclisation. 

In an extension of their earlier work42 ' 43 (cf. Section 2.2) 

Schmid et a1. 46 investigated the thermal rearrangement of 2,6-

dichlorophenyl prop-2-ynyl ether (59), which gave as its main 

products: 7-chloro-2-chloromethylbenzofuran (61) and 3,8-dichloro-

2H-l-benzopyran (60). The bromo analogues (62), (63), showed one 

bromine atom less per molecule (64), (65) and (66). The corresponding 

naphthyl derivatives (67), (68) rearrange more readily to the 

halogeno-naphthofurans (69), 70), and the methyl furan (71). 

These reactions are illustrated in Scheme 18. 

The reaction sequence suggested by Schmid required an initial 
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0~ 

Cl-cr: 230° 
De cane 

( SCJ) 

Br 

(63) 

(67) R1 
= C1; R2 

= H 

(68) R1 
= Br; R2 

= H 

C1 

+ 

(60) 

R 

(64) R = CHJ 

(65) R = Br 

(69) R
1 = C1; R

2 = H 

(70) R1 
= Br; R2 

= H 

Scheme 18 
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R 

( 66) R '~ Br 
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0~ l ~· 

CloCl 
0 

I (a) (b) 
- Cl Cl ~cl 

(59) (72) 

Cl 

0 

Cl 

H Cl 

Cl 

(73) (61) (74) (60) 

(a) [3,3] Sigma tropic Shift. (el) Radical Rearrangement/ 
Recombination. 

(b) Homolysis of C-Cl. (e2) Radical Recombination/Ring 
Closure. 

(c) Resonance Stabilization. (f) Radical Recombination. 

(d) Ring Closure. (g) Hydrogen Abstractio~. 

(e) Radical Recombination. (h) Cyclisation. 

Scheme 19 
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L~, :n s i ,~rn<t.tr·op i c sh i f't to the <1-a II ~.~ny 1-(J-Iwl Ol!;l.~n0cyc I oiH·xa-:l, 4-d i l.'lll' 

(72), this was followed by homolytic cleavage of the carbon-chlorine 

bond to give radicals, which then cyclised (Scheme 19). 

In another paper published in 1978, Schmid et a1.
47 

investigated 

the behaviour of prop-2-ynyl (3-pyridyl)ether (75), when heated in a 

sealed tube with either n-decane or DMF at 208°. When DMF was used 

the furanopyridines were produced, whilst when the solvent was n-decane 

the products were the pyranopyridines. Similar behaviour was observed 

when the 2-methyl derivative (79) was used, the pyridine reacted in DMF 

to give one product (81) and in n-decane to generate two products 

(80, 81) (Scheme 20). 

/0 

()j-
(3 

o~ DMF CH
3 '(ryo ¥i3> + 

208° N N ll~ 
N 

(75) (76) (77) 

(() + (76) + (77) 

N 
(78) 

(J(o r("3 
N Me~ De cane 0 liP + (X 208° 

(79) 

~ 
Me 

N Me 

(80) (81) 

(81) ONLY 

Scheme 20 
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The thermolysis of allyl-3-pyridyl ether (82) and 2-methyl-3-

pyr·idyl allyl ether (83) gave rise to two different furanopyridincs 

(84, 85) (Scheme 21). 47 

(Uo~ (X)-DMF/DECANE CH
3 

N 

(82) (84) 

CH
3 

(](0~ DMF/DECANE 

N CH 
3 

(83) 

Scheme 21 

When a comparison of the unsubstituted pyridine derivative (75) 

with the unsubstituted phenyl prop-2-ynyl ether (86) was made, the 

behaviour of the aryl derivative was found to be similar to that of 

the pyridyl (75), yielding the benzopyran derivative (87) in decane 

and the benzofuran derivative (88) in sulpholane (Scheme 22). 

(87) 

(86) SULPHOLANE 

(88) 

Scheme 22 
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(89)\ 
ENOLISATION 

OH OH 

~ N 

(90) (94) 

CCJ
O 

~ 
N 

(92) 
(91) (95) 

CYCLISATION It /CYCLISATION 

co (U-He I 
N 

(78) (76) 
( 77) 

Scheme 23 
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0 

N 

(96) 

CYCLISATION 

Me 

N 

(97) 



0" 6f-?" O OH 
0 I .; A - Cl I Cl (b) Cl6° Cl[H"J Cl6~ Cl 

Cl Cl [3s3s] . ~ -Cl Cl Cl h- Cl Cl ~ Cl Cl h Cl 
N N N N 

(98) (99) 

Cl 

Cl 

Cl 

Cl 

(101) 

RING 
CLOSURE 

(102) 

(a) Homolytic Cleavage C-Cl 

(b) Homolytic Cleavage C-C 

(a) 

Scheme 24 
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The variation of products when the pyridine derivatives were 

reacted in either n-decane or DMF was explained by considering the 

pKa value of the intermediate allenyl hydroxy pyridines (90, 94). 

These hydroxy pyridines can only ionise in DMF which is able to accept 

protons, whilst n-decane cannot. In n-decane the hydroxy pyridines 

(90, 94) undergo [1,5] hydride shifts followed by cyclisation47 

(Scheme 23). 

Iddon et a1. 48 also examined the behaviour of related pyridyl 

ethers, in particular tetrachloropyridine derivatives, both the prop-

2-enyl and prop-2-ynyl, to investigate the results of Claisen re-

arrangements in these fully substituted compounds. The reactions were 

undertaken at high temperature in sulpholane. Iddon et al. postulated 

the sequence of reactions shown (Scheme 24). 

The free radical mechanism involving homolytic cleavage of a C-Cl 

bond, invoked to account for the experimental results, is similar to 

that of Schmict. 46 

Brooke and co-workers49 investigated the behaviour of the tetra-

fluoropyridyl prop-2-enyl etherswhen thermolysed at 140° for long 

periods (e.g. 10-13 days) in sealed flasks. Among the products 

when tetrafluoro-4-pyridyl prop-2-enyl ether (lOS) was heated in the 

vapour phase at 138° for 10 days, was a tetrafluorotricyclic compound 

(107) and the hydrated hydrolysis product (108) (Scheme 25). 

0~ 

T~F /;D>o 

F .,-:: F 
N 

(lOS) 

F 

0 

:0: 
N 

(106) 

F 

(108) 

Scheme 25 
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A second tricyclic compound (lll) was isolated from the 

thermolysis of 2,4,5,6-tetrafluoro-3-pyridyl prop-2-enyl ether (109) 

(Scheme 26). This derivative (lll) was less susceptible to hydrolysis 

and the hydrate was not observed.49 

F 0 

:o-:0~ @F 
liP' Fl F 

~ 

N N 

F 

(109) (110) (lll) 

Scheme 26 

The tetrafluoro-3- and tetrafluoro-4-prop-2-enyl ethers, (109) 

and (105), followed a reaction path which led to internal Diels-Alder 

adducts, similar to (43) in an analogous reaction to that of pentafluoro-

phenyl-prop-2-enyl ether (39), rather than the cyclisation pathways 

observed in the more obvious counterpart tetrachloropyridyl prop-2-enyl 

ether (~H). One possible explanation of these differences lies in the 

-1 1 -1 lower bond strength of C-Cl than C-F (78 kcal.mol. , 116 1<.cal.mol. 

respectively5°) which would make the homolytic cleavage of C-Cl, 

postulated by Schmid et al., and Iddon et al. ~6 , 48 somewhat easier 

than the homolytic cleavage of C-F. Furthermore, the two bond lengths 

of C-Cl and C-F (1.766~, 1.~17~ respectively50 ) indicate that the 

chlorine atom is not so strongly bound. These features would favour 

the homolytic cleavage mechanism shown in Scheme 24 and hence the 

observed cyclisation products (Schemes 20-24). These postulations 

however are qualified by the recorded behaviour of pentafluorophenyl-

prop-2-ynyl ether, and heptafluoro-2-naphthyl-prop-2-ynyl ethers, which 

when thermolysed do give rise to recognisable electrocyclisation 

products discussed in more detail in Chapter 3. 
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CHAPTER 3 

The Thermolysis of Polyfluoroaryl and Polyfluoropyridyl -Prop-2-ynyl 

Ethers in the Liquid Phase 

J.l. Introduction 

The possibility of converting readily available pentafluoro-

phenyl -prop-2-enyl ether (39) into the partially fluorinated 

heterocyclic compound 5,6,7,8-tetrafluoro-2H-l-benzopyran (113) was 

originally proposed in 197444 (Scheme 27). However the vapour phase 

Fo2:HcCH2 0 

-HF 

F I~ F 
F 

~ 

~ F F 
F F 

F CH2CH=CH2 
(39) (ll2) F 

(ll3) 

Scheme 27 

pyrolysis of (39) gave a variety of products depending on the 

reaction temperature. 

At 365° in a flow system the initial Claisen rearrangement was 

followed by a Cope rearrangement to give the dienone 51 (112). One 

of the two possible internal Diels-Alder adducts was formed in a 

static system at l37-l41°C accompanied by an isomer. At 480° in 

a flow system a product (42) was isolated which resulted from the 

decomposition of a second possible Diels-Alder adduct of the Claisen 

rearrangement intermediate44 (cf. Section 2.2) (Scheme 28). 

The route was temporarily abandoned due to failure to obtain 

the 2-H-l-benzopyran derivative (113), and the search continued for 

other types of internal Diels-Alder adducts from pentafluorophenyl-

prop-2-ynyl ether (115). A precedent for this reaction had been 

reported by Schmid43 (Scheme 10, Section 2.2). 
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(39) 

CH 

u.
O F }~ 

F CH 
F 2 

F 

F 
(4] ) 

0 

137-141° 

$: + F®: 
F F 

(Sl) (114) 

(43) (42) 

Scheme 28 

When pentafluorophenyl· prop-2-ynyl ether (115) was distilled 

through a silica tube packed with quartz wool at 370°, no Diels-Alder 

F 

adduct (116) was formed, only the isomerisation product 2-fluoromethyl-

4,), (J, 7-tet.r'afJ uorobcnzo(b]furan (11 7) (Scheme 29) was isolated. 
52 

:6
2

~,c~: 
F 

(115) 

Scheme 29 
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The liquid phase reaction of the ether (115) in benzene at 

140° however gave 2-benzyl-4,5,6,7-tetrafluorobenzo[b]furan (118), 

and a simil.ar reaction with p-xylene a.Lso Jed to substitution into 

the ar·omatic dng, giving 2-(2,)-dimethylbcnzyl.)-4,5,6,7-tetrafluoro-

bcnzo(b]furan (119) (Scheme 30). 

F 

(118) 

F 

(115) F 

(119) 

Scheme 30 

The liquid phase thermolysis of 1,3,4,5,6,7,8-heptafluoro-

2-naphthyl prop-2-ynyl ether (120) at 140° in the same aromatic 

solvents gave 2-benzyl and 2-(dimethylbenzyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan (121) and (122) (Scheme 31).52 

These experiments showed that the behaviour of the prop-2-ynyl 

ethers (115) and (120) was quite different from that of the prop-2-

enyl ether (39). The work of Schmid et a1. 46 had previously shown 

that aryl ·prop-2-ynyl ethers having ortho-halogens, when thermolysed 

in n-decane gave the 2-halomethylbenzo[b]furan derivatives. The 

2,6-dichlorophenyl prop-2-ynyl ether (59) gave 3,8-dichloro-2H-l-

ben=opyran (60), and 2-chloromethyl-7-chlorobenzo[b]furan (61), 

whilst l-chloro(bromo)-2-naphthyl prop-2-ynyl ethers (67, 68) 

- 31 -
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I' OF ~OCH2C,CH 
'~ "'- IVF 

F F ~ENE 
(120) 

~ZENE F 

I 
CHz\0 0 

(121) 

(122) 

Scheme 31 

produced 2-chloro(bromo)methylnaphtho[2,l-b]furan (69,70) and 2-methyl-

naphtho[2,l-b]furan (70) (Scheme 18, Section 2.3). To account for this 

behaviour Schmid postulated homolytic cleavage of the carbon-halogen bond 

in the initial Claisen rearrangement intermediate (72) followed by 

cyclisation and recombination (Scheme 32). 

0~ 0 0 

Cl 6Cl Cl Cl 
Cl./ 

(60) 
Iii>' 

'\ 
(59) (72) RESONANCE 0 

Cl 

(61) 
Scheme 32 
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The formation of the 2-fluoromethyl-4,5,6,7-tetrafluorobenzo[b]-

furan (115) could also be accounted for by an analogous isomerisation 

mechanism, in which an sp3 C-F bond is cleaved homolytically, albeit 

0 at the remarkably low temperature of 140 . The formation of the 2-

benzyl (118) and 2-(2,5-dimethylbenzyl) (119) derivatives is 

rationalized in terms of a homolytic substitution reaction of 

hydrogen in the ring. An alternative heterolytic mechanism can be 

invoked howl~Ver to account for these reactions (Scheme 33). 

OCH 2C::CH 

F6~ F 

F o F 

F 

F 

(115) RESONANCE 

F 

F~ I•' "",,. 0 CHz-0 
F 

(118) 

(119) 

Scheme 33 

A series of aromatic solvents: isopropylbenzene, nitrobenzene, 

benzylidyne trifluoride and diethylaniline were examined in an 

attempt to distinguish between the two mechanisms by characterization 

of the substitution products; thus for example a carbocation 

mechanism in nitrobenzene should give meta-substitution, whilst a 

radical mechanism should give ortho, para and meta substitution. 

Unfortunately no definite conclusions could be reached.53,54 

In view of the vapour phase isomerisation of pentafluoro-
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phcnyl-pr·op-2-ynyl ether (liS) to the 2-fJuor·ornd.hyl dt>rivative 

( J17) at 370°, it was of interest to examine whether such an 

isomerisation process could be effected in the liquid phase at 

much lower temperatures used in the reactions with aromatic 

0 solvents (ca. 140 ). The behaviour of the naphthyl prop-2-ynyl 

ether (120) in various solvents was examined since yields of 

products for the naphthalene derivatives, in general, are greater 

than those for the phenyl derivative. Thus the ether (120) was 

heated in a sealed glass tube with 1,1,2-trichlorotrifluoroethane 

to yicJd two products: di-(4,S,6,7,8,9-hexafluoronaphtho[2,l-b]-

furan-2-yJ rncthyl)ether (123) and bis-(4,5,6,7,8,9-hexafluoro-

naphtho[2,l-b]furan-2-yl)methane (124), no fluoromethyl compound 

analogous to (117) was isolated (Scheme 34). 

F 

(123) 

(124) 

Scheme 34 

The reaction of the heptafluoro-2-naphthyl prop-2-ynyl ether 

(120) in N,N-diethylaniline gave, in addition to (123), (124), two 

other products which involved the formation of a furan ring without 
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the substitution reaction: 2-methyl-4,5,6,7,8,9-hexafluoronaphtho-

[2,1--b]ftu·an (12)) Cl%), and 2-fluor·omethyi-4,S,(J,7,8,c)-lwxa­

fluonmaphtho[2,]-b]fLH·an ( 12(l) (2%) (Scheme 3)). ).1,54 

(120) 

F 

F 

F 
(125) 

+ 

+ 

Scheme 35 

F 

aCt FO=J 
F 0 CH2F 

(126) 
(123) + (124) 

The absence of the 2-fluoromethyl derivative (126) as a product 

in the thermal reaction of ether (120) in 1,1,2-trichlorotrifluoro-

ethane was surprising in view of the observations made by Schmid et al. 

in their work with orthohalophenyl prop-2-ynyl ethers (67), (68)
46 

(Scheme 32). The formation of the diether (123) indicated that water 

must have intervened in the reaction either within the reaction vessel 

or afterwards during the work-up procedures. The argument for 

hydrolysis was further supported by the reaction of (126) with water 

in a sealed tube, which gave the diether (123) (7%), and 4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan-2-yl methyl alcohol (127) (Scheme 36).
53 

F 

F 

F 

(126) 

H 0 2 
- (123) + 

145° 

Scheme 36 
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It was finally concluded from work both with the pentafluorophenyl 

fH'Op-2-yny I ether· ( U )) and the hcptaf I uor·o-2-naphthy J pr·op-2-yny I 

ether (120), that the formation of the products (123) and (124) was 

ultimately attributable to the actual generation of wate~~ithin the 

reaction vessel via attack of hydrogen fluoride, formed during the 

decomposition of the reaction mixtures, on the glass walls of the 

reaction ves~el. 

3.2. Present Work: Thermal Reactions of 1,3,4,5,6,7,8-Heptafluoro-

2-naphthyl Prop-2-ynyl Ether in n-Decane and 1,1,2-Trichloro-

trifluoroethane 

The first phase of the experimental work was to investigate the 

bchavjour of the 1,3,4,5,6,7,8-heptafluoro-2-naphthyl prop-2-ynyl 

ether (120) during thermolysis in a non-vitreous environment. A 

nickel lined stainless steel Carius tube was used to avoid the 

formation of water during the progress of reactions. Thermolysis of 

the ether (120) was carried out at 150° in both anhydrous n-decane 

(the solvent used by Schmid46), and anhydrous 1,1,2-trichloro-

trifluoroethane. Every precaution was taken to exclude moisture from 

the reaction vessel by sealing the apparatus under an atmosphere of 

dry nitrogen. After work-up, involving sublimation and extensive dry 

silica column chromatography, three major products were obtained: 

2-fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (126) (24% 

in n-decane, 42% in 1,1,2-trichlorotrifluoroethane), di-(4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan-2-yl methyl)ether (123) (2% in n-decane, 

approximately 6% in 1,1,2-trichlorotrifluoroethane), and bis-

(4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan-2-yl)methane (124) (1.5% 

in n-decane, approximately 3% in 1,1,2-trichlorotrifluoroethane) 

(Scheme 37). 
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The formation of the products (123) and (124) indicated that 

although the strictest precautions to maintain an anhydrous 

environment had been taken, water had still interacted with the 

reaction products to form the ether (123) and his-methane (124) 

derivatives, presumably during the separation of products. 

However the most significant result of these experiments was 

the fact that reasonably large quantities of the 2-fluoromethyl-4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan (126) could be obtained, and so showing 

that what Schmid had achieved with the chloro- and bromo-compounds 

(the formation of 2-halonaphthofuran derivatives),46 could also be 

achieved with the fluoro compounds of the polyfluoro series. 
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3.3. Thermolysis of Pentafluorophenyl Prop-2-ynyl Ether in 1,1,2-

Trichlorotrifluoroethane 

The pentafluorophenyl prop-2-ynyl ether (115) was thermolysed 

as for the naphthalene derivative (120) at 150° for 5 days. 

Isolation of the major products from the reaction proved more 

difficult than before. Whilst the benzo analogues of naphthofurans, 

(123) and (126), have been identified by t.l.c. and i.r., pure 

samples were difficult to obtain. The two identified products 

from the thermolysis of the ether (115) were: 2-fluoromethyl-4,5,6,7-

tetrafluorobenzo[b]furan (117) (19%), and di-(4,5,6,7-tetrafluoro-

benzo[b]furan-2-yl methyl)ether (128) (approximately 20%) (Scheme 38). 

F 

F6::z:'c"/ 
F ~ F 

F 

F~ 
F~~ 

F 0 CH
2
F 

(117) 

(115) 

F 

:~ ~~ ~O~CH20CH~~ F F 

(128) 

Scheme 38 

3.4. Preparation of 2,3,5,6-Tetrafluoro-4-pyridyl and 2,4,5,6-

Tetrafluoro-3-pyridyl ·Prop-2-ynyl Ethers and their Subsequent 

Thermolysis Reactions 

A further extension of the work involving the thermal behaviour 

of the polyfluoroaryl ·prop-2-ynyl ethers, led to an examination of the 
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behaviour of 2,3,5,6-tetrafluoro-4-pyridyl ·prop-2-ynyl ether (131), 

and 2,4,5,6~tetrafluoro-3-pyridyl ·prop-2-ynyl ether (132)
55 

under 

thermolysis conditions in various solvents. Initially these 

compounds were prepared by reacting 2,3,5,6-tetrafluoro-4-hydroxy-

pyridine (129) and 2,4,5,6-tetrafluoro-3-hydroxypyridine (130) 

respectively, with prop-2-ynyl bromide and anhydrous potassium 

carbonate in acetone under reflux (Sche~e 19). 

F6:F 
F h F 

N 

(129) 

(I 30) 

+ 

(131) 

+ 

032) 

Scheme 39 

The 3- and 4-pyridyl ethers (132) and (131) respectively, were 

thermolysed in a number of solvents: tetralin at 205° and under 

reflux; p-xylene and 1,1,2-trichlorotrifluoroethane at 150° and 

180° in a nickel Carius tube. No viable products could be 

obtained from either ether with the aromatic hydrocarbons, or with 

the 3-pyridyl ether (132) in the freon solvent, tars were obtained. 

The 4-pyridyl ether (131) in 1,1,2-trichlorotrifluoroethane gave an 

amount of volatile material (22%), the 19F n.m.r. of which showed it 

to contain mainly unreacted starting material (oF CDCl
3 

92.8 p.p.m., 

and 164.5 p.p.m. above CFCl
3

), but there were four other signals one 

of which was a triplet at 213.4 p.p.m. due to a -CH2F presumably of 

compound (133) (Scheme 40). 
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3.5. Reaction of 2-Fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]-

furan and p-Xylene 

The successful synthesis of large quantities of 2-fluoromethyl-

4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan (126) by the thermolysis 

of the 1,3,4,5,6,7,8-heptafluoro-2-naphthyl prop-2-ynyl ether (120) 

in 1,1,2-trichlorotrifluoroethane in sealed nickel Carius tubes, 

made it possible to investigate the reaction of the 2-fluoromethyl 

derivative (126) with aromatic hydrocarbons, to assess whether this 

compound could be an intermediate in the reactions of polyfluoroaryl-

prop-2-ynyl ethers with aromatic solvents. 

Compound (126) was heated with p-xylene under reflux for 20 hrs. 

during which time hydrogen fluoride was evolved, to give, 2-(2,5-

dimcthylbcnzyl)4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan (122) in 

75% yield, along with some recovered starting material (17%) 

(Scheme 41). 

p-Xylene 
75% = 

(126) (122) 

Scheme 41 
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The result clearly indicated by the formation of the 

substitution product Cl22) that 2-fJuor·oml'thyl-4,S,6,7,8,9-hexa-

fltHH·onaphtho[2,1-b]fur·;m (12o) could be an intermediate along the 

reaction path starting with the prop-2-ynyl ether (120). However 

it does not indicate the mode of fission of the CH2-F bond (homolytic 

or heterolytic), which occurs readily at 140° or 150° (Scheme 42). 

F 

F 

F 

(126) 

3.6. Experimental 

\ 
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\ 
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F 

F 

F 

~ F 

F 

Scheme 42 

F 

F 

(122) 

~XYLENE 

F 0 CH + 
2 

Thermolysis of 1,3,4,5,6,7,8-Heptafluoro-2-naphthyl -Prop-2-ynyl Ether(l20) 

(a) In n-Decane 

The ether (120) (3.92 g.) and n-decane (15 ml.) (freshly 

distilled from LiAlH4), were sealed in a nickel Carius tube under 
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nit 1·ogt~n <md heated at 150° for 18 hrs. After cooling, the reaction 

product and washings (freshly distilled acetone, 150 ml.) were 

transferred to a flask, and the acetone removed on a rotary 

evaporator at reduced pressure. The n-decane was then distilled off 

at 30°/0.01 mm. Hg pressure to yield a brown solid which was 

separated on a dry silica column 72 x 3 em. using Ccl
4

:CHC1
3 

7:3 

as eluant to give two fractions. Fraction (i) (1.15 g.) was 

sublimed to yield a white solid, 2-fluoromethyl-4,5,6,7,8,9-hexa-

fluoronaphtho[2,l-b]furan (126) (0.966 g., 24%). The non-

sublimable residue (0.18 g.) was triturated with diethyl ether to 

give a yellow solid, bis-(4,5,6,7,8,9-hexafluoronaphtho[2,l-b]-

furan-2-yl)methane (124) (65 mg., 1.5%). Fraction (ii) (0.14 g.) 

was recrystallized from petroleum ether 100/120 to yield di-

(4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan-2-yl methyl)ether (123) 

(85 mg., 2%). All three compounds were characterised using i.r. 

and 19F n.m.r. analysis by comparison with known samples. 56 

(b) In 1,1,2-Trichlorotrifluoroethane 

The ether (120) (1.64 g.) and 1,1,2-trichlorotrifluoroethane 

(40 ml.) (freshly distilled from P2o5
), were sealed in a nickel 

Carius tube under nitrogen and heated at 150° for 18 hrs. After 

cooling, the reaction product and washings (freshly distilled 

acetone 150 ml.) were transferred to a flask, and the solvent 

removed on a rotary evaporator under reduced pressure to yield a 

brown solid (1.58 g.) which was sublimed at 67°/0.0l mm. Hg pressure, 

to give 2-fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (126) 

a white solid, which was recrystallized from petroleum ether 60/80 

(0.69 g., 42%), characterization was completed by comparison of i.r. 

and 1H n.m.r. analysis against known samples.56 
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The non-sublimable residue was shown to contain both di-

(4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan-2-yl methyl)ether (123) 

(approx. 6%) and bis-(4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan-2-yl)-

methane (124) (approx. 3%), by t.l.c. analysis on silica plates with 

Ccl
4

:CHC1
3 

7:3 as the developing solvent. 

Thermolysis of Pentafluorophenyl Prop-2-ynyl Ether (115) in 1,1,2-Trichloro-

trifluoroethane 

The ether (115) (2.83 g.) and 1,1,2-trichlorotrifluoroethane (30 ml.), 

(fr·cshly disti1led from r
2
o

5
), were sealed in a nickel Carius tube 

under nitrogen and heated at 150° for 5 days (116 hrs.). After 

cooling, the reaction product and washings (diethyl ether 150 ml.) 

were transferred to a flask and the solvent removed on a rotary 

evaporator under reduced pressure to yield a brown oil (2.6 g.) which 

was separated on a dry silica column using CC1
4

: petroleum ether 

30/40 2:1 as eluant to give three fractions. Fraction (i) (0.44 g.) 

a colourless oil identified as recovered starting material (115) (18%); 

fraction (ii) (0.48 g.) a colourless oil 2-fluoromcthy1-4,5,6,7-tetra-

fluorobcnzo[b]furan (117) (19%); and fraction (iii) (0.49 g.) 

identified as di-(4,5,6,7-tetrafluorobenzo[b]furan-2-yl methy1)ether 

(128) (20%). All compounds were characterized by t.1.c. and i.r. 

analysis against known samp1es.56 

The Preparation of 2,3,5,6-Tetrafluoro-4-pyridyl Prop-2-ynyl Ether (131) 

2,3,5.6-Tetrafluoro-4-hydroxypyridine (20.58 g., O.l23M) (lJl), 

prop-2-ynyl bromide 80% solution in toluene (20.42 g. = 16.34 g., 

0.137 m.), and potassium carbonate (33.9 g.) were heated under reflux 

in freshly distilled acetone (400 ml.) for 18 hrs. After cooling the 

reaction product was filtered through a short column of Mgso
4

, which 

in turn was washed with diethyl ether (300 ml.). The pale orange 

- 43 -



solution was fractionally d.isti l)cd thl'lHigh il collllllll to low vo1unh' 

then distilled under reduced pressure. The 2,3,5,6-tetrafluoro-4-

pyridyl ~rop-2-ynyl ether (131) was obtained as a colourless oil at 

68-69°/8.6 mm. Hg (22.59 g., 89%) (Found: C, 46.71; H, 1.55; N, 6.53; 

c8F
4

H
3

No requires: C, 46.83; H, 1.46; N, 6.83%). 6H (CDC1
3

) 2.73 

(multiplet = C-~) and 5.16 (multiplet OCB2); 6F (CDC1
3

) 91.3 

(multiplet F2, F6 ) 159 (multiplet F
3

, F
5

) p.p.m. upfield internal CFC1
3

. 

The Reaction of 2-Fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]­

furan (126) with p-XyJene 

The 2-fluoromethyl compound (126) (0.25 g.) and p-xylene (10 ml.) 

(freshly distilled from P2o
5

), were refluxed for 20 hrs., during which 

time HF was evolved. After cooling the excess p-xylene was distilled 

off at 40°/0.01 mm. Hg to yield a brown-black solid which was 

separated into 3 bands by preparative t.l.c. on silica plates using 

cc1
4 

as eluant. 

Band (i) contained residual p-xylene; band (ii) (0.24 g.) a 

white solid identified by i.r., 1H and 19F n.m.r. as 2-(2,5-dimethyl­

benzyl)4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan (122) (75%), three 

successive rccrystallizations of which from ethanol gave (0.156 g.) (49%) 

pure material m.pt. ll5.5-ll6°C. Band (iii) (55 mg.) contained 

recovered starting material (126) (17%). 

The 2-(2,5-dimethylbenzyl) derivative (122) was characterised 

by comparison with the i.r., 1H and 19F n.m.r. analyses of known 

samples. 56 
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CHAPTER 4 

The Thennolysis of J,.3,4,5,(J,7,H-Hqlta.fluor·o-L.-nilpht.hyl Pn>p-L.-ynyl 

Ether and 2-Fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[Z,l-b]furan 

in the Presence of Alkenes 

4.1. Introduction 

With the development of a general reaction procedure for the 

thermolysis of polyfluoroarylprop-2-ynyl ethers in a non-vitreous 

environment, as described in Chapter 3, attention was turned to the 

mechanism of these isomerisation reactions. 

It has been shown how the formation of products of the type 

(117) and (126) can be rationalized via two possible reaction 

pathways: 52 , 54 (a) a [3,3] sigmatropic shift to form the Claisen 

rearrangement intermediate ortho-dienone (134) followed by homolytic 

cleavage of the sp3 carbon-fluorine bond, after which resonance can 

give intermediate (135), the reaction sequence is completed by 

radical recombination; (b) initial formation of the Claisen 

intermediate (134) followed by heterolytic cleavage of the sp3 

carbon-fluorine bond, resonance then gives rise to intermediate (136) and 

reaction is completed by recombination of ions. 

In an attempt to identify which of these two mechanisms operated, 

the reaction of (120), at 150° in the liquid phase, with alkenes 

was investigated. It was anticipated that because of the 

susceptibility of alkenes to electrophilic addition, the plausible 

reaction intermediates (135) and (136) would attack alkenes to give 

the overall addition of RfCH 2-F to > C=C <, the orientation of the 

addition depending on the attacking species. With this aim in mind 

the naphthyJ prop-2-ynyl ether (120) was thermolysed in the presence 

of a number of alkenes the first of which was (Z)-but-2-ene. 
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4.2. Thermolysis of 1,3,4,5,6,7,8-Heptafluoro-2-naphthyl Prop-2-

ynyl Ether in the Presence of (Z)-But-2-ene 

ln a shor't per-iod of e;u'ly work the behaviour' of the naphthyJ 

ctht~r, ( 120) in the pr,esence of (Z)-but-2-crrc was examined. The ether 

(J20) w;ts scaled in a stceJ autoclave and an excess of (Z)-but-2-ene 

was introduced using vacuum transfer techniques. The mixture was then 

0 heated at 150 for 20 hrs. The reaction product which appeared to 

b , l h , d b l h by 1H b e very s1mp e w en exam1ne y t .. c. was s own n.m.r. to e 

extremely complex. Extensive column and preparative thin layer 

chromatography using principally 30/40 petroleum ether as an eluant, 

followed by successive recrystallizations from 60/80 petroleum ether 

isolated 2-(2-methylbut-l-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]-

fur,an (IJ7) (Scheme 44). The structure of (137) was identified 

F 

F F 
OCH2C:::CH H CH

3 "'-./ 
c 

+ II ... 
F c 

F F H/ "-cH 
3 

F 

(120) (137) 

Scheme 44 

by 1H and 19F n.m.r. using accurate integration, the splitting pattern 

of the proton spectra, and the existence of only one peri JF-F 

coupling constant; the mass spectrum was entirely consistent with 

the formulation c
17

H
10

F6o (Table l). 

The formation of alkene (137) could involve initial attack by 

carbocation (136) followed by a [1,2] hydride shift and subsequent 

proton loss. Alternatively (137) could be formed via initial attack 

f by either F· or R CHi adduct formation, then ionisation to yield a 

carbocation which could then rearrange (Scheme 45). No adduct was 

- 47 -



Table 1: Data characterising 2-(2-methylbut-l-enyl)4,5,6,7,8,9-

hcxafluoronaphtho[2,l-b]furan 

I•') 
' 

/) "::::::: 1"4 I 

I I 
~,7 

~ c He He I 

!0-. I Jl /Y-cH3a 
I 

F9 0 C=C 
Hd ""'cH b I 

3 I 
I 

03'7) 
I 
! 

M.pt. l 0 i 83-84 

M+ 344 

c 59.00% requires 59.3% 

H J.OO% requires 2.9% 

! 
REL. INT. 

I Ha 1.13 - 1.176 (t-C!!_
3

) 3 
I 

Hb 2.156 (,d),-Clf
3

) 3 : 

: 

He 2.25 - 2.326 (qdCB2c-CH
3
a) 2 i 

' ' 

Hd 6.266 (s~tvinylic =Cli-) l 

He 7. 07 - 7. 096 (cld '3.:fl.4rQny1 C.!!) l 

F4 F7 
' 145 - 146 (b.m) 2 

F8 151 - 152 (b.m) peri JF-F 66.5 Hz l 

F5.F6,F9 158 - 159 (b.m) 3 I 
I I 
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Rf 4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan. 

Rf-CH + + 
2 

Hf-CH 

(145) 

H 
f I + 

---C::;:> R CH -C- C-H 
2 I I 

CH
3 

CH
3 

<)--

C H 
f +/ 2 5 

n -CH -C 
1 2 " 

1 [l~:~H 
H 

f I + 
R -CH -C- C-H 

2 I I 
CH

3 
CH

3 

H F 
f I I 

R CH -C-C-H 
2 ! I 

CHJ CH3 

H H 
......... / 

F· + C=C ----c> 
/ ......... 

HJC CH3 

H H 
I I 

F-C-C' 
I I 
CH

3 
CH

3 

Scheme 45 
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observed, and the reaction only served to illustrate the viability of 

the reaction of heptafluoro-2-naphthyl prop-2-ynyl ether (120) with 

alkenes leading to substitution products. Finally note should be 

made that during the work undertaken to isolate alkene (137) a 

degradation product 4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan-2-yl 
iq 'H"":-:"'· 

aldehyde was observedt formed presumably by aerial oxidation of the carbon 

to car·bon double bond. 

4.]. Thermolysis of l,3,4,S,6,7,8-Heptafluoro-2-naphthyl-Prop-2-

ynyl Ether in the Presence of 2,3-Dimethylbut-2-ene 

A second alkene investigated to assess whether a simple adduct 

could be obtained was 2,3-dimethylbut-2-ene. The ether (120) was 

thermolysed in a nickel lined Carius tube in the presence of a large 

excess of 2,3-dimethylbut-2-ene at 150° for 20 hrs. The excess 

alkene was largely to ensure a liquid phase via condensation under 

pressure throughout the reaction period. 

Wor·k-up of the reaction pr·oducts using extensive column 

chr·ornato~r·aphy and r·ecrystall iza.tion gave three •1cw compounds 

(6 Rf (J0/40 petroleum ether ) ~ 0.1): 2-(2,3,3-trimethylbut-l-enyl)-

4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (138), 2-(2,2,3-trimethylbut-

3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (139), and 2-(2,2,3-

trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoro[l,2-b]furan (140) 

(Scheme 46). Identification of these three compounds was made 

principally by 1H and 19F n.m.r., and final characterization was 

completed by mass spectroscopy. 

The direction of the [3,3] sigmatropic shift towards the C-1 

position in the naphthalene ring, shown in Scheme 46, was derived 

from the existence of only one large peri JF-F coupling constant in 

the 19F n.m.r. spectrum of each compound, and the chemical shifts 
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H
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3 

[(140) Due to presence of a-ether in (120)] 

Scheme 46 

and accurate integration of the signals in the proton spectra (Table 2); 

the stereochemistry of the alkene (138) could not be determined. No 

adduct was observed, instead an addition-elimination reaction had 

occurred, leading to overall substitution of Rf CH 2- into the alkene. 

The two compounds of most interest were the t-butyl derivative 

(138) and the terminal alkene (139). The formation of compound (139) 

can be rationalized via an initial attack by the carbocation species 

(136) followed by proton loss. Alternatively an initial radical attack 
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Table 2: Analytical results for the isolated pr0ducts from the thermolysis of 1,3,4,5,6,7,8-heptafluo~o-2-naphthyl-

prop-2-ynyl ether with 2,3-dimethylbut-2-ene 

Fs 
F6 ~ F4 
F7 I 

# 

Fs~ I 
F9 

(138) 

(139) 

(140) 

\ ~1. Pt. j H+ I Elemental 
I Analysis 

l H n.m.r. Rel. I 
In ten. 

153-4° 372 

45-6° 372 

34· 5- 372 
6.5 

c, 61.53; 
( 61. 3) 

H, 3.81; 
(3.76) 

c, 61.17; 
( 61. 3) 

H, 3.82; 
(3.76) 

Ha 1.196 (s) 

Hb 2.136 (d) 

He 6.386 (s) 

Hd 7.12 ( t) 

9 

3 

l 

1 

Ha 1.196 (s} 6 

Hb 1.866 (d of d) 3 

He 2.956 (s) 2 

Hd 4-72-4.77 (d) 2 
He 6. 96 (JJ,) 1 

C, 61.29; Ha 1.196 6 

(61.3) Hb 1.886 (d of d) 3 

He 2 •• 966 (s) 2 
H, 3.80; Hd 
(3.76) 4.69-4.75 (d) 2 

He 6.66 (s) 1 

19 F n.m.r. 

145-6.5 (b.m.) F4; F7 
8 150.9 (b.m.) F 

8 ( ) ·s 6 F9 15 .2-.9 b.m. F ; F ; 

Peri JF-F 76 Hz 

Rel. · 
In ten. 

2 

1 

3 

145-7-146.7 (b.m.) F4; F7 2 
8 151.9-152.4 (b.m.) F 1 

158.2-159.4 (b.m.) F5;F6;F9 3 

Peri JF-F 50 Hz 

9 143.9 (b.m.) F 1 

146.8 (b.m.) F'~ F~ 2 

154.5-155.2 (b.m.) F8 1 
~ ·::;-

158.2-158.9 (b.m.) F; F 2 

Peri JF F 68 Hz 
' 



lly \:i t.IH·r· I'· or· HI'-CH
2

· (I .1)) ;1nd subscqttl~ll1. ;tddtH't fon11;1t i,,ll ts 

followed by ionization through loss ofF, and the carbocation then 

loses a proton to generate the alkene. To produce compound (138) 

however requires a [1,2] migration of a methyl group, such re­

arrangements are well known for reactions proceeding via carbocations. 

When considering radical rearrangements, Sharp stated57 'the most 

marked contrast with carbenium ions is the absence of 1,2-shifts of 

hydrogen and alkyl groups'. Consequently radical rearrangements 

wi I I not be countenanced.5?,SS,59 The formation of compounds (138) 

and (l.ll)) via the described routes is illustrated in Scheme 47. 

The formation of the isomer (140) was due to the presence of 

2,3,4,5,6,7,8-heptafluoro-l-naphthyl prop-2-ynyl ether (142) in 

the starting material (120). 

The isolation and characterisation of viable substitution 

products from the reaction of 1,3,4,5,6,7,8-heptafluoro-2-naphthyl 

prop-2-ynyl ether (120) with 2,3-dimethylbut-2-ene under thermolysis 

conditions led to an examination of the isomer ratios of (138), (139) 

and (140). Two further reactions involving (120) and 2,3-dimethylbut­

L.-t:rw wen: undertaken and the substitution products 038), 039) and 

(140) were isolated as a mixture. This mixture was extensively 

analysed by 1
H n.m.r. and from a comparison of the relative 

intensities of appropriate proton signals the ratio of isomers were 

determined. The results of the analyses are shown in Table 3. 

4.4. Thermolysis of 1,3,4,5,6,7,8-Heptafluoro-2-naphthyl- Prop-2-

ynyl Ether in the Presence of 3,3-Dimethylbut-l-ene 

4.4.1. Introduction 

The formation of the substitution products (138), (139) and (140) 

from the reaction of heptafluoro-2-naphthylprop-2-ynyl ether (120) 

~ith 2~3-dimethylbut-2-ene clearly demonstrated the viability of the 
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Table 3: Isomer ratios of products observed in the thermolysis of 

(120) in the presence of 2,3-dimethylbut-2-ene 

Experiment l 2 

Isomer Isomer 
Ratios Ratios 

Reaction Yield 45% 54% 

(:1 33) l Part l Part 

(139) 95 Parts 95 Parts 

' (140) 4 Parts 4 Parts 
l 

reaction of (120) with alkenes. To provide further information about 

the mechanism of formation of these substitution products the 

th~rmolysis procedure was repeated using 3,3-dimethylbut-l-ene. 

Reactions involving rearrangement of the carbon skeleton of this 

60 reagent are well known, and an example is shown (Scheme 48). 

(CH.l) 3C-CH::CH2 

;H 'j 

ACID 

r (CH3)r~~CH3)2 

+ + 
( CH ) . -C-CH-CH 3 2. ,_..,. 3 ~ (CH

3
)
2
C-CH(CH

3
)
2 

CH
3 

Scheme 48 

When 3,3-dimethylbut-l-ene was chlorinated, as a probe for 

W M < 

61 h < d f d agner- eerwe1n rearrangements, t e maJOr pro uct was orme 

without rearrangement. A minor product was formed however; the 

result of a methyl shift followed by proton loss to give 4-chloro-

2~3-dimethylbut-l-ene. Similarly when 3,3-dimethylbut-l-ene was 

brominated at room temperature, 62 the expected 1,2-dibromide was 

obtained, along with a minor component 2,3-dibromomethyl-1,4-dibromo-
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CH
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CH -C-CH-CH 
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• CH 3 Br 

Normal Product 

+ 

I 
/Several Steps 

Scheme 49 

Pocker and Stevens63 examined the reaction of hydrogen chloride 

with 3,3-dimethylbut-l-ene using preparative gas-liquid chromatography 

and found that using nitromethane as a solvent 83% of the rearranged 

product 2-chloro-2,3-dimethylbutane was obtained, whilst reaction of 

HCI with ;tlkcnc in the absence of solvent gave SO% of the rearranged 

pr·oduct. 

Interesting steric factors were observed in the reactions of 

3,3-dimethylbut-l-ene with certain iodine compounds. Hassner and 

Fowler64 examined the addition of iodine azide to a number of 

alkenes. Regiospecific addition was observed and accounted for by a 

0'1, 

bridging io~ium ion, which opened at the more substituted carbon 

atom for electronic reasons. When the iodine azide was reacted with 

3,3-dimethylbut-l-ene, however, a reversal of regiospecificity was 

observed; Hassner and Fowler64 believed this was due to steric 
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factors (Scheme 50). Hassner et a1. 65 recorded similar behaviour 

YH3 
_ __...,~» CH -C-C-CH 

3 I I I 2 
CH

3 
I N3 

Scheme 50 

when examining the addition of iodine isocyanate to 3,3-dimethyl-

but-1-ene, which yielded (3,3-dimethyl-2-iodo)butyl isocyanate. 

Diner and Lown 66 investigated the reaction of iodine nitrate with 

3,3-dimethylbut-l-ene and once again steric hindrance was invoked 

to account for the formation of the (3,3-dimethyl-2-iodo)butyl 

nitrate. In 3,3-dimethylbut-l-ene therefore the bulky t-butyl 

group allows steric factors to have a strong influence in certain 

addition reactions. 

There are surprisingly few examples of reactions between 3,3-

dirnt~thylbllt-1-cnc and radicals: the reaction of the alkene with 

b . d b . . . d 67 d su stttutc romosucc1n1m1 cs gave no rearrangement pro ucts, 

whilst the reaction of CF
3
r and CC1

3
Br with 3,3-dimethylbut-l-ene68 

gave the Markownikov products: l,l,1-trif1uoro-3-iodo-4,4-dimethy1-

pentane, and l,l,l-trichloro-3-bromo-4,4-dimethylpentane (Scheme 51). 

?H3 
CH3-~-CH=CH2 + CF3r 

CH
3 

TH3 
CH

3
-y-CH=CH2 

CH
3 

4.4.2. Current Work 

Scheme 51 

CH
3 

H 
I I 

CH -C-C-CH CCl 
3 1 1 2 3 

CH
3 

Br 

The ether (120) was thermolysed as previously in the presence 

of 3,3-dimethylbut-1-ene at 1500 for 20 hrs. Three products were 

l 
again identified by H n.m.r.: 2-(2,3,3-trimethylbut-l-enyl)-
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4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (138), 2-(2,2,3-

trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan 

(139), and 2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoro-

naphtho[l,2-b]furan (140), i.e. the same materials observed as 

products in the thermolysis of (120) with 2,3-dimethylbut-2-ene 

(cf. Section 4.3). Along with these three substitution products a 

sma]l amount of 2-fluoromethyl-4,5,6,7,8,9-hcxafluoronaphtho-

[2,1-h]furan (126) was formed, which was identified by i.r. analysis 

(Scheme )2). 

F 

F 

F 

F 

(138) 

F 

F 

F 

( I 20) 

(126) 

F 

F 

F F 

(140) (139) 

Scheme 52 
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The formation of the substitution products depends on the 

n~act.it)f1 of intcnnediatcs (11')) and (1]6) (Scheme 43) with the 

dotJhlL' bond of the alkene. The occurTcncc of isornt~r (140) was 

oncL' again due to the presence of hepta.fluoro-1-naphthyl ether 

(142) in the starting material heptafluoro-2-naphthyl ether (120). 

When the ether (120) was purified by successive sublimations 

(50°, 0.01 mm. Hg) and recrystallizations (30/40 petroleum ether), 

the pure material (120) gave only 2-(2,3,3-trimethylbut-l-enyl)-

4,5,6,7,8,9-ilexafluoronaphtho[2,1-b]furan (138) and 2-(2,2,3-

trimcthylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan (139). 

Tilt~ pr·oduct. mixture was pal't.ially separated using extensive column 

;tnd pn~par·at.ivt~ thin layer· chr·omato.e;raphy to yield pure 2-(2,3,3-

trimethylbut-l-enyl)-4,),6,7,H,9-hexafluoronaphtho[2,l-b]furan 

(138) which was identified by melting point and i.r. analysis. 

The appearance of the same two products (138) and (139) in the 

reaction of 1,3,4,5,6,7,8-heptafluoro-2-naphthyl prop-2-ynyl ether 

(120) with both 2,3-dimethylbut-2-ene and 3,3-dimethylbut-l-ene was 

a surprising result. The formation of (138) and (139) from 3,3-

dimethylbut-1-ene and the ether (120) required either anti-Markownikov 

attack by carbocation (136) and subsequent skeletal rearrangement, or 

initial attack by F· foll.owed by anti-Markown·ikov adduct formation, 

the <tdduc t rnus t then ionize vi a loss of F- to give a carboca.tion 

which rearranges. The significance of the observed results are 

discussed in more detail in Section 4.6. 

The isomer ratios for the reaction of (120) with 3,3-dimethylbut-

1-ene were determined by accurate integration of 1H n.m.r. spectra. 

The results are shown in Table 4. Although similar procedures were 

used to separate the isomer mixtures in the reactions of (120) with 

both alkenes, the mixtures from the thermolyses of (120) in 2,3-
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Table 4: Isomer ratios of products from the thermolysis of (120) 

in the presence of 3,3-dimethylbut-l-ene 

l 2 

Isomer Ratios Isomer Ratios 

Reaction Yield 33% 43% 

(136) 7 Parts 7 Parts 

039) 91 Parts 93 Parts 

(I4o) 2 Parts -

Unidentified Not examined 33 Parts 

dimethylbut-2-ene were much cleaner than those observed with 

3,3-dimethylbut-l-ene and up to 25% of the isomer mixture remained 

un:identified when 3,3-dlmethylbut-l-enc was used. Further the 

complexity of the 1H n.m.r. of the unknown portion suggested a 

complex mixture. A second observation which can be made is the 

variation in the percentage of 2-(2,3,3-trimethylbut-l-enyl)-

4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (138) obtained from 2,3-

dimethylbut-2-ene and 3,3-dimethylbut-l-ene. The reaction of (120) 

with 3,3-dimethylbut-l-ene yields approximately five times as much 

of (138) as the thermolysis of (120) in 2,3-dimethylbut-2-ene. 

4.5. Reaction of 2-Fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]­

furan with 2,3-Dimethylbut-2-ene and 3,3-Dimethylbut-1-ene 

Since reasonable qualities of the 2-fluoromethyl-4,5,6,7,8,9-

hexafluoronaphtho[2,1-b]furan (126) were available, the reaction of 

(126) with 2,3-dimethylbut-2-ene and 3,3-dimethylbut-1-ene was 

investigated. Furthermore, it had been shown to react with p-xylene 
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(see Chapter 3, Section 3.5) presumably after heterolytic cleavage of 

h fC b d . ld d h . . d. RfCH + (136) t e R H2-F on y1e e t e react1ve 1nterme late 2 , 

a stabilized benzylic-type intermediate, although electrophilic 

substitution into the aromatic ring could be via a carbocation or a 

radical. The 2-fluoromethyl compound (126) therefore was reacted 

with the same two alkenes. 

(;t) The 2-fluoromcthyJ compound (126) and 2,3-dimethylbut-

2-em~ wcr·e sealed in a nlckcl-llncd Carjus tube and 

heated at 150° for 3 days. The fastest moving components, 

l by t.l.c., were isolated and analysed by H n.m.r. The 

spectra indicated that the main products were: 2-(2,3,3-

trimethylbut-l-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]-

furan (138) and 2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan (139). Extensive column 

chromatography and successive recrystallization allowed 

pure (138) to be isoJated and characterized by melting 

point and i.. r·. ana I y s i s. 

(b) The 2-fluoromethyl compound (126) was scaled in a nickel-

lined Carius tube with 3,3-dimethylbut-l-ene and heated for 

either 20 hrs. or 3 days. In the initial experiments a 

time period of 20 hrs. was used; however the conversion 

of 2-fluoromethyl derivative (126) into viable products was 

of the order 20-30%, so that in an attempt to improve the 

conversion the reaction time was increased to 3 days. 

Unfortunately this produced no improvement in the yield of 

products. 

The fastest moving components, by t.l.c., from the reaction of 

(126) with 3,3-dimethylbut-1-cne were separated and analysed by 1H 

n.m.r., which showed that this reaction also gave the two alkenes 
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(l.lk) and (1.11)), Both compounds wen~ latl~r· isolatl~d and ch;tractcr·ised 

by i.r. analysis. In both groups of reactions between the 2-

fluoromethyl compound (126) and the two alkenes, recovered starting 

material accounted for up to 50% of the product mixture (Scheme 53). 

F 

(126) 

+ 

OR 

Scheme 53 

F 

F 

F 

(138) 

(126) "' so% 

0 

(139) 

Isomer ratios were examined and the results are shown in 

Table 5. The most noteworthy feature of the values obtained is the 

large increase in the formation of the 2-(2,3,3-trimethylbut-l-enyl)-

4:5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (138) The increase is even 
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Table 5: The isomer ratios of products observed in the thermolysis 

of (126) in the presence of 2,3-dimethylbut-2-ene and 

3,3-dimethylbut-l-enc 

Isomer Ratios 

(A) (B) (C) (D)69 

Alkene (CH
3

)2C=C(CH
3

)2 3,3-Dimethylbut-1-ene 

72 hrs. 20 hrs. 68 hrs. 20 hrs. 

Yields 58% 33% 20% 21% 

03S) 8 Parts 8 Parts 20 Parts 30 Parts 

( 1.19) 92 Parts 92 Parts 80 Parts 70 Parts 

(Unknown) 4~ Parts ] 6 Parts 40 Parts 48 Parts 
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more marked at the longer reaction time t68 hrs.), though the actual 

percentage yields of substitution products were significantly lower, 

particularly in reactions involving 3,3-dimethylbut-l-ene. The 

third set of figures (D) were obtained for a thermolysis of 20 hrs. 

duration and were inconsistent with the other two sets of data. One 

factor which may have been partly responsible for these discrepancies 

was that the time lapse between the separation of the isomeric mixtures 

and the actual analysis was significantly longer for determination 

(B) than for ~ither (C) or (D) (Table 5). Consequently it is possible 

that some degradation of the t-butyl derivative (138) may have 

occurred in the interim period. Close examination of the spectra 

revealed no evidence of the aldehydic proton of 4,5.6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan-2-yl aldehyde, a compound already observed 

as the oxid;Ltion product of the analogous alkene 2-(2-methylbut-

1-cnyl )-4,S,fi,7,8,9-hcxafluoronaphtho[2,l-b]furan (137). 

Interestingly the unidentified portions of the 1H n.m.r. spectra 

observed in the reactions of both (120) and (126) with 3,3-dimethyl­

but-l-ene were identical in almost every detail, whilst the 1H n.m.r. 

spectra of the reaction products from both (120) and (126) with 2,3-

dimethylbut-2-ene were different, and also different to those 

involving 3,3-dimethylbut-l-ene. 

Finally it should be noted that in all analyses for isomer ratios, 

(Tables 3, 4 and 5), the reaction yields were low and this obviously 

places some doubt on the reliability of the determined ratios. 

4.6. Mechanistic Aspects of the Reaction of 1,3,4,5,6,7,8-Hepta­

fluoro-2-naphthyl Prop-2-ynyl Ether and 2-Fluoromethyl-

4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan with 2,3-Dimethyl­

but-2-ene and 3,3-Dimethylbut-l-ene 

The reaction of (120) and (126) with 2,3-dimethylbut-2-ene to 
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y i e I d 2- ( 2, 3 ,3-tr i methyLbut -1-eny I. )-4, S, 6, 7, tj, 9-hexafl uoronaphtho-

[2,1-b]furan (138) and 2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan (139) has been readily rationalized 

in terms of an intermediate cationic species. This species was 

f + derived from either initial carbocation attack by R CH2 (136), or 

addition adduct formation after attack of the alkene by either 

F· or RfCH
2

· (135) followed by ionization th~ough loss ofF- to 

yield a carbocation and subsequent formation of the alkenes (138), 

(139) (Section 4.3, Scheme 47). However, when the action of a 

cationic intermediate such as (136) derived from either (120) or (126), 

on 3,3-dimethylbut-l-ene was examined, the alkenes (13g) and (139) 

should not have been among the five possible products which could 

arise via an initial Markownikov addition (Scheme 54). When, however, 

Rf-CH2+ + (CH3)3CCH=CH2 ---- Rf CH CH CH C(CH ) - 2 2 ~ 3 3 

Scheme 54 
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anti-M;trkownikov addition of Rf = 4,5,6,7,8,9-hexafluoronaphtho[2,1-b]­

ftH'illl HfCtt
2

1 (1.1(>) was consith~rl'd the fonnatjon of th£' actual products 

( 1.1~) iiJill ( 1.1()) was t~a.si ly r·at.ional izt~d (Scheme ~~). 

CH CH 
f I 3+/ 3 

R -CH -C-C 
21 ' CH

3 
CH

3 

(] 41) 

(139) 

f CH 
---{liE» R -CH -CH - 2 

2 '\ 

~ 
--o= 

Me 

Scheme 55 

C(CH
3

)
3 

(143) 

-H' 

(138) 

If the initial attacking species is a radical, the F· must add 

f first followed by R -CH
2

• to give the anti-Markownikov adduct which 

then ionizes to yield the two alkenes (138) and (139) (Scheme 56). If 

(Scheme 55) (138) + (139) 

-----{JJP FCH
2
-CH-C ( CH 

3
) 
3 

tRfCH2 

H CRf 
21 

FCH2-CH-C(CH
3

)
3 

(144) 

Scheme 56 

RfCH
2

" (135) were to add first then the same problems, observed when 

carbocation attack on 3,3-dimethylbut-1-ene was considered. would 

arise (Scheme 57). 
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(a) Harkownikov addition. 

f . 
---P> R -CH-zCH 2-~-C ( CHJ) J 

(Scheme 54) 

(b) anti-Harkownikov addition 

Hf-CHZ + 

(Scheme 55) --- (143) ~ -F 

Scheme 57 

H 

F 
f I 

R -CH2C~2-y-C(CHJ)J 
H 

H 
f I o 

R -CH -C-CH 
2 1 2 

C(CH
3

)
3 

F· 

In the preceding paragraphs and schemes there has been an 

emphasis on the need for anti-Harkownikov addition, whether it be to 

produce either a carbocation or an adduct. One interesting example 

+ the addition of CH
3
ocH2 of this was found in the literature: 

cation to 3,3-dimethylbut-l-ene which gave rise to both Markownikov 

and anti-Markownikov addition products (Scheme 58). 70 These results 

are surprising as there would seem to be no possibility of bridging 

similar to that observed when addition to 3,3-dimethylbut-1-ene involved 

halogenonium ions, where anti-Markownikov products are formed (see 

Scheme 50). It is possible however to invoke a transition state for 
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+ 

Cl-CH 20cH
3 

(CH
3

)
3
C-yH-CH2Cl 

CH20cH
3 

Scheme SR 

~ (cH
3

)C-r=CH2 
CH 20cH

3 

the n~action, illustrated in Scheme 58, which could be seen as a 

form of brid~ing intermediate71 (Scheme 59). The argument could be 

extended to the present work suggesting a transition state of even 

more favourable geometry (Scheme 60). Models of the proposed bridged 

anti-Markownikov adducts have been made which show that the 

+ 

(CH
3

)
3
c-yH-CH2Cl 

CH20CH,3 

STABILISATION 

Anti-Markownikov addition 

Scheme 59 

anti-Markownikov structures are sterically more stable than the 

conventional Markownikov adducts with analogous bridging. 

4.7. Concluding Remarks 

The most important feature of the formation of the two 

substitution products (138) and (139) in all the experiments 
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F 
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yH3 
CH

3
-y-CH=CH2 

CH
3 

F 

0 CH 
F I+ I 2 CH 

I 3 
H2C-C-C-CH

3 H tH 

(145: Stabilisation of Charge) 

Scheme 60 

described in this Chapter involving 3,3-dimethylbut-l-ene, is the 

need ;tt some point for the carbon skeleton to rearrange by a [1,2]­

mcthyl shift. Radicals do not show this type of rearrangement,S'i-5
9 

which therefore allows only two mechanisms to be postulated: 

(a) initial anti-Markownikov addition of a carbocation moiety of 

f + the type R -CH
2 

(136) to the alkene (Scheme 55); or (b) initial 

attack ori the alkene by F· followed by formation of the adduct 

(144) which must then ionise by loss ofF- (Scheme 56). 

The formation of (138) and (139) from 2,3-dimethylbut-2-ene and 

naphthyl prop-2-ynyl ether (120) is readily explained via a 

3 

carbocation mechanism which involves some rearrangement (Scheme 47a); 
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if a radical mechanism is invoked then there can be initial attack 

·by either F" or RfCH2 · (135) followed by adduct formation, then 

ionisation and subsequent cation rearrangement (Scheme 47b,c). 

However, the formation of (138) and (139) from the reaction of 

heptafluoro-2-naphthyl prop-2-ynyl ether (120) and 3,3-dimethylbut-

1-ene involving initial carbocation attack requires anti­

Markownikov addition of RfCH2+ (136) (Scheme 55) for which there 

is only one literature example,7° but which may be accounted for 

hy ;1 b r· i dgcd in termed i ate of the type shown in Scheme 59. 

i\lt.cnr;rt.ivl~ly the formation of (lJ8) and (139) from reaction of 

(120) and 3,]-dimcthylbut-1-ene involving a radical mechanism 

requires initial attack by F· followed by adduct formation then 

loss of F- to yield a primary cation (143) which will undergo 

rearrangement (Scheme 55). It is not possible therefore to state 

from the present data, whether the mechanism involved in the intra-

molecular rearrangement of polyfluoroarylprop-2-ynyl ethers involves 

ejther heterolytic or homolytic fission of the sp3 carbon-fluorine 

bond in the intermcdjate (134), illustrated in Scheme 43. 

If' orH~ considers the lwhaviour of the 2-fluor·omethylhexafluoro-

napht.ho[2,1-b]furan (126) with 2,3-dimethylbut-2-ene and 3,3-dimethyl-

but-1-ene respectively, in which both reactions yield (138) and (139), 

it is reasonable to suggest that the initial cleavage of the 

aliphatic C-F bond is a heterolytic process since RfcH; [(136) 

S~heme 43] is a stabilized benzylic-type cation. The reaction of 

this cation with 3,3-dimethylbut-l-ene must then proceed via an anti-

Markownikov addition possibly through a stabilized cyclic transition 

state of the type (145) (Scheme 60). 

There remains however the possibility of a very much simpler 

explanation. The formation of the very first H+ ion in the 
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reaction mixture could bring about the complete isomerisation of 3,3-

dimethylbut-1-ene to 2,3-dimethylbut-2-ene (Scheme 48). The 

reaction would then simply be between the naphthyl ether (120) and 

2,3-dirncthylbut-2-ene. While this is a genuine possibility it is 

difficult to sec why Rf-CH 2
1 should not react directly with 3,3-

dirncthylbut-1-cnc to some extent. 

4.8. Experimental 

Reaction of 1,3,4,5,6,7,8-Heptafluoro-2-naphthyl Prop-2-ynyl Ether (120) 

and (Z)-But-2-ene 

The ether (120) (3.23 g.) was sealed in a steel autoclave, 

Z-but-2-ene (2.89 g.) was transferred in vacuo into the autoclave 

and the combined reactants heated at 150° for 18 hrs. After cooling, 

the rcsidu;ll Z-but-2-cnc was removed by venting the apparatus. The 

n~al'l.ion JH·odtlcts and washings (diethyl ether 1~0 rnJ.) were combined 

and the ether· r·ernoved under· reduced pressure. The residue was 

chrornatographed on a dry silica column using 30/40 petroleum ether 

as an eluant. The fastest moving components were separated as one 

main fraction (0.80 g.) which had a very complex 1H n.m.r. spectrum. 

By a combination of column chromatography and preparative t.l.c. 

using 30/40 petroleum ether, and successive recrystallization from 

60/80 petroleum ether 2-(2-methylbut-l-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan (13]9 was isolated. M.pt. 83-84°; 

(Found: C, 59.00; H, 3.00; c17H10F6o requires C, 59.30; 

H, 2.9%); ~t 344 a.m.u.; oH CDC1
3 

1.17-1.13 (t. C~2-c!:!3 ), 

2.15 (s. -C!:!
3

), 2.32- 2.25 (q. -C~2-cH3 ), 6.26 (s. vinylic C~), 

7.07- 7.09 (t. 3-furanyl C~); oF CDC1
3 

145- 146 (b.m.), 

151- 152 (b.m.), 158- 159 (b.m.), (p.p.m. upfield from internal 

CFC1
3

) in the ratio 2:1:3 respectively; single peri JF-F 66.5 Hz. 
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Hcaction of I ,3,4, 5,6, 7,H-Heptafluoro-2-naphthyl Pr·op-2-ynyl l~thcr 

(120) and 2,3-Dimethy1but-2-ene 

The ether (120) (5.98 g.) and 2,3-dimethy1but-2-ene (11.0 ml. = 

7.8 g.) were sealed in a nickel lined Carius tube and heated at 150° 

for 20 hrs. After cooling, the excess alkene was removed by 

distillation. The residue was chromatographed on a dry silica column 

using 30/40 petroleum ether as an eluant. The main ~roducts were 

collected as the fastest moving components total weight 3.89 g., 

three compounds were later isolated using a combination of column 

chnw1a.tography and recrystal] i sa.tion. The fastest moving component was 

2-(2,3,3-trimethylbut-1-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]­

fura.n (13~) m.pt. 153 - 154° (Found: C, 61.53; H, 3.81; c19H14F60 

requires C, 61.30; H, 3-76%); + M 372 a.m.u.; oH CDC1
3 

1.19 (s. 

3 X c~3), 2.13 (d. c~3), 6.38 (s. vinylic C~), 7.12 (t. 3-furanyl C~); 

oF CDC1
3 

145- 146.5 (b.m.), l50.9(m), 158.2- 158.9 (b.m.) (p.p.m. 

upfield from internal CFC1
3

) in the ratio 2:1:3 respectively; 

single peri JF-F 76 Hz. The second fastest moving component was 2-

(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]­

fur·an (IJCfJ m.pt. 45-46° (Found: C, 61.17; H, 3.82; c
19

H
14

F6o 

requjrcs C, 6L.30; H, 3.76%), M+ 372 a.m.u.; OH CDC1
3 

1.19 (s. 

2 x c~3 ), 1.86 (d of d c~3 ), 2.95 (s. -c~2-), 4.72, 4-77 (d.= c~2 ), 

6.96 (t. 3-furanyl C~); oF CDC1
3 

145.7- 146.7 (b.m.), 151.9-

152.4 (b.m.), 158.2- 159.4 (b.m.), (p.p.m. upfield from internal 

CFC1 3
) in the ratio 2:1:3 respectively; single peri JF-F 50 Hz. 

The slowest of the faster moving components was 2-(2,2,3-trimethyl-

but-3-eny1)-4,5,6,7,8,9-hexafluoronaphtho[1,2-bJfuran (~0) m.pt. 

34.5- 36.5 (Found: C, 61.29; H, 3.80; c19H14F6o requires 

C, 61.30; H, 3.76%); M+ 372 a.m.u.; OH CDC1
3 

1.19 (s. 2 x C~3 ), 

1.88 (d of d c~3 ), 2.96 (s. -c~2-), 4.69, 4.75 (d. = c~2 ), 6.66 
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(s. :1-flll'illl.YI CH); t\· CDCI.l 141.9 (b.m.), 14(LH (h.m.), 1)4-5-

1)).2 (h.m.), I)H.2- I)H.<) (h.rn.), (p.p.m. upficld from internill 

CJt'CIJ) in the ra.tio J :L.:-1 :L. r·espectjvely; single peri JF'-F 68Hz. 

Determination of Isomer Ratios 

Two further experiments were undertaken to calculate yields of 

materials and determine (as calculated by 1H n.m.r.) isomer ratios. 

In each case the thermolyses were carried out as previously 

described and all three isomers were separated by elution of the 

reaction products through dry silica columns with 30/40 petroleum 

ether. 

Experiment 1: The ether (120) (1.63 g.) and 2,3-dimethylbut-

2-ene (10 ml. = 7.09 g.) were thermolysed. The main products 

(0.894 g., 45%) were collected and the mixture analysed by 1H n.m.r. 

to determine the isomer ratios of (138), (l3q) and (140). 

Experiment 2: The ether (120) (4.27 g.) and 2,3-dimethylbut-2-ene 

(10 ml. = 7.09 g.) were thermolysed. The main products (2.78 g., 54%) 

were collected and the mixture analysed by 
1H n.m.r. to determine 

the isomer ratios of (136), (l3.q) and (lt..o). The results obtained 

in both experiments are shown in Table 3 (Section 4.3). 

Reaction of 1,3,4,5,6,7,8-Heptafluoro-2-naphthyl Prop-2-ynyl Ether (120) 

and 3,3-Dimethylbut-l-ene 

The ether (120) (2.05 g.) and 3,3-dimethylbut-l-ene (12 ml. = 

7.8 g.) were sealed in a nickel lined Carius tube and heated at 150° 

for 20 hrs. After cooling, the products and washings (diethyl ether 

150 ml.) were combined and the solvent removed under reduced pressure. 

The residue was chromatographed on a dry silica column using 30/40 
I 

petroleum ether as an eluant, two fractions were obtained. Fraction 

(i) (1.07 g., 43%) comprised the faster moving components and was 

shown by 1H n.m.r. to contain 2-(2,3,3-trimethylbut-l-enyl)-4,5,6,7,8,9-
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hexafluoronaphtho[2,l-b]furan (13~), and 2-(2,2,3-trimethylbut-3-

enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (l3A), using the 

same 1H n.m.r. analysis the isomer ratios of (133) and (lJq) were 

determined. Recrystallization of fraction (i) from 60/80 petroleum 

ether at -14° gave a small amount of a white solid which i.r. 

analysis identified as (13tJ). Fraction (ii) was sublimed to 

yield 2-fluoromcthyl-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]furan 

(126) (75 mg. 3.5%) identified by i.r. analysis. 

Determination of Isomer Ratios 

The ether (120) (2.53 g.) and 3.3-dimethylbut-1-ene (12 ml. -

7.8 g.) were thermulysed as previously described. The main 

products, collected as one fraction by elution down a dry silica column 

1 with 30/40 petroleum ether, were analysed by H n.m.r. to determine 

the isomer ratios of (13S) and (13q). The results from this and 

the preceding experiment are shown in Table ~(Section 4.4.2). 

Heac t inn of 2-FJ uorome thy 1-4, 5, 6, 7, 8, 9-hexafl uoronaph tho [2, 1-b] fur an (J 2(J) 

and 2,3-Dimcthylbut-2-ene 

The 2-fluoromethyl compound (126) (0.463 g.) and 2,3-dimethylbut-

2-ene (10 ml. = 7.09 g.) were sealed in a nickel lined Carius tube 

and heated at 150° for 3 days. After cooling, the reaction products 

and washings (diethyl ether 150 ml.) were combined and the solvent 

removed under reduced pressure. The residue was chromatographed on 

fl h l 72 f . l . . 30/40 1 h 1 a as co umn o s1 1ca us1ng petro eum et er as an e uant. 

One main fraction of faster moving components (0.325, 58%) was 

obtained, 1H n.m.r. analysis showed it to contain: 2-(2,3,3-

trimethylbut-l-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (13~ 

and 2-(2,3,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho[2,1-b]-

1 The same H n.m.r. analysis was used to determine the 

isomer ratios of (l3S) and (13g) (Table 5, Section 4.5). 
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Preparative t.l.c. (developed with 30/40 petroleum ether), 

successive recrystallizations (60/80 petroleum ether) and finally 

sublim;ttion 100°/0.0] mm. Hg gave pure 03B) identified by i.r. 

spect.r·oscopy. The second isomer 0.3CV was not separated. 

Reaction of 2-Fluoromethyl-4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan {126) 

and 3,3-Dimethylbut-l-ene 

The 2-fluoromethyl compound (126) (0.449 g.) and 3,3-dimethylbut-

1-ene (12 ml. = 7.8 g.) were sealed in a nickel lined Carius tube 

and heated at 150° for 68 hrs. After cooling, the reaction products 

and washings (diethyl ether 150 ml.) were combined and the solvent 

removed under reduced pressure. The residue was chromatographed 

throu~h a flash column72 of silica using 30/40 petroleum ether as an 

eluant, two main fractions were obtained. Fraction (i) (0.108 g., 

20%) was separated into two components by preparative t.l.c. developed 

using .30/40 petroleum ether: (a) 2-(2,3,3-trimethylbut-l-enyl)-

4,5,6,7,8,9-hexafluoronaphtho[2,l-b]furan (13~ (12 mg., 2%), and 

(b) 2-{2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexafluoronaphtho-

[2,1-b]furan (1].<1) {35 mg., 6%), each compound was characterised by 

i.r. analysis. Prior to separation 1H n.m.r. analysis of the mixture 

allowed the isomer ratios of (138) and (13~) to be calculated, 

Fraction (ii) was sublimed to yield 2-fluoromethyl-4,5,6,7,8,9-

hexafluoronaphtho[2,l-b]furan {126), recovered started material 

(0.25 g., 55%) as identified by i.r. analysis. 

Determination of Isomer Ratios 

The 2-fluoromethyl compound (126) (1.177 g.) and 3,3-dimethylbut-

1-ene (12 ml. = 7.8 g.)tu~~~thermolysed as previously but for only 

20 hrs. The main products were collected as one fraction by elution 

72 
of a flash chromatography column of silica with 30/40 petroleum ether. 

The mixture was analysed by 1H n.m.r. and the isomer ratios of (13~) 
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and (13~) were determined. The results from this and the preceding 

experiment are shown in Table 5 (Section 4.5), as are the results 

from a third experiment which were supplied via a private 

. . 69 
commun1cat1on. 
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Analytical Instrumentation 

The following instrumentation was used in the analysis of 

the compounds described in this thesis. 

I. r.: 

N.m.r.: 

Mass spectroscopy: 

Elemental analysis: 

Perkin-Elmer 597 infra-red spectrophotometer 

-1 
scanning range 4000 - 200 em. (2.5 -

50 microns). 

Varian EM360 nuclear magnetic resonance 

l 19 spectrometer ( H 60 MHz, F 56.46 MHz). 

BrOker WX90E nuclear magnetic resonance 

spectrometer modified for fourier 

transform pulsed operation (1H 90 MHz, 

19F 84.68 MHz). 

BrUker WH360 nuclear magnetic resonance 

spectrometer (1H 360 MHz). 

AEI MS9 mass spectrometer with data system. 

Perkin-Elmer 240 C,H,N elemental analyser. 
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APPENDIX II 

Proton n.m.r. spectra used in the identification of the alkenes 

(1]7 - 140) and the determination of isomer ratios ~abulated in 

Tables 3 - 5 

Spectrum I: 

Spectrum II: 

Spectrum III: 

Spectrum IV: 

Spectrum V: 

Spectrum VI: 

Spectrum VII: 

Spectrum VIII: 

2-(2-mcthylbut-l-enyl)-4,5,6,7,8,9-hexafluoro­

naphtho[2,l-b]furan (137). 

2-(2,3,3-trimethylbut-l-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan (138). 

2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[~,2b-b]furan (1~@). 

2-~2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexa­

fluoronaphthorl,, ~ -b]furan (139). 

Isomer ratio calculation spectrum for the reaction 

of 2,3-dimcthylbut-2-ene and the ether (120). 

Isomer ratio calculation spectrum for the reaction 

of 3,3-dimethylbut-l-ene and the ether (120). 

Isomer ratio calculation spectrum for the reaction 

of 2,3-dimethylbut-2-ene and the 2-fluoromethyl 

derivative (126). 

Isomer ratio calculation spectrum for the reaction 

of 3,3-dimethylbut-l-ene and the 2-fluoromethyl 

derivative (126). 
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APPENDIX III 

Infra-red analyses of the alkenes (137 - 140) and of 2,3,5,6-

tetrafluoro-4-pyridyl prop-2-ynyl ether (131) 

Spectrum I: 

Spec tr·um 1 I : 

Spectrum 111: 

Spectrum IV: 

Spectrum V: 

2-(2-methylbut-l-enyl)-4,5,6,7,8,9-hexafluoro­

naphtho[2,l-b]furan (137), nujol mull. 

2-(2,3,3-trimcthylbut-l-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan (138), nujol mull. 

2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[2,l-b]furan (139), nujol mull. 

2-(2,2,3-trimethylbut-3-enyl)-4,5,6,7,8,9-hexa­

fluoronaphtho[l,2-b]furan (140), liquid film. 

2,3,5,6-tetrafluoro-4-pyridyl prop-2-ynyl ether 

(131), liquid film. 
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APPENDIX IV 

COLLOQUIA AND CONFERENCES 

(A) Durham University Chemistry Department Colloquia. 
(Asterisk denotes lectures which I attended.) 

1981 

14 October·:: Prof. E. Kluk (Katowice): 'Chemiluminescence & 
Photooxidation'. 

Dr. R.J .H. Clarl< (Univcrsi ty College, London): 
'Hcson;t.nct~ Harn;t.n Spectroscopy' . 

Dr. W. Moddeman (Monsanto Labs., St. Louis, Missouri): 
'High Energy Materials'. 

18 November~ Prof. M.J. Perkins (Chelsea College): 'Spin Trapping and 
Nitroxide Radicals'. 

25 November* Dr. M. Baird (Newcastle): 'Intramolecular Reactions of 
Carbenes and Carbenoids'. 

2 December Dr. G. Beamson (Durham): 'Photoelectron Spectroscopy in a 

.10 November 

;w .JiJJIIJiii'.Y 

27 January:: 

3 February 

10 February 

17 February 

Strong Magnetic Field'. 

Dr. B.T. Heaton (Kent): 'N.M.R. Studies of Carbonyl 
Clusters'. 

Dr·. M.H. llr·yc\~ (Dur·ham): 'Or·ganic Metals'. 

Dr. D.L.H. Williams (Durham): 'Nitrosation and 
Nitrosoamines'. 

Dr. D. Parker (Durham): 'Modern Methods of Determining 
Enantiomeric Purity'. 

Dr. D. Pethrick (Strathclyde): 'Conformation of Small 
and Large Molecules'. 

Prof. D.T. Clark (Durham): 'Studies of Surfaces by ESCA'. 

24 February-::- Dr. L. Field (Oxford): 'Application of N.M.R. to 
Biosynthetic Studies on Penicillin'. 

3 March->:- Dr. P. Barnfield (I. C. I. Organics): 'Computer Aided 

17 March 

Design in Synthetic Organic Chemistry'. 

Prof. R.J. Haines (Cambridge/Natal): 'Clustering Around 
Ru, Fe and Rh' . 
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7 Apr· i I;: 

26 May 

14 June-;~ 

28 June-::-

2 July;: 

Dr·. A. Pcnsak (Dupont, U.S.A.): 'Computer Aided 
SynthL~s is'. 

llr·. C. 1\~nnalll'. (l•;dillhtll'l!,h): 'Tiw Ar·omat.iL· Nitr·o Cr·oup 

i11 Ht~l.l'I'OL:ycl ic He;rctions'. 

lh'. C.D. Garner (M;rnchcstcr): 'Molybdenum Centres 1n 
Enzymes'. 

Dr. A. Welch (Edinburgh): 'Conformation and Distortion 
in Carbometalloboranes'. 

Prof. C.M.J. Stirling (Univer. lty College of Wales, 
Bangor): 'How Much Does Strain Affect Reactivity?'. 

Prof. D.J. Burton (University of Iowa, U.S.A.): 
'Sorr~ Aspects of the Chemistry of Fluorinated 
Phosphonium Salts and their Phosphonates'. 

Prof. H.F. Koch (Ithaca College, University of Cornell, 
U.S. A.): 'Proton Transfer to and Elimination 
Reactions from Localized and Delocalizcd Carbanions'. 

1.\ Scpt.t~mlwr·: Pr·of. R. Ncidlein (llniver·s.ity of Heidelberg): 'New 
Aspects and Results of 13r·id.e;ed Annulene Chemistry'. 

27 September Dr. W.K. Ford (Xerox Research Centre, Webster, New York): 
'The Dependence of the Electronic Structures of 
Polymers on their Molecular Architecture'. 

13 October>:-

14 October>:-

27 October 

28 October:: 

15 November 

24 November 

24 November 

Dr. W.J. Feast (University of Durham): 'Approaches to the 
Synthesis of Conjugated Polymers'. 

Prof. H. Suhr (University of Ttlbingen): 'Preparative 
Chemistry in Non-Equilibrium Plasmas'. 

Dr. C.E. Housecroft (Oxford High School and Notre 
Dame University): 'Bonding Capabilities of Butterfly­
Shaped Fe

4 
Units: Implications for C-H Bond Activation 

in Hydrocarbon Complexes'. 

Prof. M.F. Lappcrt, F.R.S. (University of Sussex): 
'Approaches to Asymmetric Synthesis and Catalysis using 
Electron-rich Olefins and some of their Metal Complexes'. 

Dr. G. Bertrand (University of Toulouse): 
Rearrangement in Organometallic Series. 
New Hybridised Species'. 

'Curtius 
A Route for 

Prof. G.G. Roberts (Applied Physics Department): 
'Langmuir-Blodgett Films'. 

Prof. F.R. Hartley (RMCS, Shrivenham): 
Complex Hydroformylation Catalysts: 
Using y-radiation'. 

- 91 -

'Supported Metal 
a Novel Approach 



2 December::-

8 December 

1983 

12 January 

9 Fcbr·uary:: 

21 Fcbr·uary 

2 March~:-

8 March 

9 March-::-

J(, Mar·ch:: 

25 March 

21 April 

4 May-::-

10 May~:-

ll May-::-

13 May 

13 May 

Dr. G.M. Brooke (University of Durham): 'The Fate of the 
Ortho-Fluorine in 3,3-Sigmatropic Reactions 
Involving Polyfluoro-aryl and -heteroaryl Systems'. 

Dr. G. Woolley (Trent Polytechnic): 'Bonds in Transition 
Metal-Cluster Compounds'. 

Dr. D.C. Sherrington (University of Strathclyde): 
'Polymer-Supported Phase Transfer Catalysts'. 

Dr. P. Moore (University of Warwick): 'Mechanistic 
Studies in Solution by Stopped Flow F.T. N.M.R. 
and High Pressure N.M.R. 'inc Broadening'. 

Dr. R. Lynden-Bell (University of Cambridge): 'Molecular 
Motion in the Cubic Phase of NaCN'. 

Dr. D. Bloor (Queen Mary College, University of London): 
'The Solid-State Chemistry of Diacetylene Monomers 
and Polymers 1 

• 

Prof. D.C. Bradley, F.R.S. 
University of London): 
Organa-Imido-Transition 

(Queen Mary College, 
'Recent Developments in 
Metal Chemistry'. 

Dr. D.M.J. Lilley (University of Dundee): 'DNA, Sequence, 
Symmetry, Structure and Supercooling'. 

Prof. H.G. Vichc (University of Louvain): 'Oxidations 
on SuI phur' . 

llr. J. Gosney (University of J•;dinburgh): 'New 
ISxtrusion Reactions: Organic Synthesis in a 
Hot Tube'. 

Prof. F.G. Baglin (University of Nevada): 'Interaction 
Induced Raman Spectroscopy in Supracritical Ethane'. 

Prof. J. Passmore (University of New Brunswick): 'Novel 
Selenium-Iodine Cations'. 

Prof. P.H. Plesch (University of Keele): 
Ionization Equilibria Between Two Ions 
Molecules. What Ostwald Never Thought 

'Binary 
and Two 
Of'. 

Prof. K. Burger (University of Munich): 'New Reaction 
Pathways from Trifluoromethyl-Substituted Heterodienes 
to Partially Fluorinated Heterocyclic Compounds'. 

Dr. N. Isaacs (University of Reading): 
of High Pressures to the Theory and 
Organic Chemistry'. 

'The Application 
Practice of 

Dr. R. de Kock (Calvin College, Grand Rapids, Michigan/ 
Free University, Amsterdam): 'Electronic Structural 
Calculations on Organometallic Cobalt Cluster Molecules: 
Implications for Metal Surfaces'. 

Dr. T.B. Marder (UCLA/University of Bristol): 'The Chemistry 
of Metal-Carbon and Metal-Metal Multiple Bonds'. 
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I (, Ma_y :· 

I K May: 

15 June 

22 June 

Pr·of. IL.I. La~ow (Univer·sit.y of Texas): 'The 
Chl~mist.r·y of Polylit.hillln Or~anic Compounds: An 
IJnusu;r.l Cl;r.ss of Matter·'. 

Dr. D.M. Adams (University of Leicester): 'Spectroscopy 
at Very High Pressures'. 

Dr. J.M. Vernon (University of York): 'New Heterocyclic 
Chemistry Involving Lead Tetra-acetate'. 

Dr. A. Pietrzyk~wski (Technical University of Warsaw/ 
University of Strathclyde): 'Synthesis, Structure 
and Properties of Alumin~xanes'. 

Dr. D.W.H. Rankin (University of Edinburgh): 'Floppy 
Molecules- The Influence of Phase on Structure'. 

Professor J. Miller (University of Campinas, Brazil): 
'Reactivity in Nucleophilic Substitution Reactions'. 

(II) llur·h;rrn University Chemical Society Lectures 

1981 

22 October.;:-

29 October·:c 

12 November·:c 

19 November·::-

3 December 

2k Jan u;u·y 

ll February 

18 February.;:-

25 Februaryoc 

4 Harch 

14 Oc tober-lc 

Dr. P.J. Corish (Dunlop): 'What Would Life be Like 
Without Rubber'. 

Miss J.M. Cronyn (Durham): 'Chemistry in Archaeology'. 

Prof. A.I. Scott (Edinburgh): 'An Organic Chemist's 
View of Life Through the N.M.R. Tube'. 

Prof. B.L. Shaw (Leeds): 'Big Rings and Metal-Carbon 
Bond Formation'. 

Dr. W.O. Ord (Northumbria Water Authority): 'The Role of 
the Scientist in a Regional Water Authority'. 

Prof. I. Fe lis (Newcastle): 'Balancing the Energy 
Equations'. 

Dr. D.W. Turner (Oxford): 'Photoelectrons in a Strong 
Magnetic Field'. 

Prof. R.K. Harris (East Anglia): 'N.M.R. in the 
1980's' 

Prof. R.O.C. Norman (York): 'Turning Points and 
Challenges for the Organic Chemist'. 

Dr. R. Whyman (I.C.I. Runcorn): 'Making Metal Clusters 
Work'. 

Mr. F. Shenton (County Analyst, Durham): 'There is 
Death in the Pot'. 
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28 October·::-

4 November->:-

Prof. M.F. Lappert, F.R.S. (University of Sussex): 
'The Chemistry of Some Unusual Subvalent Compounds 
of the Main Group IV and V Elements'. 

Dr. D.H. Williams (University of Cambridge): 'Studies on 
the Structures and Modes of Action of Antibiotics'. 

11 November~ Dr. J. Cramp (I.C.I. Ltd.): 'Lasers in Industry'. 

2S November~ Dr. D.H. Richards, P.E.R.M.E. (Ministry of Defence): 
'Terminally Functional Polymers, their Synthesis and 
Uses'. 

27 January" 

3 February·::-

Prof. D.W.A. Sharp (University of Glasgow): 'Some 
Redox Reactions in Fluorine Chemistry'. 
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