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Cupid and my Lady played 

At cards for kisses; but Cupid paid. 

He stakes his quiver, bow and arrows, 

His mother's doves and team of sparrows, 

Loses them too; then down he throws 

The coral of his lip, the rose 

Growing on his cheek (but none knows how), 

With these the crystal of his brow, 

And then the dimple of his chin: 

All these did my fair Lady win. 

At last he set her both his eyes; 

She won, and Cupid blind did rise. 

O love! Has she done this to thee? 

What shall, alas, become of me? 

J. Lyly. 
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Abstract, 

Polyfluorinated Compounds Via Free-Radical Reactions of Alcohols and Diols. 

by Christopher Farren. 

Site-selective incorporation of fluorocarbon substituents into organic molecules 

is a field of continuing interest, and a variety of approaches have been reported. The 

research described within this thesis is concerned with the functionalisation of C-H 

bonds adjacent to primary or secondary hydroxyl units via free-radical additions to 

fluoroalkenes. 

A range of cyclic and acyclic alcohols and diols have been functionalised in this 

manner, and both substituent and electronic effects on the radical process have been 

investigated. Further functionalisation of the polyfluoroalkylated products has been 

performed, giving a range of new fluorinated systems, and an investigation into the 

chemistry of these systems has begun. 

OH OH R 
Radical Initiator X CFo=CFCF CFoCFHCF H R' 

OH 

CFoCFHCF 

HF 

CFoCFHCF 

OCOR OH F 

Or CF 

CFoCFHCF 

CF 

steps 

CFoCFHCF 

Or 
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Chapter 1; Fluorine in Organic Chemistry 

1 



1.1. Introduction. 

Organofluorine chemistry is a field that encompasses a wide range of areas, 

and fluorine is unique in that replacement of hydrogen by fluorine in organic molecules 

has only a relatively small effect on the geometry of the system. 2 , 3 However, the high 

electronegativity of fluorine induces a strong polarisation of the carbon-fluorine bond 

and fluorine is displaced from organic species as fluoride ion, giving rise to a 

complementary chemistry to that of hydrocarbon systems,2 in which the proton may act 

as the leaving group. 

C — H 

6 + 8' 
C — F 

0 © 
C + H 

© © 
C + F 

Elemental fluorine itself is very reactive due to the weak intramolecular F-F 

bond (155 kJmol - 1) and the high strengths of the bonds formed between fluorine and 

other elements.4 Indeed, fluorine forms the strongest single bond to carbon in organic 

chemistry, and this imparts thermal stability to some fluorocarbon systems. 

Element, X H C N O F CI 

Van der Waals Atomic 

Radius (A) 

1.20 1.70 1.55 1.52 1.47 1.75 

Pauling 

Electronegativity 

2.1 2.6 3.0 3.4 4.0 3.2 

C-X Bond Enthalpy 

(kjmol-l) 

413 346 301 358 485 339 

Table l . l . i . Physical properties of fluorine. 

The thirteenth most abundant element,2 fluorine is also the most abundant 

halogen, and it is thus perhaps surprising that fluorine-containing organic species are 

very rarely found in nature. 5 , 6 Indeed, from the multitude of compounds isolated and 

characterised by bio-chemists, only a handful of fluorinated systems have been 

discovered, and organofluorine chemistry has hence been described as essentially a 

'man-made' field of study. 
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1.2. Applications. 

Fluoroplastics and fluoroelastomers have unique surface properties, showing oil 

and water repellancy, and such materials are thus used in stain prevention treatments 

and kitchen utensils. Perfluorocarbon fluids generally have relatively low viscosities 

and high densities, enabling their use as conductive coolants. Such fluids also have 

high resistivities and dielectric strengths, making them excellent electrical insulators, 

and perfluorocarbons (e.g. perfluorodimethylcyclohexane) are thus used in packaging 

'leak testing', electrical 'hot spot' location and vapour-phase soldering applications.7 

Furthermore, emulsions of numerous perfluorinated hydrocarbons (e.g. 

perfluorodecalin), amines (e.g. perfluorotributyl amine) and ethers (e.g. perfluoro-1-

butyltetrahydrofuran) have been investigated as 'blood substitutes', as the solubility of 

oxygen and carbon dioxide is extremely high in these fluids. 

N ( C 4 F 9 ) 3 

Potential blood substitutes 

F ^ C 4 F 9 

O 

Polyfluorinated alkanes and ethers are widely used as refrigerants (CF2CI2, 

CFCI3) , inhalation anaesthetics (CF 3CHClBr, CHF 2OCHClCF 3) and X-ray contrast 

enhancement agents for lung and gastrointestinal imaging (n-C6Fi3Br, n-CsFnBr). 

Indeed, the pharmaceutical and agrochemical industries utilise a diverse range of 

fluorinated compounds, in applications including anti-cancer drugs (5-fluorouracil), 

anti-depressants (Prozac) and weed killers (trifluoralin). 

NPr 

OoN NO H 
N 

O N 

CF H 

5-F uoro uraci Tnfluora in 

CH0CH0NHCH Y 
Ph 
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1.3. Free-Radical Chain Reactions 

The first radical was identified at the turn of the century,8 but in the years that 

followed radical functional group interconversions were not studied in the same 

methodological manner as were ionic reactions, and steric and electronic influences on 

radical systems were not fully investigated. Over the last two decades, however, much 

interest has arisen in this subject and a number of good reviews on the subject are now 

available. 9 , 1 0 

This project concerns the additions of carbon-centred radicals to fluoroalkenes, 

especially hexafluoropropene (HFP), and thus a review of the theory behind such 

reactions will be presented. Free radical additions to HFP occur via the following chain 

mechanism, and the following sections will discuss each aspect of this process. 

R 3 C-H 

(1) 

In 
InH R 3 C 

(1a) 

Initiation 

(1a) + CF 2 =CFCF 3 

(2) 

(3) + (1) 

R3C-CF2-CF-CF3 Addition 

(3) 

(la) + R 3 C-CF 2 -CFH-CF 3 jf^sier 

1.3.a. Radical Initiation. 

Homolytic carbon-hydrogen bond rupture creates the first radical of the chain 

(la), and can be induced by either chemical (peroxide) or energetic (thermal, UV, y-

ray) methods.10 

O - O -
A (130°C) 

0 

•H 
In 

InH 
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The preferred site of hydrogen atom abstraction in a substrate (1) is determined by the 

relative carbon-hydrogen bond dissociation energies (BDEs) within the system, and 

weaker C-H bonds undergo more rapid hydrogen atom abstraction (table 1.3.a.i.). 

Entry Radical Typical BDE 

Precursor3 (kjmol - 1) 

1 CH 3 -H 439 

2 CH 2F-H 431 

3 RCH 2-H 422 

4 R 2CH-H 414 

5 (N0 2 )CH 2 -H 402 

6 R3C-H 397 

7 HOCH 2-H 393 

8 CH 2=CH-CH 2-H 360 

9 PhCH 2-H 356 

10 Ph 3C-H 322 

Table 1.3.a.i. C-H Bond dissociation energies. 

a) R = alkyl. 

1.3.b. Radical Stability and Structure. 

The bond dissociation energy of a radical precursor is also considered to give a 

good estimate of the stability of the derived species, lower BDEs indicating increasing 

radical stabilisation.11 Secondary alkyl radicals are thus more stable than primary alkyl 

radicals (entries 3 and 4, table 1.3.a.i.), reflecting the increased inductive electron 

donation towards the electron deficient radical centre. 

R R R 

R H R 

decreasing stability 

In fact, all mono-substituents at a saturated carbon centre reduce the carbon-hydrogen 

BDE in comparison to methane (table 1.3.a.i.), and this is attributed to the increased 

number of molecular orbitals available to interact with the derived radical centre. 

5 



Heteroatoms adjacent to a developing radical site may display conjugation between the 

non-bonding pair(s) and the radical single electron. 

5̂  x \ x 

R R 

X 
H 

:e H 
R 

X = OR, NR 2 , SR, Hal. 

This resonance effect increases electron density at the reaction centre, stabilising the 

derived radical,2 and is reflected by the relatively low BDE of carbon-hydrogen bonds 

adjacent to oxygen (entries 1 and 7, table 1.3.a.i.). Thus radicals derived from alcohols, 

ethers and amines are strongly stabilised, and similarly allylic and benzylic radicals are 

also stabilised by conjugation (with the adjacent n-system). This can alternatively be 

described by molecular orbital theory, with the interaction between the radical singly 

occupied molecular orbital (SOMO) and the heteroatom lone pair (or adjacent rc-bond) 

appearing as below. 1 2 

Energy 

Lone Pair 
(or rc-Bond) 

SOMO 

1,3.b.i. Effects of Fluorine on Radical Stability. 

Dolbier 1 3 has suggested that when X (above) is fluorine, the high 

electronegativity of the heteroatom tends to destabilise the electron deficient radical 

centre via ©"-electron withdrawal, and that there is a complex interplay between this 

effect and conjugative stabilisation. A single fluorine substituent stabilises a radical 

centre, as is reflected in the BDEs of methane and fluoromethane (entries 1 and 2, table 

1.3.a.i.). Multiple fluorine substitution, in contrast, results in destabilisation and 

trifluoromethane has a higher carbon-hydrogen BDE (452 kJmol" 1) than that of 

methane. Experimental support for this order of radical stability was provided by the 

fragmentation of fluorinated ferf-butoxy radicals.14 
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R* + CH3COCH3 

CH CH 

OCO O 

CH CH 
CH + RCOCH 

R ki /k 2 (k r e l) 

C H 3 1.0 

CH 2 F 9.0 

CF 3 0.08 

Table 1.3.b.i.i. Radical Dissociation Rates. 

The effect of the fluorine substituents on the stability of the radical R is reflected in the 

rates of carbon-carbon bond fission, and while a single fluorine atom increases the 

stability of R (and hence the rate of C-R bond dissociation), three fluorine substituents 

induce destabilisation of R and the rate of dissociation is low. This destabilisation 

reflects the structure of the derived trifluoromethyl radical. 

Planar Pyramidal 

Methyl radicals are planar,1 5 but the trifluoromethyl radical is pyramidal 1 6 with a 

significant energy barrier to inversion.17 Pauling1 8 and later Dolbier 1 3 have argued that 

this deformation may be due to the high electronegativity of fluorine, which inductively 

induces a re-hybridisation of the radical site to take advantage of the thermodynamic 

stability of carbon-fluorine bonds that are high in p-character. However, it has also 

been suggested that electron pair repulsion is the major factor, 1 6 and that 

pyramidalisation reduces the destabilising electronic repulsion2 of a second heteroatom. 

7 



Destabilising Reduced Interaction 

Beraardi and co-workers17 believe that the inductive effect is dominant in the case of 

fluorine, but in either case the stabilising resonance between the radical SOMO and the 

fluorine lone pairs decreases with increasing deviation from planarity and conjugative 

stabilisation of the radical centre is reduced. 

It has been argued13 that the only significant effect of a 0-fluorine substituent is 

that of inductive destabilisation, C-F hyperconjugation apparently not being observed 

due to the high electrophilicity of fluorinated radicals. Unfortunately little BDE data is 

available for P-fluorinated ethanes, but the potential for inductive destabilisation is 

reflected in the trend of the calculated BDE's (table 1.3.b.i.ii.). 

Entry Radical Calculated 

Precursor* BDE (kjmol-l) 

1 CH3CH2-H 408 

2 CH2FCH2-H 416 

3 CHF 2 CH 2 -H 423 

4 CF3CH2-H 426 

Table 1.3.b.i.ii. Calculated C-H Bond dissociation energies. 

It is worth noting that up to this point we have only been concerned with the 

thermodynamic stability of radicals, but in fact some highly fluorinated radicals also 

have increased kinetic stability. One such radical is Scherer's radical, 1 9 which persists 

at room temperature. 

F 3 C V C F 3 

C F 

F 3 C . J < ^ C F 3 Scherer's Radical 
CF C 

1 F 2 

F 3 C 
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It is argued that the kinetic stability of this species arises from steric effects, the radical 
centre being buried within the surrounding fluorine substituents. 

1.3.C Radical Reactivity. 

The addition of carbon-centred radicals to alkenes is strongly exothermic, as a 
G-bond is formed and a 7t-bond is broken. Furthermore, addition proceeds via an 
unsymmetrical transition state which occurs at a very early stage on the reaction 
coordinate.20 Calculations for the model system of a methyl radical reacting with 
ethene suggest that the radical approaches the double bond at approximately the 
tetrahedral angle, perpendicular to the plane of the n system, and the carbon-carbon 
separation in the transition state21 is ca. 2.3A. 

H 
H*k./-\ 

angle of approach = 109° / " 

H i t * ~ / - \ ' . \ \ H 

Hence polar effects are dominant in radical additions to alkenes, and indeed not only 
are secondary alkyl radicals more stable than primary alkyl radicals (section 1.3.a.) but 
secondary radicals are also more nucleophilic due to the increased electron density at 
carbon. Such radicals thus react well with electron deficient alkenes. In contrast, 
strongly electron withdrawing substituents at the radical centre such as cyano, fluorine 
or trifluoromethyl tend to have the opposite effect, the derived radicals reacting well 
with electron rich systems. This is reflected by radical additions to acrylonitrile (4), 
where the low degree of telomerisation (short chain polymerisation, i.e. multiple 
propagation steps before chain transfer) observed is attributable to the relative 
nucleophilicities (table 1.3.c.i.) of the radicals present in the reaction mixture.8 

R* + CH2=CH-CN k r e ' » R-CH2-CH-CN 

(4) (4a) 

Radical type Primary Alkyl Secondary Alkyl R-CH2-CH-CN 

krel 1.0 7.3 1.5xlO-3 

Table 1.3.C.L Radical addition rates. 
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Radicals derived from alcohols, ethers and amines are thus both strongly stabilised 
(section 1.3.b.) and rendered highly nucleophilic via conjugation with the heteroatom 
lone pair, and their reactions with electrophiles are highly efficient and are susceptible 
to the same factors that influence addition of ionic nucleophiles. 

R/, *r~"e* ,, R„.~. +. 
„ C - O - H - — - ; C - O - H 

R R*̂  

1.3.d. Orientation of Addition to HFP. 

Inductive electron withdrawal by both fluorine and fluoroalkyl groups renders 
fluoroalkenes electrophilic,2, 2 2 , 2 3 and there are two factors that influence the 
orientation of addition of a nucleophile (or nucleophilic radical) to an unsymmetrical 
fluoroalkene.24 

1.3.d.i. Electronic effects. 

In the carbanionic intermediate (5a) arising from nucleophilic attack on 
tetrafluoroethene (TFE) (5), there are two conflicting electronic effects of fluorine. 

© 
Nuc + CF 2 =CF 2 

(5) 

© 1 

Nuc-CF 2-CF 2 

(5a) 

A fluorine atom attached directly to the carbanionic centre would be expected to 
stabilise the system by a-inductive electron withdrawal (-Ic), but this is offset2, 2 5 by 
electron pair repulsions (section 1.3.b.) and the overall effect may even be 
destabilisation with respect to hydrogen. In comparison, the 0-inductive electron 
withdrawal of a fluoroalkyl group strongly stabilises the carbanionic intermediate.22 

e f O . . © 

C — F C - C — F 

potentially destabilising highly stabilising 

The stabilising effect of a fluoroalkyl group on a carbanionic centre can be illustrated24 

by the data in table 1.3.d.i.i. The acidity of (CF3)3CH is comparable to that of a 1,3-
keto ester, reflecting the stability of the perfluoro-f erf-butyl anion formed by 
deprotonation. 

10 



Compound CF 3 H (C6Fi3)CF2H (CF 3) 2CFH (CF 3) 3CH 

Derived Anion CF 3" (C 6 F 1 3 )CF 2 - (CF 3) 2CF- (CF 3) 3C-

pK a 
31 30 20 11 

Table 1.3.d.i.i. Acidity measurements on fluoroalkanes. 

Nucleophilic attack at an unsymmetric fluoroalkene such as HFP (2) can thus be 
predicted to occur at the terminal end of the double bond, generating the carbanion with 
most fluoroalkyl substituents. Thus route 1 is favoured over route 2 below. 

CF 2 =CFCF 3 

(2) 

Route 1 

Route 2 

0 
Nuc-CF 2-CF-CF 3 ] 

0 • 
Nuc-CF(CF 3)-CF 2 

1.3.d.ii. Polar effects.2 6'2 8 

Frontier molecular orbital theory dictates that the lowest unoccupied molecular 
orbital (LUMO) of an electron deficient alkene interacts with the highest occupied 
molecular orbital (HOMO) of a nucleophile upon reaction, and strongly electron 
withdrawing substituents on an alkene are known to lower LUMO orbital energies.29 

Energy / 

Fluoroalkene 
LUMO 

Nucleophile | / 
HOMO 

The smaller the energy difference between HOMO and LUMO the larger the stabilising 
effect when the two reactants approach one another,28 and incorporation of a 
trifluoromethyl group increases the potential for HOMO-LUMO overlap at the opposite 
end of the double bond. 3 0 ' 3 1 

11 



CF 

(2) 

HFP (2) is thus very polar, the terminal site being the more electrophilic, and both 
electronic and polar effects ensure that addition of a nucleophile or nucleophilic radical 
to HFP occurs selectively at this site. 

1.3.e. Chain Transfer. 

Nucleophilic addition of radical (la) to HFP generates radical (3), which is 
rendered electrophilic in nature by the combined inductive electron withdrawal of the 
fluorine substituent and the two adjacent fluoroalkyl groups (section 1.3.b.). 

R 3C* + CF 2 =CFCF 3 R 3C-CF 2-CF-CF 3 

(1a) (2) (3) 

Further reaction of (3) with the electron deficient fluoroalkene is thus disfavoured, and 
rapid hydrogen abstraction from the relatively rich substrate (1) is the dominant 
pathway, regenerating radical (la). This is analogous to the chemistry of other 
electrophilic radicals, such as alkoxide, for which hydrogen atom abstraction is a 
typical process and addition to carbon-carbon multiple bonds is disfavoured.10 

RO* + H-CR3 ROH + *CR 3 Favoured 

RO + CR 2 =CR 2 RO-CR 2-CR 2 Disfavoured 

12 



1.4. Radical Additions to Fluoroalkenes. 

It is the aim of the next section to review the literature coverage concerning 
radical additions of varying substrates to fluoroalkenes, especially HFP. 

1.4.a. Alcohols and Thiols. 

In 1955, Lazerte et al32 detailed the dibenzoyl peroxide initiated radical addition 
of methanol to a variety of fluoroalkenes, and identified the mechanism as being a 
carbon-centred radical chain process.33 Using a 1:1 ratio of methanol to HFP yielded 
the mono-adduct (6) in good yield, and the effects of temperature and reagent purity on 
the course of the reaction were described. 

i) HFP, di-benzoyl peroxide, 80°C, 15 hours. 

Only addition to the terminal site of HFP was detected, reflecting the high 
nucleophilicity of radicals derived from alcohols (section 1.3.b.). Larger terminal 
fluoroalkenes also gave good yields of the analogous 1:1 adducts with methanol (6a), 
but larger alcohols were reported to give lower yields (6b). 

i) CF2=CF-C3F7, di-benzoyl peroxide, 80°C, 15 hours. 

Notably, however, only addition to carbon sites adjacent to oxygen was detected (6b), 
and this reflects the stabilitiy of radicals derived from alcohols. Not only does the 
oxygen atom conjugatively stabilise an adjacent radical (section 1.3.a.), but the 
electronegativity of the heteroatom renders radicals at other sites in the alcohol less 

CH 3 OH HO-CH0-CF0-CFH-CF 

6 
(90%) 

CH3OH HO-CH 2 -CF 2 -CFH-C 3 F 7 

(6a) 
(85%) 

C 2 H 5 OH HO-CH(CH 3)-CF 2-CFH-C 3F 7 

(6b) 
(60%) 
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nucleophilic, and this effect is sufficient to make the addition to the electrophilic 
fluoroalkene site-specific. 

0 e o 
0-*-C Stabilised, nucleophilic radical 

• • • 
O C C Less nucleophilic radical 

Addition of alcohols to HFP was further investigated by Murumatsu34 and 
Haszeldine35 (table 1 Aa.i.). 

Alcohol Initiatior (°C) Product3 Yieldb 

MeOH Y-ray (25) R F H C H 2 O H 76c 

thermal (280) 85d 

U.V. (40) 95d 

peroxide (140) 93d 

EtOH Y-ray (25) RFHC(Me)HOH 99c 

thermal (280) 79d 

U.V. (40) 92d 

peroxide (140) 86d 

iPrOH Y-ray (25) RFHC(Me)2OH 100c 

thermal (280) 86d 

U.V. (40) 95d 

peroxide (140) 89d 

CF3CH2OH thermal (320) RFHC(CF 3 )HOH 95d 

( C F 3 ) 2 C H O H thermal (355) No reaction 0 d 

R F H C H 2 O H thermal (380) No reaction 0d 

Table 1.4.a.i. Radical additions of alcohols to HFP. 
a) RFH = CF3CFHCF2-
b) Based on HFP consumed. 
c) Ref. 3 4 

d) Ref. 3 5 

Overall, there is little difference in yield with the initiation method used, and only when 
the derived radical has reduced nucleophilicity due to inductive electron withdrawal 
(e.g. (CF3) 2 CHOH) or is both sterically and electronically deactivated (e.g. 
R F H C H 2 O H ) is the alcohol unreactive. More recently, Paleta et al36 have shown that 
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polyfluoroalkylated diols can also be generated by free-radical addition to HFP. 
Reaction conversions were poor, however, and ethene-l,2-diol and propane- 1,2-diol 
were reported to be unreactive. Butane-1,4-diol (7) gave the mono- (8) and 1,4-di-
adducts (9) in low yield upon reaction with HFP, polyfluoroalkylation of the solvent 
(methanol) being predominant. 

O H O H O H 

R R FH FH 
FH 

O H O H O H 

8 9 (7 
1 1 % 6%) 

i) HFP, methanol, UV irradiation, -10°C. 
ii) RFH = CF2CFHCF3 

Interestingly, butane-1,3-diol is described in the same publication as being unreactive 
towards HFP under either photochemical or peroxide initiated radical conditions, and 
the present work re-examines this reaction (section 4.3.c). Furthermore, butane-1,4-
diol was reported to react with HFP in the presence of base to obtain the bis-ether (10) 
via nucleophilic addition. 

O R O H FH 

O H O R F H 

(7) (10) 
(52%) 

i) HFP, CH3CN, Na 2C0 3 ,0-20°C. 
ii) RFH = CF2CFHCF3 

Dunn 3 7 continued the investigation into radical reactions of alcohols with HFP, and 
developed methodology for the incorporation of hexafluoropropyl groups into cyclic 
alcohols and diols, despite previous reports that cyclohexanol is unreactive towards 
HFP under radical conditions.32 
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Radical reactions of alcohols with substituted fluoroalkenes have also been 
reported, and perfluorovinyl ethers gave 1:1 adducts with primary and secondary 
alcohols under analogous conditions.38 

R 1 R 2 CHOH + CF 2 =CF-R F R 1 R 2 C(OH)CF 2 CFHR F 

i) acetone, UV irradiation, room temperature. 
ii) R1 = R 2 = H, Me; R F = -OC3F7, -OCF2CF(CF3)-0-C3F7 

Addition again occurs predominantly at the terminal, more electrophilic end of the 
fluoroalkenes, with only traces of the regioisomeric adducts being detected, and this 
reflects the polar effects outlined previously. The reactivity of the fluorinated vinyl 
ethers was comparable to that of HFP, and a number of solvents were examined for the 
reaction, with tertiary alcohols and trifluoroethanol being suitable but acetonitrile 
inhibiting the reaction completely. Perfluoroallylchloride (PAC, CF2=CFCF2C1) (11) 
is also susceptible to radical attack, reacting with methanol to give the unsaturated 
alcohol (12).39 

i) PAC, di-tert-butyl peroxide, 140°C 

Attack at the terminal site in the fluoroalkene is once more predominant, this being 
attributed to both polar effects and the steric demand of the chlorodifluoromethyl 
group. However, cleavage of the carbon-chlorine bond (typical C-Cl BDE = 339 
kJmol -1) in the radical intermediate (11a) is both thermodynamically and kinetically 
favoured over intermolecular chain transfer (HOCH2-H BDE = 393 kJmoH) and the 
-CF2CFHCF2C1 adduct is not formed. 

CH3OH HOCH 2 CF 2 CF=CF 2 

(12) 
(100%) 

HOCH 2-CF 2-CF-CF 2CI 

11a 

\ CI chain transfer 

HOCH 2-CF 2-CFH-CF 2CI HOCH 2-CF 2-CF=CF 2 

(12) 
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Radicals derived from thiols are sulphur-centred, the S-H bond being relatively 
weak (BDE = 368 kJmol -1) in comparison with most carbon-hydrogen bonds, and 
Harris40 demonstrated that methanethiol reacts with HFP under radical conditions to 
generate 1:1 adducts via the sulphur atom. Addition to the terminal site in the 
fluoroalkene is preferred (13) but small amounts of the regioisomer (14) were 
generated, reflecting the reduced nucleophilicity of the thio-radical. 

CH 3 SH — — CH 3 -S-CF 2 CFHCF 3 + CH 3-S-CF(CF 3)-CF 2H 

(13) (14) 
(91%) (9%) 

i) HFP, either X-ray or UV irradiation. 

Furthermore, the radical derived from trifluoromethylthiol is rendered much less 
nucleophilic than that derived from methanethiol due to the high inductive electron 
withdrawal of the trifluoromethyl group, reacting much less selectively with HFP and 
forming a near equivalent mixture of the two regioisomeric adducts (15) and (16). 

CF 3 SH — — CF 3 -S-CF 2 CFHCF 3 + CF 3-S-CF(CF 3)-CF 2H 

(15) (16) 
(45%) (55%) 

i) HFP, either X-ray or UV irradiation. 

1.4.b. Hydrocarbons. 

Small hydrocarbon alkanes yield mono-addition products with HFP 4 1 (table 
1.4.b.i), with longer chain hydrocarbons giving more complex mixtures of mono- and 
di-adducts 4 2 
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Alkane Initiation (°C) Product(s)a Yield(s)*> 

CH3CH2CH3 Y-ray (25) ( C H 3 ) 2 C H R F H + 21 +2 C 

CH3CH2CH2RFH 

( C H 3 ) 3 C H y-ray (25) ( C H 3 ) 3 C R F H 42c 

n-C4Hio Y-ray (25) CH 3 CH(RFH)- 6+ l l c 

thermal (295) CH2CH3 + 10 + 7 d 

U . V . (40) CH 3 CH(RFH)- 39+ l l d 

peroxide (130) C H 2 C H 2 R F H 18+40 d 

(+ trace species) 

Table 1.4.b.i. Radical additions of hydrocarbons to HFP. 
a) RFH = CF2CFHCF3 
b) Yield(s) of each product, based on HFP consumed. NR = not reported. 
c) Ref. 4 1 

d) Ref. 4 2 

Addition to secondary sites is observed to be preferred over addition to primary sites, as 
rationalised previously on the basis of the carbon-hydrogen BDEs and the stability of 
the derived radicals (section 1.3.a.). Furthermore, only small amounts of the 
regioisomers arising from radical addition to the central carbon atom in HFP were 
detected, the reaction again being essentially regiospecific due to the nucleophilicity of 
alky] radicals. Cyclic hydrocarbons such as (17) also react with HFP under radical 
conditions 4 1 giving mono- (18) and di-addition compounds (19). 

R R a FH FH 

FH 

(19 (17) (18 
(40%) 49% 

i) HFP, di-tert-butyl peroxide, 140°C. 
ii) R F H = CF2CFHCF3 

Spink4 3 continued to investigate the use of hydrocarbons in radical processes, and 
additions of acyclic, cyclic and polycyclic hydrocarbons to HFP gave the corresponding 
adducts. 
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(80%) (3%) 

'FH 

(57%) (23%) 

P=3 
r7^ ( R F H ) n n = 1-4 

(at tertiary 
sites only) 

(up to 82%) 

i) HFP, di-tert-butyl peroxide, 140°C, 24 hours. 
ii) RFH = C F 2 C F H C F 3 

iii) n varies markedly with respect to the molar ratio of HFP. 

1.4.C Haloalkanes. 

The presence of halogens or halo-alkyl groups is tolerated by the radical 
addition process,44 and adducts with HFP were obtained in good yields (table 1.4.c.i.). 

Haloalkane Initiation ( °C) Product3 Yield** 

CH3CI thermal (280) CH 2C1RFH 75 C 

CH 2 C1 2 thermal (280) CHC1 2RFH 85 C 

CHCI3 thermal (280) CC13RFH 80 C 

CH 3 F thermal (280) C H 2 F R F H 76 C 

C H 2 F 2 thermal (280) CHF 2 RFH 85 C 

CH3CHF2 thermal (290) CH3CF2RFH 65 C 

CH3CF3 thermal (310) CF3CH2RFH 7 1 c 

Table 1.4.c.i. Radical additions of haloalkanes to HFP. 
a) RFH = CF2CFHCF3 

b) Based on HFP consumed. 
c) Ref. 4 4 
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When a choice is available, reaction preferentially occurs at the carbon-hydrogen bond 
adjacent to the halogen(s) (e.g. CH3CHF2) due to the slightly reduced bond strength 
and increased stability of the derived radical (section 1.3.a.). However, small amounts 
of the regioisomeric adducts arising from attack at the central unsaturated carbon atom 
of HFP were detected in each case, reflecting the reduction in nucleophilicity of halo-
stabilised radicals induced by the inductive electron withdrawal of the halogen(s). 

H X X 

H - > - H 4 - X - > -

H H H 

decreasing nucleophilicity 

X = Halogen. 

Radical co-telomerisation of HFP and 1,1-difluoroethene (vinyl difluoride, 
VDF) has been investigated for a range of applications,45 including surfactant and 
specialist polymer synthesis.46 Telomerisations involving HFP are reported to be 
extremely difficult, requiring elevated temperatures or photolysis,47 yet it was found 
that room temperature y-ray induced co-telomerisation of HFP-VDF mixtures occurred 
in good conversions when bromofluorocarbons were used as telogens (table 1.4.c.ii.). 

CF2Br2 VDF HFP Conditions VDF/HFP Conversion 
(mol) (mol) (mol) in telomer 

1 1 1 Y 2.0 59 

2 1 1 Y 1.9 82 

2 1 2 Y 1.0 56 

2 1 1 y, C 6 H 6 
- 1.2 

2 1 1 y, Freon 113 1.4 50 

2 1 1 Y,CS 2 1.9 59 

Table 1.4.c.ii. Telomerisation results. 

A range of telomers were produced, using varying telogen and fluoroalkene ratios, and 
solvent effects were found to be marginal except when benzene was used, the aromatic 
acting as an efficient radical trapping agent and resulting in very low conversions. The 
predominant processes occurring in the telomerisation mixture can be represented as 
follows: 
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CF 2 Br 2 

y rays 

CF 2 Br-CH 2 -CF 2 - — - CF 2Br — CF 2 Br-CF 2 -CF-CF 3 

(21) (20) (22) 

n in 

CF 2 Br-CF 2 -CF(CF 3 )-CH 2 -CF 2 

i) CF 2 Br 2 

ii) CH 2 =CF 2 

iii) CF 2 =CFCF 3 

The radical (20) derived from the telogen, being rendered electrophilic by the combined 
inductive electron withdrawal of three halogen substituents, preferentially reacts with 
VDF, the more electron-rich alkene (ratio of approx. 5:1, as determined by a 
comparison of the CF2BrCH2- and CF2BrCF2- end-group occurances in the telomer). 
Similarly, the minor radical (22) generated by addition of (20) to HFP is also rendered 
electrophilic by its fluoroalkyl substituents, to the extent that it will not react further 
with the bromofluorocarbon or HFP but only with VDF, generating radical (23). Both 
(21) and (23), however, are rendered sufficently nucleophilic by the methylene spacer 
between the radical centre and the fluoroalkyl chain to have all the propagation options 
available, and overall incorporation of HFP was increased by raising the molar ratio of 
the perfluoroalkene in the starting mixture. 

Radical additions of perfluoroalkyl radicals to fluoroalkenes is also a topic of 
current interest,48 and the reaction of perfluoroallyl chloride (PAC) (11) with 
perfluorobutyl iodide under thermal initiation gave the terminal perfluoroalkene (25), 
this work complementing early reports by Aspey et al.49 
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CF 2=CF-CF 2CI 

(11) 
o 

-CI 
R F - C F 2 - C F = C F 2 R F - C F 2 - C F - C F 2 C I 

(25) (24) 

i) 180-250°C. 

ii) R F = C4F 9 , C6F 1 3,C 8Fi7 

No regioisomers arising from attack at the central unsaturated site in the fluoroalkene 
were detected, despite the low nucleophilicities of polyfluorinated radicals, and this is 
in contrast to the reactions of the same perfluoroalkyl iodides with H F P in which both 
regioismers are produced.50 This is attributed to the steric demand of the chlorine 
substituent, and carbon-chlorine bond fission remains thermodynamically favoured 
over chain transfer (section 1.4.a.), the RF-CF2-CFH-CF2CI adduct not being formed. 

1.4.d. Alkenes and Alkvlbenzenes. 

Alkenes51 and alkylbenzenes52, 5 3 gave complex product distributions when 
reacted with H F P under radical conditions, with [2+2] cycloaddition and/or 
intramolecular radical cyclisation competing with simple allylic or vinylic radical 
addition. 

C F 
C F FH 

\ 

8%) (12%) 59% 

CHoR 2 , LFH 

C F 

(74%) (22%) 

i) HFP, either y-ray, UV, or thermal initiation. 

ii) RFH = CF2CFHCF3 
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Indane (or cyclopentane) formation occurs in competition with chain transfer, and the 
relative composition of the product mixture is reported to be pressure dependent. High 
pressure reactions gave a greater amount of simple addition products, more HFP being 
dissolved in the liquid phase of the reaction where there is an excess of alkyl benzene 
and chain transfer is favoured. Conversely, a lower pressure causes a higher degree of 
reaction to occur in the vapour phase, where there is a deficiency of alkyl benzene, and 
reactions of the intermediate radicals other than chain transfer, such as indane 
formation, compete effectively. 

Reaction Conditions Adducts (%) Indanes (%) 

Glass tube 
(low pressure) 

73.5 21.5 

Autoclave 
(high pressure) 

81.5 10.0 

Table 1.4.d.i. Product distributions for alkylbenzene additions to HFP. 

1.4.e. Ethers, esters, aldehydes and thioethers. 

Ethers, 1 2 , 5 4 - 5 9 esters60 and aldehydes32,61 are all reported to react preferentially 
at sites adjacent to oxygen (table 1.4.e.i), the carbon-hydrogen BDEs being low and the 
derived carbon-centred radical intermediates being both stabilised and rendered highly 
nucleophilic by heteroatom lone pair interactions (section 1.3.a.). 
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Substrate Initiation (°C) Product(s)a Yield(s)b 

y-ray (25) 

thermal (280) 

U.V. (40) 

68 C 

6 1 D 

65 E 

y-ray (25) 

U.V. (40) 
+ 

^ F H 

V r 
^ F H RFH 

44 + 57 F 

NR + 39 E 

(!) 
y-ray (25) 

y-ray (25), 2HFP 

U.V. (40) 

peroxide (80) 

R F H ^ ^ + 

R F H ^ Q ^ - RFH 

59 + 348 

5 + 958 

73 + NR e 

80 + NR8 

0 
y-ray (25) 

thermal (300) 

U.V. (40) 

^ O - J ^ R F H 
7 0 H 

10 D 

82 1 

0 

A,' 
peroxide (80) 0 

^ O ^ R F H 

39J 

peroxide (80) a . 
H F H 

70 K 

Table 1.4.e.i. Radical additions of oxygen-containing species to HFP. 
a) RFH = C F 2 C F H C F 3 

b) Yields of each product, based on HFP consumed. NR = not reported. 
c) Ref. 5 5 

d) Ref. 5 8 

e) Ref. 1 2 

f) Ref. 6 1 

g) Ref. 5 7 

h) Ref. 5 6 

i) Ref. 5 9 

j) Ref. 6 0 

k) Ref. 3 2 
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Ethers and polyethers are perhaps the class of compounds that have been most 

intensively studied as reagents in radical additions to fluoroalkenes, and both 

substituent56 and stereoelectronic62 effects have been examined. Larger alkyl chains 

promote poly-addition to acyclic ethers (26) (table 1 Ae.ii .) . 

R C H ( R F H ) - 0 - C H 2 R + 

( 2 7 ) 

R C H ( R F H ) - 0 - C H ( R F H ) R + 

( 2 8 ) 

R C ( R F H ) 2 - 0 - C H ( R F H ) R 

( 2 9 ) 

i) HFP, y-rays, room temperature. 

ii) RpH = CF 2CFHCF 3 

Product 

Distribution 

R Group Mono-

adduct (27) 

(%) 

Di-

adduct (28) 

(%) 

Tri-

adduct (29) 

(%) 

Conversion 

(%) 

H 100 - - 70 

Me 47 53 - 100 

Et 30 70 - 80 

n-Pr 23 40 37 70 

Table 1 Ae.ii. Product distribution of reactions of acyclic ethers with HFP. 

Additions to ethers bearing electron withdrawing groups (30) have highlighted the 

effects of radical polarity. 6 3 

R R FH 

o o 
(30a), (30b) (31a), (31b) 

i) HFP, y-rays, room temperature. 

ii) R = H (30a), R F H (30b) 
iii) R F H = C F 2 C F H C F 3 

R C H 2 - 0 - C H 2 R 

( 2 6 ) 
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Polyfluoroalkylated ether (30b) is less reactive than the unsubstituted analogue (30a), 

the nucleophilicity of the derived radical (adjacent to oxygen) being reduced by the 

inductive electron withdrawal of the fluorinated group. The radical formed adjacent to 

to R F H in (30b) is stabilised by the "capto-dative" effect, but addition is directed 

towards the oxygen-stabilised site furthest from the haloalkyl substituent, this site being 

more accessible and inductively deactivated to a lesser degree. 

Reactivity of cyclic ethers is dependent upon ring size. Resonance stabilisation 

by oxygen requires the radical centre to achieve planarity, and there is a significant 

energy barrier to the associated ring flexation in the six-membered pyran system. 

O O 

Decreasing radical stabilisation 

Additions of cyclic ethers to substituted fluoroalkenes have been reported by Paleta.64 

/ \ + C F 2 = C F - R F • ~ / \ 
\ 0 / ^ C F 2 C F H R F 

i) acetone, UV irradiation, room temperature. 

ii) Rp = - O C 3 F 7 , -OCF 2CF(CF3)-0-C 3F7 

Reaction again occurs predominantly at the terminal, more electrophilic end of the 

fluoroalkene, with only traces of the regioisomeric adducts being detected. Paleta's 

group have also complimented the work of Chambers et al56 concerning radical 

additions of cyclic polyethers to HFP, and 1,3-dioxolane (32) was reported to react 

predominantly in position 2 (33a). 

/ \ i / \ r~\ 
° \ / 0 " 0 n < 0 + ° \ / 0 

(32) (33a) (33b) 
(94%) (6%) 

i) HFP, acetone, UV irradiation, room temperature. 
ii) R F H = C F 2 C F H C F 3 
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Dioxolane (34), with a blocked 2-position, reacted selectively at position 4 generating 

the mono-adduct (35) in good yield. This product was deprotected and esterified with 

methacryloyl chloride to produce monomers that are reported to be used, after 

polymerisation, for technical and biomedical applications such as contact lenses.36 

R 

(34) 

FH 

(35) 
(>90%) 

H O O H 

R F H / R F H 

r~\ + r\ 
H 2 C = C ( C H 3 ) O C O O H H 2 C = C ( C H 3 ) C O C O O C O C ( C H 3 ) = C H 2 

(73%) (27%) 

i) HFP, acetone, UV irradiation, room temperature. 

ii) H 3 0+ 

iii) CH 2=C(CH 3)COCl, N H 3 , Et 2 0, 0°C. 

iv) R F H = C F 2 C F H C F 3 

This procedure is in contrast to the reported unreactivity of ethane-1,2-diol towards (2) 

under radical conditions, 3 6 illustrating a difference in reactivity between radicals 

derived from 1,2-diols and 1,2-diethers which will be further examined in section 4.4. 

Multiple additions to cycl ic 3 4 and acyclic polyethers have also been 

documented, and poly-fluoroalkylated mixtures derived from poly-ethylene glycol 

(PEG) (36) have been investigated as co-polymerisation agents with polymethyl 

methacrylate (PMM). 6 5 

27 



R FH 

o o n a R R FH FH 
( 3 6 ) a = 10 

n « 1 3 a+b=13 

i) HFP, y-ray or peroxide. 

ii) Rpjj = CF2CFHCF3 

Furthermore, it is well known that the complexing ability of crown ethers is modified 

remarkably by the introduction of side-chains,66 and interest has thus arisen in the 

production of polyfluoroalkylated crowns. Chambers63 produced the 18-crown-6 (18-C-

6) mono-adduct with HFP under radical conditions. 

o o o o 

c 
o o 

A . o R FH 

( 3 7 ) ( 3 8 ) 

i) HFP, y-rays or ferf-butyl peroxide. 

ii) RpH = CF2CFHCF3 

Kirchmeier et al67 have examined the lanthanum triflate inclusion complex of (38) by 

X-ray crystallography. The most significant feature of the (18-C-6)-HFP adduct is the 

long metal-oxygen interaction (2.886 A) between the lanthanum centre and the oxygen 

atom nearest the hexafluoropropyl group, in comparison with the unsubstituted 

polyether (37) (2.681 A). This reflects the reduced basicity of the heteroatom due to 

inductive electron withdrawl by the polyfluoroalkyl chain, and the trans metal-oxygen 

interaction is significantly shortened (2.597 A) as a result. 

Shreeve et a/ 6 8 have also examined radical additions of cyclic ethers to HFP, 

and have compared the reactivities of sites adjacent to oxygen and sulphur. Both 

components of an equimolar mixture of tetrahydrofuran (39) and tetrahydrothiophene 

(40) add to HFP under peroxide initiation, the yield for the latter being slightly lower 

than for the former due to decomposition of the thioether. 
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R R FH FH 

(39) (40) (41) (42) 
(58%) (42%) 

i) HFP, di-te/t-butyl peroxide, 140°C. 

ii) RpH = CF2CFHCF3 

However, 1,4-thioxane (43) preferentially reacts adjacent to sulphur to generate (44a), 

the less electronegative heteroatom seemingly being a slightly better donor to an 

adjacent radical site than is oxygen. 

O R O FH 

FH 

(43) (44a) (44b) 
(60%) (40%) 

i) HFP, di-terr-butyl peroxide, 140°C. 
ii) RpH = CF2CFHCF3 

Finally, both borate5 6 and silyl ethers69 readily undergo radical addition to HFP, 

oxygen lone-pair resonance again increasing the nucleophilicity of the derived radical 

centres. 

B(OCH 3 ) 3 B ( O C H 2 R F H ) 3 

(65%) 

Me 3 SiOCH 3 ' — - M e 3 S i O C H 2 R F H 

(62%) 

i) HFP, y-rays, room temperature. 

ii) RPH = CF2CFHCF3 

29 



1.5. Conclusions, 

• Fluorine-containing organic compounds have a wide range of uses, and 

incorporation of fluorine or fluoroalkyl groups into a system can lead to desirable 

properties. 

• Addition of nucleophilic carbon-centred radicals to electrophilic fluoroalkenes 

is facile and essentially regiospecific due to both electronic and polar effects. 

• Work has been documented concerning the radical additions of a number of 

classes of substrates to fluoroalkenes, yet there are still areas open to investigation 

including the steric and electronic effects of substituents on the reaction and the relative 

stabilising properties of ether- and hydroxyl-oxygen atoms. 
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Chapter 2: Additions of Cyclic Alcohols to 
Hexafluoropropenec 

3 1 



2.1. Introduction. 

Although work has been documented on the radical addition of small acyclic 

alcohols to H F P , 3 5 , 7 0 the analogous reactions of cyclic alcohols have not been well 

studied, and indeed Lazerte 3 2 et al have stated that there is no reaction between 

cyclohexanol and HFP. Work in this laboratory37 has shown that this is not the case, 

and cyclic alcohols can be polyfluoroalkylated with HFP under radical conditions in 

good yields. It is the aim of the current work to further extend the range of the addition 

process, and to investigate the reactions of substituted cyclic alcohols (chapter 3) and 

both cyclic and acyclic diols (chapter 4). 

2.2. Cvciohexanol. 

Cyclohexanol (45) reacts with HFP in a quantitative y-ray initiated process to 

yield the mono-adduct (46) in good yield after purification by column chromatography 

over silica gel. 

OH OH OH 

FH FH 

R FH 
(45 47 46 

y-rays (76%) (Trace) 
peroxide (65%) (<5%) 

i) HFP, either a) acetone, y-rays, room temperature, 10 days, or b) di-rerr-butyl 

peroxide (5.0%), 140°C, 24 hours. 

ii) R F H = CF 2CFHCF 3 

Only traces of any di-addition products were detected, and these were removed during 

purification. Full structure determination of (46) was performed using N M R and GC 

mass spectroscopy, as detailed in sections 2.2.a-b. 

Peroxide initiated reaction of cyclohexanol with HFP gave only a slightly lower 

yield of (46), and site-selective incorporation of the polyfluoroalkyl group was again 

achieved. Up to 5% of a mixture of di-adducts was obtained, but the structures of these 

species have not been precisely established due to their low yield and the complexity of 

the spectra. Production of such di-adducts is a consequence of the increased 

temperature of the peroxide initiated reaction over the y-ray initiated process, with an 

associated slight decrease in selectivity. 
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In principle, radical addition to HFP (2) can produce two isomeric products, 

(48) and (49). 

A B 
R + F 2 C = C F C F 3 

( 2 ) 

Attack 
at A 

Attack 
at B 

R - C F 2 - C F - C F 3 
R - C F ( C F 3 ) - C F 2 

R - C F 2 - C F H - C F 3 R-CF(CF 3 ) -CF 2 H 

( 4 8 ) ( 4 9 ) 

However, the orientation of radical additions to HFP is well established (section 

1.3.d.),2 and attack occurs predominantly at the more electrophilic difluoromethylene 

site (A), except in cases where the attacking radical is particularly electrophilic itself. It 

has been emphasised (section 1.3.c.) that carbon-centred radicals derived from alcohols 

are rendered quite nucleophilic by the adjacent hydroxyl functionality, and thus only 

products arising from attack at the terminal site were generated. 

1 9 F and *H NMR are the most convenient tools for practically confirming 

which mode of attack is predominant,71 but certain principles need to be established 

before the spectra are interpreted. Table 2.2.a.i., overleaf, contains some typical NMR 

coupling values.72 
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Interaction3. Coupling Notation. Typical Values. (Hz) 

H-C-F 2 J H F 35-65 

H-C-C-F 3 J H F 0-45 (highest when gauche) 

C - F ! J C F 160-370 

C-C-F 2 J C F 2 0 - 5 0 

C-C-C-F 3 J C F 0-25 (highest when gauche) 

C-C-C-C-F 4 J C F 1-5 

F-C-F 2 J F F 150-280 

F-C-C-F 3 JFF 0-40 (highest when gauche) 

Table 2.2.a.i. Typical H-F, C-F and F - F coupling constants. 

a) A l l bonds being saturated. 

Note that in three-bond couplings the highest values occur when the two atoms are 

gauche to one another, as predicted by the Karplus equation.73 3 J Vicinal coupling 

constants are dependent on the dihedral angle between the two interacting nucleii, and 

this coupling varies from an intermediate value when the dihedral angle is 0 ° down to a 

minimum when the angle is 90° and back up to a maximum when the angle is 180°. 

The atoms in the side chain are labelled as follows for convenience: 

(a) R 

(a)F 

\(b) H 

\ / 

/ (a)F / 
F ( c ) 

Structure 2.2.a.i. Labelling scheme for the hexafluoropropyl group in (46). 

The 1 9 F NMR spectrum of the cyclohexanol mono-adduct (46) consists of three 

groups of signals, which can be integrated in a 3:2:1 ratio. A multiplet (relative 

intensity 3) occurs centred at ca. -74 ppm, and this chemical shift value is usual for a 

trifluoromethyl group adjacent to a saturated site, i.e. F(a). An AB quartet (relative 

intensity 2) occurs in the region between -125 and -130 ppm, having a JAB coupling 

value of ca. 270 Hz. This value is typical of a 2 J F F coupling and the signal suggests a 

difluoromethylene group, in which the two atoms are magnetically inequivalent 
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(diastereotopic) and interact strongly with one another, i.e. F(c) and F(d). Finally, a 

doublet of multiplets (relative intensity 1) occurs at ca. -208 ppm, having a 2 J F H 

coupling in the region of 50 Hz, this being characteristic of a fluorine atom in a 

fluoromethylene group, i.e. F(b). 

Had the alternate mode of radical attack occurred, and given rise to the 

-CF(CF3)CF2H moeity, both the tertiary fluorine atom and the difluoromethyl group in 

the product would be expected to give resonances between -140 and -190 ppm in the 
1 9 F NMR spectrum. No such signals are observed to the limits of the NMR 

experiment, and this provides conclusive proof that the radical addition of cyclohexanol 

to HFP occurs at the terminal end of the fluoroalkene, producing the -CF2CFHCF3 

group exclusively. 

The ! H NMR signals for (46) occur in two distinct areas of the spectrum. 

Complex multiplets lie between 1.0 and 2.5ppm, arising from hydrogen nucleii in ring 

methylene enviroments, but it is difficult to calculate coupling values due to their 

complexity. The resonance for the hydrogen atom in the hexafluoropropyl group lies in 

the region 5.0-6.0 ppm, and appears as in spectrum 2.2.a.i. 

I s- (n 0 pi 10 01 8 <P >w at f> P s. m o •P OJ 10 o> t>. £ I D in 5 m r o u 5 ^ N I D © 
(O I D (ft |D ID IS in in in 

in in 

10 
in 

I I I f I t 

IV 
« t . i j i » n | i T i i | l l l l | l l l l | I H I | l | | | ) l t l | | I H I | t i l t | I l l l j | | | | | | | i l j l 4 l l | l | l | | l | l l | l | t t | | l l l | l | l l | l l l i l t | | l | I I T I | l | l t | l l l | l l I l l | i l l l | i | i l | 

5.78 5.74 5.70 5.66 5.62 5.5B ppm 

Spectrum 2.2.a.i. ! H NMR signal arising from the hexafluoropropyl 

(CF2CFHCF3) hydrogen atom. 

The fluoromethylene hydrogen atom couples with all the nearby fluorine nucleii in the 

molecule, and the doublet of doublets of quartets of doublets above is rationalised by 

the presence of one relatively large two-bond coupling and three smaller three-bond 

couplings. This multiplet again confirms the orientation of addition; had the isomeric 
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-CF(CF3)CF2H group been formed a large 2 J triplet interaction would be expected in 

the ! H N M R spectrum. 

Applying the Karplus postulate, the two different H-F coupling constants to the 

two fluorine atoms of the difluoromethylene system can be rationalised, with the 

gauche interaction being larger than the syn interaction. Table 2.2.a.ii. shows the 

values obtained for (46), using the labelling scheme in 2.2.a.i. 

Coupling. Notation (Multiplicity). Value. (Hz) 

H-F(a) 3 J H F (quartet) 6.8 

H-F(b) 2 J H F (doublet) 42.8 

H-F(c) 3 J H F (doublet) 1.6 

H-F(d) 3 J H F (doublet) 17.2 

Table 2.2.a.ii. H-F coupling constants for (46). 

2.2.b. Site of Addition in Cvclohexanol. 

Whilst 1 9 F and *H N M R prove the orientation of addition of cyclohexanol to 

HFP, 1 3 C N M R is required to determine the site at which reaction occurs. 

OH 

8 = 70.0 
8 = 35.5 FH 

OH 

8 = 24.3 

r 
8 = 25.7 

(45 
1 ^ v. 

FH 

i) 8 values in ppm, C D C I 3 solution, R F H = C F 2 C F H C F 3 

1 3 C chemical shifts of the unsubstituted ring sites in cyclohexanol (45) occur in the 

region 20 -45 ppm, 7 4 whereas the resonance for the site adjacent to the hydroxy 1 

functionality occurs in the region 6 0 - 8 0 ppm depending on the solvent. Changes in 

chemical shift accompanying the introduction of a polyfluoroalkyl group are much 

smaller than this difference, and this is illustrated by the fact that the signals for the ring 

carbon atoms in the cyclohexane-hexafluoropropene adduct (50) all occur in the region 

20-40 ppm, including that of the substituted centre.43 
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