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lMTIUCT: 

Ketal catalysed alkene addition reactions in organic synthesis. 

K.Lewandowska 

The reaction between [Co:;:: (CQ):~d and CC14 has pre<liously been 
reported to lead to the formation of dichlorocarbene.In the presence 
of cyclohexene,the carbene was reported to add to the alkene 
giving 7,7-dichlorobicyclo[4.1.01heptane.This reaction has been 
reinvestigated and it has been shown that the principal pathway 
involves formation of CC1 3 radicals, which react with cyclohexene to 
form almost equal proportions of two isomers of l-chloro-2-
(trichloromethyl)cyclohexene (adduct).Carbene formation has been shown 
to be only a minor pathway. A mechanism has been proposed which 
accounts for these findings. 

The addition of CCl 4 to cyclohexene in the presence of a range of 
metal complexes has been studied. Use of other dinuclear metal 
carbonyls gave a higher yield of the adduct than observed with 
[C02(COe )].The reactions were also more stereoselective. 
(RuC12 (PPh3 )31, (RuH~(PP~)41 and (RuH3 (SiPhMe2) (PPh3)3] all gave much 
higher yields and stereoselectivities.lt has been suggested this is a 
consequence of a metal complex catalysed reaction mechanism in which 
radical pair formation plays an important role. The three ruthenium 
complexes appear to generate the same active catalytic species. 

The effect of variation of the phosphine ligand has been studied 
using [RuC12{(4-X-C6H4)3P}31 (where X=Cl,H,Me and KeD) and a clear 
relationship between catalytic efficiency and the electronic nature of 
the ligand has been demonstrated for the reaction between oct-l-ene 
and CC14.The relationship is more complex in the case of the analogous 
cyclohexene reactions which also displayed marked solvent effects. The 
reactions of both oct-l-ene, cyclohexene and CC14 in the prese~~ of 
(RuC12 (PPh3 )3] have been studied in a wide range of solvents. The 
importance of solvent viscosity in determining yields in these radical 
reactions has been demonstrated. 

A preliminary stUdy of the addition of CC14 to cyclo-l,3-dienes 
was also made with specific emphaSis on the investigation of the 
stereochemistry of the addition products. 

A study has also been made of the catalysed synthesis of lactones 
by addition of trichloroacetic acid to alkenes in the presence of 
[RuC12(PPh3)31. The reaction has been extended to the synthesis of 
dibrominated lactones from tribromoacetic acid and alkenes. A method 
was developed for purification of the bromolactones, as they were 
found to be susceptable to thermal decomposition. 
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CHAPTER 1 I lITRODUCTIOJf 



Cepersl IptrgductloD 

This thesis is concerned with reactions involving the addition of 

halogen-containing organic molecules across the double bonds of 

alkenes catalysed by transition metal complexes. Such processes are 

attracting increased interest since they provide routes to new 

molecules and alternative procedures for the synthesis of known 

molecules. Traditional organic synthetic Dethods have long been used 

for alkene addition reactions leading to the formation of new 

carbon-carbon bonds, but all of these have SODe shortcoll1ngs. Thus, 

nucleophilic additions involve drastic conditions (unless the alkene 

bas strong electron withdrawing substituents), electrophilic additions 

require polar reagents and radical additions are not very 

controllable, being significantly effected by light, oxygen, peroz1des 

and 1nhib1tors. letal catalysed reactions offer the potential of high 

selectivity and applicability to a wide range of reagent •. 

The thesis is divided into three chapters of which the first 

is a literature survey of radical and catalysed addition reactions. 

The second chapter deal. with the addition of tetrachloro .. thane to 

cyclohexene and oct-l-ene in the presence of [RuClz(PPha)~] and other 

catalysts. The third chapter is concerned with the stUdy of the 

addition reactions resulting in halogenated lactones. 
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1.1 HISTORICAL BACXGiODID 

The earliest observations of the formation of carbon-carbon bonds 

using free radical methods was by two independent research groups at 

Du Pont and the U.S. Rubber Companyl.These involved the addition of 

tetrachloromethane to alkenes forDdng low molecular weight polymeric 

products. However the first published exaDple of a siDple 1 : 1 

addition reaction was in 1945 by Kharasch2 • This involved the 

formation of 1,1,1,3-tetrachlorononane and 1,1,l-trichlorononane from 

the addition of tetrachloro~~thQn4and trichloromethane respectively, 

to oct-l-ene.This addition to alkenes was quantified and the results 

<Table 1.1) showed high yields for peroxide initiated reactions, but 

no reaction was observed when initiation by visible light was 

attempted3 .Such reactions have become known as aKharasch addition 

reactions-. 

Jany other examples of these types of addition reaction have since 

been observed. These include addition of aldehydes, esters, aDdnes 

primary and secondary alcohols to form ketones, «-alkyl esters , 

«-alkylamines, secondary and tertiary alcohols respectively. This was 

extended to derivatives of chlorinated acetic acid Which add to 

alkenes to give excellent yields of the products shown in equatIons 

1.1 and 1. 2~. 

RCH=CHz + CHCbCOOClb ----+) RCHzCIbCCbCOOCIb 

RCH=CHz + CChCOCl -----~) RCHCICHzCClzCOCl 

- 2 -
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Table 1,1 Quantification Of the addition products resulting froD the 

reaction between oct-1-ene and haloaikanes ynder various 

condit i Onss , 

Haloakane 

CCl~ 

CCI~ 

CCI~ 

CCI~ 

CHCb 

Initiator 

Ac:zO:z 

Bz:zO:z 

UV 

Visi ble light 

Bz:zO:z 

Product 

l,l,l,3-tetrachlorononane 

l,l,l,3-tetrachlorononane 

10 reaction 

10 reaction 

l,l,l-trichlorononane 

-Yield based on alkene charged. 

~ Yield-

85 

75 

22 

lharasch addition reactions take place by a tree radical mechanisD, as 

shown in scheme 1.1. The overall reaction is exemplified in equation 

1.3, where ROOR is a free radical initiator. 

CCI~ + CHz=CHCsH13 ROOR ~CCl3CHzCHClCsH13 (1. 3) 

In this mechanisD, equations 1.4 and 1.5 represent initiation which 

involves the generation of a free radical by homolytic fission of the 

C-Cl bond. This can be carried out chemically (as shown), thermally 

(but this requires high temperatures), by use of ultraviolet light or 

by high energy radiation. 
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SchellE 1.1 Mechanism of free radical additions2;-

Initiation ROOR ------~) 2RO· <1. 4) 

RO· + Cl-CCb --- ROCl + CCb- <1. 5) 

Propagation : CCl3· + <1. 6) 

Termination: 2CCl3· <1.8) 

(1. 9) 

(1. 10) 

The chemical initiator can be of three types: (i) diacyl peroxide, 

(ii) dialkyl peroxide, (iii) azobis(nitriles). 

The two most commonly used are benzoyl peroxide and acetyl peroxide. 

These thermally decompose as shown in equations 1.11 and 1.12&. 

o 
d 

(RCO}Z<k ----I» 2 RCO- (1.11) 

Reo -----~)R- + C02 (1.12) 

~ 

where R=CR3 or CaR •. 
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The decomposition ot acetyl peroxides proceeds nearly completely to 

methyl radicals and carbon dioxide whereas benzoyl peroxide produces 

some benzoyloxy radicals. Further elimination is dependant on the 

nature of the solvent and other reagents present. 

(ii) Dialkyl peroxides 

The most commmonly used peroxide is di-t-butyl peroxide (equations 

1. 13 and 1. 14), 

(CJb)~(Clb)3 --~)2(Clb)3CO· <1.13) 

-----+) CIbCOCIb + CIb· (1. 14) 

In this case, as previously, the secondary elimination is dependant on 

the reactivity of the solvent towards the t-butoxy radical. However, 

the rate of decomposition is independent of the solvent. 

(iii) !zobis(nitriles) 

The most frequently used chemical initiator is azobis(isobutylnitrile) 

(equation 1. 15) . 

yl CI CI 
I I I 

(ClbhC-I=I-C(CL)2 ---+ 2 (CIb)2C- + <1.15) 

This is the least reactive initiator, as the cyanaisopropyl radical is 

qUite unreactive. It is usually used to initiate highly reactive 

species such as bromotrichloromethane. 

Initiation of free radical addition reactions can also be carried 

out by ultraviolet light or high energy radiation. An exaaple at a 

reaction which is readily photoinitiated is the addition of 
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bromotrichloromethane to cyclohexene (equation 1.16)6. 

() + BrCCb hv) OCCI3
+ 

Br 

60 ~ 

45cis-55trans 

(J + C), Br 

'V 
I 
Br 

28 ~ 12 ~ 

(1. 16) 

Returning to the propagation steps (Scheme 1.1), the addition of the 

radical occurs by the Anti-Xarkovnikov mechanism (equation 1.6), 

thereby adding CCl3-to the least substituted alkenic carbon atom. This 

minimises steric hindrance and forms the most stable radical. Thus 

terminal alkenes undergo addition reactions with greater ease and 

produce fewer side products then internal alkenes. The termination 

steps (equations 1.8-1.10), although only forDing a small number of 

products (due to the low concentration of radicals), have an effect on 

the overall yield of the reaction. 

Radical displacements and additions are effected by the polar 

nature of the radicals. If these radicals have a strong electron 

withdrawing ability they show enhanced reactivity with substrates 

containing electron donating groups and vice versa. Addition reactions 

proceeding by free radical mechanisms are subject to many side 

reactions which often cause a reduction in the yield of the desired 

1 : 1 product. These fall into three main categories : 

(1) telomerisation, (2) allylic attack, (3) rearrangements. 

- 6 -



(1) Ielomer1sat10D 

Telomerisation is a series of reactions which compete with step (1.7) 

of scheme 1.1, producing longer chain products and hence diminishing 

the yield of the simple add1t1on product. This can be illustrated by 

considering scheme 1.2. 

Scheme 1.2 Bxample of telomer1sat1gD 

+ (1.7) 

etc (1.17) 

(1.18) 

These long molecules are te10Ders and in DDSt cases are the undesired 

products (except in the case of ethene and tetraf1uoroethene). 

(2) Allllte ottoqk 

Another reaction that may compete with formation of the 1 : 1 adduct 

in scheme 1.1 is al1y1ic substitution, which arises as a consequence 

of hydrogen atom abstraction from the a11ylic position by OCl~. This 

competes with step (1.6) of scheme 1.1. A11ylic hydrogen atoms are 

susceptible to attack because of the high resonance stabilisation of 

the resulting a1lylic radical (scheme 1.3). 
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Scheme 1,3 Example of ally11c attack 

(l. 19) 

• 
CC13CH2CHCH2 Cs H" '<1.6) 

Al1y1ic attack can be an unfortunate complication as it may lead to 

termination of chains resulting in a reduction of the overall product 

yield. lon-terDUnal alkenes and cycloalkenes are most susceptible to 

this type of attack as they have more reactive allylic hydrogens 

compared to the terminal alkenes. For example, investigation of the 

reaction between cyclohexene and tetrachloromethane in the presence of 

benzoyl peroxide showed that this competing reaction was occurring 

(equation 1.20)7. 

o + CCI. (CsHsCO) 2~ ) + CHCb (l. 20) 

(3) Reorronlegents 

Radical rearrangements are common and be classified into 

(i) hydrogen shifts and (ii) ring closing or opening. 

(i) RJdrcsen shifts 

These are well documented, typically involving 1,3 or 1,5 shifts8. For 

example, the addition of tetrachloromethane to oct-1-ene can result in 

both these types of hydrogen migrations (schemes 1.4 and 1.5). 
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Scheme 1,4 1,3-hydrogen shift 

• -------+) CI6CH:zCH2CH:zCH:zCH2CHCH2CCb <1,6) 

CI6CH2CH2CH2CH2CH:zCHCH2CC13 1,3-H )CI6CH:zCH:zCH2CHCH2CH2CH2CC13 (1,21) 

shift 

• 
CI6CH:zCH2CH2CHCH2CH:zCH2CC13 Cl )CI6CH2CH2CH:zCHCICH2CH2CH2CC13 (1.22) 

Scheme 1,5 1,5-hYdr0 i en shift 

• • C16ClbCH2CH2CH2CH2CHCH2CCb 1, 5-H ) CI6CH2CHCH:zCH2CH2CH2CH:zCCb (1. 23) 

shift 

Less commonly 1,2-shifts also occur which involve halogen migration as 

shown in scheme 1. 6 

Scheme 1,0 Holgsen piiratign in the additign pf brpDOtrighlgrg-

methAne tg 3,3,3-trighlgrgprgpene'·lo, 

• CChClbCHCC13 

>----+ CChCH2CH=CCh + Cl· (1. 26) 

• CC1 3 CH2CHCICC12 

CChCH2CHClCC12 + BrCCh --t CCbCH2CHCICChBr + CCb. (1. 27) 

- 9 -



Ring opening and closing 

These reactions usually take place when highly strained systems are 

involved. An example of this is the peroxide catalysed addition of 

tetrachloromethane to ~-pinenel1. The mechanism proposed for this is 

shown in scheme 1.7. 

Scheme 1.7 The mechanism Of addition of tetrachlOTODethane to 

a-pinene 1 1 . 

ROOR ) R" <1.28) 

R· + CC14 > RCl + CC13" (1. 29) 

CH 

~3 @ + CC13" > (1. 30) 

(1. 31> 

(1. 32) 

CI 
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Radical ring closures occur by intramolecular additions. Scheme 1.8 

shows how the hex-5-en-l-yl radical undergoes such a reaction to give 

cycllsed products. 

Scheme l,a C~11sat1cn cf hex-5-en-l-Jl 

)) )) (1. 33) 
)-

''-, 

L--co2)1. . ,,'-

I 94'1. 

['~Bt '" , , 

\ BU:'3Sn. 
I 

l', l, 
'~ ~ 

0~ P(QEt)3 \ (1. 34) 

.0 ·0 
61 
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1.2 eata1JBed addition reactions 

1.2.1 !etal salts 

The earliest catalysed addition reactions which resulted in the 

formation of new carbon-carbon bonds were discovered by chance in 

1956. Xinisci et al intended to carry out a thermal polymerisation of 

acetonitrile in the presence of tetrachloromethane or trichloromethane 

by heating the mixture in a steel autoclave at 160°Clz. However, 

instead of the expected polymerisation products, considerable 

quantities of the 1 : 1 addition products, CCl3CH2CHClCI and 

CHClzCHzCHClCI resulted. It was suggested that this reaction was 

caused by the iron present in the autoclave acting as a catalyst as 

outlined in scheme 1.9. 

Scheme 1.9 Addition of tetrochlorgmethane tg ocr11gn1tr1le 

CCl~ ------~> CCb- + (FeCl)z+ (1. 35> 

CHz=CHCI + CCl:.---... ) CCl:.CHzCHCI (1. 36) 
• 

(1. 37) 

Iron is converted to FeClz by reaction with tetrachloromethane and the 

iron (II) salt then undergoes a one electron oxidation and reduction 

sequence as shown in equations 1.35-1.37. These types of reaction are, 

thus, frequently referred to as redox transfer reactions. Copper has 

also been shown to catalyse this reactionl~. Further work has shown 

that both Fell and FellI and both CUI and CUll salts can also be used 

to catalyse the addition of tetrachloromethane and trichloromethane to 

- 12 -



alkenes 1 &.1&. The general mechanism is shown in scheme 1.10. 

Scheme 1.10 Ketal catalysed addition Of tetrach1oromethane to 

alkenes. 

xn+ + CCI. < ' Xc " .... , ) .... + CCb'" + Cl- (1. 38) 

Xc n+1 )+ + Cl- ) (XCDn+ (1.39) 

CCl3· + CHz=CHR ~ CCbCHzCHR (1. 40) 
• 

CCbCHzCHR + (lICU"+ ~ CCbCHzCHClR + Xn+ (1. 41) 
• 

The metal ion is observed to act as a chlorine atom transfer agent. In 

step 1.41. copper(I) chloride is DOre reactive than iron(III) 

chloride1? and thus consequently it supresses telomerisation. In the 

case of trichloromethane. redox transfer catalysis leads to the 

addi tion of CHClz· as opposed to CCb· (scheme 1. 11) as the metal ion 

is involved in chlorine ato. transfer. This contrasts with analogous 

reactions proceeding by a radical chain mechanism. 

Scheme 1.11 letal catalJsed addition Of trichloromethane to alkenes. 

+ 

+ 

-_~) (lICl) n+ 

CIb=CHR --+) ChCHCHzCHR • 

+ CHCb-

(XCI) n'" --....." ChCHCHzCHClR + 

- 13 -
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When redox transfer cata1ysed reactions were carried out in the 

presence of an amine, less vigorous reaction conditions were required. 

This observation was further investigated by Burton et a1 who noted 

that using a copper chloride-ethanolamine redox system resulted in the 

initiation of the addition of a variety of polyhaloalkanes to 

oct-i-ene with improved yields of adduct <Table 1.2)1 •. 

Table 1.2 Effect of the presence and absence of ethanolamine 

on the CuCl catalysed addition Of polYhAloaltanes to 

get-1-ene ' •. 

Haloalkane 

CFzBrCFCIBr (I) 

CFzBrCFzBr (II) 

CFzCICFClz (III) 

'yield 

95 

77 

62 

~onversion 

96 

57 

45 

CuCl only 

~yield ~onversion 

88 

10 

o 

73 

4 

o 

The table shows that when the more reactive polyalkane (I) was used 

the copper chloride was not required. However, (II) and (III) were 

found to undergo an addition reaction only in the presence of both the 

copper salt and ethanolamine. Interestingly. it was observed that when 

the addition reaction of (I) was attempted in the presence of CuCl 

only. there was no reaction. Other experiments showed that the yield 

of adduct was independent of the oxidation state of copper. <Both CuCl 

and CuClz .2H%O gave a 62 , yield of adduct with CFzClCFCl%). The other 

variable investigated was the amine used. The study showed that 
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equally good results could be obtained in the presence of either 

butylamine or ethanolamine, but both aniline and triethylamine were 

considerably less effective. It was concluded that as the addition of 

the less reactive haloalkanes will not take place in the absence of 

either copper salt or the amine, a complex of amine with copper ion is 

being formed : 

Cu(amine)nCI + CCl 4 ----t) Cu(amine)nClz + CCb <1.45) 

This is not the only addition reaction which takes place in the 

presence of a copper salt and an added ligand. Another example is the 

addition of a-chloroesters to alkenes or dienes in the presence of 

bipyridyl or l,10-phenanthroline and copper chloride leading to 

y-chloroesters or unsaturated esters (equation 1.46)19. 

CICHzC{kJle + RCH=CHz bipy )RCHCICHzC'''h"CctMe+ RCH=CHClbCQz1le (l. 46) 

CuCI 

where R=Ph, n-CeHl7' R=Ph, n-CeHl 7' R=Ph 

In summary, it can be concluded that the redox system has several 

advantages over traditional peroxide initiation. These are : 

(i) Telomerisation is minimised, thereby increasing the yield of 

1 : 1 adducts. 

(ii) Reactions proceed with good yield without the necessity for a 

large excess of haloalkane. 

(iii) The reactions can be carried out under less vigorous 

condi t1 ons. 
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1.2.2 letal carbonyls 

Various metal carbonyls, such as [Fe(CO)s], [XO(CO)~] and [Cr(CO)6] 

have been used in the addition of haloalkanes to alkenes. However, 

mononuclear carbonyls tend to produce mixtures of telomers whilst 

dinuclear carbonyls,such as [C02(CO)el,[CpXo(CO)3J2 and [CpFe(CO)2J2, 

were found to be DOre effective for producing 1 : 1 adducts20 . 

Mononuclear metal carbonyls can, however, be used to advantage for 

some reactions, such as that between aniline and tetrachloromethane in 

the presence of carbon monoxide (equations 1.47 and 1.48)21.22. 

H-Q 
CO H2N-Q-;N - (1.47) 

--------+) - '\-0 
Ketal carbonyl N '\ 

<1.48) 

It was suggested that when a radical .species is formed by the reaction 

of tetrachloromethane with the metal carbonyl, it causes the formation 

of a nltrogeneous radical. I1gratlon of the radical centre to the 

ortho or para position of the aromatic ring was followed by reaction 

with CCI3X(CO)n or CCI~I and then with aniline to forD the amidine. 

The subsequent hydrolysis at the aDddine gives p-aminobenzoic acid in 

high yield. 
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Table 1,3 Comparison Of metal carbonyls as catalysts21 

Catalyst % Yield- of benzamidine 

[Xo(OO)s] 

[Cr(OO)s] 

[C02(CO)S] 

[CpXo(00)3]2 

hydrochloride 

94.5 

73.8 

86.8 

89.3 

·yield was based on aniline charged. 

The results showed that [Xo(CO)s] was the most effective catalyst. It 

should be noted that this catalytic reaction is stereospecific so only 

the para-substituted amidine was detected. When the reaction was 

carried out under nitrogen the same products resulted. The mechanism 

suggested for this reaction (scheme 1.12) involves the formation of 

CC13- radicals. However, it is proposed that these remain attached to 

the metal by means of a covalent bond or a weaker interaction. The 

reason tor this is that if the CC13- radicals were free, the reaction 

would not be selective and would give rise to a mixture of ortho, meta 

and para derivatives. The importance of the interaction of the radical 

species with the metal complex was further confirmed by carrying out 

the reaction using [Fe(CO)s], (CpFe(CO)212. CuO and benzoyl peroxide 

which are well known for generating CC13- radicals from 

tetrachloromethane. With these catalysts no amidine formation took 

place. It can be concluded that all these catalysts are effective at 

generating CC13- radicals and forming a radical-metal intermediate to 

a similar degree. 

- 17 -



Scheme 1.12 Mechanism Of reaction for metal carbonyl catalysed 

addition Of tetrachioromethane to aniline. 

CCl~ + (X(CO)nh ---~> CCbX(CQ)n + CIX(CQ)n 

or 

CCl~ + [X(CO)nl -----~> 

CCb 
~ 

lo. 
X(CO)n 

/ 
Cl 

----~) ~N~ + HCl 

<1.49) 

(1. 50) 

<1.51> 

(1. 52) 

(1. 53) 

Dinuclear metal carbonyls are more effective catalysts for the 

addition reactions of haloalkanes to alkenes as they produce higher 

yields of the 1 : 1 adducts and thus, less telomerisation occurs. The 

effect of various dinuclear metal carbonyl species on the addition of 

tetrachloromethane to alkenes in the presence of carbon monoxide 

(equation 1.55)23 is shown in Table 1.424, 
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(1.55) 

The three catalysts, [C02(CO)eJ (IV), [CpFe(CO)212 (V), and 

[CpXo(CO)3J2 (VI), show similar activity. The mechanism proposed for 

this reaction is shown in scheme 1.13. 

Scheme 1. 13 Mechanism of addition reactions catalysed by dinuclear 

metal carbonyl complexes24 

-----+) ClX(CQ)nCp + CChX(CQ)nCp 

CChJ(CO)nCp + RCH=CH2 --~~ CCbCH2CHX(CO)nCp 
I 
R 

CChCH2CHK(CO)nCp + CCI. ---~). RCHClCH2CCb + CCb1l(CQ)nCp 
I 
R 

---~)o CChCH2CH (CO> X (CO) nCp 
I 
R 

CChCH2CH(CO)J(CO)nCp + CCl. -i-RCHCH2CCb + CCl3X(CO)nCp 
, I 
R CDCl 

(1. 56) 

(1. 57) 

<1.58) 

(1. 59) 

(1. 60) 

In mere recent work the addition of tetrachloromethane to alkenes has 

been studied in the presence of [Cplc (COb] 22&. This study shows that 

much milder conditions can be employed for these reactions. The 

mechanism of the reaction was studied by kinetic and spectroscopic 

means and the alternative scheme shown in scheme 1.14 was advanced. 
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I 

Table 1.4: Reaction between alkenes, CCI 4 and CD catalysed by [Coa<CD) s](IV),[CpFe(CD) ah<V) and 
[Cp.ma(CC)a]a~ t4 

RLKENE CRTRLY5T FRCDUCT5 YIELD TEffiFERRTURE 
R-~HCH aCCI3 + R-~HCH ~CCI3 (%) 

CDCI CI °c 
(1) (2) (1) (2) 

PRDP-1-ENE IV CI3CCH aCH(CH3)CDCI (1) 1 ~ 5 83 
V 18 14 118 

VI ClaCCH aCHCICHa (2) 15 15 85· 

BUT -1-ENE IV ClaCCH aCH(C aHs )CCCI (1) 15 18 1 sa 
V 18 1H 8B 

VI ClaCCH aCH(C aH 5 >CJ (2) 1 3 8 83 

OCT -1-ENE IV ClaCCH aCH(C& H 13)COCI (1) '35 38 13a 
V ~JCCHaCH(C&HI3)~ (2) 41 21 118 



Scheme 1.14 Alternative mechanism of addition catalysed by 

[CpJ(g (COh] ?ZS 

[CpXo(CO)312 + CC14 ---....) [CpXo(CQ)3Cll + {CpXo(CQ)3} {CCbe } (1.61> 

{CCb o } + RCH=CHz ---~> {R~HCH2CCh} 

------+~ [CpXo (COblz 

(1.62) 

(1.63) 

(1. 64) 

!bese workers also carried out a comparative study of the effect of 

various carbonyl complexes on the addition of tetrachloromethane to 

alkenes (Table 1.5). 

Table 1.5 Comparison Of the effect Of carbODyl complexes on the 

addition Of tetrachlorometbane to alkanes. 

)(etal carbonyl ~ Yield at temperature T 

[CpXo(CO)31% 19.6 36.5 47.5 

[CpFe(CO)zh 8.2 12.3 50.3 

[Caz(CO).l 3.9 4.8 4.9 

[Cr(CO).l 6.4 9.2 20.6 

[Xc(CO).l 12.1 23.6 23.2 

[ (Cl oH.)Cr (CO) 31 12.4 11.6 11. 7 

These results show that the dinuclear catalysts are more effective 

then DOnonuclear complexes, particularly at high temperatures. 

Other addition reactions are known to be catalysed by 

diDuclear metal carbonyl complexesZ &. The addition of 
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methyl trichloroacetate to alkenes (equation 1.65) has been observed 

to be catalysed by complexes (IV), (V) and (VI). 

CH3(CHz)3CH=CHz <1.65) 

However, in the case of (V) and (VI), lactone formation is also 

observed (equation 1.66>. Lactone formation will be fully explored in 

section 1.3. 

R' 

R 

\C=CHz + CCbCO:zC16 
/ 

R' 

-----~) :o-~ (1. 66) 

o CI 
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1.2.3 Other catalysts 

Palladium catalysts have been reported to exhibit excellent catalytic 

ability for carbonylation reactions involving organic halides 

(equations 1.67 and 1.68)27. 

RCH=CH2 + CC1~ + CO __ P_d_(_OA_C~)~2~~~RIHCH2CC13 + RCHCH2CCb 
I 

<1.67) 

CD2Et Cl 

CH3CH=CHCH3 + OCl. + 00 Pd(OAC)2)CB3-CH-CH-CH3 + CH3-CH-CH-CH3 (1.68) 

BtOH ~Et \Cb ~ \Cb 

Pco=40atm.5 days 

From cis-but-2-ene 36 ~ 23 ~ 

trans-but-2-ene 33 ~ 28 ~ 

The exact mechanism ot these reactions is currently unknown. Palladium 

complexes have also been reported to catalyse other reactions of 

polyhaloalkanes (equations 1.69 and 1.70)28. 

CCh-I ___ ....;R;;;::2::.;;C;;;;;H;;::;;OH;;;....._+) CChB + RC=O 
I 

(1. 69) 

R 

OCb-X CH2=CHCH (OB) R > (1. 70) 

The addition ot tetrachloromethane. bromotrichloromethane and 

methyl trichloroacetate to various alkenes was studied using a 

catalytic system consisting of palladium acetate, triphenylphosphine 

and potassium or sodium carbonate (equation 1.71)2~.30. 
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I.\) .. 

Table 1.S : Rddition reaction of p'clyhalcalkanes to alkenes and functicnalised alkenes in 
.tbipresence of Pd(ORc"} ~~. 

RLKENE PDLV- PRODUCT ¥IELD 
HRLORLKRNE (%) TEmp 

( C) 
n-C sH 17CH=CH 2 CCI 4 CsH 17~H CH 2CCI J 77 1 aa 

CI (54) 1 aa 
(sa) 8a 
(2a) 4a 
sa 2a 

n-C B H I 7CH=CH 2 BrCCla C sH 17CH CH ~CCI3 (88) 4a 
I 

Br sa 1 aa 
CClaCD 2CHa CCI3CO 2CH3 C sH I 7~H CH 2CC1 ~CD lCH J 84 1 aa 

CI 82 88 
CH 2=CHC sH IsCD2CHa CCI 4 CCI3CH2~H CsH IsCDlCH3 58 8a 

CI 

((J' 
CCI4 (()('~. 

·38 1 f 8 
BrCCla 52 8a 

CONDITIDN5 
TImE RTm05PHERE 
(hr) 

5 Rr 
3 Rr 
3 co 
5 co 

12a CD 
5 Rr 
3.5 Rr 

15 Rr 
7 CD 
5 CD 

38 CD 
s CD 



(1. 71> 

Table 1.6 shows that high yields of addition products are obtained 

when tetrachloromethane and bromotrichloromethane are reacted with 

dec-l-ene. It was observed that the reactions were influenced by the 

presence of base. Higher yields of products were obtained when the 

concentration of base was increased. However, bases such as pyridine 

or triethylamine could not be used as salt formation resulted. An 

optimised concentration of triphenylphosphine was also determined, 

since the reaction was inhibited at high concentrations, whilst in its 

absence no product could be detected. The reactions were observed to 

proceed more readily under CO as this suppressed the formation of the 

by-products. In the addition of methyl trichloroacetate to dec-l-ene 

only the ester was formed with no lactone being observed. This 

contrasts with reactions involving dinuclear metal carbonyls discussed 

above. As well as the reactions shown in the table, the reactions 

between tetrachloromethane or bromotrichloromethane and cyclohexene 

were carried out. In both cases, these showed the same results as 

uncatalysed reactions, forming almost equimolar mixtures of the trans 

and cis-adducts. This contrasts with the behaviour of [RuCl2(PP~)3] 

discussed later. 

The mechanism proposed for the catalysis of these additions involves 

the formation of a Pd(O) species (scheme 1.15). Tayin and Atl reported 

that the complex [Pd(PPh3).d reacts with tetrachloromethane to produce 

[PdCI2(PPh3)3J. confirming the oxidation of Pd(O) with this 

reagent31
• This would explain the importance of the base and carbon 

monoxide as it is known that these reduce the Pd(II) species to the 

zero-valent state32 . Scheme 1.15 shows one electron transfer from 
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Pd(O) to polyhaloalkanes producing a trichloromethyl radical which can 

then add to the alkene forming an alkyl radical. This reactive 

intermediate can then either abstract a chlorine atom from 

tetrachloromethane initiating the radical chain reaction or react with 

the Pd-CI species causing the palladium catalyst to be regenerated. 

Scheme 1.15 Mechanism Of reaction for the addition of 

tetrachlorometbane to alkanes catalysed by [Pd{PPh3 )4]. 

CCh-X 

[Pdl 

CC13· 

RCH=CH2 
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Earlier work by the same authors has shown that the 

palladium catalysed reaction of tetrachloromethane or 

bromotrichloromethane with allylalcohols produces l-trichloroketones 

(equation 1.72)33. 

R2 R2 R2 X 

I I \/ 
R'CHC=CR:z 

I 
+ XCCb _;.;;[ P;..;;d;;.]~) R' UCHCH:zCCb + R'CH-C-CR:zCC13 

I 
(1. 72) 

OR o OB 

X=Cl, Br 

These types of reaction were carried out in the presence of Pd(OAc):z, 

tri-o-tolylphosphine and potassium carbonate at 110°C. The reaction of 

bromotrichloromethane with hepten-3-ol was investigated further using 

other catalysts, such as [RuCl:z(PPh3)31 and CuCl, known to display 

good catalytic activity in related reactions. In the case of the 

former only the 1 : 1 addition product was formed, while in the second 

case, no products resulted. Therefore it appears that palladium is a 

specific catalyst for ketone formation. The mechanism of this reaction 

is believed to be analogous to the arylhalide system (equation 1.73), 

whereby an ~-alkylpalladiu. complex is formed as an intermediate 

which then undergoes ~-hydride elimination 

(equation 1. 74) . 

Pd-I 
I 

Ar-I + CR:z=CHCHR 
I 

__ [::..lP~d~l_~) ArCR:zCRC
, 
BR _~) ArCH:zCH:zCR 

II 
<1.73) 

OB OH 0 

Pd-X 
I 

_.;.;[ P;..;;d;.;;.l _--+) CCbCH:zCHiBR ~ CCbCH:zCH:zCR 
I 

(1. 74) 

OB o 
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Another example of the many catalysts known to effect addition is 

(N1Cl 2 (PPh3)2J34. This is an interesting case as the nickel complex is 

able to catalyse the addition of dichloromethane to alkenes (equation 

1.75) far more effectively than any of the other commonly used 

catalysts, such as metal carbonyls, palladium salts or ruthenium 

catalysts (Table 1.7). 

CH2C12 + RCH=CH2 [I1Cb: (PPh3hJ ) RCH2ClCH2Cl <1.75) 

Table 1.7 Addition Of dichloromethane to hex-l-ene catallsed hl 

iTOYp VIII metal compoynds34 . 

Catalyst 

[NICb: (PPlb)2J 

[ RuCb (PPlb> 3] 

[ PdCl2(PPlb)2] 

[RhCl(PPlb)31 

[CoCb: (PPlb) 2] 

S Yield of adduct 

30 

14 

9 

trace 

trace 

Additions of dlchloromethane to other alkenes has also been observed 

(Table 1.8>. The mechanism proposed for this reactlon is the same as 

that proposed for [RuCl2 (PPh3)3] catalysis of CCl4-RCH=CRz reactions 

whlch will be discussed in the next section. 
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Table 1.8 Addition of CHzCH? to alkenes in the presence of 

[I1Cb (PPh3 )z13" 

Alkene 

Pent-l-ene 

Hex-l-ene 

Oct-l-ene 

4-lethylpent-1-ene 

Product ~ Yield 

CICHzCH?CHCIC3H7 19 

CICHzCHzCHCIC .. H, 18 

CICHzCHzCHC1{CHz >sCH3 13 

CICHzCHzCHCICsH'3 7 
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Early work showed that in the presence of this catalyst the addition 

of tetrachloromethane or trichloromethane to alkenes proceeded under 

mild conditions and gave 1 : 1 adducts in yields varying from 

66-100 ~3S. These good yields indicatate that telomerisation is not 

taking place. The mechanism proposed is analogous to that for metal 

salts (scheme 1.16) : 

Scheme 1.16 Mechanism pf catalrsis by [RuC12(PPh3>31 pf the additipn 

pf tetrachlpropethane to alkenes3~. 

+ (1.76) 

) RCHCR2CCl3 • 
(1.77) 

1/ 
-%JIRu-Cl + RCHCICH2CC13 (1.78) 

/1 

Evidence for such a hODOlytic mechanism was solely based on the fact 

that the reaction was completely inhibited by adding a small quantity 

of galvinoyl, a free radical inhibitor, to the reaction mixture. 

[RuCl2(PPh3)31 also effects a 1 : 1 addition between alkenes and 

polychloroacetic acid. 

When methyl dichloroacetate was reacted with oct-1-ene in the 

presence of [RuCl2(PPh3)31 (equation 1.79) the only product was 

methyl-2,4-dichlorodecanoate in a 95 ~ yield. However, when the same 

reaction was carried out in the presence of a peroxide (equation 1.80) 

the main product was methyl-2,2-dichlorodecanoate. The suggested 

mechanism is entirely analogous to that outlined in scheme 1.16. 
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~roxide 

More detailed studies have shown that [RuC12(PPh3)31 does not act 

merely as a redox catalyst. Bland, Davis, and Durrant have proposed 

the mechanism shown in scheme 1.1736. This involves dissociation of 

[RuCl2(PPh3)31 (equation 1.81), forming the four coordinate reactive 

intermediate [RuCl2(PPh3)21 which in turn reacts with CCl4 giving rise 

to radical pair formation. Reaction with the alkene produces a new 

radical pair (equation 1.83>, which collapses to the product and 

[RuCl2(PPh3)21 (equation 1.84), 

Scheme 1,17 Iechan1sm Of oddition Of tetrachloromethane to alkenes 

in the presence Of [RuC12(PPha )a]36 

;::,,====='!' [RuCb (PPh3)21 + PPh:3 

CRuC12(PPh3>21 + CC14 , ' {RuC13(PP~)2·){CC13·) 

{RuCl3(PP~)2){CCl;) + RCH=CHz~{RuC13(PP~)2·){RCHCHzCCl3·) 

(1. 81> 

(1. 82) 

(1. 83) 

The mechanism is derived from ~netic studies and an examination of 

reaction intermediates. The fact that a radical pair is formed rather 

than an intermediate involving a Ru-CC13 covalent bond was confirmed 

by perforDdng a "cross-over" experiment in which oct-l-ene was treated 

with an equimolar Ddxture of tetrabromomethane and tetrachloromethane 

in the presence of [RuCl2(PPh3)31, The "cross-over" products 

l,l,l-tribromo-3-chlorononane (TBeI) , l,l,l-trichloro-3-bromononane 

(TCBI), as well as l,l,l,3-tetrabromononane (TBI) , and 
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l,l,l,3-tetrachlorononane (TCI) were observed. A non-radical addition 

involving oxidative addition of CX4 to the metal centre, followed by 

alkene coordination, migratory insertion and reductive elimination of 

the product should not produce cross-over products. A comparison of 

the use of [RuC12(PP~)3] and [RuC12(PPh3)41 is given in Table 1.936 . 

This table shows that [RuCl2(PPh3)31 is a better catalyst than 

[RuCl2(PP~)41 which suggests that the coordination number of the 

complex is important. Presumably [RuCl2(PP~)4] is a pre~~r$Q~ of 

its act! vi t~vt. fol'f'W'· 

The preparation of chloro-a,w-dioic acids has been 

successfully achieved by the addition of tetrachloromethane to 

alk-1-ene-~-carboxylic acid esters in the presence of [RuCl2(PP~)31 

followed by dehydrochlorination and hydrolysis of the addition product 

(equation 1.85 and 86)37. 

where (a) R=H, R'=Ie, n=O 

Fuming RICh ~ HO:zCCHzCCIR(CH2>nC(kH 

P20. 

(b) R=R'=Ie, n=O 

(c) R=H, R'=Ie, n=l 

(d) R=R'=H, n=8 

(1. 85) 

(1. 86) 

It has also been shown that [RuC12 (PPh3)31 will catalyse the addition 

of trichloroacetyl chloride to alkenes, which produces 

a,a,y-trichloro-substituted acid chloride3Q
• This is a useful compound 

as it can be readily hydrolysed to a,Y-polychloroalkenoic acids 

(equations 1.87 and 1.88) which are used as lubricating oil additives 
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Table 1.8 : The Rddition Df CHCIJ and CCL~ tD terminal alkenes in the presence Df [RuCI a(PPhJ~J] (VII) 
and [RuCI ~(PPhJ~4] (VIII)3S 

CRT¥L¥5T RLKENE HRLDRLKENE PRODUCT % CDNVER5IDN % ¥IELD 

VII Hex-1-ene CCI 4 CI JCCH eCHCI(CH e) JCH 3 sa 88 
VIII Hex-1-ene CCI4 CI JCCH eCHC1(CH ~) JCH J 42 88 

VII Hept-t-ene CCI4 CI JCCH aCHC1(CH ~) 4CH J S8 88 
CAl VIII Hept-t-ene CCI4 CI JCCH aCHCI(CH c) 4CH 3 4S 8t CAl 

VII DeG-t-ene CCI4 CI 3CCH cCHCKCH c) s CH 3 7S 87 
VIII DeG-t-ene CCI4 CIJCCH ~CHCI(CH a)s CHa sa 1 BB 

VII Dct-1-ene CHCla CI cCHCH cCHCI(CH a} sCH J 7S 87 
VIII Dct-t-ene CHCla CI cCHCH aCHCI(CH a)sCHa 7t 58 

VII Non-t-ene CCI4 CI JCCH aCHCJ(CH c) & CH a 8a 85 
VIII NDll-1-ene CCI, CI JCCH aCHCI(CH c) 6 CH J 48 82 



and as activators for bleaching textiles with chlorites39, 40, Also, 

their structure is related to antibiotic amfno-l-polychloroalkenic 

acids and they have potential in this area41 • 

RCH=CHR' + CCbCOCl [ RuCl:z (PPh3) 3] 
> 

RCH-CHR' (1. 87) 

I I 
Cl CCl:zCOCl 

RCB-CRR' + B20 > RCB-CHR' (1. 88) 

I I I I 
Cl CCbCOCl Cl CCbCOOB 

Although [RuCl2(PPh3)3] does not catalyse the addition of 

trichloroacetic acid esters to form 4-alkyl-2,2-dichloro-Y-butyro-

lactone, as does [CpMO(CO)3]2 and [CpFe(CO)2]2, it does catalyse the 

addition of dichloroacetic acids to form lactones42 .This will be 

discussed more fully in section 1.3. 

Dichlorotris(triphenylphosphine)ruthenium(II) is also active for 

the addition of haloalkanes to cycloalkenes (equation 1.89)43. 

o + CCl. 

BCCh (1. 89) 

II x XI XII 
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The reaction is highly stereospecific, the major product being 

1-trichloromethyl-2-chlorocyclohexane <IX) in a 77 ~ yield with a 

trans: cis ratio of 96 : 4. This contrasts with the 50 : 50 ratio 

obtained with peroxide initiators and palladium catalysts. However, 

the studies reported in this thesis have shown that this 

sterospecificity is very dependent on the reaction conditions 

(Chapter 2). In this reaction, the other products formed were 

3-chloro-cyclohexene (X) (trace amount), 3-trichlorocyclohexene (XI) 

(trace amount), l,2-dichlorocyclohexane (XII) (6~) and 

trichloromethane (25 ~). This result shows that this catalytic route 

is more effective than the peroxide initiated reaction as the yield of 

IX is 10 ~ higher. It has been shown that [RuC12(PP~)31 also 

effectively catalyses the addition of tetrachloromethane to 

cyclooctene (equation 1.90)··. 

o t CCl. !RuCh(PPk).I> 0:- t DDCQ, (1.90) 

cis-cyclooctene 25 ~ 

1 

75 ~ 

B 

When this reaction is initiated, either photocheDdcally or thermally, 

1-chloro-4-(trichloromethyl)cyclooctane (B) is observed with only 

trace a.aunts of 1-chloro-2-(trichloramethyl)cyclooctane (1). It was 

observed that the ratio of 1 : B depended on the concentration of 

[RuC12(PPh3)31. This ratio increased with greater concentrations of 

[RuC12(PPh3)31. The mechanism of this catalyst is explained by 

scheme 1. 18. 
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Scheme 1,18 Kechanlsm of the addition Of tetrachloromethane 

to cyc100ctene in the presence of [RuClz(PPh3>31 

1/ _IIRu-
/1 

o + CCl.· 

(Rl - > (R2 -) 

(1,91> 

kl RuCl h 1 RuC! 

aD/D>, 
A B 

(1. 92) (1. 93) 

The rate expressions for the formation of products A and Bare : 

<1.94) 

d[Bl/dt = k3[R2-][RuIIICll <1.95) 

The steady state approximation can be applied to the intermediate R2 

<1.96) 

therefore, <1.97) 

so then, d[B]/dt = k:z[Rl e ] <1.98) 

Pro. equations 1. 94 and 1. 98 it can be seen that 

[Al I[ Bl = <1.99) 

where c is a proportionality constant. Bquation 1.99 is in agreement 

with the findings that the ratio of product concentrations is related 

to the initial concentration of the catalyst. 
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[RuC12(PPh3)31 also catalyses additions to dienes. The reactions 

studied involved the addition of tetrachloromethane to conjugated 

1,3-dienes such as buta-1,3-diene, isoprene, cyclohexa-l,3-diene and 

cycloocta-l,3-diene4s . This resulted in the formation of the 

corresponding 1,4-addition products in very good yields as indicated 

in Table 1.10. When the addition to isoprene was carried out, it was 

found that the reaction was very highly regioselective to produce 

1,1,l,5-tetrachloro-3-methylpent-3-ene only (equations 1.100 and 

1.101) 

CHz=C(CH3)CH=CHz + CCl 4 [RuClz(PP~)3])CC13CHzC(CH3)=CHCCH2Cl (1.100) 

~ClCHzC(C~)=CHCHzCCl3 (1.101) 

When these reactions were carried out in the presence of peroxide in 

place of [RuClz(PPh3 )31. they resulted in undistallable viscous 

materials and the yields of the expected 1 : 1 adducts never exceeded 

5 ~. 

Recently work has been carried out on the addition of 

tetrachloromethane to a range of l,~-dienes in the presence of 

[RuClz(PP~)3] and the less frequently used catalyst 

[ReC13(PP~)z(C~CI)]46. The rhenium complex is not quite as effective 

as [RuClz(PPh3)3] for additions of tetrachloromethane to alkenes. This 

is shown in the case of tetrachloromethane to cyclohexene, the yield 

of adduct being 20 , and the trans : cis product ratio being identical 

to that obtained from dibenzoyl peroxide initiated reactions. Thus 

this complex is believed to behave as simple radical chain initiator, 

but with the additional factor of acetonitrile ligand dissociation 

influencing the reaction (equation 1.102) 

(1.102) 
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Howe~er, when [RuCl~(PPh3)31 and [ReC13(PP~):z(C~CI)1 catalysed the 

addition of tetrachloromethane to a range of l,w-dienes, the latter 

was found to be an efficient catalyst (Table 1.11), requiring shorter 

reaction times then the former, but producing similar yields of 

adducts. 

Table 1,10 Addition reaction of tetrachloromethaue to conjugated 

1,3-dienes in the presence of [RuCl?(PPha)a]- 4S 

Diene Product Yieldb (1,) Time (hr) 

CH:z=CHCB=CB:z CICB:zCH=CHCH:zCC13 86 4 

C~CH=CBCH=CH:z C~CHClCH=CBCB:zCC13 82 5 

CH:z=C(C~)CB=CB:z CC13CB:zC(CB3)=CHCB:zCl 85 5 

0 CI-o-CCl3 81 c 8 

0 aDO>' 
83 9 

-The addition reactions were carried out at 80a C in a steel vessel 

using a 1 : 3 : 0.002 mixture of a diene, CC14 and the ruthenium (II) 

complex. 

bYields were isolated, except c which was determined by GC. 
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CAl 
ID 

Table 1.11 : Rddition of CCI", and BrCCla to 1,6 - dienes catal~sed by metal complexes 
RuCllFPh3~a (VII) and [ReCla(FPh 3).a(ffieCN)] VIIB) '4(,. 

CRTRLV5T 5UB5TRRTE PRODUCT5 VIELD(%) 

VII 
~ 1/ 

Y}joo, YtrOO

, 
8S.S 

VIIB 
~) 

74 x 

X =C(CD ~Et} ~ V=CI 
VII X=C(COPh)! V=CI 84 
VIIB 73 

VII X=NCCffie V=CI 77 
84 

VII6 ~ # a~Uoo, 
78 

,-,) 

CC0 CC0 

PRODUCT TIffiE 
cis: trans (hrs) 

1 B 

5: 1 2 

3.2 : 1 38 
4.2 : 1 2 

S.l :-1 8 
S.1 : 1 2 
4.2: 1 1 B 



1.3 GatAlysed add1tion reActioDS resulting in lActone formation 

1.3.1 Backiroynd 

The usefulness of l-butyrolactones and their derivatives is only 

beginning to emerge. 

/l 
o~_ 

o 

a-Alkylamino-Y-butyrolactones (R is a linear or branched alkyl radical 

containing 3 to 5 atoms) are used for treating alcohol dependance and 

show some important advantages over those drugs currently being 

used~7. These are: 

(i) They do not cause dangerous effects derived from association of 

the drug with the alcohol, as are shown by other preparations. 

(ii) Their effectiveness lasts a long time. 

(iii)They do not have convulsant effects. 

The a-methylene-Y-lactones have also been found to be biologically 

active~· and many act as anti tumour agents~9 .• 0. Consequently, recent 

research has been directed towards the development of new synthetic 

routes for molecules of this type. There are many synthetic methods 

for the preparation of these compounds·'. 
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Scheme 1,19 Preparation Of a-methylene lactone 

C}b 
\ 

C=C=o 
/ ) 

(1. 103) 

Cl 

(III I) (IIV) 

t 
l€Cia 

cC+ ( (cC-, 0 
____ CI 

~o 
CH 

3 

(XVI> (XV) 

65-90 ~ 65-90 % 

<1.105) (1.104) 

The ketene cycloaddition shown in scheme 1.19 is highly 

stereoselective as only one chloroketone is isolate4. Subsequent 

Bayer-Villiger oxidation of the cyclobutanone (IIV) leads to the 

lactone formation <equation 1.104)52. The a-methylene lactone (IVI) 

was obtained after base catalysed dehydrochlorination. 

other methods include reactions catalysed by [Ii (CO),,] 

(equations 1.106-1.109). 

HOCB:zCB:zC5Ca [11 (CO),,] 
) 

(1. 106) 

23 ~ 
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CH::: 

" AcOCH:::CH::C CH [Ii (CO) 4] ) AcOCH:::CH:::CCOOH (1. 107) 

47~ 

AcOCH:::CH:;;:CCOOH ~ 11(~0)~] ) oq (1. 108) 

II 
CH::: 

0 CH 2 

30-60 ~ 

CH
3 

C}bCHCH:::C CH [Ii (CO)4] ). <1.109) 
I 0 

OR 

0 0 

30 ~ 

However. as can be seen these do not lead to particularly good yields. 

A more effective method involved a radical cyclisation route (scheme 

1.20)53. Yields of these reactions are shown in Table 1.12. 

Scheme 1.20 a=meth11ene lactone preparatign b1 radical cyclisatign 

1 
, , 1 

R "))' 
Br 

III (Ul "'dO (Ui) 

R 

) (i) " ;f (1. 110) )0= ~ ~/ ° / -0 
R 0 

R R 0 R 

XVII XVIII XIX IX 

Reagents: (1) l-bromcsucciniDide. HC CCH:::OH 

(ii) BU3n SnCl. laClBlb. Bu~OH. Azobis(isobutylnitrile) 

(catalytic quantity) 5-7 hours. 

(iii)Pyridinium dichromate. dimethylformamide. 
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Table 1.12 Quantification Of yields of lactones XIX and XX 

Substituent ~ Yield XIX ~ Yield XX 

Rl,R2 = - (CH2).'- 96 60 

Rl,R2 = -(CH2>6- 68 48 

Rl,R2 = -(CH2)3D- 97 

Rl = H, R2 = -(CH2)eCObCH3- 92 55 

Y-Butyrolactones can also be prepared by the route shown in scheme 

Scheme 1. 21 Preparation Of x-bytyrolactones 

COOEI 

h (1) 

/ ' 
EIO COOEt EtO 

COOH 

Eta 

Eta 

COOEt 

EIO 

(1.111) 
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H+ 

) 

COOEt 

) 

74 , (1. 112) 



Reagents (i) Ethanol, p-toluenesulphonic acid, ethyl orthoformate. 

(ii) Potassium hydroxide,ethanol, reflux 2 hours. 

Although the reaction involves two stages the overall yield is good. A 

·one pot· route to lactones involves using 2-siloxy substituted 

methylcyclopropanecarboxylate55 . The reaction (equation 1.113) 

involves desilylation of XXI by potassium methylate <generated in situ 

from potassium borohydride and methanol) and ring opening to 

methyl-4-oxoalkanoate XXII, which is then lactonised to XXIII. 

(i)KB~/J(eOH 
) 

<1.113) 

XXI XXII 

1 

XXIII (1. 114), 

Table 1.13 shows that many substituted lactones can be formed in high 

yields by this method. 

Other substituted lactones have been prepared in high yields 

using trlmethylsilylenol esters56. An example of this reaction is 

shown in equation 1.115 
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0 

R1R:;:CO 'I 
NSO I, 

/CooB TiCl .. Ph/~/~COOEI 
(1. 115) ) 

R' _____ jL OH 
Ph 

CH:;:Cb 
2 

R 

XXIV 

0 

XXIV H+ 
=) ~1~"~ (1. 116) 

/ 0 0 

The cyclisation is rapid when protic acids such as p-toluenesulphon1c 

acid are used (equation 1.116). The reaction is a general one and when 

aldehydes are used, aldols are initially produced but the 

y-butyrolactones are formed on workup. It was observed that when 

ketones are used the aldol formed takes much longer to lactonise and 

often requires treatment with acid. It should noted that this 

procedure is not limited to Y-butyrolactones <equation 1.117). 

(~ 
o 0 
"-/ 

+ 

~\) 
o 0 

TMSO COOMe 

~/ 
Ph/ 

(1)-78""C, 2hr 

-10OC, 1hr 

(ii)PTSA, 25""C, 8hr 

<1.117> 
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Table 1,13 Conversion Of methyl-Z-siloxycyclopropanecarboxylates to 

X-bytyr olactones55 , 

Methylslloxycyclopropane-

carboxylate 

MeSiO_+-~ 
3 

COOMe 

MeSIO X 
3 --!---j-

Y-butyrolactone 

o 
\I 

0)+ 
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~ Yield 

78 . 

95 

89 

91 



1.3.2 Ketal assisted lactone formation 

1.3.2.1 Ketal salts 

The reactions of cerium(IV) carboxylates with alkenes and aromatic 

hydrocarbons have been shown to be useful in the formation of 

y-butyrolactones and arylacetic acids (equation 1.119)&7. 

~RsCH=CH2 Ce(IV) ~HsCHCH2CHR1R2 

I 
<1.118) 

OC=O 
\ 

ClbCOOK CHRlR2 

llOoC,20hrs 

IIV XXVI 

70~ O.2~ 

IIVb HI = C~i HZ = H XXVIb Rl = CH3; R2 = H 

This reaction can be carried out thermally as in equation 1.118 or 

photocheDdcallyas in equation 1.119. 

C.HaCH=CHCB3 Ce(OAC)4 ) CsHsCHCHCIb 

~c ~Ib hv 

+ <1. 119) 

- 4.7 -



The mechanism suggested for the reaction between cerium(!V) 

carboxylate and alkenes follows two pathways (scheme 1.22) : 

Scheme 1,22 !echanism for the reaction between cerium(IV) 

carboxylate and alkgnesS ? 

RCHCIbCH:, 
I 
OAc 

Bater Lactone 

<l)A decarboxylative pathway in which a methyl radical i6 generated 

Ce(OAc> .. ---~)CIb· t COz + (1. 120) 

CIb- + <1.121> 

- 48 -



(2)A non-decarboxylative pathway in which carboxyalkyl radicals are 

formed directly : 

Ce <GAc) 4 ----~) -CH2 COOH + Ce(OAc)3 (1. 122) 

The mechanism suggests that ester formation only results if the 

reaction proceeds as described in pathway 1. However, the lactones can 

be produced by either route as both result in direct or indirect 

formation of carboxyalkyl radicals. 

This work showed that when the reaction was carried out under thermal 

conditions the mechanis. was Bainly non-decarboxylative (2). In 

contrast, photocheDdcal decomposition of cerium(IV) acetate resulted 

in siD1lar product distribution to the known decarboxylative pathway 

followed by lead tetraacetateSe
•
S9

• Table 1.14 shows that in the 

presence of lead tetraacetate only small quantities of lactones are 

tormed, the main product being the ester. 

Xanganese(III) carboxylates have also been used in a one step 

synthesis of l-lactanes (Table 1.15>. It is suggested that 

carboxyalkyl radical formation occurs (when the reaction is carried 

out thermally) tor Xn3+ and Ca·· (equation 1.123) whereas Pb·+ follows 

a decarboxylative pathway (equations 1.124 and 1.125). 

(1. 123) 

J( (OOCCD' R2 ) -------------.~ ah (1. 124) 

<1.125) 
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Table 1.14 : Comparison Df the reaction betllleen acid and alkene in the presence of 
cerium (IV) and lead (IV) carboxylates 51 

YIELD (,) 
ReID DXIDRNT LRCTDNE E5TER 

Rcetic Ce (IV) 7a <B.2 

01 Rcetic Pb (IV) < 8.4 37 0 

I 
' .. . . 
--

Propionic Ce (IV) 88 <B.2,-

Propionic Pb (IV) 8.5 52 

Isobutyric Ce (IV) 3 

Isobutyric Pb (IV) 23 



Table 1,15 The effect of various metal oxidants on lactone yields, 

when using acetic ac1d60 , 

Ketal oxidant Alkene Lactone yield (%) 

Kn(OAc)3.2H20 oct-1-ene 74 

Kn(OAc)3(anhydrous) oct-1-ene 65 

KnO:z (act! vllted) oct-1-ene 46-67 

Kn203 oct-1-ene 61 

Kn(OAc)3(in situ) dec-l-ene 67 

Ce(OAC)4 styrene 70 

Manganese (III) acetate complexes are also known to cata1yse 

carboxylic esters forDing blcyc1o[3.3.0] and [4.3.0] 1actones 

(i)KOH,BtOB ) 

(11) Xn (OAc) 3 

o 

~o 
XXVII 

x 

ct= 
OAe 

XXIX 

- 51 -

XXVIII 

+ 

xxx 

(1. 126) 



Table 1,16 Yields Of bicyclic lactones XXVII, XXVIII and derivatives 

Substituents 

X=CI', R=Et 

I=C(b:Xe, R=Xe 

X=CI' , R=Et 

X=C(kEt, R=Xe 

XXIX and XXX (1,127)62 

Temperature 

70 

70 

25 

25 

1.3.3 letal carbonyls 

% Yields (isolated) 

XXVII XXVIII XXIX XXX 

17 o 17 9 

20 6 2 

14 7 

41 3 

~-Butyrolactones are formed under mild cOnditions <35Q C, 1atm) when 

alkynes are treated with iodomethane in the presence of manganese 

carbonyls and carbon monoxide <equation 1.127)&3 . 

PhC~CH + CLI co, lin (CO) .Br, laOH ) 

PhCB21 (C2Ra) 3+Cl-

. 
Ph Ph Hty + H .... ty<1.127) 

CH· CH 
0- . 3 0- ..... 3 

- /' H -""" . H 
o 0 

trans 47 ~ cis 31 ~ 

lany different lactones can be formed by this reaction as is 

illustrated in Table 1.17. The mechanism of this reaction is not 

known. Other metal carbonyls used to catalyse lactone formation are 

[Co2(CO)eJ (IV), [CpFe(CO)2]2 (V), and [CpXO(CO)3]~ (VI). However, as 

was discussed earlier, (IV) did not catalyse the lactone only the 

ester, whilst (V) and (VI) catalysed lactone formation (Table 1.18). 
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Table 1.18 : Catalysed formation of lactones with (Cpffio(CC) 31 a (VI) and (CpFe(CO) cJ..~~2 
farmed by the reaction of methyl trichloroacetate UJith prcp.-1-ene u. 

CRTRLV5T PRODUCT VIELD (%) isolated 50LVENT RERCTION CONDITION5 

LRCTONE E5TER RER[jENT5 

VI 81.5 1.3 CClaCO aCHa (36~), 
01 prap-l-ene (3aml ,catalyst(B.Sg) .. 

at 15a C for 18 hr 
V 48.1 t 3.1 

VI 88.8 3.8 methanol CClaCO aCHa (17g), . 
88.7 tr benzene prap-l-ene (2~ml), 
75.2 2a.5 THF salvent (2aml), 
78.4 1.5 dichlarcmethane catalyst (a.5g) 
7B.1 tr n-hexane at 15~ C for Shr 

---- -'" -.--------



1.3.4 Catalysis by [RyCl-(PP~)3)] 

Trichloro and dichloro acids are known to undergo addition reactions 

with alkenes in the presence of [RuCl2(PPh3)3)] <Table 1.19)42. 

R 

RCH=CH: + CICbCOOH..,.......;[...;.;R;,;;u...;.;Cl;;,:2:..<;.:,P...;.;P.:;;h3::,;)...,;:3;.,;.)...;.;] ~ oQx 
II CI 

+ HCl (1. 128) 

o 

~-------~ RCHClCH:zCIClCOOH 

Other werk has shown the formation of the Xarkovnlkov addition product 

as well as the lactone (equation 1.129)&4 
CH 
613~ RCHCH3 

CI I 
[RuCl:z(PPlb)3)])O + O-C-CCI

3
+ HCl 

\ CI II 
° 0 

<1. 129) 

A comparison has been Dade of the quantities of the Xarkovnikov adduct 

and the y-lactone forDed by different catalysts <Table 1.20). This 

table shows that [RuCl:z<PPlb>3)] is the mest effective catalyst for 

the forDation of lactone. 
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Table 1.19 Reaction of dichloro and trichloroacetic acids with 

Alk-1-ene Acid Lactone 

0 

hex-1-ene CChCOOH 
CI 

79(67) 

0 CI 

CH 
613 

CChCOOH 
I 

81(62) oct-l-ene 0 

\ 
CI 

0 CI 

dec-l-ene CCbCOOH 85(70) 
o 

o a 

dec-l-ene CClzCOOH 74(56) 

o 

IT---'-CI 

.0. 

-Yields were based on alkene charged via Ge, in parenthesis is the 

isolated yield. 
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Table 1,20 Comparison of the effect of catalysts on the reaction 

between alkenes and trichloroacetic acid,·5 

Catalyst 

[RuCb (PPlb) 3)] 

[RhCl (PPlb)3)] 

[I1Ch (PPh:,h)] 

[ PdCb (PPlb >:z)] 

[ Pt (PPlb ) 4) ] 

CuClz-Et:zBl1:zCl 

% Yield 

't-lactone 

83 

31 

0 

0 

0 

0 

Xarkovnikov adduct 

11 

53 

85 

95 

95 

8 

The mechanism suggested by these authors is represented in scheme 

1.23&5 and involves the addition of the acid followed by 

dehydrochlorination. 
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Scheme 1.23 !echanism of the addition Of carboxylic acid to alkenes 

in the presence Of [RuClz(PPhq )q)]66 

) 

1 2 3 R R 4 

R U R 
~ ........... /' 
CI'>- \ /X 

H~~/'~CI 
1/ 
o 

-HCI 

2 3 
t R R 4 

R-.........u/,R 

()(: 
II 
o 

<1.130) 

<1.131> 

<1. 132) 

In a more recent publication it has been observed that the lactones 

may be dechlorinated with alkali metal halides and 

1,l-dimethylforDaDdde, <equation 1.13~)66. 

C7~:~ KIIDXF C7~:9 (1. 133) 
~ 

I C/ 
140o C, 2hrs 

0 . 0 
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The addition reactions have been extended to give bicyclic systems by 

using a wide range of cyclic alkenes (equation 1.134)67. 

1ft + CXChCOOH 

o + 
[[

H 

<CHin 
OCOCCl

3 

(1. 134) 

't-r--+-CI 

o CI 

where n=3-5 

The formation of lactones was also observed when trimethylsilyl-

dichlorocarboxylates react with alkenes in the presence of 

[RuClz(PP~)3)] (equation 1.135)···&7 

[ RuClz (PP~) 3)] 

+ <1.135) 

- 59 -



1. 4 References 

1. Walling,C., "Free radicals in solution", p247, 

John W1ley and Sons Inc., lew York, 1957. 

2. Kharasch,X.S., Jensen,E.V., & Urry,W.H., 

SCience, 102, 128, (1945). 

3. Kharasch,X.S., Jensen,E.V., & Urry,W.H., 

J. Am. Chem. Soc. 69, 1100, (1947). 

4. Kharasch,I.S., Jensen,E.V., & Urry,W.H., 

J. Am. Chem. Soc. 67, 1626, (1945). 

5. ialling,C., & Huyser,E.S., 

DrKaniC Reactions, 13, 114, (1963). 

6. Traynham,J.G., !ane,A.G., & Bhacca,I.S., 

J. DrK. Chem. 34, 1302, (1969). 

7. Israelashv11i,S., & Shabatay,J., 

J. Am. Cbem. SOc. 3261, (1951). 

8. Fre1d11na, R.I., & Terentev,A.B., 

Acc. Chem. Res. 10, 9 (1977). 

9. ial11ng,C., a Huyser,E.S., 

Drsanic Reactions, 13, 102, (1963). 

10. les.eyanov,A.I., Freid11na,R,I., a Zaharin,L.I., 

Akad. 'auk. U~. 81, 199, (1951). 

11. Oldroyd,D.I., Pischer,G.S., & Goldblatt,C.A., 

J. Am. Chem. Soc. ?2, 2407, (1950). 

12. Iin1sc1,P., Xalde,P.De., Pallin1,V., Volterra,!., & Quiltco,A., 

ChelL Illd. (Killin), 38, 371, (1956). 

13. I1nisc1,F., & Palltn1,V., 

Gazz. Chim. Ital, 91, 1030, (1961). 

- 60 -



14. Xurrai, S. , & Tsutsull1, S. , 

J. Org. Chem. 31, 3000, (1965) . 

15. Asscher, )II. , & Vofsi, D., 

J. Chem. Soc. 1887, (1963) . 

16. Asscher,)II. , & Vofsi, D., 

J. Chem. Soc. 3921, (1963) . 

17. lonhebel,D.C., & Yaters,V.A., 

Proc. Roy. Soc. 242, 26, (1957). 

18. Burton, D. J., & Kehoe.. L. J. , 

J. Org. Cbem. 55, 1339, (1970). 

19. Julia,X., Saussine,L., & Thullier,G., 

J. Organo_t. Chem. 174, 359, (1979). 

20. Susuki,T., & Tsuji,J., 

J. arg. Chem. 35, 2983, (1970). 

21- Iori,!., & Tsuji,J .• 

Tetrahedron 2Y, 3811, (1971> . 

22. Iori,!., & Tsuji.J •• 

Tetruedron 2Y, 4039, (1971>. 

23. Susuki.T .• & Tsuji.J •• 

Tetruedron Lett. 918, (1968). 

24. Susuki.T .• & Tsuji.J •• 

J. Drg. Chell. 35, 2982, (1970). 

25. Davis.R., & Groves,I.F., 

J. Chell. Soc. Dalton Trans. 2281, (1982). 

26. Iori,!., & Tsuji.J., 

Tetrahedron 28, 29, (1972). 

27. Tsuji,J., Sato,K & lagashima,H., 

Tetrahedron Letts. 23, 893, (1982). 

- 61 -



28. Tsuji,J., Sate,I., & iagashima,H., 

Tetrahedron 41. 393, (1984). 

29. Tsuji,J., Sate,I., & lagashima,H., 

Cbem. Letts. 1169, (1981). 

30. Tsuji,J., Sate, I. , & lagashima,H., 

Cbem. Letts. 1171, (1981). 

31. Tayin,H.A., & Akl,I.S., 

J. IDorg. lucl. Cbem. 36, 944, (1974). 

32. Tsuji,J., MOrganic Synthesis with Palladium Compounds·, 

Springer, Berlin, (1980). 

33. Tsuji,J., Sate, I. , & lagashima,H., 

Cbem. Letts. 1605, (1981). 

34. Inque,Y., Sigeru,O., & Hashimoto,H., 

Cbe •. Letts. 367, (1981). 

35. XatsuDOto,H., Iakano,T., & lagai,Y., 

Tetrahedron Letts. 51, 5147, (1973). 

36. Bland,Y.J., Davis,R., & Durrant,J.L.A.D., 

J. ~ano~t. ehe •. 28~ 397, (1985). 

37. lakana,T., Arai,H., Xatsumoto,H., & lagai,Y., 

DrgaDic Prepdrations and Procedures Int. 10, 55, (1978). 

38. lakana,T., Shimada,Y., Sako,R., & !amaya, I. , 

Cbe •. Letts. 1255, (1982). 

39. Diery,H., Cuntze,C., & Helworth,R., 

Ger. Offen. 2308940 (1974); C.A. 82, 75425, (1975). 

40. Diery,H., Cuntze,C., & Helworth,R., 

Ger. Offen. 2264234 (1974); C.A. 82, 32397, (1975). 

41. Heinzer,F., & Xartin,P., 

Helv. Chi •. Acta. 64, 1379, (1981). 

- 62 -



42. Matsumoto,H., lakano,T., & lagaI,Y., 

Chem. Letts. 363, (1978). 

43. Matsumoto,H., Ilkaldo,T., & lagaI,Y., 

TetrabedroD Letts. 899, (1975). 

44. Matsumoto,H., lakano,T., Takasu,K., & laga1,Y., 

J. argo Cbem. 43, 1734, (1978). 

45. Xatsumoto, B., Nakano, T., 'ikaido, T., ct Nagai, r. , 

Cbem. Letts. 115, (1978). 

46. Gr1gg,R., Devlln,J., Ramesubbu,A., Scott,R., & Stevenson,P., 

J. Cbem. SOc. Perkin. Trans. 1515, (1987). 

47. Tessitore, P. T. , 

EuropeaD Patent Appl. EP144812A1. 

48. Bassner,A., Pinnick,H.V., & Ansell,J.X., 

J. ~. Cbem. 43, 1174, (1978). 

49. Kupchan, S. X. , 

Acad. Sci. 32, 85, (1970). 

50. Kupchan,S .•. , Kalin, •. A., & Thomas,A.X., 

J. Jed. Cbe., 14, 1147, (1971). 

51. Grieco,P.A., 

~tbesis, 67, (1975). 

52. Kubarik,S., Ali,P., & Roberts,S.X., 

J. Cbe •• Soc. Perkin. Trans 1. 1934, (1976). 

53. Srikrishna,A., 

J. Cbe.. Soc. Che.. ComlUll. 587, (1987). 

54. Wermuth,C.G., 

J. Org. Cbem. 44, 2406, (1979). 

55. Grimm,E.L., & Reissig,H.U., 

J. Org. Cbem. 50, 242, (1985). 

- 63 -



56. Killer, R. D. , 

J. Org. Cbem. 50, 2375, (1985) . 

57. Hei ba, E.!., & Dessau, R. x. , 

J. A.m. Cbe.m. Soc. 93, 995, (1971). 

58. Kochi,J.IC. , 

J. All. Cbelll. Soc. 87, 3609, (1965). 

59. Kochi,J.K., Bacha,J.D., & Bethea III,T.V., 

J. All. Cbelll. Soc. 89, 6538, (1967). 

60. Heiba,E.I., & Dessau,R.X., 

J. All. Cbelll. Soc. 96, 7977, (1974). 

61. Ernst,A.B., & Frinstad, V.E., 

Tetrahedron Letts.26, 3761, (1985). 

62. Frinstad, V.E., & Peterson,J.R., 

J. Org. Cbem. 50, 10, (1985). 

63. Vang,J.I., & Alper,H., 

J. arg. CheJl. 51, 273, (1.986). 

64. MAtsumoto,H., Ohkawa, I. , lkamor1,S., lakano,T., & lagai,Y., 

CbeJl. Letts. 1011, (1.979). 

65. MAtsumoto,H., Ohkawa,K., & laga1,Y., 

'1ppon KagaJru Ka1sb1, 1770, (1983). 

66. MAtsumoto,H., Ohkawa, I. , & laga1,Y., 

61ppon bgaJru Ka1sh1, 203, (1985). 

67. Iatsumoto,H., Ohkawa,I., & laga1,Y., 

61ppon Kagaku Ka1sh1, 1778, (1.983). 

- 64 -



CHAPTER 2 KETAL CATALYSED ADDITION OF CC1 4 TO 

ALKEImS AID D I RIlES 
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2. 1 XURODUCIXOI 

This chapter is concerned with the investigation of the effect of 

various catalysts and radical chain initiators on the reaction between 

cyclohexene and tetrachloromethane. This reaction is of interest since 

two isomers of the addition product and a number of side products are 

formed, thus allowing the selectivity and stereospecificity of these 

catalysts to be studied. Catalysis by [Co2(CO)el was studied since it 

was felt that the results in the literature were open to question. 

These will be discussed in section 2.2. 

The bulk of the work involved use of [RuCl2(PP~)3] as the 

catalyst, since this was found to be the DOSt effective of those 

studied. We report here an investigation of solvent effects, the 

effect of added resin capable of absorbing. triphenylphosphine, and the 

effect of ligand variation in the catalyst upon the reaction yields. A 

parallel study was carried out using oct-l-ene and tetrachloromethane 

in the presence of [RuC12(PP~)31 to investigate whether the solvent 

effects are influenced by the substrate. Finally. the addition of 

tetrachloromethane to cyclohexa-l,3-diene in the presence of 

[RuClz(PPh3>31 was studied. 
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2.2 A stud1 of the cctacarhoD1ldicQbalt [Coz<CQ>e1 catal~d additioD 

of tetrachloroEthane to c1Clghezene. 

2.2.1 Introduction 

Booth, Casey, and Haszeldine have proposed that carbenes are formed 

during reactions between chlorinated hydrocarbons. XzCC12 and 

[C02(CO)eJ in non-polar solvents. 1 The reaction of [C02 (CO)eJ with 

CCl~ (and also CBrC13 or CBr2C1 2 ) was found to produce 

tetrachloroethene in addition to the cluster [CICC03 (CO)9J and 

cobalt(II) chloride. When the reaction was carried out in the presence 

of excess cyclohexene (employed as a dichlorocarbene trap>, it was 

reported that the yield of cluster was reduced by approximately 10 % 

and an unspecified quantity of the dichlorocarbene adduct. 

7,7-dichloronorcarane. was identified by gas chromatography. A 

reaction scheDe (scheme 2.1) was proposed for the processes occurring. 

In this scheme it was suggested that X2CC12 can attack [C02(CO)eJ in 

three ways to give the intermediate complex. [(CC12X)Co(CO)4J. This. 

in turn. can either undergo homolysis. eventually reacting with more 

[Co2(CO)el to form tetrachloroethene. or alternatively it may undergo 

1.2-elim1nation giving rise to :CC12. which then reacts with DOre 

[C02(CO)el eventually producing the cluster,[ClCC03(CO)9J. 

In view of the fact that [C02(CO)el has been reported to promote the 

Kharasch addition reaction of tetrachloromethane across double bonds2 , 

a finding that has been verified in these laboratories3, it was 

surprising that the products of this addition reaction were not 

described by Booth et al. It also appeared to us that 

7,7-dichloronorcarane (II in equation 2.1) may be produced by 

[C02 (CO)el promoted dechlorination of 1-chloro-2-(trichloromethyl)

cyclohexane, the product of the Kharasch addition reaction. 
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Scheme 2,1 ; Mechanism Of cluster formation!, 
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Furthermore, tetrachloroethene may be produced by a similar reaction 

of hexachloroethane, a known termination product of Kharasch addition. 

If this were so, then an alternative mechanism for the reaction of 

[Co~(CO)s] and tetrachloromethane, not involving dichlorocarhene, 

would be required. In an attempt to resolve these pOints, the work of 

Booth et al has been repeated and these findings and others are 

reported here. 

2.2.2 Results 

2.2.2.1 Investigation gf the reactign between [Cg~(CQ)R] and CCl4 in 

the presence gf cyclghexene. 

This reaction was carried out as described in the literature 1 • 

CC1 .. (XCI 

CC~ + 0< 
(1) (II) 

6 + cS 
(2.1> 

+ + + CoCh 

(III> (IV) (V) (VI) 

The products of the reaction shown in equation 2.1 included both the 

trans and cis isomers of the 1:1 adduct, l-chloro-2-(trichloromethyl)-

cyclohexane (I), (in a 14 'yield based on [C02 (CO)s], 0.65 % based on 

CCl .. charged) in the ratio of 1.3 : 1 respectively. A small quantity 

of 7,7-dichloronorcarane (II) (3' yield based on [C02(CO)S], 0.15 % 

based on CCl .. charged) was also obtained, as well as two additional 

products, 3-(trichloromethyl)cyclohex-1-ene (III) and 
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(trichloromethyl)cyclohexane (IV), These last two products were 

identified by GC/XS. As these products could not be isolated, the 

yields were calculated in an approximate fashion on the basis that, 

since they have similar structures to the adduct (I), they might be 

expected to have comparable response factors in the GLC analysis. The 

yields were estimated to be: (III), 97 ~ based on (C02(CO)al, 4.40 ~ 

based on CC14 charged and (IV), 34 ~ based on (C02 (CO)el, 1.53 ~ based 

on CC14 charged. As can be seen from the chromatogram of the mixture 

(figure 2.1), all the major components have been identified. The other 

products formed were the c1uster,(ClCCo3 (CO)91 (V) in 22 ~ yield 

(isolated) based on (C02(CO)el and cobalt(II) chloride mixed with 

metallic cobalt (0.19g). These results are summarised in Table 2.1. 

2.2.2.2 Investiiation Of the reaction between [C02(CO)al and CC14 in 

the absence Of cyc1ohexene. 

The reaction was carried out as reported by Booth et all. The results 

showed comparable yields of the cluster, [C1CC03(CO)91 (40 ~ based on 

[C02 (CO)el, compared to 42 I reported) and coba1t(II) chloride 

(1.83g>. A trace amount of [C04 (CO)12l was also identified by mass 

spectrometry. However, no tetrach1oroethene or hexachloroethane was 

detected. The gas chromatogram showed one peak which could not be 

identified but which had a different retention time to the expected 

compounds (which was confirmed by spiking the sample) (Appendix 1). 
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Table 2.1 Summary of reagents and prodycts in the reaction between 

[Co-(CO)a] and CC14 in the presence and absence of 

cyclohexene. 

Reagents 

[C02 (CO)s] 

CCl .. 

Cyclohexene 

[C02(CO).] 

CCl",. 

Quantity 

g (lII1IIOl> 

0.65 (2.0) 

6.41 (40.0) 

16.2 <197,0) 

4.50 (13.2> 

21. 4 (139) 

Products 

I 

II 

III 

IV 

V 

VI 

V 

VI 
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Quanti ty 

g (mmol) 

0.064 (0.27) 

0.009 (0.06) 

0.350 (1. 76) 

0.123 (0.61> 

0.200 (0.42) 

0.190 

1. 78 (3.78) 

1. 83 



2.2.2.3 The action Of heat on (I) in the presence and absence Of 

[Cg2(CO)a] 

When (1) was heated in the absence of [C02 (CO)e] for 15 hours in 

refluxing hexane, there was no observed decomposition. The isomeric 

rat10 also remained unChanged after this time. However, when (I) was 

heated in the presence of [C02(CO)al, the formation of 

3-(trichloromethyl)cyclohex-1-ene (III) and 

(trichloromethyl)cyclohexane (IV) were observed. The yield of (III) 

was estimated to be 30 ~, the majority of the product being formed 

after 3 hours. The minor product (IV) was formed in 4.5 ~ yield after 

15 hours. The adduct was observed to decoDpOse to 30 ~ of its initial 

value. (figure 2.2). The isomeric ratio of I remained unaffected. No 

7,7-dichloronorcarane was formed. At the same time, formation of the 

cluster and CoCl2 was observed. 

2.2.3 Discyssign 

The results confirm reports that [Co2(CO).1 is able to promote the 

Kharasch addition reaction of tetrachloromethane across alkenic double 

bonds. [Co2 (CO).] could be acting as an initiator of a free radical 

chain reaction or acting as a catalyst. The formation of the trans and 

cis isomers of the adduct (I) in a 1.3 : 1 ratio suggests that the 

reaction does not involve extensive metal catalysis but proceeds 

principally by a free radical chain route. The results are in 

accordance with those of Booth et al for the formation of the cluster. 

The reaction of [C02(CO).] (13.2mmol) with CC14 in hexane led to the 

isolation of 3.78 mmol of [CICCo3(CO),] which represents 44 % of the 

available cobalt. The remainder of the cobalt appears as a dirty pink 

residue (1.83g) which was found to contain COlI and Cl- ions. This is 

probably a mixture of CoC12 (this product being hydrated during the 
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work up> and cobalt metal. 

When this reaction was carried out in the presence of cyclohexene the 

amount of cluster was reduced. It was found that 1.9 mmoles of 

(CO.<CO>el produced 0.42 mmoles of cluster, (isolated), representing 

33 ~ of the available cobalt so showing an 11 % decrease. This agrees 

well with the published work in which a 41 ~ cluster yield reduced to 

29 ~ . It is suggested by Booth et al that this reduction in yield of 

cluster can be accounted for in terms of the formation of 

7,7-dichloronorcarane. Clearly, not enough 7,7-dichloronorcarane is 

formed to account for this reduction, since this is produced in 3 % 

yield based on (Co2(CO)el. However, other organic products are formed. 

These are 

(I) l-chloro-2-(trichloromethyl)cyclohexane, Oa 

CC~ 

(III) 3-(trichloromethyl)cyclohex-l-ene, o 
(IV) (trichloromethyl)cyclohexane, 

All these products originate from the attack of CC13 radicals or 

metal-CC13 intermediates, such as CC13Co(CO)4, on cyclohexene. The 

adduct (I) is formed by a radical chain or metal catalysed addition, 

while (III) is formed by the dehydrochlorination of (I). 

(Trichloromethyl)cyclohexane (IV) results from a reaction of the 

(trichloromethyUcyclohexyl radical with [H·] (2.2). 
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CCh ~ch 

(~. " i + [H e] I : (2.2) 
) " 

) 

"v/ 

The likely source of such a radical is the solvent or cyclohexene. 

It is likely that the yield of cluster becomes reduced because 

either CCl 3 • radicals or CCl 3 Co{CO)4 are removed. The effect of 

removing the CCl3 Co{CO)4 would cause a reduction in the yield of the 

cluster, if this complex is the first product of the reaction sequence 

between (C02(CO)e] and CCl4 (equation 2.3). 

+ [CICo(CO)4] (2.3) 

A mechanism (scheDe 2.2) can be proposed for the cluster formation. 

Scheme 2,2 lechanism of cluster formation, 

0< + 

o 
[ Co2 (CO) el ~ [ChC {Co (CO) 4hl + [Cl Co (CO) 4] 

i[ eo,. (CO) 81 

[CIC{Co(CO)4)31 + [CICo(CO)41 

1-3CO 
CI 

I 

OC'eoffi
C

' /co oc- o-co 
/ , / 'co 

OC Co 
oc" I 'co 

CO 
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This shows two additions of (CO~(CO)e] to (CCl~Co(CO)41 followed by 

decarbonylatlon forming the stable cluster. It is possible that some 

:CCl~ will be formed from the decomposition of the intermediate 

(Cl~C{Co(CO)4)~] which in the presence of cyclohexene will form 

7,7-dichloronorcarane. The other decomposition product [Co(CO>!] will 

react with any CCl 3 • radicals forming more [CCl 3 Co(CO)41. The reaction 

carried out between the adduct (I) and (Co2 (CO)el does not result in 

any 7,7-dichloronorcarane formation and thus some production of :CCl2 

must occur as postulated in scheme 2.2. Alternative methods of cluster 

formation may be proposed (scheme 2.3). 

This again involves addition of [C02(CO)el to CCl3Co(CO)4, but the 

product then undergoes decarbonylation resulting in a bridged 

dinuclear species which could accept the addition of another molecule 

of [C02(CO).1. Subsequent loss of two moles of carbon monoxide from 

the product will form the cluster. It is likely that whichever 

mechanism leads to cluster formation, the initial reaction of CCl4 

with C02 (CO). involves initial electron transfer steps 

(equations 2.08 - 2.11). 

CCl4 + [Co2 (CO).] ---+) [Co2 (CO)s] 't 

CCl4. --------t) CCl:.· 

[C02 (CO) e] :-

Co (CO): + 

+ [Cl-]~ [CICo(CO)4] 

CCl;,· --+ [CCl;:,Co (CO) 4] 

+ 

+ 

+ 

CCl4"i 

Cl

CoCCO>: 

[ClCo(CO)4] is known to be unstable' and when formed under the 

reaction conditions employed will decompose (equation 2.12), 

[CICo(CO)4] -----+) 16 CoCb + 4CO + 
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Scheme 2.3 : Alternative method Of clyster formation. 
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The overall reaction between CC14 and [Coz (CO)gl can therefore be 

represented by equation 2.19 : 

3( CO 2 (CO> a1 + CC14 -+ ( ClCCo:3 (CO> gl 

3[ClCo(C0>41 ----+) 1~ CoCh + 

+ 3[ClCo(CO)41 

1~ Co + 12CO 

+3CO (2. 17) 

(2. 18) 

Fro. this equation it is apparent that 3 moles of [Coz(CO)el should 

produce only 1 mole of cluster. So in the experiment carried out 

between CC14 and [Coz(CO)el, 13.2 mmoles of the latter should have 

produced 4.4 mmoles of the cluster. In practice 3.78 mmoles of the 

cluster were isolated. However, as the isolation was carried out by 

vacuum sublimation, recovery of the theoretical yield of the cluster 

would be very difficult. 

The yield of cluster recovered is thus in accord with the stoichometry 

of equation 2.19. It is also possible to calculate the amount of 

CoClz.6BzO and cobalt metal formed for comparison with this overall 

reaction stoichiometry (equation 2.19>. 

In theory fro. equation 2.19, 4.40 mmoles of [ClCCo3(CO)gl should be 

formed containing 0.78g of cobalt. In the experiment, the initial 

amount of dicobalt octacarbonyl used was 4.55g (13.2.mmoles) which 

contained 1.55g of cobalt. Thus the amount of cobalt unaccounted for 

{theoretically> is 1.55g - 0.78 = 0.77g. The total mass of pink 

residue recovered was 1.83g. 

Assuming that the residue is an equimolar mixture of CoClz .6HzO and 

cobalt metal, it is possible to calculate the amount of cobalt this 

mixture contains, as follows 
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CoCl~.6H20 

I~i I 
x y 

+ 

Then x + y + z = 1.83g. 

Co = 1.83g. 
I 
z 

It is known from theory that the remaining cobalt, (x+z) is 0.77g so 

y = 1.83 - 0.77 is 1.06g which represents 5.95 mmoles. Therefore, the 

number of moles of cobalt in the complex will be 5.95 mmoles, which 

represents 0.35g of cobalt (ie. x = 0.35g). 

Then, z = 0.77 - x = 0.77 - 0.35 = O.42g. This represents 7.14 mmcles 

of cobalt. These results are summarised in Table 2.2. and compared 

with those predicted by equation 2.19. The results show good agreement 

between the overall reaction proposed and the actual yields obtained. 

TobIe 2.2 Summnr 1 Of resylts. 

Compound Quantities (mmcles) 

Theoretical Isolated/Calculated 

[CICCc,(CO),] 4.40 3.78 

CoClz.6H20 6.60 5.95 

Co 6.60 7.14 

On the basis of the cluster obtained in the absence of cyclohexene, 

reaction in the presence of cyclohexene might be expected to lead to 

isolation of 0.572 mmoles (if the reaction was carried out on the 

same scale). The actual quantity recovered was 0.42 mmoles which is a 

discrepancy of 0.15 mmoles (based on the reaction in the absence of 

cyclohexene) or 0.247 mmoles (if based on the theoretical amount given 
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by equation 2.19 (0.667 mmoles». Literature suggests that this 

difference can be accounted for in terms of the 7,7-dichloronorcarane 

formed. However, only 0.058 mmoles of this are produced, clearly not 

sufficient to cause such a reduction. The total amount of the other 

organic products (I>, (III), and (IV) formed (Table 2.1> is 

2.64 mmoles, which is much greater than the reduction in yield of 

cluster. This may be explained in terms of free radical chain 

reactions proceeding as shown in scheme 2.4. 

Scheme 2.4 Free radical chain reactiQns 

[C02 (Co) eJ + CCl4 ) [CCbCo (Co) 4J + [ClCo(CO)4J (2.20) 

[CCbCo (CO).d \ CCb· + [CO(CO)4-] (2.21> , 
2( Co (CO);J )0 [ C02 (CO> e] (2.22) 

CC13 • + 0 ) 0 (2.23) 

c5 CC + CC14 ) + CC13- (2.24) 

CC~ 

0- + [H-l ) 0 (2.25) 

CC~ 

CC /~" 
+ [C02(CO)el----. rl 1 + [HCO(CO)4J + [CICo(CO)4J (2.26) 

CC~ ~) 
V' 

2( HCo (CO) 4] ----------\) H2 + [ C02 (CO) eJ (2.27) 
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The reaction 2.26 was confirmed by heating the adduct (I) alone and in 

the presence of [CO~(CO)e]. As was expected, when the adduct was 

heated alone there was no observed decomposition. However, in the 

presence of (CO~(CO)e], the products (III) and (IV) were observed 

(figure 2.2) formed by the mechanism already discussed (scheme 2.4). 

Clearly, figure 2.2 shows that the decomposition of adduct cannot be 

accounted for in terms of the formation of the these products alone, 

as 70 ~ of the adduct used initially is consumed after 15 hours. 

Formation of the products (III) and (IV) account for 37.5 ~ of this 

loss, leaving 32.5 ~ unaccounted. This can be explained in terms of 

the formation of cluster which is observed. 

In summary, this study has shown that : 

(1) (C02(CO)eJ reacts with tetrachloromethane leading to 

cluster formation in good agreement with the yields reported in the 

literature 1 • However, the reduction in yield of cluster in the 

presence of cyclohexene is not due to the formation of 

7,7-dichloronorcarane. 

(2) [C02(OO).J 1s able to catalyse the Kharasch addition of 

CCl~ to cyclohexene and this process accounts for the reduced yield of 

cluster. 

(3) Due to the free radical nature of the reaction, other 

free radical reactions were initiated which result in the formation of 

other side products. 
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2.3 surveJ of the effect Of a yarietJ Of catalJSts an the addition of 

tetrachl pro_thane to CJC10hexene. 

2.3.1. Introduction 

Studies carried out on the addition of tetrachloromethane to 

cyclohexene in the presence of [Co2(CO)el in the previous section 

showed that the isomeric ratio of trans: cis isomers of the addition 

product approximated to 1 : 1. A similar ratio has been reported for 

reactions in the presence of radical initiators4 .However, the isomeric 

ratio is reported to be 24 : 1 in the reactions employing 

[RuCl2(PP~)3]4. In view of the fact that [RuCl2(PPh3)31 is known to 

act as a catalyst towards addition reactions of this type, following a 

quite different reaction mechanism to the conventional radical chain 

process (section 1.2.4), it seemed that the isomeric ratio observed in 

this addition reaction Bdght act as a guide to the reaction mechanism. 

During the course of this work, Grigg and co-workers published the 

same suggestionS. The effects of a variety of different types of 

catalyst on the stereospecificity and the yield of adduct were 

investigated. The catalysts used can be divided into three groups. 

These are : 

(i) letal carbonyls where the metals include cobalt, iron, and 

DIllybdenuD. 

(ii) Rutheniumrbased catalysts. 

(iii) Ruthenium and rhodium catalysts with chiral phosphine 

ligands. 

In addition to using these catalysts, the above reaction was carried 

out in the presence of a free radical initiator, benzoyl peroxide. 
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The effects of the catalysts in groups (i), (ii) and benzoyl peroxide 

were studied to give a direct comparison with (C02 (CO)eJ. However, the 

rhodium and ruthenium catalysts containing the chiral ligand, DIOP 

«-)-2,3-o-1sopropylidene-2,3-dihydroxy-l,4-bis(diphenyIphosphine)-

butane) (VII) were also investigated as it has been suggested that 

these catalysts are active in stereospecific addition reactions. 

(VII) 

Thus, the reaction of bromotrichloromethane with styrene in the 

presence of the optically active rhodium complex [{(-)-DIOP}RhCIJ gave 

the 1 : 1 adduct in a 26 % yield, wL~ 

greater than 32 % (equation 2.28)~. 

Ph 
\ 

C=CH2 + BrCCl3 [{(-)-DIOP}RhCll) 
/ 

H 

an enantiomeric excess 

(2.28) 

(8)-(-) 

addition of arene sulphonyl chlorides to styrene to give optically 

active 1 : 1 adducts, 2-chloro-2-(phenylethyl)arylsulphones 

(equation 2.29)7. 

(2.29) 

Tetrachloromethane also adds to styrene derivatives in the presence of 

this catalyst in good yields (Table 2.3, equation 2.30)s. 
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Table 2.3 Reaction of tetrachloromethane with styrene dprivatives 

Styrene derivative DIOP Product Chemical Optical 

yield % yield (7..ee) 

CsHs (- ) CsHsCHCH:;:CCh 73 13 
I 
Cl 

CsHs (+) CsHsCHCH:;:CC1 3 68 7 

I 
Cl 

4-C16Cs H4 (-) 4-C~CsH4CHCH:;:CCl3 79 
I 
Cl 

4-CH:3CsH4 (+) 4-CH:3CsH4CHCH:;:CCl:3 80 
I 
Cl 

4-ClCsH4 (-) 4-ClCsH4CHCH:;:CC13 70 10 
I 
Cl 

4-ClCsH4 (+) 4-CICs~CHCH:;:CCl:3 68 6 

I 
Cl 
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+ ArCH=CH2 (2.30) 

It seemed to us that these DIOP containing ligands may also exhibit 

high stereospecificity in the cyclohexene addition reaction, although 

no attempt has been made in the present study to obtain optical 

isomers. 

2.3.2 Resylts and discyssion. 

All the reactions were carried out under identical conditions in 

sealed tubes at 800 C (except that employing [Co2 (CO).1 which was 

carried out under reflux), using the same concentration of catalyst, 

cylohexene and tetrachloromethane and the same solvents. 

2.3.2.1 letal carbgnyl catalysts. 

The [Co2(CO>.1 catalyst was the only one used to produce 

7,7-dichloronorcarane (0.02 S), although many of the others produced 

the side products, 3-(trichloromethyl)cyclohex-1-ene and 

(tr1chloromethyl)cyclohexane. All the reactions were first carried out 

in hexane, but in most cases the yields were low (Table 2.4). Changing 

to benzene as solvent increased the yields allowing more meaningful 

comparisons. When the reaction was carried out in the presence of the 

tree radical initiator, benzoyl perOXide, the trans: cis ratio was 

1.1 : 1 demonstrating the expected lack of stereospecificity 

associated with free radical reactions. The stereospecificities of 

these metal carbonyl catalysts vary from 1.03 : 1 to 2.12 : 1 

indicating a slightly higher selectivity than the free radical 

initiator in some cases, but suggesting that the reactions proceed by 

essentially free radical mechanisms under these conditions. When the 

reaction was carried out in benzene all the yields improved, 
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Table 2.4 ; Investigation of the effect of a variety of catalysts on the addition of 
tetrachloramethane to cyclahexene 

% VIELD I50mERIC % VIELD % VIELO 
CRTRLV5T OF (I) RRTID OF (11I> OF (IV) 

(:tB.B7) (:tB.B4) (!"a.B3) (tB.B2) 

[Ca 2(CC) a] 1.57 1.3B B.B7 B.SB 

[Cpffia(CC)3] 2 B.BB 1.7B 1.BB B.31 

1 B.3B 2.B4 3.88 B.41 

[Cp ffio(CO)3] 2 8.4B 1.81 1.3S 8.73 

[{Cpffia(CO) 31 aCH a] B.77 1.28 B.18 8.53 

[(CsHsCC)a1 I.BB 1.16 B.aS not detected 

1.2B 1.85 B.87 not detected 

OTHER COffiffiENT5 

Refluxed in hexane .. 
B.B2% (II) observed 
Sealed tube in hexane 
at8~t 
Sealed tube in benzene 
at 8~ °c 
Sealed tube in hexane 
at 8~ 't 
5ealed tube in hexane 
at 8~ °c 
Refluxed in hexane (7a DC 

Refluxed in benzene (BB °C 

) 

) 



00 
00 

Table 2.4: continued: 

CRTRLV5T 

[CpFe(CC) a] a 

[CpFe(CC)a]a 

[fCpFe(CC)~CH2] 

% ¥IELD 
Of (I> 
(t~.a7) 

3.BB 

4.55 

4.72 

1 B.9B 

1.88 

13.3B 

I50mERIC 
RRTIO 
(! ~.B4) 

1.22 

1.~3 

1.5B 

1.59 

1.31 

2.12 

% VIELD % VIELD OTHER COmmENTS 
Of (11I) OF (IV) 
(~ ~.B3) ~~.B2) 

B.BB 1.39 Hexane as solvent 

1.78 1.8~ Benzene as solvent 

l.B2 1.24 Hexane as solvent 

3.16 B.S9 Benzene as sDlvent 

B.22 B.13 Hexane as sDlvent 

2.42 1.84 Benzene as sDlvent 



particularly that in the presence of [{CpFe(CO)2}2CH2] and also showed 

the highest selectivity <2.12 : 1). But the change of solvent did not 

affect the selectivity of [CpFe(CO)2]2, [Cp*Fe2(CO)2]2 and effected 

only a slight increase in the case of [CpMO(CO)3J 2 . The reason for the 

higher yields in benzene is likely to be the greater solubility of 

these catalysts in this solvent compared with hexane. The results also 

show that in the case of both the molybdenum and iron catalysts with 

pentamethylcyclopentadienyl ligands, the reactions give higher yields 

of adduct and are more selective for the trans isomer than the 

cyclopentadienyl analogues. This suggests that electron donation from 

the ligand to the metal centre has some significance on this 

catalysis. 

It is noteworthy that studies by Davies and Groves9 and Davis and 

Khazal 10 have shown that the dinuclear complexes [CpMa(CO)3J2, and 

[CpFe(CO)212 act as catalysts for halocarbon-alkene addition reactions 

at temperatures of 40-60o C (section 1.2.2.>. At higher temperatures 

catalyst decomposition occurs, but the reactions continue by radical 

chain processes. Thus, the present results agree with these findings. 
. . . 

Unfortunately, the yields of the cyclohexene-CC14 reactions in the 

presence of these complexes are too low to allow reliable measurement 

of the isomeric ratio at temperatures of 600 C and below. 

2.3.2.2 Rytheniumrbased catalysts. 

When the addition is carried out in the presence of [RuC12(PPh3)31 in 

hexane, 11.4 ~ of adduct is formed in a 4 : 1 trans: cis ratio, which 

is more specific than any of the metal carbonyl catalysts. However, if 

this same reaction is repeated in benzene instead of hexane the yield 

and stereoselectivity increase to 26.8 % and 7.9 : 1 respectively. In 

no reactions were the very high isomeric ratios previously reported 
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were also investigated, and in these cases solvent did not appear to 

markedly influence the yield <Table 2.5), but the stereoselectivity 

was affected. All three catalysts have very comparable yields of 

adduct and very similar selectivities in hexane and benzene. This 

suggests that 

similar. This 

the mechanisms by which the reactions proceed are 
w'*"'~ ~ 

is in agreement}of DaviS and Furze" who carried out 

detailed mechanistic studies on CC1 4 -oct-l-ene reactions in the 

presence of [RuH2(PPh3)41 and [Ruli3(SiXe2Ph)(PP~)3]. They have found 

that these reactions follow a mechanism which 1s very similar to that 

in the presence of [RuC12(PP~)31 and almost certainly involves the 

formation of a common catalytic species. 

The question arises as to the origin of the stereoselectivity observed 

with these ruthenium complexes. These complexes follow a redox 

catalysed mechanism in alkene-halocarbon addition reactions 

(scheme 2.5).The two crucial intermediates are the radical pair 

ster1c effects will dictate that the latter has a structure in which 

the metal-containing radical 1s remote from the bulky group 

(figure 2.3). 

Representatign gf steric effects 

H CCb 
~ 

H 
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Table 2.5 : Investigation of the effect af Ruthenium based catalysts on the addition of 
tetrachloramethane to cyclohexene 

% VIElO ISOmERIC % VIElO % ~IElO DTHER CDmmENT5 
CRTRL¥5T Of (I) RRTIC Of (III) Of (IV) 

(!B.S) (!B.B4) (~8.H3) (!~.82) 

[RuCI 2(PPh3) 3] 11.4 4.18 ~.72 nat detected Hexane as solvent 

28.8 7.8~ ~.88 nat detected Benzene as solvent 

[RuH 2(PPh 3) 4] 28.7 3.88 1.37 8.17 Hexane as solvent 

24.8 7.28 1.88 oat detected Benzene as solvent 

[RuH a(5ime ePh )(PPh 3 ) 3] 24.8 3.64 2.57 a.22 Hexane as solvent 

22.4 s.sa 1.aS a.74 Benzene as solvent 



Scheme 2.5 Redox catalysed mechanism for alkene-halocarbon addition 

reactions. 

[RuCL: (PPh;:J) ~l :rc===~\ [RuCh (PPlbhl + 

In the product forDing step, the metal-containing group will prefer to 

deliver the chlorine atom to the cyclohexyl system on the opposite 

side of the ring to the CCl3e group. 

2.3.2.3 Rhpdiym and rutheniym complexes containing PlOP and PIPBOS 

l1iands. 

The rhodium catalyst [RhCl(DIOP)] was generated in situ from 

[{Rh(COD)Cl}zl and DIOP. The results showed that in the presence of 

this catalyst 4.5 S of adduct was forDed with a 1.82 : 1 isomeric 

ratio. Although both the yield and the ratio are low, it is to be 

compared with a yield of 0.22 S in the presence of [{Rh(COD)Cl}zl. 

When the reaction was carried out in the presence of [{Rh(COD)Cl}z] 

and DIPHOS, a small quantity of adduct was observed (0.5 %). Blank 

reactions were also carried out in the presence of DIOP and DIPHOS 

alone, and no product was detected (Table 2.6). 
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Table 2.8 : Investigation of the effect Df rhodium complexes and rhodium complexes containing OlOr 
and OlPHDSligands an the addition of tetrachloramethane to cyclohexene 

CDNCENTRRTIDN % VIELD ISOmERIC % VIELD % ~IELD OTHER commENTS 
CRTRLV5T (mal dm-l ) OF (1) RRTID OF (III) OF (IV) 

catalyst xlt cyclahexene (:ta.H3) (t~.~2) (!B.~3) (t~.~1) 

[RhCI(PPh 3) 3] 4.58 a.81 1.32 1.58 3.58 H.34 Hexane as solvent 

4.57 a.81 3.81 2.14 ~.71 ~I~S Benzene as solvent 
[ {Rh{cod)Cfie] 2.1 B B.28 B.22 2.28 ~.B5 net Benzene as sDlvent 

detected 
[ {RMcad)Clh] '2.88 B.28 4.5B 1.82 ~.42 net Benzene as solvent 

IDIDP (in Rh) detected 
{4.58 in DIOP) 

[ {Rh(cod)C!Je] 2.12 ~.2S ~.54 1.23 not not Benzene as solvent 
IDIPHD5 (inRh) detected detected 

(4.83 in 
DIFHD5) 



Reaction in the presence of [Ru~C14(DIOP)3] gave 5.25 Z of adduct in a 

3.51 : 1 isomeric ratio. Attempts were made at preparing this catalyst 

in situ, by the reaction of [RuCl~(PPh3)3] and DIOP. However, although 

these were probably successful (as a fluorescent green solution 

resulted) when used to catalyse the same reaction, only 0.85 % of 

adduct was formed. The reason for this low yield was probably the 

presence of triphenylphosphine which had an inhibiting effect on the 

reaction. 

Clearly, these complexes do not display the stereoselectivity observed 

in additions to styrene and its derivatives. If one makes the 

assumption that these catalysts follow a redox catalysis pathway 

analogous to that shown by [RuC12(PP~)3] (Scheme 1.16), then for 

reasons that are not obvious they appear to be unable to form the 

tight radical pairs, (XCln(DIOP) } {c-C&HloCCl3 } , which presumably 

control the selectivity. leither is it obvious why reactions involving 

styrene are stereoselective, however, they may involve additional 

arene-metal interaction in the radical pair <figure 2.4). 

Figure 2,4 irene-petal interactign in the radical pair, 

(DIOP)Cln M ---@ 
I 

CHCHCCI 
2 3 
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Table 2.7 : Investigation of the effect of ruthenium complexes containing OlOr and DlrH051igands 
an the addition af tetrachlaramethane ta cyclohexene 

CONCENTRRTION % ¥IELO ISOmERIC % ¥IELO % VIELO OTHER COmmENT5 
CRTRLV5T (mol dnf1) Of (1) RRTlO Of (III) OF (IV) (Benzene used 

.-; 

catal~st~~ c~clohexene (t~.~3) ("!~.82) (±~.a3) (!.~.~1) as solvent) 

OIOP Dnly 4.48 ~.2B not 8~.5% c~clohexene 

detected - - - Dbserved 
OIPHD5 only 4.58 ~.28 83.~% cyclchexene 

observed 
[RuCI~(prh3}3] 2.88 ~.28 8.85 1.78 ~.1 5 not 85.a% cyclohexene 

IOIDPQ. detected observed 
green fluorescent 

solution 
[RuCI ~(prh 3) 3] 2.25 ~.2B 8.~7 LIB ~.38 not 81.a% cyclohexene 

IDIPHOS b detected observed 

[Ru 2CI 4 (OlOP) 3: 4.88 8.81 5.25 3.51 8.82 8.57 
-- -- --- ~ --



2. 4 studies of addition reactions catalJSM 111 [Buel? {PPbbl 

During the course of the survey into the effects of various catalysts 

on the addition of tetrachloromethane to cyclohexene. it was observed 

that the yields and the isomeric ratios were conSiderably increased 

by changing the solvent from hexane to benzene (section 2.4.2.2>. 

Initially. this was thought to arise as a consequence of a solubility 

difference of the catalyst. However. at the reaction temperature and 

concentration used. [RuCl2(PP~)3] is completely soluble in both 

solvents. In order to investigate whether there was a solvent effect 

occurring. a wide range of solvents was studied. 

Studies have also been made on the effect of the following upon 

the efficiency of CC1.-cyclohexene reactions in the presence of 

[ RuCb (PPlb hl : 

(1) Addition of a resin reported as enhancing phosphine 

dissociation. 

(il) Variation in the nature of the phosphine ligand. 

This section concludes with a preliminary study of the addition of 

CCl. to cyclodienes. particularly cyclohexa-l.3-diene in the presence 

of [RuCl2(PPh3)31. 
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2.4.1 An investigation Of solvent effects on the addition reaction 

between tetrachloromethane and alkenes in the presence of 

(RuCh (PPbhl 

2.4.1.1. Introduction 

In approaching a study on the effect of different solvents in these 

reactions, it was believed that there were likely to be two important 

features to be considered. These are : 

(i) the effect of a solvent on ligand dissociation of 

[RuCb: (PPh:,)31 , 

(ii) the effect of a solvent on the free radicals and radical 

pairs in solution. 

This section provides an introduction to these effects. 

(i) Liiand dissociatign gf [RyClz(PPh,)31 . 

It is well known that [RuC12(PPh:,)31 dissociates in various solvents 

(equation 2.31>. 

+ PPlb (2.31> 

Consequently, since the active catalytic species has been shown to be 

[RuC12(PPh:,)21, the catalYSiS may be influenced by the solvent used 

and governed by the extent of dissociation in any particular solvent. 

Previous studies on ligand dissociation of [RuCl2(PP~)3] are 

summarised in Table 2.812 . 13 . The dissociative behaviour of 

[RuC12(PP~)31 is affected by the solvent used as Table 2.8 shows. 

There is 31p IXR evidence that the loss of triphenylphosphine gives 

rise to a dimeric species (equation 2.32)13. 
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PPlb PPh3 

PloP I /Cl Cl " "/ Ru Ru (2.32) 

Cl/ "'-Cl/ I "PPho 

PPb 

An exception to this dissociation 1s the behaviour of (RuC12(PPh:;,)31 

1n .,.-dimethylacetamide, (DXA) in which it is known that ionisation 

takes place as shown in equation 2.33. 

(RuCb (PPlb)31 + DXA ---., [RuCl(PPkbDXAl + + Cl- (2.33) 

Table 2.8 Dissociation of [RyCl~(PPh3)31 in varioys solvents12.13 

Solvent Degree of dissociation Comments 

(~) 

Benzene 80 Results obtained by UV 

studies12 25°C 

I,I-dimethyl- 100 

acetaDide 

Toluene 59 Results obtained by 

Trichloromethane 15 

Dichloromethane 15 
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(11) Effect Of solvent on free radicals in solution. 

Although free radical reactions are not so markedly solvent dependant 

as ionic reactions, they do display solvent effects. Free radicals are 

affected in two ways 

(a) internal volume 

(b) solvation effects 

(a) Internal YOlyme· 

The internal voluDe effect of a solvent restricts the motion of the 

solute as solvent molecules surround the free radicals (assuming that 

the solvent is 'regular' and does not undergo any specific solvation 

effects as well). 

For any addition reaction to occur the reactants must diffuse 

together through the solvent. Consequently, the rate of combination 

will be dependant on the viscosity of the solvent. Additionally, when 

the two radicals have diffused through the solution they will be 

surrounded by solvent molecules effectively for~ng a cage around 

them, causing Dany collisions to occur before they diffuse apart. This 

effect was observed by Rabinowitch and Wood14 • A typical example 

affected by the caging of the solvent is shown in equatton 2.34 

+ hv -----)~Bt· + + (2.34) 

When the ethyl and methyl radicals are restrained by the solvent cage, 

the most likely product is propane. It is only if they manage to 

escape from this cage that they will form the symmetrical products 

ethane and n-butane. Clearly, the proportion of cage combination 

depends on the type of solvent used. An example of this was 
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demonstrated by Kochi et aI's. A study was carried out on the 

decomposition of diacylperoxides in pentane and decalin. The results 

showed a greater yield of the symmetrical dimers formed in the more 

viscous solvent showing the strong cage effect. In pentane the cross-

products were more abundant as the cage effect was less dominant and 

diffusion could take place more readily. 

(b)Solvat1on effects. 

Solvation effects are caused by the solvent not behaving in a 'regular 

way' and interacting with the reactants, intermediates or products of 

a free radical process. The effect of such an interaction is observed 

on the rate and selectivity of a reaction. 

Solvation of a transition state lowers the activation energy leading 

to an increase in the rate, whereas solvation of the reactants leads 

to a retardation in the rate. Interaction of the solvent molecule with 

the product molecules has no direct effect on the rate of reaction. 

Generally, it is known that the more reactive a radical is, the less 

selective it is in its reactions. Consequently, solvation of the 

transition state, which increases reaction rate, leads to a decrease 

in the selectivity. 

For these reasons the type of solvent used is of considerable 

importance. Work carried out by Russell showed that the selectivity of 

chlorination of alkenes (equtions 2.35 and 2.36) was solvent 

dependant 16. 

Cl- + + Hel (2.35) 

+ HCl (2.36) 
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Aliphatic solvents have no effect on the relative selectivity. 

However, aromatic solvents contribute a significant effect to the 

solvation of the reactants. It was observed that solvents with 

electron donating substituents caused increased selectivity, whereas 

electron withdrawing substituents are least effective as they reduce 

the electron density of the aromatic ring. The explanation suggested 

for this is that the aromatic solvent forms as a 'x - complex' with 

the chlorine atom in an equilibrium process and it is this complex 

that reacts with the alkane. Since complex formation stabilizes the Cl 

atom, it reduces its reactivity and increases its selectivity. 

+ ---~)o [Cl .. · .. · ~HeX]· 

[Cl .. ·· ~Hslr + RH -----~) R· + C6 RsI + HCl 

(2.37) 

(2.38) 

The more of the complex formed the more selective the reaction 

becomes. 
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2.4.2 Resylts and discyssion. 

The effect of the solvent on the reaction between CC14 and alkenes in 

the presence of [RuC12 (PPh3>3J is complicated as there are several 

steps in the reaction which may be subject to solvent effects. The 

mechanism for the addition of CC14 to alkenes in the presence of 

[RuC12(PPh3)3] is given in steps (2.39)-(2.42). 

c,======:!:\ [RuCh(PP~hl + PPh3 (2.39) 

(2.40) 

The solvent may affect both the dissociation of [RuC12(PP~)3] and 

have various effects on the free radicals and intermediates in the 

reaction. However, it is suggested that the solvent will predOminate 

in the following processes :-

(1) The dissociative step (2.39). The dissociation of the 

catalyst involves the formation of the active speCies, <provided this 

does not dimerise immediately> so will presumably increase the yield 

of the products if it is present in a greater quantity. This area was 

investigated and will be discussed in section 2.4.2.1. 

(2) The yield of products should be increased when the 

solvent is able to trap the radical pairs together, so enabling them 

to react. Therefore the physical properties of the solvent will become 

important, particularly viscosity. 

(3) The reaction will be affected if the solvent is able to 

solvate [RuClz(PPh3)zl. This may be beneficial as it may prevent dimer 

formation. 
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(4) The solvent may also solvate the [RuCl~(PPh3)~ ] species 

which would be detrimental, as it would separate the radical pairs. 

If the mechanism is rewritten in the light of these suggestions 

(scheme 2.6), the importance of the solvent becomes apparent. 

Scheme 2.6 ; Effect Of a solvent on the mechanism . 

.;:::::==========' [RuCh(PP~h) + PPh3 , s/ 
[ RuCb (PPh3 ) ~S] 

[RuCb(PPh:,)~S] + CCl 4 ";i,========~\ {RuCl::,(PPh:,h-} {CCB} + S 

{RuC13(PPh:,)~.}{CCl~} + RCH=CH~ ) <RuCl3(PPh3)~·}{RCHCH~CCI3} 

• 
{RuCb(PPh:,h·}{RCHC~CCb) + S --~)o(RuCh(PPh:,)~S) + RCHCICH~CCb 

2.4.2.1 Investigation Of the dissQciation of [RuCl,(PPh3)31 by 31P-JIR 

at lQw temperatyres. 

As the proposed mechanism involves the dissociation of the 

[RuCI~(PPh:,)3] complex, the previously reported studies concerning the 

loss of triphenylphosphine are relevant12 . 13• An investigation of the 

above mentioned complex in dichloromethane suggests 15 % dissociation 

(Table 2.8). This was repeated in the present work and a value of 14 % 

dissociation was obtained <Table 2.8). The work was limited to 

solvents which did not freeze at -60°C. Therefore the dissociation was 

studied in toluene, dichloromethane. acetone. tetrahydrofuran and 

ethanol <Table 2.9). 
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Table 2.9 Dissociation study Of [RuCl-(PPh~)3] by 31P-NMR. 

Solvent 

Dissociation 

Initial concentration Dissociation % Dissociation 

(mol dm-3 ) X 10-3 constant 

<mol dmr 3 ) X 10-4 

Toluene 9.44 15.7 33 

Dichloromethane 9.04 2.0 14 

Acetone 2.19 1.3 21 

5.37 4.0 24 

Tetrahydrofuran 7.20 30.2 47 

Ethanol 9.03 100 

The spectra obtained and a worked example of the dissociation constant 

and the percentage dissociation are shown in the appendices 2 and 3. 

A spectrum obtained from the literature is shown in Fig 2.717. This 

illustrated that triphenylphosphine is obtained as well as indicating 

that dissociation is taking place, as two signals are recorded for the 

non-equivalent phosphines in this complex. As the sample is warmed, 

the phosphines interchange more rapidly so that only one signal is 

observed at 308 K. At low temperatures signals due to the dimer can 

also be observed. In the present work, this type of spectrum was 

observed in all the solvents mentioned above, except for ethanol. In 

this case, only one signal attributed to triphenylphosphine arose, 

indicating that the [RuC12(PPh3)31 complex was fully dissociated. It 

should be noted that the value for the % dissociation of 

[RuC12(PPh3)31 in toluene was significantly different from the 
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Figure 2.5 Variable temperature 31p IXR spectra Of [RuCl7(PPh3 ),]. 
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literature value. The likely reason for this discrepancy is 

inaccuracy in the temperature control. 

2.4.2.2 Investigating the reaction between oct-l-ene and CC14 in the 

presence Of [RyCl~(PPh3)3] in varioys solvents. 

As will be described in more detail in the experimental section, all 

the reactions were carried aut in sealed tubes. The results are 

recorded in Table 2.10. 

A comparison of the yield of l,l,l,3-tetrachlorononane obtained 

with the degree of dissociation of [RuCI2(PP~)3] is shawn in figure 

2.6. There is no clear relationship between the two, suggesting that 

the dissociation of [RuCl2(PP~)3] is nat of overriding importance. 

A comparison of yields and solvent viscosity was also made 

(Table 2.10). It was found that the yield correlated reasonably well 

with viscosity for most of the solvents studied, (figure 2.7). The 

solvents which did nat fit in well were ethanol, methanal, 

dichloromethane and, to a lesser extent, ethyl acetate. It is proposed 

that in the case of these solvents, with the exception of 

dichloromethane, the [RuC13(PP~)2·] species becomes strongly solvated 

so is unable to form tight radical pairs. 

Therefore the donating abilities of these solvents were 

considered. The ability to donate can be expressed by an empirical 

parameter, defined as the negative enthalpy ~ value in Kcalmol- l for 

the interaction of the electron pair with antimony(V) chloride in a 

highly diluted solution of dichloromethane, or the donor number, Dils. 

The DB's for three of these solvents are very similar (Table 2.11). 
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Table 2, 10 Inyestigating solvent effects on the reaction between 

oct-1-ene and CC14 in the presence of RuCl-(PPh~)3)' 

Solvent 

Hexane 

Cyclohexane 

Toluene 

Benzene 

Tetrahydrofuran 

Acetone 

Ethyl acetate 

Ethanol 

Methanol 

Dichloromethane 

V1scosity (at 25°C) 

X 10-3 (Pa.s) 

0.299 

0.898 

0.552 

0.603 

0.460 

0.304 

0.426 

1. 078 

0.545 

0.411 

% Yield of TCNa 

(il. 0) 

41. 7 

90.4 

59.0 

63.2 

51. 0 

43.2 

42.6 

44.0 

50.3 

79.0 

aTCI -1,1,1,3-Tetrachlorononane (GLC) yield based on oct-l-ene charged. 
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E.i9 2.6 : Effect of lRuC12Ul~b3131 dissociation on CCI. addition to oct-1-ene 
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Table 2.11 Correlation of donor numbersl~ and % yield of (I). 

Solvent Donor number Acceptor number % Yield of TeN 

Kethanol 19.0 41. 3 50.3 

Ethanol 18.0 37.1 44.0 

Ethyl acetate 17.0 42.6 

Dichloromethane 1.0 20.4 79.0 

Hexane 0.0 0.0 41. 7 

Cyclohexane 0.0 0.0 90.4 

Benzene 0.1 8.2 63.2 

Toluene 0.1 59.0 

Acetone 17.0 12.5 43.2 

Tetrahydrofuran 20.0 8.0 51. 0 

In the same way, the acceptor properties of a given solvent relative 

to those of antimony(V) chloride are termed as an acceptor 

number, (AI). (These are dimentionless numbers)18. 

Returning to the solvents under consideration, Table 2.11 

shows that methanol, ethanol, and ethyl acetate all have similar 

values of Dl's and AI's. Furthermore, there is a great similarity in 

the yield of 1,l,1,3-tetrachlorononane at 42-50 ~ . These yields are 

only 1-9 ~ greater than in hexane which suggests that these solvents 

solvate the [RuC12(PPh3)21 radicals to a small extent or, 

alternatively, extenSively solvate [RuC13 (PPh3)2 ] hence minimising 

the yield of 1,l,1,3-tetrachlorononane. The reason why the yield of 

product is so high in the case of dichloromethane in comparison to the 
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others is unclear, as this solvent does not dissociate the catalyst 

strongly, it does not solvate to an appreciable degree as expressed by 

the ON value and it is not particularly viscous. 

A comparison of the DN's for the well behaved solvents, such as 

hexane, shows that the DB's d~ave an overriding effect on the yield. 

This is exemplified in the case of acetone and hexane whi~h have 

significantly different DB's, but similar yields of 

l,l,l,3-tetrachlorononane, (Table 2.11>. 

2.4.2.3 Investigatipn pf the splvent effects pn the reaction between 

cyclphexene and tetrachlprpmethane in the presence pf 

[RyCh (PPh3 hl . 

There was a significant difference observed in the yield and isomeric 

ratio of adduct when the above reaction was studied in hexane and 

benzene (section 2.3.2.2>. Further studies have been carried out in a 

greater range of solvents so as to c~Dp8re any trends with the 

addition reaction between oct-1-ene and OCl •. This reaction is of 

particular value as it has the added feature of an isomeric ratio. The 

usefulness of such a property 1s that it provides an indication of the 

type of solvation occurring. 

The isomeric ratio of the adduct is measured in terms of the 

ratio of areas <obtained by GLC>. The two isomers produced are 

~CCI 

( J-.. 3 

". CI 

Trans Cis 
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It is clear from steric considerations that the trans isomer is 

favoured. Therefore the ratio of isomers can be described as a measure 

of the selectivity of the addition reaction. 

The reaction was carried out in an identical manner as that of 

oct-1-ene and tetrachloromethane (described in sect 2.5) so that the 

results could be compared. However, blank reactions were carried out 

between both dichloromethane and trichloromethane and cyclohexene in 

the absence of tetrachloromethane (Table 2.12>. There were no products 

observed in the case of dichloromethane. However, a small quantity of 

adduct (0.4 ~) was formed in an unexpectedly high isomeric ratio for 

the trichloromethane case. This ratio is not considered to be too 

meaningful since the low yield means that measurement was made on very 

small areas, which means that any error could cause a large change in 

the trans : cis ratio. The reaction between cyclohexene and 

tetrachloromethane in the presence of [RuC12 (PPh3)31 was also carried 

out in excess tetrachloromethane, which gave a yield of 54.4 ~ in an 

isomeric ratio of 6.2 : 1. These are intermediate values for both 

yield and isomeric ratio as will be appreciated later. 

Firstly, as in the addition reaction between oct-1-ene and 

tetrachlorometbane, the relationship between dissociation of 

[RuCl2(PPh3)31, yield and isomeric ratio were studied and are 

represented in figure 2.8. However, although the trends were broadly 

similar to those shown in figure 2.6, no distinct correlation was 

observed. Therefore it was supposed that this feature was not of 

overwhelming importance on the outcome of the reaction. Furthermore, 

when the effect of the solvent viscosity of a wide range of solvents 

was investigated on this reaction <Table 2.13> there was no apparent 

correlation, figure 2.9. In general it seems that for this wide range 

of differing solvents there are many effects taking place so it may be 
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too complicated to disentangle completely. However, some of the 

effects taking place can be explained if the solvents are divided into 

the following groups 

(i) saturated hydrocarbon 

<1i) aromatic 

(HUother 
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Eill 2.8 : Effect of [RuC1L (PPh3131 dissociation on CCL. addition to cyc}ohexene 
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Table 2,12 Investigating the reactions between cyclohexene and 

haloalkanes in the presence of [RuCl~(PPh3)~] 

Haloalkane ~Yield of 

(1)-

Isomeric ~Y1eld of 

Dlchloromethane 

Trichloromethane 

Tetrachloromethane 

(+0,05) 

0,40 

54,4 

ratio 

9,03 

6,21 

• GLC Yields based on cyclohexene charged. 

(II!)

(+0,05) 

1. 01 

4,60 

(I) 1-chloro-2-(trichloromethyl)cyclohexane, 

(III) 3-(trichloromethyl)cyclohex-1-ene, 

(IV) (trlchloromethyl)cyclohexane. 
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~Yield of 

(IV)

(+0,06) 

0.52 

1. 54 
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Table 2. 13 : Investigation cf solvent effects cn the reaction between cyclchexene and CCI4 in 
presence of [Rue, 2(PPh3}34 

VISCOSITY % YIELD Df (I) I50mERIC % YIELD OF (III) % ~IELO OF (IV) 
SOLVENT (X'1~-l) (pa.s) RRTID OF (I) 

( at 25 DC) (!1.1 ) (tB.BS) (:t~,03) ~~la1) 

Hexane ~.288 12.8 4.89 2.B~ ~.88 
Cyclohexane B.BBB 28.2 7.42 2.44 ~.~4 

Toluene B.552 28.2 7.12 4.S2 ~.98 
Benzene B.883 32.5 7.BS 4.86 ~.84 

Trichloromethane B.488 52.5 7.27 2.55 nct detected 
Dichloromethane B.411 82.8 7.43 4.98 a.B4 
Tetrahydrofuran ~.42S 34.S B.B 1 1.38 B.BS 
Rcetene B.384 4B.l 8.41 1.3B H.13 
Ethyl acetate B.426 38.5 8.25 B.7! 1.75 
Ethanel I.B7B 48.~ 5.88 3. 15 1.15 
methanol ~.545 43.4 5.28 1.59 B.B4 
Oiglyme - 48.4 S.BB 1.8H 2.06 



Eig 2.9 : Addition of CCl...~c'yclohexene in the presence of [RuCll.(PPh3)J 
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(i) Effect of saturated hydrocarbon solvents 

Viscosity effects are clearly observed for this group of solvents. 

The yields, compared to other solvents, are much lower, probably 

because saturated hydrocarbon solvents are unable to coordinate to 

metal centres <Table 2.14). However, a good correlation is observed 

between ~ yield of adduct (and total ~ yield of products), isomeric 

ratiO, and the viscosity (measured at 30 °C)19. The correlation shows 

that the yield increases when the viscosity is increased, suggesting 

that the radical pairs become trapped together, so giving them a 

greater opportunity to react (figures 2.10, 2.11), This was confirmed 

by the isomeric ratio as it also increases with Viscosity. There is 

also good correlation between total yield of products and the solvent 

viscosity. The total yield was chosen as a parameter as both 

products, (II) and (III) are derived from (I). 

(li> Effect Of aromotic solvents 

In these solvents, (Table 2.15) there again is a good relationship 

between viscosity (measured at 25°C)20 and yield of adduct. The same 

correlation occurs for total ~ yield of products with viscosity, 

figure 2.12. The greatest yield <71.7 ~) is observed in the case of 

l,2-dichlorohenzene. This cannot be purely a viscosity effect, as 

decalin has an eight times greater viscosity, but the yield is only 

31.3 I. There is no obvious explanation for this difference. In a 

series of related solvents, such as the aromatics, yields can be 

linked to solvation abilities. The physical property of donor 

numbers19 was considered where this data was available and a 

relationship between yield and donor number is shown in figure 2.13. 

This clearly illustrates that as the donor nature of the solvent is 

increased the yield (and to some extent isomeric ratio) is reduced. 
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Table 2.14: Investigation of the effect of various saturated hydrocarbon solvents en the reaction 
between cyclchexene and CCI4 in the presence of [RuCI2(PFh3~3t 

VISCOSITY % VIELD ISOffiERIC % VIELD % VIELD 
SOLVENT ('I( 1B-3)(Pa.s) DF (1)0. R~TIO OF (I) OF (III)Q. OF (IV)G. 

(at 38°C) (t1.8) (:t8.8S) (:t~.8S) (!~.81) 
-

n-Pentane 8.215 S.B 3.51 2.77 H.78 
n-Hexane 8.283 12.8 4.48 2.88 H.88 
n-Dctane ·8.485 15. 1 4.81 2.18 1.48 
Cyclohexane 8.824 28.2 7.42 2.44 8.88 
ffiethylcyclohexane 8.639 24.B 5.1 a 1.32 3.44 
Cycloheptane 1.64 33.5 . 8.78 S.55 3.73 
Decalin B.Ba 31.3 B.4~ ".S 7.48 
---- --------- ------ .~ ------ -- -- -- -- ---

Q. % Yield ( []LC) based on cyclohexene charged 
ReactiDn mixture used in ratio 488:125:1 of CCI4 : c~clohexene : [RuCI~(PPh3)3] 

I (J) l-chlorc-2-{trichlorDmethyl )cyclDhexane 
, (III) 3-(trichloromethyl )cyclohex-1-ene 

(IV) (trichloromethyl }cyclDhexane 

% TOTRL VIELD 
OF fRODUCT5 Q. 

12.53 
14.88 
18.78 
31.73 
28.7S 
43.78 . 
5~.38 

--------
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fig 2.10 : Addition of CC14 to cyclohexene in saturated hydrocarbon solvents . 
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E]g 2.11 : Addition of CC14 to cyclohexene in hydrocarbon solvents . 
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Table 2. 15 : Investigation of the effect of aromatic solvents en the reaction between cyclohexene 
and CCI 4 in the presence of [RuCI~(rph3231 

VI5C05ITY l YIELD I50mERIC l VIELD , VIELO 
50LVENT <x 13"1 )(Pa.s) , OF (I) Q. RRna OF (I) OF (IlOq. OF (IV)~ 

(at 25°C) (t1.~) (:t~.2) (t~.4) (±a.02) 
Benzene a.BB3 32.5 7.~8 4.~B ~.B4 
Toluene . B.552 28.2 7.12 4.52 ~.88 
1,2-dichlorobenzene 1.324 71.7 8.B5 3.aa 7.35 
1,2-dimethylbenzene 8.754 32.2 5.83 5.88 1.85 
1,3-dimethylbenzene 8.578 28.8 7.82 3.5H 1.BB 
Bramcbenzene 1.~12 55.8 S.51 2.58 3.B7 
NitrDbenzene t .785 8.B 2.4B riot detecte[ not detected 
ffiethDxybenzene B.BSS 15.5 5.78 2.8~ 

(\., ~ield ( ~LC) based on cyclohexene charged 
Reaction mixture used in ratio 48H: 125: 1 of CCI4 : cyclohexene : [Ruel ~(PPh 3) J] 
(I) l-chIDro-2-(trichIDromethyl )cyclohexane 
(III) 3-(trichlorDmethyl )cyclohex-l-ene 
(IV) (trichloromethyl}cycIDhexane 

1.~0 



Fig 2.12 : Addition of CCI4\- to cyclohexene in aromatic solvents. 
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· Eig 2.13 : Effect of solvent donicity on CeL •. addition to cyclohexene 
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(The donor number of benzene is too small to be included). If the 

donor nature increases. it may be suggested that the solvent 

coordinates not only the [RuCl2<PPh3)2]. which would be beneficial. 

and that the overriding factor must be the solvation of 

[RuCl3(PP~)2 ] radicals resulting in reduced yields causing the 

separation of radical pairs. The isomeric ratio is not affected to any 

significant extent either by viscosity or donor number. only changing 

by + 1 unit. 

Finally. the reaction was also carried out in nitrobenzene 

<JB) which caused the yield to decrease to 0.6 ~. However. it is known 

that nitrobenzene solutions of [RuCl2(PP~)3] are pale yellow and 

conduct electriCity. It is known from other studies that ionisation 

takes place. 

+ (2.43) 

Additionally the formation of a dinuclear ion has been suggested 

+ (2.44) 

but this complex has not been isolated from a nitrobenzene solution . 

This reaction has to be compared with .,.-dimethylacetamide (DXA) in 

which it is known that the catalyst behaves siDdlarly as suggested in 

(2.45) 

[ RuCh <PPh3) 3] + DXA fI,==' [RuCl (PPh3) 3DKAl + + (2.45) 
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Table 2. 18 : Investigation of the effect of stronglH dissDciative solvents on the reaction between 
.t:yclohexene and CCI 4 in the presence ef [RuCI z(FFhJLJl 

VISCDSITY % YIELD ISDmERIC % VIELD % VIELD 
SDLVENT (x1ir)(Fa.s) OF (1)0- ""TID OF (1) DF (111)00- DF (IV)G. 

(at 25t) (:!:8.2) (:t8.82) (ta. a 1) (tala 1 ) 

Rcetenitrile 8.341 1.2 2.1 e net detected 

N~N-dimethylacetamide a.886 18.7 5.28 B.B 1 

~ ~ield ( file) based en cyclehexene charged 
Reaction mixture used in ratio 400:125:1 Df CCI4 : cyclohexene : [RuCI~(rrhJ)JJ 
(1) l-chlcrc-2-(trichIDrDmethyl )cyclohexane 
(III) 3-(trichIDromethyl )cycIDhex-1-ene 
(IV) (~richIDreme~hyl~cycIDhexane 

2. 18 



However, in this solvent the yield is comparatively high at 18.7 7-

<Table 2.16). The viscosity of nitrobenzene is 

1.7795 X 10-3 Pa.s (25 Q C) whilst that of i,i-dimethylacetamide is only 

0.88 X 10- 3 Pa.s (25Q C), therefore this greater yield cannot be 

accounted for in terms of viscosity. It is possible that in 

nitrobenzene a greater proportion of the catalyst becomes ionised, 

reducing its catalytic abilities. The isomeric ratio in 

1,I-dimethylacetam1de is comparable to the values obtained in 

hydrocarbon solvents suggesting that the most important factor 

involved in this case is viscosity. 

(iii) Effect of other solvents. 

The remaining solvents studied, acetone, methanol, ethanol, ethyl 

acetate and tetrahydrofuran (Table 2.13) do not show a clear 

relationship between yield of adduct and viscosity, whilst the 

isomeric ratio shows a very random pattern. Therefore viscosity is not 

a very important factor in the case of these solvents. In the same way 

the donor numbers do not correlate at all with yield or isomeric 

ratio. It is suggested that in these solvents, where the yields are 

relatively high compared to hydrocarbons and the isomeric ratio are 

low, adverse solvation of [RuCI3 (PPh3)2 1 is overidden by the 

solvation of [RuC12(PPh3)21. The same applies to diglyme 

(bis-y-methoxyethyl ether). However in this solvent the yield is 

higher, as it has the the additional benefit of having an 

exceptionally high viscosity. 

The only remaining solvents which were studied were 

trichloromethane and dichloromethane. In these the yields are 

exceptionally high tor both reactions conSidered, suggesting that 

perhaps it is caused by an effect on [RuC12 (PPh3)31. It is feasible 
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that in these solvents the [RuClz(PP~~)~] can react directly with 

tetrachloromethane, prior to triphenylphosphine dissociation. 

+ 

+ PPh:;, (2.47) 

Possibly the catalyst behaves in the same way when 

1,2-dichlorobenzene and bromobenzene are used, as similar yields and 

isomeric ratios are obtained. 

The study shows that the solvent employed plays a very important 

role in catalysed addition reactions. The physical properties that 

were shown to dominate were viscosity and solvation abilities of the 

solvents. 
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2.4.2 Effect Of a polymeric co-factor on [RuCl~(PPh3)3] catalysis of 

the reaction between cyclohexene and tetrachloromethane. 

2.4.2.1 Introduction 

Studies carried out by Bergbreiter et al suggest that some polymeric 

reagents are capable of absorbing triphenylphosphine from solutions 

containing triphenylphosphine complexes of rhodium(I) and 

ruthenium(II)2'. When complexes of this type are used as catalysts for 

the hydrogenation of alkenes. an increased rate of reaction was 

observed in the presence of the polymeric reagent. All the catalysts 

used involve a dissociative mechanism of the type shown below to 

generate the active species. 

-===============~\ XLn - 1 

" 
+ L <2.48) 

Thus, removal of the uncoordinated ligand. L, increases the 

concentration of the active species.XLn-l. thereby increasing the rate 

of hydrogenation. For some of the catalysts studied, the mechanism of 

generating the active species involves oxidative addition of hydrogen 

(equation 2.49). followed by reductive elimination of an alkyl halide 

(equation 2.50) : 

IX + 

JUhX , , 
lUi + HI 

(2.49) 

(2.50) 

The authors suggest that in cases where this mechanism is followed, 

the presence of a polymeric reagent is still beneficial as it may also 

absorb HI. The catalysts studied included [RhH(CO) (PPh3> 31 , 
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[RuH~(PP~)~] and [RuH(OCOC~)(PPh3)3]. which all showed modest 

increases in the rate of hydrogenation (Table 2.17). 

Table 2.17: Effect of Silver (I) polystyrene sylphonate as a 

co-factpr en the alkene hydrogenations catalysed by 

yarioys metal phosphine complexes. 

Ketal phosphine complex Alkene Relative rate. 

[RuH:z (PPkhl Hex-1-ene 1.4 

[RuH:z (PPkhl Styrene 1.1 

[RuH(OCOC~)(PPk)31 Hex-1-ene 1.4 

[RuH(OCOC~)(PPh:,)31 Styrene 1.6 

[RhH(CO> (PPk)31 Styrene 1.4 

[RhH(CO) (PPh3)31 Hex-l-ene 1.0 

[IrCl(CO) (PPh:,):zl Styrene 1.0 

For [RuCl:z(PPh:,)31 and [RuHCl(PPh:,)31 much greater increases in the 

rate of hydrogenation were observed (the hydrogen uptake increasing 

eleven fold in the case of [RuClz(PPh:,)31). However. it was proposed 

that this extra catalyst activation was due to absorption of both 

triphenylphosphine~l and hydrogen chloride, as in the presence of 

bases [RuClz(PPh:,)31 is known to form [RuHC1{PPh3)31 

{equation 2.51)~1 : 

[RuClz(PPh3)31 + Hz Et31 )[RuHC1(PPh:,)31 + [Et3 1H1Cl + PPh3 (2.51) 

C.,.Hs, 1090 C 
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The polymeric reagent or resin used in all these experiments was 

prepared from Amberlyst 15 (a commercially available ion exchange 

resin) consist1ng of sulphonated cross-linked polystyrene,PS-SO~H. The 

acidic proton can be exchanged with various metal ions such as 

copper(II), cobalt(II), nickel(II) and silver(I). However, the most 

effective co-factor proved to be the silver salt which was then used 

throughout the work. Since the addition of halocarbons to alkenes in 

the presence of [RuCI2(PP~)3] is known to proceed by a mechanism 

which involves a phosphine dissociation step (section 2.4.1), an 

investigation was made of the use of this co-factor in a reaction of 

this type. 

2.4.2.2 Resultg And d1cussign 

The polymeric co-factor was prepared as reported in the literature21 • 

The reaction between cyclohexene and tetrachloromethane catalysed by 

[RuCl2(PP~)3] was carried out in the presence and absence of the 

resin at various temperatures. When the reaction was carried out using 

4.75 X 10-3 mol dDr3 of [RuCI2(PP~)3] there was a small increase in 

the yield of adduct in the presence of the resin, (varying between 

between 0.5 and 1.9 ') at each temperature studied (Table 2.18). Other 

products, 3-(trichloroDethyl)cyclohex-1-ene and 

(trichloromethyl)cyclohexane were observed both in the presence and 

absence of the resin. Under most conditions studied, the yield of both 

of these by-products was increased in the presence of resin. In 

addition to these side products, two other products were only observed 

in the presence of the resin, but these could not be identified. It is 

thought that they are similar to the adduct due to their comparable 

retention times (Appendix 4). The yield of addition product appears 

independent of the amount of resin used. This reaction was repeated 
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Table 2.18: Effect Df silver (1) p~st~rene su\p.hDnate as a co-factor on the reaction 
betllleen cyc\Dhexene and tetrachlDrDmethane catalysed by [RuCl i (FPh3hl 

TEffiPERRTURE % ~IELD OF (1) ISOmERIC RRTIO % ~IELO OF (Ill) 
RESIN NO RESIN RESIN NO RESIN RESIN NO RESIN 

% ~IELO OF (IV) 
RESIN NO RE51N 

°c (tH.2) (!a.1) (!~.~5) (!a.~5) (!~.~I) (!~.~t) (±a.a2) (!01~t) 

25 2.71 1.47 2.87 2.84 ~.2~ B.22 ~.5~ ~,3~ 

45 8.5 B.B 4.54 5.B1 ~.4 1 B.1 ~ 1.~7 0.53 

+ 45 7.8 - 4.55 - ~.18 - ~.S~ -

B~ . 31.8 3~.B 5.78 B.43 ~.93 B.5S 1.81 0.58 
----

+ReactiDn carried Dut with twice the concentratiDn Df resin 
ConcentratiDn of [Ru] was 4.75)( m-l mol dm -J . 



using a higher concentration of [RuCl~(PPh3)3] (0.019 mol dm- 3
). This 

clearly showed that the resin enhances the activity of the catalyst 

<Table 2.19). The greatest increase in yield of the adduct <18.3 % of 

adduct in the presence of resin compared to 9.8 % in its absence) was 

observed at 45°C. At higher temperatures (60°C and 80 oC) the yields 

of the adduct are not markedly affected by the presence of the resin. 

It is likely that the polymeric co-factor becomes destroyed or 

deactivated at these higher temperatures. The resin was also observed 

to have some effect on the isomeric ratio. In each case (and at every 

temperature) the ratio was slightly lower in the presence of resin. 

This is in line with the previous 'findings (see section 2.4.1) that 

higher reaction rates lead to lower selectivities. 

It is clear from this study that the addition of a polymeric 

co-factor has a considerable effect on the rate of addition of 

tetrachloromethane to cyclohexene when the correct operating 

conditions of temperature and catalyst concentration are chosen. 

However, the synthetic utility of this method is limited by the fact 

that the co-factor degrades at temperatures of 600 C and above, which 

is the range in which the yields of reactions of this type become 

acceptable. 
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Table 2.18: Effect of silver (1) p:gly~yrene sulphonate as a cD-factor on the reaction 
between cyclDhexene·and tetrachloromethane catalysed by [Ruel ~mJ2Jl 

TEffiPERRTURE , ¥IELD DF (I) I50ffiERIC RRTID % ¥IELD DF (11I) 
RE5IN NO RE5IN RE5IN NO RE5IN RE5IN NO RE5IN 

~ ¥IELD OF (IV) 
RE5IN NO RE51N 

°c (±~.3) (tB.3) (!H.2) (ta.2) (t~.~1) (±a.B1) (t~.~3) (±~,~3) 

25 8.4 a.7 5.a2 S.18 B.5S B.21 B.7B B.25 

45 18.3 8.8 5.5S 7. 15 1.aS a.so 2.~~ 1.08 

sa a8.3 a5.8 S.42 7.48 1.71 2.72 1.34 1.11 

BH 34.S a1.8 S.7H 7.83 1.81 1.42 laBS H.73 
-~ 

_._- .. - -------

CDncentratiDn ef [Ru] was B.~l B mel dm-3 



2.4.3 A study of the electronic effect Of the phosphine ligands upon 

[RuCl~{(4-X-CeH4)3P}3] catalysed addition of 

tetrachloromethane to cyclohexene and oct-I-ene 

2.4.3.1 Introdyction 

Electronic and steric effects of phosphorus ligands have been 

discussed in depth by Tolman22
• Electronic effects were defined as 

changes in molecular properties which arise as a result of 

substitution of the R group in the ligand R3P, leading to different 

transmission along a chemical bond. An example of this is changing 

from (~Ha)3P to (4-Cl-~~)3P in which the ligands are of comparable 

size, allowing electronic effects to be studied without the 

complication of steric changes. Steric effects can be classified in 

terms of ligand cone angles which historically CODe into use when the 

ability of the phosphorus to compete for coordination sites on a Detal 

could not be explained in purely electronic terms. The ligand cone 

angle is defined schematically in figure 2.14. 

FiiUre 2.14 SChemotic definition of the ligand cone angle. 
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It is not possible to synthesise a wide range of complexes of the 

type [RuClz(PR3)31 in which the ligands differ in size and tbus a 

study of sterie effects is not possible. However, complexes of the 

type [RuClz{(4-X-C6HA)3q31 can be syntbesised. Since a substituent in 

the 4-position bas no effect on tbe ligand cone angle, any variation 

in properties arises solely as a consequence of the differing 

electronic effects of the X-groups. 

Studies of the electronic effect of the phosphine ligand upon 

the catalytic properties of [RuClz{(4-X-C6H4)~]3) have been reported 

for various reactions23.24.26. In general it has been found that when 

the phosphine contains an electron withdrawing substituent X, tbere is 

a decrease in the electron density on the metal atom. causing a 

suppression of the rate of a catalysed reaction. Conversely, electron 

donating substituentsenbance catalysis. These effects have been 

observed for a number of reactions. Thus, [RuCl2(PPh3)3) has been 

shown to catalyse the selective conversion of epoxides to carboxylic 

esters (equation 2.52). 

[RuCl2(PPh3)3l ) C6HsCH2CH2OCOCHz~Hs 

180°C. 9 hours 

(2.52) . 

A change in the initial rate of this reaction occurred when the 

substituent X on the catalyst was varied (Table 2.20).The reaction 

showed the highest initial rate when X is OC~ and lowest when X is 

Cl, in line with the above generalisation. 
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Table 2,2Q~~ . Effect of electronic changes in the catalyst 

[RuCl~{(4-X-C5H4)d}3] on the rate of reaction (2,52) 

Substituent X Initial rate of ester formation 

H 

Cl 

61 

55 

37 

27 

A second example of this effect is the catalysed isomerisation of 

1,4-diarylbutenes25 • When trans-l,4-diphenylbut-2-ene (VII) was heated 

in the presence of [RuClz(PP~)3] it was isomerised to 

trans-l,4-diphenylbut-l-ene (VIII) in 91 ~ yield (free from 

corresponding cis isomer) (equation 2.53). 

PhCHzCH=CHCHzPh [RyCl z (PPh,,),,] > 
trans-(VII) 1850 C 

PhCH=CHCHzCHzPh 

trans-(VIII) 

91 ~ 

(2.53) 

In this reaction 1.5 ~ trans isomer (VII) remained, and 7.5 ~ of 

cis-l,4-diphenylbut-l-ene (IX) was formed. 

The rate of isomerisation was found to vary depending on the 

substituent present (Table 2.21). The rate of isomerisation was the 

fastest when X is CH3 and slowest when X is Cl. These results are 

consistent with those obtained in the previous example. 
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Table 2e21~s; Effect of electronic changes in the catalyst 

[RuCl-e {(4-X-CeH4hh1 on the isomerisation of 

trans-le4-diphenylbut-2-enee 

Substituent X 

CH3 

OC16 

H 

Cl 

Initial rate of isomerisation 

% min -1 

6.0 

2.3 

1.1 

0.6 

However. in this case the greatest initial rate is observed when X is 

CIb rather than OC16 e 

In the present work the effect of changing the substituent was studied 

for the reactions between tetrachloromethane and both cyclohexene and 

oct-1-ene. 
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2.4.3.2 Results and discyssion 

The reaction between oct-l-ene and tetrachloromethane was carried out 

in the presence of (RuCl:{(4-X-CsH4 )3)}3P] where X=Cl. H. OC~. and 

CH3 (Table 2.22>. The results showed that the yield of 

1.1.1.3-tetrachlorononane produced increased as the electron donating 

nature of the ligand is increased. This suggests that the ligand 

dissociation is not of overriding importance, as increasing the 

electron density on the phosphorus atom would be expected to increase 

the Ru-P bond strength, which should slow down the reaction rate. This 

is in agreement with the findings on ligand dissociation in the study 

of solvent effects (section 2.4.1). Increasing the electron density on 

the ruthenium should lower its oxidation potential and hence enable 

the halogen atom abstraction step. which probably proceeds by initial 

electron transfer. to take place more easily (equations 2.54 and 

2.54), 

Rul I + 

RUllI + 

----------~) RUllI + CCl4 -

_____ ~, {Ru I I I-Cl: } {CCb- } 

(2.54) 

(2.55) 

The reason why increasing the electron density on the ruthenium 

reduces its oxidation potential can be explained in terms of molecular 

orbital diagrams, <figures 2.15 and 2.16)2&. [RuC12(PP~)2] may adopt 

either a tetrahedral or a square planar structure. The HOIO of such a 

complex will be of either t2 or al g symmetry respectively. Since both 

these levels are derived from ligand v orbitals, any increase in the 

energy of the latter will increase the energy of the former, thereby 

reducing the oxidation potential. The increased electron density 

within the RUllI species so formed would also cause a stronger 

interaction within the radical pair. 
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Tablp 2! 22 

Substituent X 

Cl 

H 

CH3 

OC16 

Inyestigation Of the effect Of substituting phosphine 

addition of tetrachloromethane tq oct-l-~ne 

% Yield of 1,1,13-tetrachloronanane· 

eO.8 

71. 0 

75.8 

80.8 

-% Yield (GLC) was based an act-l-ene charged. 
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Figure 2. 15~" Molecylar orbital diagram for most tetrahedral 

complexes in lower oxidation states. 
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Figure 2. 16;;:~ Molecular orbital diagram for squar~ planar 

com.plexes,!L4 
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The behaviour of these same catalysts was also studied in the reaction 

between cyclohexene and tetrachloromethane, so that the effect on the 

isomeric ratio could also be investigated. However, the results are 

not quite as clear cut as those of oct-l-ene and tetrachloromethane. 

These show <Table 2.23) that when the reaction was carried out in 

hex-l-ene the yield of adduct (I) was greater using the catalyst with 

the substituent X=C~ rather than with X=H. However, the yield of 

products for this reaction using the catalyst with X=acH~, was only 

1.5 ~ suggesting that the catalyst had decomposed in hexane. (The 

reaction involving [RuClz{(4-Cl(CsH4)3P}31 could not be carried out in 

hexane, as it is totally insoluble, even at 80a C). 

The reaction was also performed in benzene which showed that the yield 

and isomeric ratio of adduct (I) were reduced when the catalyst had 

the substituent X=Cl compared to X=H. This result is in agreement with 

those for the reaction between oct-1-ene and tetrachloromethane. 

However, for both the catalysts where X=OCH3, CH3 the yield and 

isomeric yields were lower than for [RuClz(PPh3)31. This effect could 

have arisen as a result of the solvation of the {RuCl3«4-X-CsH4)3P)~} 

radical formed, which (as described in section 2.4.1) would cause the 

radicals to become separated. Presumably, this solvent effect is 

stronger than the electronic effect, causing a reduced yield of 

product. 

The isomeric ratios are also affected by the substituents on the 
. 

ligands. The effect is most marked in the case of X=Cl as it becomes 

reduced to 2.76 compared to 7.90 in the case when X=H. Presumably the 

electron withdrawing nature of this substituent reduces the electron 

density on the ruthenium sufficiently to lower its oxidation potential 

and hence its ability to catalyse the reaction. This effect is much 

less pronounced for the other catalysts where the values are the same 

- 143-



..... 
of=
of=-
I 

Table 2.23; Investi ation Df the effect Df changing phDsphine ligands on 
[RuCI2 4-X-C~H-4).JF] 3) catalysed addition of CCI 4kcyciohexene 

% VIELD ISOmERIC % VIELD % VIELD 

SUBSTITUENT , X 
Df (I)fa. RRTID Of (1) Of (IlI)~ Df (IV)«>-

(±B.2) (!~.~2) (±B.~ 1) ~H.81 ) 
CI - - - -

1 ~.1 2.78 B.81 ~.51 
H 11.4 4.48 B.72 not detected 

28.8 7.8~ B.BS not detected 
CH3 22. 1 8.43 B.25 1.77 

2~.3 7.25 B.84 1.21 
OCH3 1.5 1.45 B. 1B 8.2S 

18.7 B.85 2.40 8.7~ 

Solvent used llJas benzene, in all other cases hexane was used 
~ ~ield ( BLC) based on cyclohexene charged 

Reaction mixture used in ratio 400:125: 1 of CCI4 : cyclohexene : [RuCI 2{FFhJ )J] 

(I) 1-chloro-2-(trichlorDmethyl )cyclDhexane 
(III) 3-(trichIDromethyl )cyclohex-I-ene 
(IV) (trichlDromethylJcyclDhexane 



within experimental errors, with one exception. In the case of X=CH3 

the value in hexane is doubled compared to X=H. 

In conclusion, as is recognised in the literature, electronic 

effects can playa dramatic role on the yield (and stereoselectivity) 

of products, particularly when the substituents are electron 

wi thdrawing. 

Clearly, the reaction involving cyclohexene is more complex than the 

oct-l-ene analogue, as has been demonstrated by the complex 

relationships between rate and both ligand electronic and solvent 

effects. The reason for this is not clear. 
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2.4.4 Inyestigating the effect of [RuCl?(PP~)3] an the addition of 

tetrachlgrgpethAne tg cyclghexa-l.3-diene. 

2.4.4.1 Introduction 

Although the reaction between tetrachloromethane and 

cyclohexa-1,3-diene (equation 2.56) has been briefly reported in the 

literature (see chapter l,section 1.24 ), few details are available. 

l-chloro-4-(trichloromethyl>cyclohex-3-ene is reported to be formed in 

81 ~ yield with none of the 1,2-isomer being formed. This might be 

expected since the l,2-isomer would experience considerable steric 

crowding. Furthermore, the fact that the intermediate carbocyclic 

radical is allylic in nature allows ready formation of the l,4-isomer 

(scheme 2.7>. Similar reactions of cycloocta-l,3-diene were also 

described. However, there is no discussion of the stereochemistry of 

the 1 : 1 adducts of either cyclic diene. 

(2.56) 

Scheme 2.7 Reaction between tetrachloromethane and cyclahexa-l,3-

diene in the presence af [RuCl~(PPh3)3] 

(2.57) 

(2.58) 
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1,4-substituted cyclohexadienes usually adopt a half-chair structure 

and are thus, in principle, capable of existing in four isomeric forms 

(figure 2.17)(a-d».In the case of the compound discussed above, these 

may be termed (a) trans-di-equatorial, (b) cis-axial-CCl3-equatorial-

Cl, (c) trans-di-axial and (d) cis-axial-Cl-equatorial-CCb. 

Figure 2.17 Structures adopted by 1.4-substltuted cyclohexadlenes. 

(a) H ~CI (e) 

>v (e) CI C H (a) 
3 

(a) C~C ~CI (e) 

(e)H~ H (a) 

(a) 
(b) 

(a) CI C /> ~H (e) 
. 3 ~-=::;::::::~~ 
(e) H V CI (a) 

~ H ~ H (e) 

~~ (eo) CI C CI (a) 
3 

(c) 
(d) 

where (a)-axial. (e)-equatorial 

Tbere is currently considerable interest in tbe synthesis of related 

1.4-trans-di-equatorially substituted cyclobexanes (figure 2.18) since 

sucb molecules containing long chain substituents are capable of 

displaying liqUid crystalline properties2 ?, 
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Fiiur~ 2.18 Strycture of a molecule with liquid crystalline 

properties. 

CH-o-CO~CH 
511 ~_ 511 

Cyclohexane analogues of known liqUid crystals such as cyanobiphenyls 

were then developed <figure 2.19). 

Figure 2.19 Structures Of a known liqUid crystal and cyc10hexane 

R C:=N 

cyanobiphenyl 

R C==N 

cyclohexane analogue 

It is likely that suitably substituted 1,4-trans-di-equatorial

cyclohexenes will also exhibit mesomorphism and the reactivity of the 

CCl3 and Cl substituents provide an entry into the synthesis of such 

molecules. Thus the CC1 3 group can be oxidised to a carboxylic acid 

and subsequently esterified with a long chain aliphatic or aromatic 
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alcohol. The Cl functionality can be converted into an ether unit, 

again carrying an appropriate substituent. 

MOlecular models suggest that the CCl 3 group of a l,4-substituted 

cyclohexene cannot readily occupy the C-4 axial position since it 

would undergo severe steric crowding with the axial hydrogen atom on 

C-2. Thus, the formation of isomers 2.17(b) and 2.17(c) would appear 

to suffer steric crowding, while 2.17(d) may be subject to some 

interaction between the chlorine in an axial position on C-l and the 

axial hydrogen on C-5.There may. therefore. be a preference for the 

di-equatorial isomer.2.17(a). 

The present study was, therefore. undertaken in order to 

investigate the stereochemistry of l-chloro-4-

(trichloromethyl)cyclohex-3-ene. produced by [RuC12(PP~)3] catalysed 

addition of tetrachloromethane to cyclohexa-1,3-diene. 

- 149-



2.4.4.2 Results 

Addition of tetrachloromethane to cyclohexa-l.3-diene in 

the presence of [RuCl~(PPh~)~] 

The reaction between cyclohexa-l,3-diene and tetrachloromethane in the 

presence of [RuCl2(PP~)3] led to the formation of the expected 

product. Capillary column GLC indicated that two isomers were formed. 

A range of reaction conditions was investigated. These and the yields 

are given in tables 2.24-2.27. 

Table 2.24 

Temperature.:>C 

20 

80 

100 

Effect of temperature 

Yield % • 

8.3 

87.2 

91. 5 

Isomeric ratio 

1. 12 

1. 25 

1. 50 

• Yield (GLC) of l-chloro-4-(tr1chloromethyl)cyclohex-3-ene based on 

cyclohexa-1,3-d1ene charged. 

Reactions were carried out in 816 

diene : [RuCl2(PPh3)3] for 5 hours. 

10 solvent was used. 

250 
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Table 2.25 Effect Of catalyst concentration 

Concentration of catalyst 

mol dm- 3 X 10 -3 

0.73 

3.13 

13.5 

56.0 

220.0 

Yield % .. 

53.0 

81. 7 

87.2 

90.5 

70.2 

Isomeric ratio 

1. 12 

1. 26 

1. 26 

0.93 

0.84 

.. Yield (GLC) of 1-chloro-4-(trichloro)cyclohex-3-ene based on 

cyclohexa-1,3-diene charged. 10 solvent was used. The reactions were 

carried out at 80°C for 5 hours. 

Table 2.26 Effect Of reaction time 

Reaction time hrs 

1 

2.5 

3 

4 

5 

Yield % .. 

25.2 

39.2 

46.5 

64.3 

87.2 

Isomeric ratio 

1. 08 

1. 07 

1. 12 

1. 12 

1. 12 

.. Yield (GLC) of 1-chloro-4-(trichloromethyl)cyclohex-3-ene based on 

cyclohexa-1,3-diene charged. The reactions were carried out in a 

mixture of 780 : 232 : 1 of CC1 4 : cyclohexa-1,3-diene : 

[RuC12(PPh3)31 at 80 °C. 
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Table 2.27 Effect of solvent 

Solvent 

Tetrachloromethane 

Tetrahydrofuran 

Toluene 

Yield ~ -

22.0 

23.9 

73.9 

Isomeric ratio 

1. 43 

1. 38 

1. 30 

Ethanol 2.14 

• Yield (GLC) of l-chloro-4-(trichloromethyl)cyclohex-3-ene based on 

cyclohexa-l,3-diene charged. The reactions were carried out in a 

mixture of 825 : 250 : 1 of CC1 4 : cyclohexa-1.3-d1ene 

[RuC12(PPh3)31 for 5 hours at 80 °C. 
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2.4.4.3 Discussiqn 

The addition of tetrachloromethane to cyclohexa-1,3-diene resulted in 

a mixture of products, the gas chromatogram of which is shown in 

figure 2.20 (obtained after fractional distillation of the reaction 

mixture). GC-MS analyses of this mixture gave spectra for the two 

major peaks in agreement with the formulation C7 HeCl4 (figures 2.21 

and 2.22). These showed ions at mlz 232/4/6, 197/9 (X-CI+), 161/3/5 

(X-CI+-HCI+). This is consistent with these two products being two 

isomers of the 1 : 1 addition product between tetrachloromethane and 

cyclohexa-l,3-diene. These products are formed in the ratio of about 

1.27 : 1 depending on the reaction conditions. The yield of this 

adduct mixture also depended on the conditions used and 

Tables 2.24-2.27 show the result of variations in temperature, 

catalyst concentration, reaction time and solvent. The highest yields 

wer~ obtained when the reaction was carried out at 80-100 °C for 

5 hours. The results also show that the ratio of the isomers showed 

little variation with changes in reaction conditions. 

The 'H-IXR of the distilled product (mixture of isomers) is 

shown in figure 2.23. The assignments are given in Table 2.2B. 

Figyre 2.24 Assignment gf l-chlqrg-4-<trichlgrgmethyl) 

cyclghex-3-ene. 

(e) (d) 

<:A:> 
CIH"CCI3 

H H 

(a) (b) 
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Table 2.28 lH-NMR Assignments of l-chloro-4-(trichloromethyl) 

cyclohex-3-ene. 

Chemical shifts 

<ppm) 

1. 5-2. 5 

3.0-3.3 

4.3-4.6 

6.0-6.1 

Number of protons 

<spli tUng) 

4 (m) 

1 (m) 

1 (m) 

2 (d) 

Assigned proton 

a+b 

c 

f 

e+d 

However, more information was needed to unequivocally confirm the 

presence of two isomers and then identify them. This was carried out 

by 13C-JMR (figure 2.25>. The 13C-1XR shows 14 peaks, all in pairs, 

indicating the presence of two isomers of a 7 carbon containing 

molecule. The relative proportion of these isomers is not exactly 

1 : 1. but this is in agreement with the ratios obtained by GLC. It is 

difficult to positively assign the carbon signals. In order to 

clarify the issue a DEPT experiment was carried out. 

pEPI spectra. 

This is a multipulse experiment. known as Distortionless Enhancement 

by Polarisation Transfer. This technique causes signals due to 

quaternary carbon atoms to disappear, whilst those due to methylene 

carbons are inverted. but signals arising from methine carbons are 

unaffected. The spectrum of 1-chloro-4-(trichloromethyl)cyclohex-3-ene 

can now be assigned (Table 2.26). 
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eycl ahex-3-ene. 

(d) (c) 

D
<a) 

CI CCI 
(e) (b) 3 

(f) (g) 

Table 2.28 13C-iKR of l-chlorg-4-(trichloromethyl)cyclghex-3-ene. 

Chemical shift Assign.JDent of Comments 

(ppm) carbon atom 

103 a This signal disappears in the DEPT 

spectrum, therefore must be due to 

quaternary carbon. 

20-30 f+g 4 peaks in this region have become 

inverted in the DEPT spectrum, due 

to the presence of methylene 

carbons. 

50-60 c+d Unchanged by DEPT,signal due to 

methine carbons. 

130 e+b Again unaffected by DEPT, but much 

further downfield, due to close 

presence of Cl and CCl 3 groups. 
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It has not proved possible to unequivocally identify which 

stereoisomers are farmed. Even using high field (270 MHz) lH NKR, the 

coupling patterns are insufficiently resolved for complete analysis 

(figure 2.28). Attempted spin decoupling experiments did not further 

resolve the issue (figure 2.29). However, in view of the earlier 

comments, it is likely that the two isomers are 2.17(a) 

(di-equatorial) and 2.19(d) (cls-axial-Cl-equatorial-CCls), with the 

former predominating slightly in the mixture. It has not proved 

possible to separate these isomers on a preparative scale. 

The reaction between tetrachloromethane and cycloocta-l,3-diene was 

also studied. The gas chromatogram (figure 2.30) of an undistilled 

reaction mixture shows the formation of two products, in a similar 

isomeric ratio to the 1-chloro-4-<trichloromethyl)cyclohex-3-ene 

(1.27 : 1 compared to 1.25 : 1, respectively). Attempts to isolate 

these products by vacuum distillation were unsuccessful. The GC-MS of 

the reaction mixture showed that both product peaks have essentially 

the same mass spectrum (figures 2.31 and 2.32). Ions corresponding to 

the formulation C9H12C14 were observed, although the quality of the 

spectra were not as good as those observed for the products of the 

cyclohexadiene reaction. 

This work shows that the l-chloro-4-{trichloromethyl)

cyclohex-3-ene is formed in two isomers as was suggested earlier. In 

the same way it is likely that 1-chloro-4-(trlchloromethyl)

cyclooct-3-ene is also formed with isomers on steric grounds analogous 

to the former case. 
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2.5 WERllElIAL SEeIIO. 

All the reactions were carried out under an atmosphere of dry 

nitrogen, except where stated otherwise. All reagents were obtained 

from commercial sources when available and others were prepared as 

will be described later. The sources of catalysts used are summarised 

in Table 2.30 The solvents used were all purified and / or dried as 

summarised in Table 2.31. Tetrachloromethane was dried over phosphorus 

pentoxide. whilst the alkenes (and cycloalkenes) were dried over 

sodium and distilled prior to use. All GLC analyses were carried out 

on a Perkin-Elmer Sigma 2B chromatograph with an intelligent terminal. 

Infrared spectra were recorded on a Perkin-Elmer 457 spectrometer. 

lH-1MR were run on a Perkin-Elmer R32 spectrometer.Xass spectra were 

recorded on an AEI MS9 instrument using the direct insertion probe and 

GC-XS was carried out on a VG-Trio 2. 

2.5.1.1 The study Of [CO?(CQ)a1 catalysed addition Of 

tetrachloromethane to cyclohexene. 

The volatile products of the reaction were identified by GC-XS. Pure 

samples were prepared so that they could be used as standards. These 

included l-chloro-2-(trichloromethyl)cyclohexane, (as an isomeric 

mixture), 7,7-dichloronorcarane and 3-chlorocyclohex-l-ene. 

The other products identified in the reaction were 

3-(trichloromethyl)cyclohex-l-ene and (trichloromethyl)cyclohexane. It 

was not possible to isolate these as they proved too volatile. They 

were not prepared by other routes as these compounds were minor 

by-products of this reaction. 
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Table 2.30 Source of catalyst. 

Catalyst Source 

[COz(CO)e] Donated by B.P. Research centre. 

[X02(CO)6Cp2] Prepared by literature method za 

[J(02 (CO) 6Cp2*] 

[{Xoz{CO)6Cpz}CHz] 

[{FeZ{CO)4CpZ}CHz] 

[RuCl:z (PPh:,) 3] 

[RuHz(PPh3)3] 

[RuHlez{SiPhH:z) (PPh3) 3] 

[RuCl:z{(4-Cl-C6~)3P}3] 

[RuCl:z{(4-C~-C6~)3P}3] 

[RuClz{(4-OCH3-C6H4)3P}3] 

[ Ru:zC14 {DIOP} 3] 

[RhCl (PPh3hl 

[ {Rh(COD)Clbl 

Prepared by Dr. I.Khazal 

Donated by Dr.T.Bitterwolf 

Donated by Dr.T.Bitterwolf 

Prepared by literature methodz9 . 

Prepared by Dr. J.Furze. 30 

Prepared by Dr.J.Furze30 

Prepared by literature methods31 

Prepared by literature methods31 

Prepared by literature methods31 

Prepared by literature methods3z . 

Prepared by literature method33 . 

Prepared by T.Black. 
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Table 2.31 Solvent purification 

Solvent Grade Method 

Hexane GPR Refluxed over sodium, then distilled. 

Pentane GPR Refluxed over sodium, then distilled. 

Octane GPR Refluxed over sodium, then distilled. 

Cyclohexane GPR Refluxed over sodium, then distilled. 

Cycloheptane GPR Refluxed over sodium, then distilled. 

Methylcyclohexane GPR Refluxed over sodium, then distilled. 

Decalin GPR Refluxed over sodium, then distilled. 

Benzene AR Used as received. 

Toluene GPR Refluxed over sodium, then distilled. 

Bromobenzene GPR Passed through activated alumina, then 

distilled from sodium. 

l,2-dichlorobenzene GPR Passed through activated alumina,then 

distilled from sodium. 

Methoxybenzene GPR Passed through activated alumina,then 

distilled from sodium. 

l,2-dimethylbenzene GPR Fractionally distilled from P2 OS. 

l,3-dimethylbenzene GPR Fractionally distilled from P2 O&. 

Nitrobenzene GPR Passed through activated alUmina, 

distilled from P20S. 
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Table 2.31 continued 

Solvent 

Dichloromethane 

Trichloromethane 

Tetrachloromethane 

Methanal 

Ethanol (Absolute) 

Ethyl acetate 

Tetrahydrofuran 

Diglyme 

Grade 

AR 

AR 

GPR 

AR 

AR 

GPR 

GPR 

GPR 

Method 

Used as received. 

Used as received. 

Distilled from P2 0s 

Used as received 

Used as received 

Distilled from P2 0S prior to use. 

Dried over sodium/potassium and 

distilled prior to use. 

Dried over sodium, then distilled 

prior to use. 
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2.5.1.2 Preparation of 1-chloro-2-Ctrichloromethyl)cyclohexane (I). 

Tetrachloromethane (50ml, 0.52 moles), cyclohexene 

C1.74g, 0.02 moles), and (RuCl:;:(PPh3 )3) (0.5g, 5.2 X 10-4 moles) were 

refluxed under nitrogen for 48 hours. The solvent was removed under 

reduced pressure and the remaining reaction mixture then fractionally 

distilled. Two fractions were collected, of which the second 

(800 -84°C) was found to contain a mixture of trans and cis isomers of 

the required product (2. 15g, 43 %). This was characterised by 

'H JKR and mass spectra. The 'H NMR spectrum in tetrachloromethane 

shows resonances due to both trans and cis isomers, at the chemical 

shifts reported in the literature (Table 2.32)4. 

Table 2.324 Chemical shifts of protons in the two isomers of (I). 

Isomer 

cis 

trans 

H-CCI 

(0) 

4.93 (1I) 

4.51 (1I) 

H-CCb 

CO) 

2.6 (m) 

2.8 (m) 

1.37-2.53 (m) 

1. 37-2.53 (m) 

The mass spectrum showed ions at mlz 234 (X+ based on 3SCl) , 

199 (X-Cl+), 163 (X-H-2Cl+), 127 (X-2H-3Cl+). The purity was assessed 

by GLC and found to be 99 %. 

- 172-



2.5.1.3.Preparltion of Z.Z-dichlorobicyclo(4. 1. 0] heptane 

(Z.7-dichlqronorcarane)04. 

This was prepared according to the literature method which involved 

the reaction of a strong base with a haloalkane to generate the 

dichlorocarbene which in the presence of cyclohexene forms 

7,Z-dichloronorcarane (equation 2.59)34. 

HCCb + o KOBut. 
) ()< (2.59) 

59 % 

Potassium metal (12g. 0.3 mole) and t-butanol (300 ml) (which had been 

dried over activated magnesium filings prior to the reaction) were 

refluxed with stirring until all the potassium had reacted. The 

stirred solution was evaporated down to dryness then dried in a vacuum 

oven at 150°C. Cyclohexene <200 ml) was slowly added to the resulting 

white powder. The flask was then placed in an ice bath and the 

contents allowed to cool. Trichloromethane (24 ml) was added in a 

dropwise fashion, the mixture reacting Vigorously. forming a 

gelatinous mass. which was difficult to stir. Pentane (50 ml) was 

added, and with stirring the remainder of the trichloromethane could 

be added. The dark brown mixture was stirred for a further 30 minutes 

at room temperature, then poured into water (250 ml). The organic 

layer was separated, combined with a further pentane extract of the 

aqueous layer and dried over anhydrous magnesium sulphate. The 

solution was distilled, to remove the solvent and then fractionally 

distilled in vacuo to give 50.2g <21.2 %, yield based on 

trichloromethane used) of 7,7-dichloronorcarane. This was identified 

by IR. lH-JXR and mass spectra. The IR showed a characteristic C-H 

stretch at 3012 cm- 1 and a ring deformation mode of the cyclopropyl 

- 173-



ri ng3S at 1025 cm-'. 

The 'H-IMR showed peaks consisting of multiplets at 01.38 and 

01.70 ppm which are assigned to ~-methylene and ~-methylene protons 

respectively36. The mass spectrum showed ions at mJz K+ 164 <based on 

3SCl), 93 (C7H9+), 81(Cs H9+), 55(C4H7+). 

The purity of 7,7-dichloronorcarane was assessed by GLC to be 99.0 %. 

2.5.1.4 Preparation of 3-chlorocyclghex-1-ene. 

3-chlorocyclohex-1-ene was prepared by chlorinating cyclohexen-3-o1 

with thionyl chloride37
• Thionyl chloride was purified by distilling 

twice over sulphur prior to use. A stirred solution of thionyl 

chloride (3.05g, 0.026 mmoles) in diether ether (25 ml) under nitrogen 

was cooled in an ice-bath maintained at -15°C by the addition of 

ammonium chloride. A solution of cyclohexen-3-o1 (5g, 0.05 moles) in 

diethyl ether (25 ml) was added dropwise and an exothermic reaction 

ensued. Once the reaction was completed, the diethyl ether was removed 

under vacuum whilst maintaining the solution at -15°C. The residue was 

flash distilled, resulting in 0.65g (11 ~) of 3-chlorocyclohex-1-ene. 

The mass spectrum showed X· 116 (based on 36Cl). Other fragDents 

included 81(~H,+),and 55(C4 H7 +). The 'H-IXR (CDCI3), showed the 

peaks at 01.50-2.50 (m, 6H, CH2) , 04.55 (br s, 1H) and 

05.80-5.90 (br s, 2H). The 'H-IXR also showed the presence of some 

diethyl ether. However, due to the low yield of the reaction and the 

high volatility of the material it was not further purified. The 

purity as assessed by GLe was found to be 76 %. 
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2.5.1.5 Reaction betweo:>n cyclohexene and tetrachloromethane in. the 

presence of [Co-(CO)sJ 

The reaction was carried out as described in the literature 1
• 

Tetrachloromethane (6.41g, 40 mmoles) , cyclohexene (16.2g, 197 mmoles) 

and [C02 (CO)eJ (0.65g, 2 mmoles) were refluxed in hexane (25 ml) for 

6 hours (after being degassed three times by the freeze-pump-thaw 

method). After the reaction was complete a small sample (3 ml) was 

syringed out for GLC analysis. 

This analysiS was carried out on a 25m BPIO column with an oven 

temperature of 150a C; an injector temperature of 225°C; a detector 

temperature of 250°C and a flow rate of 1 ml min-'. Methyl myristate 

was employed as internal standard. The response factor was measured 

three times during the analysis. The yield was calculated as 

illustrated in Appendix 5. The chromatogram (figure 2.1) shows two 

peaks which were identified by GC-KS, as arising from 

3-(trichloromethyl)cyclohex-l-ene and (trichloromethyl)cyclohexane. 

The mass spectra are represented in Appendix 6. 

The remainder of the reaction mixture was filtered under 

nitrogen. A dirty pink solid (l.83g> was collected and found to 

contain Cor r and Cl- ions, whilst the filtrate was reduced and the 

residue was vacuum sublimed at 45°C producing [ClCC03(CO)91 

(0.2g, 22 ~). 
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2.5.1.6 Reaction between tetrachloromethane and [CO~(CO)eJ in hexane 

Tetrachloromethane (21.4g, 139 mmoles) was added to (COz(CO)aJ 

(4.50g,13.2 mmoles) in hexane (fraction) (100 ml) and the mixture 

stirred at 65°C for 7 hours (controlled via a thermostatically 

regulated water bath). The product was filtered under nitrogen 

producing a pink-grey preCipitate containing Call and Cl- ions. The 

volatiles were removed from the filtrate under reduced pressure and 

separated by fractional distillation. GLC analysis was carried out 

{using a 25m BP10 column at eooc, other conditions as described 

previously (sect 2.5.1.5», the highest boiling fraction showing that 

the major peak was not due to tetrachloroethene (AppendiX 1). (The 

large number of peaks in the solvent front is due to using hexane 

fraction). The other fractions were also investigated by GLC for 

tetrachloroethene but again none were found. The involatile residue 

was taken up in hexane and analysed for hexachloroethane but none was 

detected (using a BPIO column at 150°C other conditions as previously 

described). After this solution was concentrated under reduced 

pressure, column chromatography of the residual liquor using pentane 

as eluant yielded [ClCCo3(CO),] (40 ~) identified by its mass and 

infrared spectra. A trace amount of [Co.(CO)'2] was also detected by 

infrared and mass spectroscopy. 
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2.5.1.7 Reaction of l-chloro-2-(trichloromethyl)cyclohexane in hexane 

in the (a) absence and (b) presence Of [CO-(CO)3] 

(a) Absence Of [CO-(CO)3] 

The adduct (0.331g, 1.40 mmoles) was heated in hexane (25 ml) (with 

methyl myristate present (0.21g)j employed as a GLC standard) under 

nitrogen for 15 hours. Periodically, over the first 5 hours, the 

reaction was sampled (by syringe) and the samples analysed by GLC 

(conditions as 2.5.1.5). A final sample was taken after 15 hours. 

The gas chromatograms recorded during this experiment showed that 

1-chloro-2-(trichloromethyl)cyclohexane did not decompose on heating. 

The isomeric ratio also remained unaffected. 

(b) Presence Of [C02 (CQ)8] 

The reaction was carried out in an identical manner to (a) but 

[C02(CO)S] (0. 722g, 2.11 mmol) was present. In this case the adduct 

was observed to decompose to 30 ~ of its initial value, (figure 2.2). 

The products observed in this reaction were 

3-(trichloromethyl)cyclohex-1-ene, (trichloromethyl)cyclohexane, the 

cluster,[ClCCo3(CO),)] and cobalt(!!) chloride. 
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2.4.2 The effect of using a variety of catalysts on the addition of 

tetrachloromethane to cyclohexene. 

2.4.2.1 Preparation Of catalysts 

The source of all the catalysts used is shown in Table 2.30. 

(a) Preparation Of cyclopentadienyltricarbony1mo1ybdenym dimer 

010- (CQ)sCp.,] 

21aH + 2Cp __ T:...:.HF=--_~). 21aCp + 

laCp + [Xc(CO)s] THF ) 

(2.60) 

(2.61> 

2[la+{Xo(CO)3Cp)-] + [Fe~(S04)(aq)1 ~[Xo2(CO)sCp21 + 2Fe(S04)2 

+ la2 S04 (2.62) 

This complex was prepared according to the literature method29 . Sodium 

cyclopentadienyl was prepared from sodium hydride (O.l8g, 7.5 mmole) 

and freshly distilled cyclopentadiene (1.45ml. 7.5 mmole) in freshly 

distilled tetrahydrofuran (40ml). Xolybdenum hexacarbonyl 

(1.33g. 5.04 mmole) was added against a nitrogen counterstream. then 

the solution was degassed by the freeze-pump-thaw technique. This 

solution was refluxed for 6 hours. after which an acidified solution 

of iron(III) sulphate (1.38g. 2.46 mmole in 20ml of distilled water, 

acidified with 2ml of glacial acetic acid) was added at -10o C. which 

resulted in the immediate formation of purple crystals of 

[Xo2(CO)sCp2 1. Part of the solvent (20ml) was then removed under 

vacuum and the remainder of the solution was filtered (under 

nitrogen). The crystals were washed with distilled water and n-pentane 

and dried in vacuo. (Yield 82 t). The complex was identified by IR 

spectroscopy (in isooctane solution) and elemental analysis. 

IR: Veo 1889, 1859 cm- 1
• 
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Elemental analysis Found: C, 39.28 ~i H, 2.60 ~. 

Calculated C, 39.37 ~i H, 2.06. 

(b)Preparation of dlchlorotr1s(tr1phenylphgsph1ne)ruthen1um(II). 

[ RuCl- (PPh3 ) 3] • 

Products 

The reaction was carried aut according to the literature method29 • 

Ruthenium(III) chloride trihydrate (0.5g t 1.91 mmole) was dissolved 1n 

methanal (120m!) then degassed by heating under nitrogen for 2 hours. 

Triphenylphosphine (3g, 11.0 mmoles) was then added under a nitrogen 

counterstream and the mixture was refluxed for 3 hours. Black crystals 

of the product were farmed and these were filtered. washed with ether 

under nitrogen and dried in vacuo. (Yield 83 %). 

Elemental analysis Found: C, 67.80 %j H, 4.76 %i CI, 7.34 %. 

Calculated Ct 67.64 %i H. 4.73 %j CI, 7.34 %. 

(c) Preparatign pf ~DIQPbis(dichlgrpmgnp(DlOP)ruthen1ym(II), 

[ RYzCl. <DIPP) 3] . 

12 , [Ru2C14(DIOP)31 + 6PP~ 

Hexane 

(2.64) 

The reaction was carried out according to a literature method~2. 

Dichlorotris(triphenylphosphine)ruthenium(II) (0. 17g, 0.17 mmole) and 

(-)-DIOP (0.14g, 0.209 mmole) were dissolved in hexane (20ml) , 

degassed and then refluxed under nitrogen for 6 hours. A green 

precipitate of [Ru2Cl4(DIOP)31 resulted which was collected by 

filtration, washed with hexane and vacuum dried. (Yield 50 %). The 
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complex was identified by its IR spectrum which showed v(Ru-Cl) at 310 

cm- I
• Its electronic spectrum showed the expected maxima at 455nm and 

700nm. The purity was assessed by TLC on silica plates which showed 

only one component. 

(d) Preparation of chlgrotris(triphenylphgsphine)rhodlym(I). 

[RhCl (PPh3hJ . 

Ethanol 

12, 3 hours Products 

(2.65) 

The reaction was carried out according to the literature method33 • 

Ethanol (95 ~, 150ml) was degassed by refluxing for 2 hours under 

nitrogen. Rhodium(III) chloride trihydrate (0.5g, 0.19 mmoles> and 

recrystallised triphenylphosphine (3g, 11.0 mmcles> was added. The 

mixture was refluxed under nitrogen for 3 hours which resulted in a 

red crystalline solid of [RhCI(PPh3)3J. This was removed by filtration 

and dried in a vacuum oven. (Yield 92 ~). 

Elemental analysis Found: C, 70.08 %; H, 4.89 ~; CI. 3.83 %. 

Calculated C. 70.10 ~; H, 4.89 ~; CI, 3.83 %. 
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2.5.2.2 A study of the reaction between tetrachloromethane and 

cyclohexene in the presence Of various catalysts. 

The reactions were carried out in an identical manner so that the 

results would be comparable. The series of reactions which were 

studied in sealed tubes were 

(i) Metal carbonyl catalysts (except [C02 (CO)el and 

[(CsHsCO)20z1 which were carried out as refluxes). 

(ii) Ruthenium based catalysts. 

The reactions with ruthenium and rhodium complexes containing DIOP and 

DIPHOS ligands were carried out under reflux. 

Typically, The catalyst (4.0 X 10-6 moles) was weighed into the 

tube, the reagents (tetrachloromethane ( 1.5 ml, 0.0155 moles), 

cyclohexene (0.5 ml, 5.1 X 10-3 moles) in a solvent (O.3ml) were then 

syringed into the tube and immediately afterwards,the tube and its 

contents were degassed by the freeze-pump-thaw method (three times). 

The tube was sealed, allowed to warm up to room temperature and then 

heated in an oven at 80°C for 6 hours. The ratio of reagents used of 

CC14 cyclohexene: [Catalyst] was 388 : 125 1. 

When the reaction was carried out as a reflux the same ratio of 

tetrachloromethane to cyclohexene to catalyst was used on a larger 

scale. In the case of [<CsHsOO)20z1, this compound was dried over 

anhydrous sodium sulphite in toluene under nitrogen overnight. Then 

the appropriate quantity was syringed into the rest of the degassed 

mixture and refluxed under nitrogen for 6 hours. 

All reactions were performed in duplicate. 
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2.5.2.3 A study of the reaction between tetrachlorOmethane and 

cyclohexene in the presence Of rhodium and rutheniym complexes 

containing DIOP and DIPHOS ligands. 

The catalyst was generated in situ and the reaction was carried out as 

suggested in the literatures. 

Typically. the catalyst (Rh(COD)zClz ] (0.l8g. 0.0375 mmoles) and 

(-)-DIOP (0.0406g. 0.0825 mmoles) were added to benzene (3.5ml) in a 

Schlenck tube and then degassed (by the freeze-pump-thaw method). This 

solution of catalyst was added to a reaction vessel (by means of a 

transfer needle) containing cyclohexene (0.42g. 5.1 mmcles). CCl 4 

(2. 32g. 0.015 moles). methyl myristate (0.1g) and benzene (12.5 ml). 

The mixture was refluxed under nitrogen at 80°C for 18 hours. 

The reactions with {[Rh(COD)zClz]/(DIPHOS}. {[RuClz(PPho)~]/(DIOP)]. 

{[RuClz(PP~)31/<DIPHOS)} and the appropriate blank reactions (with 

phosphine only) were all carried out in this way. 

2.5.4.1 The effect Of the addition Of tetrachloromethane to alkenes in 

the presence of [RuClz(PPh3 )3]. 

All the reactions were carried out in sealed tubes. The solvents used 

were purified by methods described in Table 2.31. Typically. 

[RuClz<PPh3)31 (O.037g. 0.039 mmoles) was weighed into the tube. 

Cyclohexene (0.41g. 5.0 mmoles). tetrachloromethane 

(2. 35g. 1.54 DOles). methyl myristate (O.lg) (internal standard) and 

solvent were mixed and then syringed into the tube. The tube was 

immediately degassed. sealed and then allowed to eqUilibrate to room 

temperature. Finally the tube was placed in an oven at 800 C for 6 

hours. The reaction mixture was analysed by GLC <conditions as in 

sect. 2.5.1.8). 
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It should be noted that methyl myristate was used as internal standard 

for all the reactions except those carried aut in ethanol and ethyl 

acetate. It was found that in these solvents, in the presence of 

(RuCI~(PPho)3]' methyl myristate becomes trans-esterified to ethyl 

myristate. Therefore, in these solvents heptane was used as an 

internal standard. 

2.4.3.2 The effect of a resin an the addition of tetrachioromethane tq 

cyclohexene in the presence of [RuCI-(PPbo)3] 

(a) Preparation Of resin 

This was prepared according to the literature method of 

Berbreiter et aI 2 '. 

Amberlyst 15, a macroreticular sulphonated polystyrene, PS-SOoH 

(purchased from Aldrich) (50g) was slurried with distilled water 

(200m!) and poured in a column (40 X 2.5 cm) with a plug of glass wool 

at the bottom. A solution of sodium hydroxide (1 mol dm- 3
, 550ml) was 

passed through the column over a period of 2 hours, in order to 

convert the resin to PS-S03Ia. The column was washed with distilled 

water (2 dm-3) , until the effluent became neutral to pH paper. An 

aqueous solution of silver nitrate (47g t 0.28 moles in 2 dm- 3 of 

distilled water) was passed through the column over 24 hours until a 

precipitate of silver chloride was formed in the effluent on addition 

of aqueous sodium chloride solution. The resin was then washed with 

distilled water until all the excess silver had been removed (checked 

by the above test). The resin was then transferred to a beaker washed 

with ethanol, drained, washed with diethyl ether, air dried and 

finally dried in a vacuum oven for 24 hours. 

- 183-



(b) The effect of the resin on the addition of tetrachloromethane to 

cyclohexene in the presence of (RuCl-(PPho)ol I 

These reactions were carried out in exactly the same way as in section 

2.5.3. I. but with the addition of resin (0.5g) to the tube. When each 

resin reaction was carried out, a blank was run Simultaneously. 

2.5.3.3 The effect of the catalysts [RuCl~{(4-X-C6H4)~P}~) on the 

addition Of tetrachioromethane to cyclohexene and oct-l-ene. 

All the catalysts were prepared according to the literature methods, 

wi th some amendments31 . 39. 

Methanol (40ml) was added to ruthenium(III) chloride trihydrate 

(0. 14g, 0.53 mmoles) then the solution was degassed by heating under 

nitrogen for 2 hours. This solution was transferred via a transfer 

needle to a reaction vessel containing tris(4-chlorophenyl)phosphine 

(O.64g, 1.75 mmoles). This mixture was refluxed for 18 hours. After 

this time the solution became orange, with a green precipitate at the 

bottom of the vessel. The solution was filtered under nitrogen. The 

solid green material was collected. (X.p 171°C). This melting point 

suggests that the compound is likely to be 

[RuCI2{(4-CI-CeH4)3P)2XeOH1. The filtrate was concentrated by vacuum 

to half its volume. This resulted in an orange product being 

preCipitated. The solution was placed in the refrigerator for 12 

hours. The solid was collected by filtration, washed with methanol and 

petroleum ether and dried under vacuum. (Yield 55 %). M.p 178-182°C 
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<lit. 182""0. 

Elemental analysis Found: C, 50.23 %j H, 2.99 %j Cl,31.31 %. 

Calculated C, 51.12 %j H, 2.86 %; Cl,30.74 %. 

RuCb.3H;zO + 6 {(4-CH30-~H4 h,P) ~ [RuCh {(4-CH30-Ce.H4) 3Ph] 

+ Other products 

Ethanol (80ml) was added to ruthenium(III) chloride trihydrate 

(0.425g, 1.6 mmoles) and tris(4-methoxyphenyl)phosphine 

(2.67 ) 

(3.43g, 9.6 mmoles) and the solution was refluxed under nitrogen for 

6 hours. Deep red crystals of the product were filtered off before the 

solution cooled (Yield 81 %). 

Elemental analysis Found: C,60.78 %j H, 5.19 %. 

Calculated C,61.57 %j H, 5.17 %. 

(c) Preparatign of tRyClz{(4-CHo-Cs H4)oP)oJ 

The reaction was carried out in the same way as (b) using 

ruthenium(III) chloride trihydrate (0. 2125g, 0.81 mmoles) and 

tris(4-methylphenyl)-phosphine (1.48g, 4.87 mmcles) , resulting in 

deep red crystals. (Yield 50 %). 

Elemental analysis Found: C, 69.09 %j H, 6.34 %j Cl 7.11 %. 

Calculated C, 69.74 %j H, 5.85 %; Cl 6.53 %. 

- 185-



The effect Of the catalysts [RuCl~{(4-X-C6H4)3P}3] on the reaction 

between tetrachloromethane and cyclohexene/oct-l-ene 

This series of reactions was carried out by reflux under nitrogen for 

6 hours. In each reaction, cyclohexene (0.41g. 5.0 mmoles). (or 

oct-l-ene). tetrachloromethane (2.35g, 0.0155 moles), the catalyst 

(4.0 X 10-5 moles) and the solvent <hexane and benzene) were degassed 

and heated. The solutions were then analysed by GLC (as in 

sect. 2.5.1. 8). 

2.5.3.4 The effect Of [RuCl~(PPh3)3] on the additipn pf 

tetrachlorpmethane tp cyclphexa-l.3-diene, 

Cyclohexa-1.3-diene was purified before use by distilling from sodium 

borohydride. The adduct formed was isolated by vacuum distillation. 

Typically. cyclohexa-l.3-diene (O.26g. 3.25 mmole). tetrachloromethane 

(1.65g. 10.5 mmoles) and [RuCl 2 (PPh3)31 (O.013g. 0.0135 mmoles) were 

syringed into a tube, degassed, sealed, allowed to eqUilibrate to room 

temperature and then heated in an oven at 80°C for 5 hours. 

Anal)?Sis 

The reaction mixtures were analysed using a HRGC 5160 mega series 

chromatograph with a 25m WCDT column. The oven temperature was 150°C, 

the injector temperature was 225o C. the detector temperature was 2500 C 

and the flow rate was 75 mlmin-'. Kethyl myristate was included as 

internal standard throughout. 
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Appendix 3 Worked example of the calculation of the dissociation 

constant for [RuClz(PPh~)~] 

[RuCl~(PPh~)~] is known to dissociate in solution according to the 

equilibrium: 

[ RuCb (PPh3) 3] 

I 
x 

[RuCb (PPh3h] 
I 
y 

t PPhs 

I 
z 

The 31p IXR spectrum at -60o C shows three resonances in most solvents: 

Resonance, ppm Assigned species 

4-8 Free triphenylphosphine 

40 

70-90 

Two resonances are observed for the non-equivalent phosphines in the 

complex. At lower temperatures (-90o C) resonances due the dimer can 

also be observed (figure 2.5). 

The total concentration of complex,c is given by: 

C :: X + y. 
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Integration of the spectrum gives the ratio x/yo 

Thus x and y can be defined and used to calculate the equilibrium 

constant K where 

K = y2 I x and 

% Dissociation = <y I c) X 100 

For Dichloromethane 

x I Y = 6.25 and c = 9.04 X 10-3 mol dm-3 

then y = 9.04 X 10-3 I 6.25 = 1.25 X 10-3 mol dm-3 

x = 6.25 X 1.25 X 10-3 mol dm- 3 

Therefore, K = <1.25 X 10-3 )2 I 7.79 X 10-3 = 2.0 1 10-4 

% Dissociation = (1.251 10-3 I 9.04 X 10-3 ) X 100 = 14 %. 
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Appendix 5 Calculation Of yield from GLC. 

These can be carried out by measuring the integrated area of a peak 

which is directly proportional to the amount of solute eluted. Peak 

height may also be used but generally is less reliable. If all the 

components of a reaction mixture are similar in chemical composition 

so that detection sensitivity is the same for each peak then the 

percentage weight of a component i, is given by 

Percentage i = area of component,i 

total area 

X 100 

However, this assumption cannot be made for these experiments as the 

response does vary. This can be accounted for by a response factor, 

R~. 

R~ = area of component, i X weight of standard 

area of standard weight of component , i 

The standard used may be (1) external or (2) internal. 

(1) External standard 

A known quantity of a standard is added to the reaction mixture, after 

the reaction has been completed. Then the component and standard areas 

can be compared, and the quantity of component i can be calculated on 

the basis of the known quantity of standard. 
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(2) Internal standard 

An internal standard is a material which is added to the reaction 

mixture before the reaction is started. so it is an inert substance 

which does nat partiCipate. This method was used for all the GLe work 

carried aut. using methylmyristate (except where stated otherwise) as 

the internal standard. The yield was calculated as : 

Weight of component i in injected sample. Wi 

= area of component,i X Response factor 

area of standard weight of standard 

Total number of moles of component i produced, n1 

= 
Xolecular weight of component, i 

Therefore, 

percentage yield ~ = -------------------------
number of moles of starting material 
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Appendix 6 Explanation Of maSS spectra Of peaks (d) and (e). 

Peak (d) 

The mass spectrum of peak (d) does not show a molecular ion which 

would be expected at mlz 198. However the largest fragment at 162 

shows a dichlorinated pattern corresponding to the loss of HCl from 

the molecular 10n. 

CC~ t 

n_-HC~I ) 
"-/ 

m/z 198 

+ . 6 _-C_l_i» 

1IIz 162 

+ 

6 -HCI 
:. 

JJlz 121 JJlz 91 

The further loss of chlorine leaves a monochlorinated fragment with a 

molecular weight of 127. This undergoes further loss of HClresulting 

in the formation of the tropylium ion (m/z 91). This suggests that 

peak A is 3-tr1chloromethylcyclohexene. 

Peak B : 

This mass spectrum shows a very small molecular ion peaks at mlz 200, 

however due to their small size the isotope pattern cannot be clearly 

distinguished. However, both trichlorocyclohexene and 1-chloro-2-

(dichloromethyl)cyclohexane could also show this pattern. This can be 

explained by the losses : 
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Cl 

OCC11.H 

m/z 200 

..J 

mlz 165 m/z 83 

l-Cl. 
+ • 

6
·~' 

m/z 129 

l~l 
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o Dlz 82' 
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CHAPTER 3 KETAL CATALYSED FORMATION OF LACTOBES 
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3.1 Introduction 

It has been reported that dichloro and trichloroacetic acids react 

with alkenes in the presence of [RuCI2 (PPh3 )31 forming chloro

substituted lactones in high yields (see chapter I, sect. 1.3.4). 

The present work has been concerned with reassessing the efficiency of 

these reactions and extending them to bromo-substituted lactones. Such 

compounds, containing the weaker C-Br bond should be more amenable to 

further reaction, allowing the formation of other substituted 

lactones. The reactions involving trichloroacetic acid in the presence 

of iron- and molybdenum-containing catalysts have also been studied. 

3.2 The reActions between trichloroacetic acid And alkenes. 

3.2.1 Results and discyssion. 

3.2.1.1 The reaction between trichloroacetic acid and alkenes in the 

presence Of [RyC12(PPh3)a1 

The reactions studied (equation 3.1) were carried out according to 

literature methods 1
• A typical composition of the reaction mixture 

obtained from dodec-1-ene after 6 hours at 110°C is shown in Fig 3.1. 

In all cases, lower yields of lactone were obtained than those 

previously reported (Table 3.1). The overall mass balance of these 

reactions can be accounted for in terms of the presence of unreacted 

alkene and the formation of small quantities of esters 

(RCH(OCOOC13)CH3) formed by a Xarkovnikov addition reaction <see 

later). (Activity tests were carried out on the catalysts prior to the 

experiments in order to check that the catalytic activity of the 

(RuC12(PPh3)31 complex had not deteriorated. This was accomplished by 
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(c) 

<f) 

(e) 

·Le 4.8. _ 6~~ nUt. 8.8 18.8 12.8 
(a) = tolueD8, (b) = dodec-l-eDe. 

(d) = 2-d.odecJl trlchlaroacetate. 

(f) = Bethyl .,ristate. 

(c) = S-dodecyl trichloroacetate. 

<e) = unJmown, 

(g) = 4-decyl-2.2-dlchloro-l-butyrolactone. 



Table 3.1 The [paction between trichloroacetic acid and alkenes in 

[RuCb (PPh",h] ) 

R 

'" o/i CI 

\~ 
II CI 
o 

(3. 1) 

Alkene ~ Yield'" r. Unreacted alkene 

Lactone Ester 

Hex-l-ene 72.5 (79) 5.6 16.3 

Oct-1-ene 58.3 (81) 2.4 39.3 

Dec-1-eneb 55.0 (85) 3.9 3.0 

Dodec-l-ene 62.4 (74) 24.1 11. 2 

• ~ Yields (GL() based on alkene charged. The yields are the average of 

four runs in each case. 

(~) represent literature values 1
• 

bOne peak present in GLe which is unidentified <26 % by area). 

testing the catalysts on a known reaction, the addition of 

tetrachloromethane to oct-l-ene). The reason for the differences 

observed, compared with the published results, was not apparent. 

In order to eliminate any possibility of solvent loss during reflux 

reactions, the reaction was carried out several times in sealed tubes. 

The results were similar to those obtained when the reaction was 

carried out by reflux <e.g.55 ~ yield of 4-hexyl-2,2-dichloro-l-

butyrolactone based on oct-l-ene). 
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This study shows that the major product of the reaction is a 

lactone, as suggested by the literature l
• However, a small quantity of 

an ester farmed by a Karkovnikov addition is also present in each 

case. In reactions employing hex-l-ene, oct-l-ene, and dec-l-ene the 

yield of ester was very small (2-6 ~), whereas in the case of 

dodec-l-ene the yield of ester was 24 ~. There is no obvious reason 

for this change in behaviour. 

It is likely that the formation of the ester is an acid catalysed 

process initiated by hydrogen chloride released on lactone formation 

which promotes ester formation (equations 3.2 and 3.3) . 

..... 
RCH=CH:;: + H+ 

~ 
RCH-Clb (3.2) 

RtHClb + CCbCOOH ~ RCH-Clb + H+ (3.3) 
I 
o-C-CCb 

II 
0 

It has been suggested in literature that the mechanism by which the 

lactone is formed involves the catalytic dehydrochlorination of an 

intermediate acid (equations 3.4 and 3.5). 

[RuCh (PPlbbl ~ 

RCHCICH2 
I 
CCl:o:COOH 

RCHClCH2 
I 
CCbCOOH 

RCHClb + 
I 
OCCCb 

II 
o 

HCl 

(3.4) 

(3.5) 

However, an alternative mechanism (scheme 3.1) which is consistent 

with previous mechanistic studies on RCH=CH2-CC1 4 reactions in the 

presence of (RuC12(PPh3)31 can be advanced. 
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Scheme 3.1 . Alternatiye mechanism for the addition Of trichlorQacAtic 

acid to alkenes in the pr~spnce of [RuCl~(PPh~)-} 

R~H-CH2 
I 

OH CCl:.: 
\/ 

Rh + HCl (3.9) 

O~CI 

1/ CI C 
I 
o 

o 

Thus reaction of [RuCl2(PPh3)3] with CCl 3 C02 H will give the radical 

pair shown in equation 3.7. Subsequent reaction with RCH=CH2 will 
• 

generate the new radical pair {RuCl3 (PPh3)2·} {RCHCH2CCI 2 C02H}. 

Collapse of this radical pair, in the normal way, by chlorine atom 

abstraction from ruthenium(III) will give the acid. However, an 

alternative mechanism involving the elimination of HCl from the 

radical pair will yield the lactone directly (scheme 3.1). These two 

mechanistic possibilities could presumably be tested by synthesising 

the acid and investigating its reaction with [RuCI2 (PPh3)3)2. 

Unfortunately, time did not permit this to be done in the present 

work. 

It is also possible that the lactone could be formed from the ester by 

dehydrochlorination in the presence of [RuCl2 (PPh3)3J (equation 3.10). 

RCHCH."3 
I 
O-C-CCb 

U o 

A 

) ohC1 

II CI 

+ HCl (3.10) 

o 
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However. when this experiment was carried out, no lactone was formed. 

This is not perhaps unexpected as the required C-H bond cleavage is 

energetically unfavourable. When the reaction between trichloroacetic 

acid and alkene was carried out in the presence of a variety af iran 

and molybdenum-containing catalysts, the yields of lactone were 8-12 % 

whilst those of the esters were 50-58 % <Table 3.2). [{CpMO(CO)3}2CH=] 

showed somewhat exceptional behaviour in this series in producing the 

lactone in a 30 % yield. 

Table 3,2 The reaction between trichloroacetic acid and oct-1 ene in 

the presence of various catalysts, 

Catalyst % Yield of lactone- % Yield of ester· 

[CpFe (cO) 2] 2 9.9 57.0 

[Cp*Fe (Co) 2] 2 12.1 49.5 

[CpXeFe(CO)2)2 11. 1 58.0 

[ {CpFe(CO)2}2CH2) 8.9 50.4 

[ {CpMo (CO)3) 2CH2J 30.8 48.4 

• S Yields (GLC) based on alkene charged. 
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3.2.1.2 The rpaction between trichloroacetic acid and alkenes in thp 

prpsence Of benzoyl pero~1de. 

When this reaction was carried out in the presence of benzoyl peroxide 

the major product was found to be the Markovnikov ester as shown in 

Figure 3.2. The results (Table 3.3) showed that with increased chain 

length, the yield of ester decreased, (figure 3.3) 1n an approximately 

linear fashion until dodec-1-ene. The yield of lactone formed was 

small, varying between 2-8 %. The reaction between trichloroacetic 

acid and the alkene was also studied in the absence of free radical 

initiators and catalysts in the dark. The results showed that some 

ester (20 %) and lactone (1 %) were formed <Table 3.4). 

It is noteworthy that, in addition to the major products, there 

is a minor product in each reaction, identified as 

R'CH(OCOCCl3)CH2CH3. This is always present but its yield depends on 

the catalyst or initiator used. It was observed that the percentage 

area of this product expressed as a percentage of the area of the 

Markovnikov ester (analysed by OLC) increased in the presence of the 

ruthenium catalyst and decreased in the presence of free radical 

initiators and in the blank reaction <Table 3.5). This same product 

was also observed for the reactions catalysed by iron and molybdenum 

catalysts <Table 3.6), 
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Figure 3,2 Reaction between dcxiec-:l-ene and trichloroacetic acid in the presence of 

benzo1l ;peroxide 

. . . 
(I) • 
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(b) 
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- :' .:. ~ (1

1

) 
F,"" "'E~ 

-~.::. -~ -~ 

.~ t 

~ I 

(a) = toluene, (b) = dodec-l-ene, (c) = unknown 

Cd) = unknown, (e) = unknown, (f) = methyl myristate, 

(g) = 3-dodecyl trichloroacetate, {h) = 2-dodecyl trichloroacetate, 

(i) = 4-decyl-2,2-dichloro-l-butyrolactone. 



Table 3.3 

Alkene 

Hex-1-ene 

Qct-l-ene 

Dec-1-eneo 

Dodec-1-ene c 

The rQaction between trichloroaceti~ acid and alkenps 

in the presence Of benzoyl peroxide 

% Yield" 

Lactone 

2.4 

8.4 

5.4 

5.8 

Ester 

81. 3 

60.1 

41. 6 

39.5 

% Unreacted alkene 

13.3 

20.8 

21. 4 

38.1 

- ~ Yields (GLC) based on alkene charged. 

o Small quantities of other esters were also observed in this case. 

These were 2-oetyl trichloroaeetate <1.7 %), and 2-hexyl 

trichloroacetate <4.2 %) 

c One other unidentified peak present (8.6 % by area). 

Table 3.4 The reaction between trichloroacetic acid and alkenes in 

the absence Of catalysts and benzoyl peroxide. 

Alkene % Yield-

Lactone Ester 

Hex-1-ene 

Qct-l-ene 

Dec-1-ene 

Dodee-1-ene 

1.9 

2.5 

3.0 

9.0 

-% Yields (GLC) based on alkene charged. 
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28.0 
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Figure 3.3: Relationship between yield 
-- of ester and alkene chain IengiD. 

100 I Yield of Ester 
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Table 3.5 

Alkene 

Iny~stigation Of 3-alkyl trichloroacetate formation 

Ratio (by ~ area·) of 2- : 3-alkyl trichlaraacetate 

in the presence of 

Benzoyl peroxide No catalyst 

Hex-l-ene 

Oct-l-ene 

Dec-l-ene 

Dadec-l-ene 

7 

6 

5 

8 

1 

1 

1 

1 

• Area measured by GLC. 

16 

18 

18 

15 

1 

1 

1 

1 

10 

12 

11 

16 

1 

1 

1 

1 

Iable 3.6 Investigation of 3-alkyl trichloroacetate formation in 

the presence Of various irgn- and molybdenum- catalysts 

catalyst Ratio (by ~ area) of 

2-octyl trichloroacetate : 3-octyl trichloroacete 

[ CpFe (CO> 2] 2 15 1 

[Cp'-Fe (CO> 2]:';;: 16 1 

[CpKeFe (CO> 2] 2 15 1 

[ {CpFe(CO):,;;:}:zCH:,;;:] 16 1 

[ {CpKO(CO)3}:,;;:CH:zJ 18 1 
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This product was identified by GC/MS where the characteristic fragment 

ion [CH3CH~CH-OCOCC13]+ was observed. However, quantitative work was 

not carried aut since it required a pure sample of the 3-alkyl 

trichloroacetate in order to establish GLC response factors. This 

would be difficult to achieve as the product would be difficult to 

separate from the isomer i.e. 2-alkyl trichloroacetate when present as 

a relatively small proportion. It is suggested that the product is 

formed by the isomerisation of the alk-1-ene to alk-2-ene in the 

presence of [RuC1 2 (PPh3)3], fallowed by an acid catalysed addition of 

trichloroacetic acid (equations 3.11-3.12>. 

(3.11) 

(3. 12 > 

In the presence of the iran catalysts, very little lactone was formed 

(9-12 % y1eld> and the major product was the Xarkovnikov ester in 

50-58 % yield as well as the 3-alkyl trichloroacetate. It thus appears 

that for these reactions the iran catalysts act as free radical 

initiators with a reduced catalytic activity for lactone formation. 

The molybdenum catalyst used was a more effective catalyst for the 

production of the lactone and, like the ruthenium catalyst, also 

effected the isomerisation of alkenes resulting in the formation of 

3-alkyl trichloroacetates. 
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3.3 The reaction between tribromgacetic acid and alkenes 

3.3.1 Introduction 

Reactions which involve the homolytic addition of electrophiles 

containing bromine to double bonds have been reported to result in 

various products, including lactones3 • In this paper radical additions 

were studied since these were considered to be simpler routes to the 

desired products than traditional organic routes. It was found that 

methyl dibromoacetate undergoes addition to methyl propenoate in the 

presence of iron pentacarbonyl or iron (III) chloride (equation 3.13). 

(III> 

Br 
I 

H-C-COOCfb + H2C=CHCOOCfb ---<. (3. 13) 

I 
Br 

(I> (II) 

Sr 

aQ 
o COOQ., 

3 

(IV) 

This reaction is dependent on the reaction conditions used (and 

usually) produces the addition product (III). However, in the presence 

of I,N-dimethylaniline as a co-catalyst at temperatures below 100°C 

- 203-



the bromolactone (IV) is formed in small yields <1-3 %)4. When the 

reaction conditions are suitably altered the lactone can become the 

major product. This can be demonstrated by the reactions shown in 

scheme 3.2. 

Scheme 3.2: The effect of changing reaction conditions on lactone 

formation. 

CH Sr 

0' ~ cooeH d", j- 3 

(3. 14) 

a 

H:;:C=CH-COOCH3 <VII 1) 

(VI) 

Br Br 
I I 

16C-C-CH:;:-CH-COOC16 <3.15) 

. Br 
I 

}b-C-COOC16 
I 
Br 

(V) 

CH:3 
/ 

H2 C=C 
\ 
COOC16 

(VII ) 

I Bt 

COOCH3 ~ ·n 
o~-n~ COOCH3 

a 3 

<IX) (X) 

srtyCH3 

CH 
_ 3 

0-- coaCH 
o 3 

(3.16) 

(XI> 
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The scheme shows that the main products of the reaction between methyl 

2,2-dibromopropanoate and the acrylic compounds (VI) and <VII) are the 

lactones. Their yields and reaction conditions are shown in Table 3.7. 

Table 3,7 The effect of reaction conditions on lactone formatioD, 

Addend Konomer Initiating system Temp Product 

c>C <% yield) 

Br::zCHCOOCH3 H:zC=CHCOOC16 Fe (Cm s + CsHsCN 150 (VI II)+ (X) 

62-69 

Br::zCHCOOCH3 H::zC=C(CH3)COOC16 Fe(CO)s + CsHsCN 150 (Xl) 

42-48 

Br:zCHCOOCH3 H:zC=C(C16)COOC16 FeCb + CsHsCN 150 (Xl) 

48 

The mechanism proposed for these reactions is shown in scheme 3.3. It 

is suggested that [Fe(CO)sl is acting as an initiator by cleaving the 

C-Br bond and so generating a radical (equation 3.17). Formation of 

the lactone occurs via attack of this radical on the CH:z group of the 

alkene, followed by intramolecular cyclisation (equation 3.18) and 

loss of an alkyl radical (equation 3.19). 
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Scheme 3.3 Mechanism for the formation of bromqlactqnes. 

Br 
I • 

lbC-C-COOCH:::l Fe (Cm s 
) 

H3C-C-COOCH3 
I I 

Sr 150""C Br 

CH3 

• / 
H3 C-C-COOCH3 

I 
+ H:zC=C 

\ 
Br 

1 
COOCH.";3 

Br 

i I 
H3C-l--'\"2 "3C-/~0i3 
0= I ·1-CH3-~) oiC"--o/ '-..COOCH3 

H
3
C-O COOCH3 / 

He 
3 

1 
+ 

(3. 17) 

(3. 18) 

(3.19) 

Methyl tribromoacetate (XII) has also been added to methyl propenoate 

(IV) forming a dibromolactone (XIV). When the reaction is carried out 

in the presence of benzoyl peroxide this lactone (XIV) is formed in a 

6-11 % yield, the main product being (XIII) (equation 3.21), If a 
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coordination initiator is present the yield of (XIII) increases to 

60-70 7. at 70~C and to 70-82 % at 100""C (determined by GLC) but with 

no lactone formation (equation 3.20). 

Br Br 
I I 

H:::COOC-C-CH::;:-CH (3.20) 
I I 
Br COOC16 

(XI II) 

(XII) (IV) 

Br Brh 
0=1 lcOOCH 

" 3 

(3.21> 

o 

(XIV) 

It has also been shown that in the presence of benzoyl peroxide 

lactones can be formed (equations 3.22 and 2.23)5. 

RCH=CH:.z + R'CHBrCOOH __ B_PO __ ~) [RiH-CH2-CHR' COOH) (3.22) 

in benzene Br 

(XV) 

(XV) ) + HBr (3.23) 
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This reaction has been investigated using various alkenes as shawn in 

Table 3.8s . 

In summary previous work has shown that lactones can be farmed 

by free radical initiated reactions. The work described below 

considers whether dibromolactones can be formed by the reaction of 

tribromoacetic acid and alkenes in the presence of benzoyl peroxide 

and [RuClz(PPh3)31. 

3.3.2 Resylts 

3.3.2.1 The reaction between trihrompacetic acid and oct-l-ene in the 

presence of [RyCl?(PPh3 )31 

The preparation of 4-alkyl-2,2-dibromo-~-butyrolactones was more 

difficult than at first antiCipated. The reaction between 

tribromoacetic acid and oct-1-ene was carried out in the presence of 

[RuClz(PPh3)31 in a molar ratio of 400 : 350 : 1 respectively, in 

refluxing toluene, for 6 hours . After this time the reaction mixture 

was analysed by GLC. This showed some volatile components, but no 

significant quantities of less volatile products. (It was expected 

that the lactone should appear between retention times of 10-30 

minutes based on the experience of the d1chlorolactones>. The mixture 

was then vacuum distilled which resulted in several fractions. At the 

same time some HBr was evolved, with the formation of a large quantity 

of a black product thought to be due to the decomposition of the 

lactone or other products. A 'H NMR spectrum of the undistilled 

reaction mixture was recorded and is shown in Appendix 1 and the 

aSSignments are described in Table 3.9. 
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Table 3.8 Reactions of alk-i-enes with a-bromqcarhoxylic acids. 

Alkene a-aromocarboxlic acid % Yielde. 

Hex-i-ene 65 (58) 

Oct-l-ene 72 (68) 

Non-l-ene CH~BrCOOH 73 (58) 

Dec-i-ene 77 (54) 

Oct-i-ene C16CHBrCOOH 79 (45) 

~=H. 

Oct-l-ene 

~=H . 

• ~ Yields were determined by GLC. Yields in parenthesis were 

isolated. 
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Table 3,Q Assignments of 'ij NMR spectrum (Appendix 1) of the 

yndistilled reaction mixture, 

Che!l1ical shift 

0,89 (t) 

1. 10-1. 80 (m) 

2.20-2.25 (s) 

2.75-3.00(d of d) 

4.04-4.30 (m) 

5.00-5.20 (m) 

5.70-6.00 (m) 

7.00-7.60 (m) 

9.00 (s) 

Assignment 

-CH:;:: 

-CH:.: 

-CH 

=CH:.: 

=CH 

-Ph 

-OH 

Source 

Xethyl group at the end of alkyl chain 

from lactone, ester or oct-l-ene. 

Alkyl chain from lactone, ester or 

oct-1-ene. 

Xethyl group adjacent to aromatic ring 

ring due to toluene. 

Two doublets of doublets due to 

non-eqUivalent methylene adjacent 

methine protons as in lactones or 

possibly esters. Also other peaks 

superimposed. 

Xethine proton next to methylene 

protons as in lactone or possibly ester 

Methylene and methine protons in 

oct-l-ene. 

Phenyl group in toluene. 

Due to tribromoacetic acid. 
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The 'H IMR spectum indicates that lactone may be formed. However. only 

a very small amount is present as shown by the GLC. There does not 

appear to be decomposition of products at GLC oven temperatures of 

less than 150~C. So the reaction was scaled up and repeated in the 

same way but the co-solvent ethanol was added as there were solubility 

problems with tribromoacetic acid in toluene. This reaction mixture 

was not distilled. but the solvent was removed under vacuum and the 

resulting mixture was subjected to column chromatography. under 

various conditions.described in the experimental section (3.4.6.1). 

This resulted in small amounts of lactone and other products. These 

products were identified as 4-hexyl-2.2-dibromo-~-butyrolactone 

(0.03g. 0.29 ~). 2.2.4-tribromodecanoic acid (0.10g. 1.1 %). and 

ethyl tribromoacetate (1.05g. 11.6%>, (The yields of products are 

based on tribromoacetic acid as oct-1-ene was in excess). 

3.3.2.2 Characterisation of the reaction products by spectroscopic 

methods 

3.3.2.2.1 4-Hexyl-2.2-dibromo-x-bytyrglactgne 

3.3.2.2.1.a Infrared spectrum 

The Ii spectrum is represented in Appendix 2. This shows the C=O 

overtone at 3440-3480 cm-' whilst the C=O and the C-O stretches are at 

1790 and 1175 CDr' respectively. These occur at similar wavenumbers to 

those of the chlorinated lactones. However, from the IR spectrum it is 

obvious that there is a contaminant with a C=O stretch present at 

1750cm- l • This cannot be tribromoacetic acid although its C=O stretch 

is very similar at 1745 em-I, as there is no broad band at 3000-3500 

cm- I due to a OH group. 
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3.3.2.2.1. b lij HMR spectrum 

The lH HMR is shown in appendices 3 and 4. The spectrum is very 

similar to that of the chlorine substituted lactones although the 

chemical shifts of the protons adjacent to the C-Br bond have 

slightly different values. Again there is a triplet at 00.89-1.00 

assigned to methyl protons at the end of an alkyl chain (e). A large 

peak at 01.00-1.90 arises due to the CH2 chain (d). 

Fig 3.4 Assignment of 4-hexyl-2.2-dibromg-X-bytyrplactpne 

(c) (b> 
H H (a) 

(e) (d) I \ H 

CH - (CH ) - c C/ 
3 25 I \ Br 

Q 6( 
~C/ Br 

II 
o 

The multiplet due to the proton at (c) has now been shifted to 

04.00-4.35 as compared to 04.30-4.70 for this proton in the analogous 

dichloro- lactone. The proton at position (b) has a chemical shift at 

82.60-2.95 and that of (a) at 82.15-2.50 compared to 83.00-3.25 and 

02.40-2.70 for (b) and (a), respectively in the equivalent chlorine-

containing case. The splitting patterns are analysed in Appendix 4, 

and the coupling constants were measured. These compare very well with 

those obtained for the dichloro-lactones and are shown in Table 3.10. 
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Table 3.10 Comparison Of splitting constants.J for di~hloro and 

dibromQ lactones. 

Constant,J Dibromo lactone Dichloro lactone 

(Hz) (Hz) 

Jab 14.4 14.1 

J",c 4.9 5.1 

9.5 9.5 

3.3.2.2.1.c Mass spectrum 

The mass spectrum, represented in Appendix 5 ,showed the molecular ion 

of this lactone (only when the mass spectrometer was run at low 

temperatures). The fragmentation pattern, shown in scheme 3.4, 

involves the sequential breakup of the alkyl chain, which is followed 

by the loss of two bromines. 

3.3.3.2 2.2.4-tribrgmgdecangic acid 

H H H H H BrH Br 0 
I I I I I I I J I 

H3C-C-C-C-C-C-C-C-C-C 
I I I I I I I I \ 
H H H H H H H Br OH 

3.3.3.2.a Infrared spectrym 

This is shown in AppendiX 6, indicating the presence of an acid by the 

characteristic broad OH absorption at 2500-3500 cm- 1 , an overtone due 

to C=O at 3480 cm-', C=O and C-O stretches at 1725 and 1260 cm-'. 
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Scheme 3.4 1 2 2-dibromq-x-~~~~~l-~~~~UJ~~0~f_~4~He~x~y~ __ -__ ._ 1 fragmentation Mass spectra 

1 tone butyro ac 

T • 

---. Sr 

o Br 

mlz 326 

7'3Br) (based on 

to 
• 

o 

mlz 83 

o 

mlz 298 
CH

2 
I 

<~-B' 
o Sr 

-Br / mlz -; 255 

i' • 

o 
m/z 162 
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Unfortunately. despite the column chromatography the fraction was not 

pure as there was some lactone present as indicated by the C=O stretch 

at 1790 cm-' and also some contamination due to a compound giving rise 

to a C=O stretch at 1750 cm- 1. 

3.3.2.2.2. b 18 N!R spectrum 

The 1H JMR spectum of this ester has strong similarities to the 

lactone and is shown in Appendix 7. This shows a triplet at 00.89 

which can be assigned to a -CH3 at the end of the alkyl chain. A large 

multiplet is observed at 01.10-2.00 due to the (-CH2-) groups in the 

alkyl chain. The CH2 protons are once again non-equivalent (due to 

restricted rotation of the C2 bond) and consequently there are two 

double doublets at 02.00-3.20 and at 03.20-3.40. The C-4 proton gives 

rise to a quintet (as its resonance is split by the four adjacent CHz 

protons) at 04.05-4.35. The coupling constants are different to those 

of the lactone and were calculated to be : 

Jab = 16.0 Hz 

Jac = 6.0 Hz 

J bC = 6.0 Hz 

There was also a singlet at 012.0 due to the OH proton. 

3.3.2.2.2.c Mass spectrum 

The mass spectrum is shown in Appendix 8. No molecular ion is 

observed, the ion of highest mass arising from loss of Br from X+. 

This is followed by the loss of HBr and further fragmentation of the 

molecule described in scheme 3.5. The molecular ion was not observed. 
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Schpme 3,5 ~ragmentation of 2,2.4-tribromdecanoic acid 

(CH~CH~CH~CHCBr~COOH]+ mlz 270 

l-(COOl 
[C~CH2CH2CHCHBr~]+ mlz 226 
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-[ CBr2COOH] 

[CSH'3CBr]+ m/z 176 t( CH,Clbl + 

[CH2CH2CH2CH~CBr]+ mlz 147 

t(CH" 

[CH2CHCH2CBr]+ mlz 133 



3.3.2.2.3 Ethyltribromcacetate 

3.3.2.2.3.a Infrared spectrum 

The infrared spectrum shows an overtone due to C=O at 3480 em-I, as 

well as the C=Q and C-O stretches at 1750 and 1240 em-I. Another 

interesting feature of this spectrum is the lower intenSity of the CH2 

band at 2920 cm- l compared with the C=O stretch. In all cases 

involving compounds containing a hexyl chain the CHz and the C=O bands 

have been of apprOXimately equal intensity. 

3.3.2.2.3.b lH 1MB spectrum 

The IH IHR spectrum shows a triplet at 01.30-1.50 and a quartet at 

&4.25-4.50. The integration is in the ratio of 3:2 suggesting the 

presence of an ethyl group. No other functional groups were observed. 

3.3.2.2.3.c lass spectrum 

The mass spectrum does not show the molecular ion. The most abundant 

fragment was [CH3CH2]+ and [CBr3]+ was also observed. 

When the evidence of these three techniques was put together it 

suggests that ethyl tribromoacetate is formed as a by-product of a 

reaction between tribromoacetic acid in ethanol. This was confirmed by 

investigating the effect of refluxing tribromoacetic acid and ethanol 

in the presence of [RuCl~(PPh3)3] . Ethyl tribromoacetate was the only 

product found. 
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3.3.2.3 The reaction between tribromoacetic acid and oct l-~ne in the 

presence Of benzoyl peroxide. 

When this reaction was carried out. ethanol was not used so as to 

avoid the formation of any ethyl tribromacetate. As in the reaction in 

the presence of (RuCl=(PPh3)3] (in toluene) there were two products 

4-hexyl-2,2-dihromo-y-butyrolactone and 2,2,4-tribromcdecanoic acid. 

However in this reaction, only a small amount of the lactone was 

isolated (0.05g, 0.3 %), whereas there was more acid recovered 

(0.4g, 1.6 ~). The reaction was also repeated in the absence of 

However, only trace amounts of 

products were detected, the yields of which were too low for 

isolation. 

3.3.3 Piscussion 

The results show that 4-hexyl-2,2-dibromo-Y-butyrolactone could be 

isolated from the reaction between tribromoacetic acid and oct-l-ene 

in the presence of (RuClz(PPh3)31 and benzoyl peroxide, but in very 

low yields. The study also showed that this compound is temperature 

sensitive so cannot be purified by distillation and GLC analysis at 

temperatures greater than lOOoC is difficult. A summary of the 

reactions studied 15 shown in scheme 3.6. 
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Scheme 3.6 Su~mary of reactions stydied. 

CBr:,COOH + C.,H, ::CH=CH:: EtOHlToluene ') CBr::::COOC::Hs + Others (3.24) 

[RuC1=: (PPh::::h) 

(RuCl::(PPh3)::::l/Benzoyl peroxide 

(3.25) 

The scheme shows that in the presence of ethanol. tribromoacetic acid 

reacts with this solvent forming ethyl tribromoacetate. It also shows 

that the lactone is formed in the presence of [RuCl::(PPh::::)31 and 

benzoyl peroxide. But it appears that less lactone is formed as less 

was isolated (by the same methods as in the [RuCl::(PPh3>31 catalysed 

reaction) in the presence of benzoyl peroxide. The proposed mechanism 

for lactone formation in the presence of benzoyl peroxide case is 

shown in scheme 3.7. 

Scheme 3.7 Mechanism for the benzoyl peroxide initiated reaction. 

---------------)~ 2CsHsCOO· 

CBr3 COOH + CSHsCOO·----------~) CB~2COOH + CsHsCOOBr 

• 
CBr:;:COOH + CsH 1 3CH=CH2 ---~) CsH 1 3CHCH2CBr2COOH 

CBr3 COOH--+ CSH13CHCH2CBr2COOH , 
Be-

C8~3? 
---------;> 0 Br 

I Br 
o 
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(3.27) 

(3.28) 
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The first steps involve generation of a free radical via benzoyl 

peroxide initiation (equations 3.26 and 3.27), which then undergoes 

propagation (equations 3.28 and 3.29) eventually resulting in the 

acid. The acid then undergoes dehydrobromination resulting in the 

lactone. In the case of the reaction initiated by [RuCl~(PPh3)31, the 

process is more controlled. An analogous mechanism (shown in 

scheme 3.8) can be proposed to that for the addition of 

trichloroacetic acid to oct-1-ene (see section 3.2.1.1). 

Scheme 3, B Mechanism for the (RuCl~(PPh~)3] catalysed reaction. 

-:::;'4;::::::======='~ [RuCh(PPh3 >;z1 + PPh3 

CeH 13CHCH2 CBr2 COOH , 
B ... 

+ HBr 

HBr 
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3.4 Experimen~al section 

In order that the reactions between alkenes and trichloroacetic acid 

could be studied quantitatively, the dichlorolactones had to be 

isolated and purified, so that their GLC response factors compared to 

an added standard could be determined. 

3.4.1 Freparation of lactones 

The lactones were all prepared by the same method. 

CCbCOOH t RCH=CIb (RuC!' (PPkhl) "o">--i .CO t 'ro 

Others (3.36) 

o 

Typically, trichloroacetic acid (36.2g, 220 mmoles), the alkene 

(210 mmol), (RuCl (PPtbbl (0.74g, 0.77 mmcles) and toluene (20m!) were 

placed in a flask, degassed three times by the freeze- pump-thaw

technique and then refluxed for 6 hours. The mixture was then vacuum 

distilled. In all cases several fractions resulted. The higher boiling 

fractions contained mainly lactone, whereas the lower boiling 

fractions consisted of various mixtures of the lactone, the ester 

(e~(eH2)seH(OOCCe13)C~), and trichloroacetic acid. The former were 

then recombined and redistilled. The resulting lactones were analysed 

by GLe for purity and to be found to be greater than 99~. The yields, 

physical and spectroscopic properties of the lactones are sumarised in 

Table 3.11. 
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Table 3. \ \ : Fhysical and spectroscopic properties of 4-alkyl-2,2-dichloro-~-butyrolactone 

Rlkyl H -N.m.R. spectrum 
(jroup % Vield BDiling pt. Infrared spectrum mass spectra 

(isDlated) ·C/S mm Hg cm-I b Rreas m/z 

RII sholded similar RII showed 
similar .. i 

Butyl 31.4 123 -125 features 8: 2: 1 211 (ffi+1) , 175 (ffi-CI) 
- C=D Dvertone 344a features 148(ffi-2CI~153(ffi-C4H 9 : 

- C=D stretch 178~ ~.88 -1. 1 
2 38< ffi+l}, 203 (m-CI) Hexyl 37.8 132 -138 - CHa asym. 2888 (m, 8- 21 H) 13 : 2: 1 

- CHa sym 287a 1 B8 (ffi-2CI r 
- CH ~ asym. 283a 2.4 -3.25 

Octyl 35.8 143 -145 - C -0 stretch 11 85 (4 doublets, 17 : 2 : 1 no observed ffi ~ 
, - CH 3 asym. 1485 2H) 232 (rn-CI t,188(ffi-2Cf 

-t-

- CHa sym. 138a 
Oecyl 45.8 154 -1 81 - C-Clstretch BSa 4.3a - 4.78 21: 2 : 1 no observed ffi~ 

(CH~ ) rock 730 ( m , 1 H) 280 (m+l-CI)-" 
224 (rn+I-2clt 

-- --- ---- --- -_._-



3.4.2 Spectroscopic data for the lactones. 

3.4.2.1 Infrared spectra 

All the lactones had the same characteristic infrared spectra which 

showed a prominent C=O overtone at 3440cm- l ,the C=O and C-O stretch at 

1790 and 1180cm- l , respectively. The most prominent peaks are assigned 

in Table 3.11. The only difference in the spectra was the intensity 

of the CH2 asymmetric and symmetric stretches. A typical infrared 

spectrum of (4-Hexyl-2,2-dichloro-~-butyrolactone) is represented in 

Appendix 9. 

3.4.2.2 lH 1MB spectra 

After preparation of the pure fractions each was analysed by lH NMR. 

The spectra for all the different lactones showed the same 

characteristics, only varying due to the differences in the length of 

the alkyl chain. A typical spectrum is represented in Appendix 10. and 

11) . 

Fi& 3,5 lomenclature of 4-alkyl-2.2-dichloro-X-butyrolactone 

(0) (b) 

H . H (a)' 

(e) (d) U H 

CH 3 - (C~)5- / 

~ ~<:I 
""'C / ............. ,cl 

1/ 
o 
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A triplet/multiplet was observed at 00.89 which was assigned to the 

methyl protons (e) (Figure 3.5) at the end of the alkyl chain. A large 

multiplet arises at 01.0-1.9 due to the -(CH:::), .. - chain( d). The 

resonance due to the proton at position (c) occurs at 04.3-4.7 and is 

a multiplet as suggested by the literature. 1. However, according to 

this literature the resonance due to the protons at positions (a) and 

(b) should result in a multiplet at 02.88. This was found not to be 

the case. The protons are in non-equivalent environments consequently 

the resonance due to (b) consists of two doublets at 02.60-3.10 and 

that of (a) also comprises of two doublets but at at 03.20-3.60. These 

protons have resonances which are double doublets as proton (a) is 

split by protons (c) and (b) whilst proton (b) is split by protons (a) 

and (c). If the splitting pattern is analysed (Appendix 11) the 

coupling constants can be measured. It was found that : 

J.b=14.1Hz 

JbC:= 9.5Hz 

J.c:= 5.1Hz. 

The analysis for proton (c) is complicated by the fact that it is 

being further split by the protons in the alkyl chain (d) consequently 

the expected quartet is observed as a somewhat more complex multiplet. 

These values of the coupling constants are approximately the same for 

all the lactones prepared. Finally, it may be observed that there is s 

small peak at 05.4 in the lH IXR spectrum shown in Appendix 10. This 

is due to a small amount of water absorption while the sample was 

stored in the freezer. The identity of this peak was confirmed by 

carrying out a D~O exchange on the sample. 
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3.4.2.3 Mass spectra 

All the lactones prepared showed a similar fragmentation patterns 

<Table 3.11). The 4-hexyl and octyl-2,2-dichloro-~-butyro-Iactones 

shaw M+1 ions, but the two higher molecular weight compounds show no 

molecular or pseudo-molecular ions since they appear to be subject to 

more facile fragmentation. However, they all show the consecutive 

losses of two Cl atoms, followed by the fragmentation of the alkyl 

chain. A typical example of a mass spectrum 

(of 4-decyl-2,2-dichloro-~-butyrolactone) is shown in AppendiX 12. The 

fragmentation shown in this spectrum is as described by Scheme 3.9. 

3.4.3. Preparation Of 2-Alkyl trichloroacetates. 

3.4.3.1. 2-Octyl trichioroacetate 

CCbCO t 

\ 
_~ .. ~ CsH 1 3CHCIk t CCbCOOH 

I 
(3.32) 

o DOCCCl3 
I 

CCbCO 

This ester was prepared according to the method suggested in the 

literature (equation 3.32)·. 

Trichloroacetic anhydride (5.9318g, O.019mol) was slowly added to 

octan-2-o1 (2. 62g, O.0247mol) in cold pyridine (5.96g, 20ml). The 

resulting reaction was vigorous, and after 15 seconds this mixture was 

poured into ice-water (100ml) which contained diethyl ether (20ml). 

Further diethyl ether (50ml) was added so that two layers were formed. 

These were separated, the water was further extracted with two 

portions of diethyl ether (2 x 20ml). The extracts were then combined 

and washed with two portions of dilute hydrochloric acid (2 x 30ml). 

The extract was washed further with water (100ml), followed by two 
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Scheme 3.9 Hass spectral fragmentation Of 4-decyl-2,2-dichlorg-x-

o 

C H 
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o CI 

mlz 294 

1 
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butyrglactone 
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-Cl· 
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CI 
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mlz 97 

- 226-

+ • 

) 

o 

m/z 224 

o 
m/z 153 



portions of sodium carbonate solution (2 x 30ml of 5% solution) and 

finally dried over anhydrous sodium sulphate. The dried extract was 

then filtered, and vacuum distilled .This resulted in 

2-octyl trichloroacetate (2.60g, 35.6%). 

3.4.3.2 Other Esters 

The other esters; 2-butyl, 2-hexyl, and 2-decyl trichloroacetates 

were not prepared by the above method. It was found easier to isolate 

these esters from the reaction mixture after the reaction between 

trichloroacetic acid and the alkene in the presence of benzoyl 

peroxide had been completed. 

Typically, trichloroacetic acid (18g, O.llmcl), alkene 

(O.lOmel) and toluene (20ml) , were placed in a two-necked flask and 

dried benzoyl peroxide in toluene (lOml of O.044mcldm-3 solution in 

toluene) was syringed in. (Benzoyl peroxide was dried over anhydrous 

sodium sulphite under nitrogen for several days prior to use.) The 

solution was degassed by the freeze-pump-thaw method, then refluxed 

for 6 hours. The mixture was vacuum distilled which resulted in two 

fractions. The second (higher boiling) fraction contained the ester 

concerned but generally there was some trichloroacetic acid carried 

over. The esters were further purified by a second distillation. The 

resulting esters were analysed by GLe and the purity was found to be 

98' or greater. The yields, physical and spectroscopic properties of 

the esters are summarised in Table 3.12. 
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Table 3. \ 2: PhHsica\ and spectrDscDp~ pr.operties Df 2- Rlkyl trichlcrcacetates 

Rlkyl H -N.ffi.R spectrum 
Group % Vield Infrared spectrum mass spectra 

(isolated) cm-I b Rreas 

RII showed similar RII showed 

Butyl 87 features similar 8: 3: 1 Rllshowed similar spect 
features - C=D overtone 351 B with m/z 188 I 181 I 

- C=D stretch 1788 8.88 -I. 8 (m-CJ1~t, t as the 
Hexyl 37 - CHa asym. 288B (m ~ S H ) 13 : 3 : 1 prcminant ions 

- CHa sym 2876 
- CH 2 asym. 2938 1.28 -1.5H 

Dctyl 48 - C -0 stretch 1256 (m I 8 -18 H) 17 : 3 : 1 
- CHa asym. 1485 
- CHa sym. 1386 

Oecyl 45 - C -CI stretch 886 4.88 - 5.28 21 : 3 : 1 
(m ~ I H) 
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3.4.4 Spectral da~a for 2-alkyl trichloroacetates 

3.4.4.1 Ipfrar~d spectra 

As would be expected, this series of esters have similar 

characteristic spectra. A typical spectrum is represented in 

Appendix 13 (2-octyl trichloroacetate). These spectra have a C=O 

overtone at 3620cm-', C=O and C-O stretches at 1760 and 1245cm-' 

respectively. 

3.4.4.2 'H (MR spectra 

The 'H IMR spectra are characteristic for this class of compounds. A 

typical example is represented in Appendix 14 of 

(2-hexyltrichloroacetate). 

Eli 3,6 lomenclature of 2-hexll trichloroacetate 

d c b a 

I I I I 
CI6(CH:Z)3CH-CI6 

I 
O-C-CCb 

II 
o 

This shows a multiplet at 00.89-1.0 due to the methyl protons at the 

end of the alkyl chain (d) and the methyl group (a). The alkyl chain 

protons (c) are identified as a large singlet at 01.1-1.7, whilst the 

proton at (b) is a multiplet at 04.65-4.85 as its resonance is split 

by the methyl group (a) and by the a-methylene protons at (c). Other 

peaks are observed in the spectrum. That at 05.0 is due to some water 

absorption by the sample and that at 87.25 due to the solvent (C6 D6). 
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3.4.4.3 !ass sppctra 

The mass spec~ra at none of these compounds showed molecular ion or 

M+l ion. As this is the case the mass spectra can only be used to 

confir~ the evidence from the other spectroscopic techniques. A 

typical spectrum is represented in Appendix 15. The largest fragment 

that appears for these compounds is 

CH-CH3 
I 
O-C-CC1 3 mlz 189 

II 
o 

The other peaks represent the degradation of the alkyl chain 

(Scheme 3.10). In most of the spectra the mlz 117 peak is also present 

arising from the [CC13J+ ion. 
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Scheme 3.10 Mass spectral fragmentation pattern of 

2-decyl trichloroacetate 

(C, oH;;;:, CH=CH2 ]" m/z 168 

rCH2CH2 

( CI!)H, 7CH=CH;d· m/z 140 

i-CH
> 

(C7H,,,,CH=CH;;;:]+ m/z 126 tCH
> 

(C'!'H, 2CH=CH;;;:J .. m/z 111 

i-CH
> 

(C~H,,,CH=CH;;;:]+ m/z 97 

l-CH2 

(C.HaCH=CHz ] .. mlz 83 

tCR
> 

(C~HcCH=CH2J + m/z 69 
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3.4.5 Rpactipn ?etween trichloroacetic acid and alkenes in the 

~resenGe Of rRyCl-(PPh-)-l and other catalysts. 

3.4.5.1 RpaGt~pns rarripd Oyt by rpflyx 

Typically. trichloroacetic acid (9.05g. 56mmol). the alkene (50mmal). 

the catalyst (0. 15mmol. O.014moldm- 3 ) and methyl myristate (O.lg). 

(employed as internal standard) in toluene (6ml) were degassed three 

times by the freeze-pump-thaw method. The mixture was allowed to 

equilibrate to room temperature for ~ hour, then refluxed for 

o hours. 

The mixtures were then analysed by GLC (using the same instrument as 

in section 2.4). The GLC conditions employed were: an oven 

temperature of 150°Ci an injector temperature of 225°Ci a detector 

temperature of 250°C and a flow rate of 1 ml min-I. 

3.4.5.2 ReAction between trichlorOAcetic acid and oct-1-ene in the 

presence of (RuCl~(PPh3)3] carried out in sealed tubes. 

This reaction was carried in the same way as the reflux reaction but 

on a smaller scale. When the reaction was carried out in a sealed 

tube. trichloroacetic acid (4.55g, 28mmol) and [RuCl2(PP~)3] 

(0.071g. 0.075mmol) were weighed directly into the tube. Oct-1-ene 

(2.8g. 25mmol). methyl myristate (O.lg) and toluene (oml) were then 

added via a syringe. The tube was degassed three times by the freeze

pump-thaw technique, sealed and allowed to eqUilibrate to room 

temperature for ~ hour. It was then placed in the oven for 0 hours at 

110°C. After the reaction had been completed the reaction mixture was 

analysed by GLe. (The same conditions were used as in section 

3.4.5.1>. 
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3.4.5.3 The ~r~iQn of h~~t upon 2-octyl trichloroacetate in the 

presence of [RuCl~(PPh-)-)]. 

This reaction was investigated in order to determine whether the ester 

underwent dehydrochlorination in the presence of [RuCl~(PPh3)3]. 

2-octyl trichloroacetate (O.5g, 1.80mmel), methyl myristate (O.lg) 

and [RuCl;;: (PPh~h] (0. 15mmoU were placed in toluene (20ml) then 

degassed three times by the freeze-pump-thaw technique, allowed to 

eqUilibrate to room temperature for ~ hour and then refluxed for 

6 hours. After this time the reaction mixture was analysed by GLC (as 

previously 1n 3.4.5.1). The lactone was not detected. 

3.4.5.4 Reaction between trichloroacetic acid and alkenes in the 

presence Of benzoyl perOXide, 

The reactions were carried out in a similar manner to that in the 

presence of [RuCl2(PPh3)31, so that the results would be comparable. 

Typically, to a mixture of trichloroacetic acid (9.00g, 56mmcl),the 

alkene (50mmel), methyl myristate (O.lg) and toluene (Om!) was added 

to dried benzoyl peroxide in toluene (5ml of O.044moldm-3 solution in 

toluene) by syringe. The mixture was degassed by the freeze-pump-thaw 

method, allowed to equilibrate to room temperature for ~ hour, then 

refluxed for 6 hours. The mixture was then analysed by GLC (as in 

section 3.4.5.1). 
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3.4.5.5 Reaction between trichloroacetic acid and alkenes in the 

absence of ~atalysts or benzoyl peroxide. 

Again. the reactions were carried aut in precisely the same manner as 

those described earlier. 

Typically. trichloroacetic acid (9.00g, 56mmel) , the alkene (50mmol), 

methylmyristate (O.lg) and toluene (6ml> were degassed as described 

previously, then refluxed for 6 hours. The mixture was then analysed 

by GLC (as in section 3.4.5.1>. 
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3.4.6.1 Reaction between tribrompacetic acid and oct-l-ene in the 

presence of [RyCl_(PPh-)-]. 

3.4.6.1.a In tolyene. 

The reaction was carried out in the same way as those involving 

trichloroacetic acid. Howevever a different ratio of reagents was 

used. Tribromoacetic acid (2.00g, 6.73 mmol) , oct-1-ene 

(1.91g, 17mmol> and (RuCb(PPh3)3J (O.0375g, O.0375mmol>, in toluene 

were degassed three times by the freeze-pump-thaw technique and 

refluxed under nitrogen for 6 hours. A H'NMR spectrum was recorded, 

and then the reaction mixture was distilled. The fractions were then 

analysed by IR, lH BXR and mass spectra as has been described in 

section 3.3.2.2. 

3.4.6.1.b In tolyene/ethanol 

The reaction was scaled up in a mixed solvent system of 

toluene/ethanol (1:1), as (RuC1 2 (PPh3)31 is very soluble in toluene 

while tribromoacetic is very soluble in ethanol and only barely 

soluble in hot toluene. In this reaction, oct-l-ene (7.73g, 68mmol) , 

tribromoacetic acid (8.01g, 6.73 mmol) and RuCl:(PPh3 )31 (O.l5g, 

O.l5mmol) in toluene/ethanol (20ml) were degassed in the usual way, 

and then refluxed under nitrogen for 6 hours. Several attempts were 

made at this preparation . In the earlier preparations, after 

refluxing, the reaction mixture was purified by vacuum distillation. 

The first fraction was observed to contain oct-l-ene and solvent, the 

second and third fractions contained varying amounts of ethyl 

tribromoacetate, whilst the remainder could not be distilled over 

without fumes of HBr being evolved. So in further work the solvent and 

volatiles were removed by applying a vacuum for several days. The 

- 235-



resulting mi:cture was then purifed by column chromatography. 

A 25cm X 2.5cm column was used with silica as the support. The solvent 

used was hexane/diethyl ether in a 3: 1 ratio. The mixture to be 

columned was a dark brown colour and bands were not observed on the 

column although separation took place. So 10cm3 fractions were 

collected and examined by IR spectroscopy. The acid came off first, 

followed by the lactone, requiring 180ml of eluting solvent for the 

separation (lg of reaction mixture being applied at one time) to take 

place. The amounts of the lactone and acid recovered in total were 

O.03g, (0.29 Z) and O.lg, (1. 1 Z) respectively. In the earlier 

reaction where ethyl tribromacetate was distilled off 1.05g, (11.6%) 

was obtained. All yields are based on tribromoacetic acid. 

3.4.6.2 Reaction between tribromoacetic acid and oct-l-ene in the 

presence Of benzoyl peroxide. 

In this reaction tribromoacetic acid (8g, 6. 73mmcl), oct-1-ene 

(7.63g, 68mmol) in benzene (20m!) were placed in a three necked flask 

with an equilibrating funnel stoppered with a superseal. The dried 

benzoyl peroxide (1.2g in 15m!) was carefully syringed into the 

dropping funnel. The mixture was degassed by the freeze-pump-thaw 

method. Explosion screens were in place throughout the entire reaction 

as a precaution. The reaction was then refluxed for 6 hours under 

nitrogen. The solution was then allowed to cool and water was syringed 

in very gradually. The reaction mixture was thoroughly washed three 

times with water, then separated and dried over anhydrous magnesium 

sulphate. The solution was filtered, and the benzene was removed by a 

rotary evaporation. The 1H NMR spectum and gas chromatogram of the 

mixture were recorded and then the components were separated by column 

chromatography as described in section 3.4.6. 1.b. 
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