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SDrrYARY 

The preparation and properties of organoboranes h9.ve been 

reviewed with particular reference to their synthetic usefulness. 

A detailed survey was made of organoboraile autoxidations and also 

of. organoperoxyboron compounds, and the Ii teraturc concernine 

these systems as vinyl polymerisntion initiators considered • 
.. 

A historical survey of the novel ~-bonded organotransition metal 

comp.ounds has also been made. 
. ' 

The primary initiation of tri~lkylboiane autoxidations was 

studied by measuring the rate of absorption of oxygen by 

organoborane solutions whilst under inhibition by galvinoxy1. 

~he reaction was found to be a second order process and rate 

constants were evaluated as 1.84 x 10-3~:ls:1 for 

tri-~-butylborane, 0.94 x 10-3M: 1 s: 1 for tri-isobutylborane, and 

-3,-1 -1 22.8 x 10 M. s. for tricyclohexy1borane. Previously determined 

initiation rates were converted into rate constants and comparisons 

made between results. 

The thermal decomposition of di-E;-buty1 ~-butylpcroxyboranet 

di-n-butylperoxy ~-buty1borane, and di~~-butylperoxy s-butylboranc 

was studied both iodometrically and by their ability to initiate 

the polymerisation of vinyl aoetate. It was concluded that the 

major route of decomposition was a non-radical intramolecular 

rearrangement reaction and the first order rate constants were 

for di-n-butyl ~-butylperoxyborane, k 

for di-n-butylperoxy n-butylbor~ne, k - . ..-

= C.O x 103, e-ll ,100±530/nT 871 ; 

._ 4.55 x 104 e-14,300:!:1,070/Rrrs-J: 

and for di-s-butylpcroxy s-butylborane, 

k = 6.46 x 10 5 e-15 ,900±400/RT 9:1 • 



(xii) 

A brief study was also made of the reaction between 

organoperoxyboranes and organoboranes, but it was not possible 

to draw any definite conclusions concerning this process . 

. A preliminary investigation was made of the autoxidation 

of several o-"-bonded organotransi tion metal compounds, 

t~trakis (trimethylsilylm~thyl) titanium, tetrakis (trimethyl­

silylnethyl) zirconium, hexakis (trimethylsilylmethyl) bimolybdenum, 

he~aneopentyl bimolybdenum, hexabenzyl bitungsten and 

tetrabenzyl zirconium. The reactions were extremely vigorous 
. . 

at 200 C and, with the exception of tetrabenzyl zirconium, at 

o -74 c. It was shown that peroxidic intermediates were involved, 

although the major product was the corresponding alkoxy compound. 

The effect of various inhibitors was studied and phenothiazine was 

found to retard the majority of the autoxidations. Bccause of 

the great speed of the processes, conclusive evidence concerning 

the nature of the mechanism was not obtained, but a free-radical 

chain reaction seemed most probable~ The influence of steric 

shielding and ,,( -bonding ligands on the rate of reaction were 

discussed, and from this preliminary study the lines for future 

research are apparent. 
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CHAPTER 1 

ORGANOBOnON COTv!POUNDS 

1. Introduction. 

The major part of the work presented in this thesis 

is concerned with the reaction of oxygen with selected 

~-bonded organometallic compounds.. The well known 

organoboranes were chose~ for an intensive study, and the 

experience accumulated during this period was then applied 

to certain less well characterised early transition metal 

compounds. 

The organic chemistry of boron has developed with 

remarkable speed during the last ten years, probably prompted 

by an interest in their possible uses as rocket fuels. 

Although interest in this aspect has declined, the interest 

of research groups in these compounds has expanded. 

Accompanying this upsurge of interest, there has been, of 

course, a large volume of published material; fortunately, 

there are now several excellent reviewG and books available, 

notably those of Gerrardl , Davies2 , Lappert3 , coates4 , and 

Niedenzu5• However, a brief review of the more recent 

literature relating to those properties of organoboranes 
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:pertinent to the synthetic and mechanistic aspects of this 

thesis will now be given. 

2. synthesis. 

The synthesis of organoboranes has been achieved by 

either of two main preparative procedures; firstly by 

transmetallation, and secondly by hydroboration which is 

the reaction between diborane and an olefin. 

The process of transmetallation involveB the reaction 

between an organometallic compound and a boron halide or 

ester, the general equation for which, is:-

3 ) + 

where 

The most convenient method, and the method used in this 
14 study, was that of Rennion, McCusker et ale ,which was 

(i) 

the reaction of the appropriate Grignard reagent with boron 

trifluoride etherate:-

:. 

(ii) 

Yields were usually excellent. 
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Hydroboration is the reaction between an olefin, or 

acetylene, and diborane. 

(iii) 

> 2 (RCH = CH) 3B (iv) 

This reaction was first investigated by Hurd15 in 1948 and 

he found that it was very sluggish, requiring high 

temperatures and long reaction times. Subsequent work, 

however, by Brown and co-workers showed that the reaction 

could be catalysed by the use of ethers as solvents, and 

these major routes were reported by Brown and Subba Rao in 

195616 and 195717:-

9 HCR = CH 2 + + 

3 NaCl (v) 

12 RCH = CH2 + + 

3 NaBF4 (vi) 

All of these reactions were carried out in an ether of 

convenient boiling point so that the organoborane was 

readily. separated. The yields were usually in excess of 

90~. There are now many experimental procedures available 

for hydroborating an olefin, so that reaction conditions 
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may be tailored for a particular olefin; these are fully 

described by Brown and Zweifel. 18 ,19 

If the olefin for hydroboration was unsymrletrical, 

the boron atom attached itself to the least substituted 

the two carbon atoms of the double bond. 20 This was 

then 

of 

satisfactorily explained in terms of electronic factors; the 

terminal carbon atom of an unsymmetrical olefin has a slight 

negative ch~rge due to hyperconjugation, whilst the boron 

atom, because of an inductive effect, has a slight positive 

charge, hence the observed directive effect. If diborane 

is u8ed as the hydroborating agent, steric effects are not 

normally noticed, b~t if mono- or dialkylboranesare used, 

then steric factors can play an important part in 

determining the rate and direction of addition. Thus, the 

hydroboration of I-pentene and styrene by diborane yielded 

94% and 80% respectively of the terminal borane, whereas 

using the diallcylborane derived from 2-rnethyl-2-butene 

(given the contracted name ItdisiamylbOrane ll1B ) as the 

reagent, this figure was in excess of 98% for both olefins. 21 

By studying the hydroboration of a number of selected 

olefins, and in particular norbornene, Brown and his 

co-workers were able to show that the hydroboration reaction 

. th . d d .. 22 , ~ 3 T I i almost certainly occurred W~ ~-a ~t~on. 0 exp a n-

this, it was suggested that the reaction involved the 

formation of 

'C=C I 
I \ 

a four-centred 

) 

-0-0-
I I 
I I 
I I 

I I 
H--B-

I 

transition 

-6-C­
I I 
H B 

state: 22 

(vii) 
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3. Physical Properties. 

With respect to their melting and boiling points, 

solubilities etc., the organoboranes usually resemble the 

corresponding hydrocarbons. 

The orbitals used in bonding by the boron atom in a 
2 simple trivalent compound are considered to be sp hybrids, 

and since the compounds are invariably monomeric, the 'organic 

groups occupy a planar configuration around the central boron 

atom with bond angles of 120°. However, the boron atom can 

also make use of sp3 hybrid orbitals in order to achieve a 

covalency of four, in such ions as ~BH4)-' or in simple 

co-:ordination compounds when the boron accepts electrons from 

a donor, for example, (CH3)3B:NH3. This ability of boron to 

switch from three to four co-ordination is a property of 

special relevance to this work. 

The determination of the structures of organoboranes 

has been greatly facilit~ted in recent years by the 

application of spectroscopic techniques. The infra-red 

spectra of organoboranes are .. now .. well d09.!1mented and several 

reviews have been published~24,25 Some of the more common 

group frequencies are given in Table 1. 

Natural boron consists of two isotopes,lOB(l8.8%) 

and llB(8l.2%), both of which have nuclear spins, and thus 

it is possible to obtain boron magnetic resonance spectra. 

In the latter spectra, complicated splitting patterns 

can. arise because the two boron isotopes have different 



TABLE 1 

Infra-red Spectra of Organoboranes. Common Group Frequencies. 

COMPOUND GROUP VIBRATION FREQUENCY (CM-1 ) 

B-ALKYL B-l\'Ie ASYM. DEFORlMTION 1405 - 1460 

,. SYM. DEFORMATION 1280 - 1330 

BC2 ASYM. STRETCH 1110 -"1175 

SYM. STRETCH 770 - 830 

B-ARYL B-ARYL STRETCH 1125 - 1280 

ARYL 1430 - 1440 

B-O B-O - STRETCH 1310 - 1380 

nuclear spins, that of lOB is 3, while that of lIB is 3/2. 

However, for general purposes, this can be considered as a 

~irst-order effect, and th~s it does not show up in the 

spectra of trialkylboranes only in those compounds with a 

proton directly bonded to the boron atom. 

Boron magnetic resonance spectra are most commonly 

based orilthe lIB isotope and the effect occurs, in a constant 

field strength of 14,092 gauss, at a frequency of 19.25 MHz. 

The spectra obtained,~re complicated by substantial line 

broadening since the isotope does possess a nuclear quadrupole 

moment. In spite of this, the technique is very useful, for 

example the change of a boron atom from three to four 

co-ordination is accompanied by a large chemical shift. 
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This subject is now well documented and reviewed 26 ,27,28. 

4. Chemical Properties. 

(a) Lewis Acidity. 

As mentioned previously, a trivalent boron atom shows 

a strong tendency to accept electrons in order to achieve a 

more stable octet. This ability of organoboranes to react 

with bases was first noted by Frankland: 29 

.... (viii) '< 

Brown has since made use of these addition compound forming 

reactions in order to study steric effects30 ,31 , and there 

is now a considerable amount of thermodynamic data 

available concerning the reactions of organoboranes with 

bases32 • More recently, Ingold, Davies et ale have made. use 

of this property in order to obtain absolute rate constants 

for the propagation step in the reaction of trialkylboranes 

with oxygen, since the concentration of available borane 

(unco-ordinated) at anyone time, is very smaI133,34~ 

(b) Protonolysis. 

The 

hydrogen 

35 organoboranes were reasonably stable towards water , 

sulphide35 , alcohols and phenols 40 , quite vigorous 

conditions being required to bring about reaction. The 

hydrolysis of trimethylborane with water at 180oc, over a 

period of seven hours, only removed one alkyl group, 

producing 69% of dimethylbor.nic aCid35 • 
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Hydrolysis by mineral acids was somewhat easier, though 

even so, only one of the alkyl groups could be removed. 

For example, heating tri-n-butylborane with 48% hydrobromic 

acid to reflux for 1 hour produced a quantitative yield of 

di-n-butylbor~nic aCidll : 

(ix) 

-~> (nBu) 2BOH + HBr .(x) 

In contrast, the action of carboxylic acids on organobornnes 

resulted in the removal of alkyl groups with surprising ease. 

Triethylborane was readily converted into diethylboron acetate 

and ethane by reaction with acetic acid 36 : 

(xi) 

l!'urther, it has been shown that all three alkyl groups could 

be removed from the organobora.ne by refluxing with excess 

propionic acid in diglyme for two to three hours37 : 

. (RCH
2

CH2 )3B + CH3CH~COOH~ (CH
3

CH20CO)3B + 

3RCH2 CH
3 

(xii) 

It can be seen that one of the products of this reaction is 

the alkane which is produced in almost quantita~ive amounts. 

Thus a simple route for the conversion of an olefin into an 

alkane, by a non-catalytic method, is provided by a 
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combination of hydroboration and protonolysis. 

The mechanism for this reaction is not entirely clear, 

although it was suggested that it involved co-ordination 

followed by an intra-molecular attack on the boron to 

carbon bond by the proton 18 

, 
R 
J , , ~O 

R-C 
'OH 

+ TI-C=O:B-R ~ R-C
U
-0-BR2 J J I 

0'H R 0 

(c) Thermal Behaviour. 

(xiii) + 
, 

R H 

When trialkylboranes are heated at reflux, they tend 

to decompose to' form dialkylboranes and olefins, i.e., 

retro-hydroboration. Thus heating tri-~-butylborane at 

110°C resulted in the formation of n-butylborane and 

butene 36 : 

(xiv) 

If the reaction was carried out in an autoclave at 

3000 e, the products were butene, hydrogen and a cyclic 

borane, l-~-butyl boracyclopentane37 • The reaction 

probably involved the prior formation of the 

alkyldiborane(I), which then lost hydrogen to yield the 

cyclic product(II): 

+ 2H2 (xv) 
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Another important thermal reaction is isomerisation at 

moderate ,temperatures, a ieaction which i8 catalysed by 

diborane. }l'or example, tri-~-butylborane thermally 

isomerised to give tri-n-butylborane; in the absence of 

diborane the required conditions were 210°0 for 48 hours14 , 

but with a trace of diborane the reaction proceeded quickly 

A possible mechanism for this 'process involves 

the formation of a serieA of labile equilibria: 

R-CH=CH-CR
3 

RI R' 
\/ 

B 
I 

H 

R-CH -OR .,-OH 
2 k" 3 

/\ 
RI RI" 

'< R-CH2-OH=CH2 
RI R' 
\/ 

B 
I 

H 

(xvi) 

Thus the boron atom is considered to move freely about the 

carbon structures of the alkyl groups of the organoborane, 

and finishes in the least hindered position. This is 

illustrated by the isomerisation at 125°0 of the orga,noborane 

derived from 3-hexene. 38 In the original' organoboranc, the 

boron atom was almost exclusively attached at the 3- position, 

but after heating for eight 'hours at 1250 0 the product 

consisted of 82% of the l-.isomer. 

Evidence for the mechanism suggested in (xvi) ~as provided 

by the observation, that, if a second less volatile olefin 

was added to an organoborane, the original olefin could be 

distilled out. 17 This is of synthetic importa~ce since the 

contr:3.therrnodynamic isomerism of an olefin may be readily 

achieved: 
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Cf3 ,?H3 yH3 
CH

2 
Hydroborati'9P 

I 
CH

3
CH2-C=CHCH3 

.,' GH 
I 2 

CH3CH2CH-
r

HCH3 

Heat 
---~> CH2 I 

CH
3

CH2CHCH2CH2 

I
B

, 

(d) Halogenation. 

~" / 
(xv) 

(i) Add involatile 

olefin 

(ii) Distil 

The direct reaction of trialkylboranes'with the halogens 

was very slow although the lower members reacted vigorously 

with resulting substitution in the alkyl chain. 

Trimethylborane reacted wi~h chlorine in the gas phase at 

-9SoC to produce chloromethyldimethylborane. 39 Direct 

substitution of an alkyl group by a halogen was difficult 

and usually only one alkyl group could be removed. For 

example, the reaction of iodine with tri-~-propylborane 

at 150°C yielded only iodo di-£-prOPYlbOrane: 40 

(xvi) 

Any attempt to force the reaction further only resulted in 

substitution in the alkyl group. 

More recently, Brown has studied the reaction of bromine 

with organoboranes in the dark and concluded that the 

reaction involved the prior attack by bromine at the 

,oc-~osition in the alkyl chain, followed by cleavage of the 
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boron - carbon bond by the hydrogen bromide formed~41 

>-

+ 

+ HEr 

Slow (xvii) 

(CH3)2CHCH2Br 

The mechanism postulated for this reaction was one involving 

free radicals: 

Br2 + BR3 ,. Br" + BrBR2 + R' (xviii) 

I I 
R B-C-

2 I + Br' )- R2.B-9- + HEr (xix) 

H , I 
R B-C- + Br

2 r R2B-C- + Br" (xx) 
2 • I 

I 
Br. 

I 
R B-C- + HEr ). R2BBr + H-C- (xxi) 

2 I I 
Br Br 

R-B ...... 
" 

+ HBr :> RH ......- (xxii) + Br-B 
" 

If:' the reactions were performed in the presence of base, 
o two alkyl groups could be removed very quickly, even at 0 C" 

Iodonation was easily achieved in the presence of sodium 

hydroxide: 42 

(RCH2CH2) 3B + 2 12 + 2 NaOll >- 2 RCH2CH21 + 2 NaI + 

RCH2CH2B(OH)2 (xxiii) 
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For bromination, it was found preferable to use sodium 

methoxide as the base, to avoid oxidative side-reactions 

due to. the formation of sodium hypobromite in sodium 

'd 43 hydroxJ. e. 

These reactions again are of synthetic value, since 

they result in,the anti-Markovnikov hydrohalogenation of 

the original olefin. 

(e) Oxidation 

The fact that the organoboranes are very sensitive to 

oxygen has long been known. Because of the relevance of 

the autoxidation of organoboranes to this thesis, this property 

will be dealt with at length in the following chapter. 

Oxidation has also been achieved with alkaline hydrogen 

peroxide, chromic acid, or· amine oxides. The reaction of 

organoboranes with alkaline hydrogen peroxide was first 

investigated by Johnson et ~.14 and they found that the. 

final products consisted of boric acid and the corresponding 

alcohol. Kuivila and Armour studied the similar reaction of 

phenylboronic acid and alkaline hydrogen peroxide and they 

suggested the following mechanism: 45 

- H2O HOO -H202 + OH :.. + .... 
(xxiv) 

OR 

- 1-.,-. Ph-B(OH)2 + HOO ::. Ph-B -OR < 

I 
(xxv) 

OOH 
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OB OH 
I 1- -Ph-B:'OH :.. ...... Ph-B :-OH + OH (xxvi) 
I 1+ 

·0 0 
\1 

OH 

OH Oll 
I- I 

Ph-B -OH )0- Ph-O-B (xxvii) 
( 1+ \OH 0 

--.... ~ B(OH) 3 + PhOH (xxviii) 

Thu~ it can be seen, that basically the reaction involved 

co-ordination followed bY,a 1,2 nucleophilic shift of the 

phenyl group from boron to. oxygen. Further evidence was 

provided by Davies and Roberts who reported that the "." 

diethanolamine ester of optically active l-phenylethylboronic 

acid was oxidised to l-phenylethyl alcohol with-retention. 72 

Brown has since developed this reaction as a method for the 

synthesis of alcohols, obtaining almost quantitative yields 

under mild conditions: 46 

RCH=CH
2 

Hydroboration». (RCH CH ) B H2°,)/OH- 3RCH
2

CH
2

0H (xxix) 2 2 3 'c. 

It is clear that, similarly to the halogenation reactions, 

the alcohol obtained is the anti-Markovnikov product. 

Chromic acid oxidations were studied in some detail by 

Ware and Traylor. 47 They found that the attacking species 

involved were HCro~- and H3Cr04 + and that from pH 3 to 7 the 

major product was the alcohol. At higher acidity the alcohol 
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was oxidised further to produce ketone. It was also 

observed that the structure of the alkyl group influenced 

the rate of reaction. This was in contrast to alkaline 

hydrogen peroxide oxidations and hence they postulated a 

mechanism involving a nucleophilic 1,4 alkyl rearrangement: 

III 

.' 

OH 0 
I II 

R-B::'O-Cr-OH 
I II 
OR 0 

III 

--+-~ nOR 

(xxx) 

(xxxi) 

Again, Brown developed this reaction as a method of ketone 

synthesis from organoboranes derived from secondary olefins: 48 

HYdrOboration~ (~: 

Oxidations using N-oxides of tertiary amines resulted in 

the smooth transformation of all boron-carbon bonds into 

boron-oxygen-carbon: 

+ (xxxiii) 

From their studies on the reaction between I-phenylethylboronic 

acid and trimethylamine N-oxide, Davies and Roberts concluded 



-16-

that the mechanism was analogous to that for oxidations 

with alkaline hydrogen peroxide;49 i.e., co-ordination 

followed by a 1,2 migration of the alkyl group from boron 

to oxygen: 

R 
I 

HO-}3 
1 
OH 

/\ ONNIe
3 

~/\ It /OR (xxxiv) 
RO-B-O-NMe

3
-7>- HO-B" + Me

3
N' 

1- " 
OR OR . 

The trimethylamine was evolved quantitatively and could 

be estimated acidimetrically thus providing a method for the 

quantitative determination of boron-carbon bonds. 50 

It should also be mentioned here th~t the reaction of 

hydrogen peroxide on a dialkylperoxy alkylborane provides a 

very simple synthetic route to hydroperoxides: 5l 

(xxxv) 

The hydroperoxide was obtained free of alcohol by base 

extraction. This technique is a significant improvement 

over previous methods when yields obtained were usually very 

low52 ,53, compared with tho~e obtairied by this method which 

are usually in excess of 75%. 

(f) Metallation. 

It ''las observed that if a mixture of triethylborane and 

mercuric chloride was treated with aqueous sodium hydroxide 

a~ about 70oC, there was a rapid reaction leadipg to the 

formation of diethylmercury.54 The reaction proceeded 

equally as fast if the oxide was used in place of the 
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chloride 55 and possibly it is the intermediate in the former 

reaction. 

If the organoborane was reacted with silver oxide in 

the presence of alkali, coupled products were obtained56 , 

and this presumably involved the prior formation of an 

unstable silver alkyl which decomposed to give radicals which 

then coupled: 

+ 3AgOR + NaOH 3RAg 

! 
R-R 

+ NaB(OH)4 

(xxxvi) 

This reaction is analogous to that between Grignard reagents 

and silver bromide, but it does have the advantage that the 

hydroboration technique 1s tolerant towards other functional 

groups within the alkyl chain, thus allowing a number of 
57 interesting coupling reactions to be achieved. For example: 

(CH3)lC = CH2 (1) Hydroboration CH
3 I . 

+ .,. 
CH3-CH(CH2)liC02C2H5 

CH2 = CH(CH2)aC02C2H5 (2) AgOR/NaOR (xxxvii) 

This product is, of course, obtained in a statistical ratio to 

the two symmetrically coupled products. 57 

(g) Carbonylation. 

This imprirtant reaction was first investigated by Hillman 

who found that by reacting carbon monoxide with an organoborane, 

under pressure, with water at l50oc, the ultimate product 
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was a-trialkYlCarbinylboroxine. 58 

co 
yR3 
B 

0/ '0 
.I., I 
B B 

R C/' '0/ 'CR 
3 3 

(xxxviii) 

The mechanism Hillman proposed for this reaction was the formation 

of a carbon monoxide-organoborane adduct which rearranged, presumably 

by a 1,2 alkyl shift, to give an· acylboron compound (IV). This 

in turn rearranged to give a hexa-alkyl-2,5-diboradioxane (V) 

which then reacted with water to give a Loronic acid. This 

compound then broke down at the temperature of the reaction to 

give the trialkylcarbinylboroxine (VI): 

o 
II 

2R B-C-R 2 

o 
II 

~ 2R2B-C-R 
(IV) 

(xxxix) 

(xl) 

(V) 

R /OH 
~-

HO/ 'CR + 2 

! 
. OR 

2 R CB/ 
·3 '" OH 

(xli) 
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Later, Hillman also found cyclic 

if the reaction was performed in the presence of glycols or 

aldehydes. 

The high pressure reaction with glycols produced cyclic 

esters of trialkylcarbinylboronic acids59 (VII): 

(VII) 
(xliii) 

Two mechanisms were postulated for this reaction, the first. being 

analogous with that above.and involving the reaction of the 

glycol with (V):59 

HOCH2 
+ 2 I 

HOCH2 

O-CR 
2 R CB/ I 2 

3""-. 
O-CH2 

-2H 0 
( 2 

! 

Alternatively, he suggested that the process could involve the 

'reaction of glycol with (1V):59 
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R B-C-R 

2 
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- + 
> R2~-CR( OR) 

OCH2CH20H 

O-CH 
R CB/ I 2 ""E<"'--

3 'O-CH 
2 

(VII) 

The involvement of (IV) was also suggested for the reaction with 

aldehydes, the products of which were novel 
. 60 

4-bora-l,3-dioxolanes (VIII):" 

+ co + RICHO R-B-O 
I 'CHRI 

R C-O/ (VIII) 
(xlvi) 

2 

The mechanism for this reaction involved a 5-centre transition 
60 state: 

o 
II 

R B-C-R 
2 + RICHO o 

RB~ \ 
2\ CHRI 

R-C+ /. '0 
R-E-O t 

I 'CHRI 
R C-O./" 

2 

(VIII) 

The big di8adva~tage with these reactions, was that very 

high pressures (up to 800 atmospheres) were required. 

Brown and Rathke, however, found that if reactions were 

(xlvii) 
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performed in ethereal solvents the carbonylation proceeded 

smoothly at atmospheric pressure61 ,62. It had been 

previously noted by Rl11man58 ,59, that oxidation of the 

cyclic boron compounds, (VI) and (VII), produced 

trialkylcarbinols, and now that carbonylation could be 

easily achieved, the synthetic usefulness of these reactions 

to produce trialkfcarbinols in good yields, was realised. 6l 

i This can be shown by the following example; by a combination 

of hydroboration, carbonylation, and oxidation, cyclohexene 

was converted into tricyclohexylcarbinol in 80~ yjeld. 61 

A classical synthesis via the Grignard gives a 10% yield. 63 

It was also observed that if a trace of water was 

added to the reaction mixture during carbonylation, only 

two of the alkyl groups would migrate from the boron to the 

carbon62 ; subsequent oxidation of this intermediate 

produced the ketone in good yield: 

+ co ) 

R-B-CR
2

, 
I \ 

OH OH 
HOR 

If the carbonylation reaction was performed in the 

presence of a reducing agent such as lithium 

,trimethoxyaluminohydride, subsequent oxidation gave the 

aldehyde in virtually quantitative Yield: 64 

RCR CR B(· CO ')00 RCR CR CHB/ [0]) RCH
2 

CH
2 

CRO 

(xlvii) 

2 2 LiAIH(OMe)3 2 21 "-
6Al(OMe)3Li (xlix) 
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In the presence of a stronser reducing agent, for 

example lithiu~ borohydride, the methylol derivative was 

obtained: 65 

( i) N BH a J. 4 . 

+ co .- (1) 

(it) KOB 

Under the chosen reaction conditions, it is not 

iunreasonable to suggest that the aldehyde is initially 

produced, and this is then reduced by excess borohydride. 

(h) Cyanolation. 

The reaction of sodium cyanide with an organoborane 

produced a stable salt, (~X). If.this salt was treated with 

an electrophilic reagent, ·a series of rearrangements occurred 

to produce an intermediate which, on treatment with alkaline 
- 66 

hydrogen peroxide, produced the ketone. 

The intermediate produced and the mechanism of the 

rearrangement was dependent upon the electrophile chosen. 

The action of proton acids induced a 1,2 alkyl shift in the 

salt to produce an intermediate which then underwent 

cyclisation and produced a stable adduct (XI) after further 

reaction with the ylide (X): 

+ 
- + 2 NaCN ~ 2 R2~-C:N.Na (Ii) 

R 

- + 
2 R2~-C~N.Na + 2 MeS0 3H 

R 

(IX) 

R 

2 R
2
-B"-C:N-H --7- 2 R

2
B- t=N-H 

Aj(}(x) 
(Iii) 
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(XI) 

~2 
/C"'" 

RB NH 

I f 

HN'O/BR 

R2 

. It will be noted that this mechanism is not dissimilar 

to that suggested for the,carbonylation reaction (equations 

(xxxix) to (xli) ). 

Since the last step involved the abstraction of hydrogen 

cyanide from the ylide (X), the potential yield of the 

ketone was limited to 50%. If, however, benzoyl chloride 

or trifluoracetic acid were used as the electrophile, a 

different reaction occurred from which the ketone could be 

obtained in yields in excess of 85%. 

(liii) 
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(i) Other Reactions. 

The number of synthetically useful reactions of the 

organoboranes is ever increasing, and only those of major 

interest or of relevance to this thesis have been described 

above. Table 2 is a summary of the main synthetic uses of 

these compounds. 

TABLE 2 

Synthetic Uses of Or~anoboranes 

Isomerisation of 

RCH=CHR 

Primary halide, 

RCH2CHRX 

Primary alcohol, 

RCH2CH20H 

Higher alcohol, 

Tertiary alcohol, 

(RCH2CHR)3CHOH 

Aldehydes; 

RCH2CHRCHO 

Reagent and Conditions. 

Heat; add less volatile 

olefin; distil. 

Heat with carboxylic 

acid. 

Add halogen + base. 

Treat with alkaline 

H202 

, Carbonylation in the 

presence , of LiBH 4; 

oxidation. 

Carbonylation; oxidation 

Carbonylation in the 

presence of LiAIH(O~e)3; 

oxidation. 

Ref •• 

17 

37 

42,43 

46 

65 

61 

64 



Ketones; RCH2COR 

Hydroperoxide; 

RCH2CHROOH 

Coupling; 

RCH2CHRCHRCH2R 

PrimarY'amines; 

Secondary amines; 

(RCH2CHR) 2NH 

Tertiary amines; 

(RCH2CHR) 3N 

Sulphides; 

RCH2CHRSR' 

Dialkyldisulphides; 

(RCH2CHR)2S2 
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Reagent and Conditions 

Oxidation with chromic 

acid. 

(i) Carbonylation in the 

presence of H20; 

oxidation. 

(ii) Cyanolation; 

addition of benzoyl 

chloride; oxidation. 

Autoxidation at room 

temperatur~; addition 

of H20
2

• 

Treat with alkaline 

AgN0
3 

Treat with 

o-hydroxylamine 

sulphonic acid. 

Reflux with alkyl azide 

in xylene. 

Treat with 

. dimethylchloramine. 

Treat with R'2S2 in 

presence of 02 

Heat with sulphur at· 

1300 C. 

Ref. , 

48 

62 

66 

51 

56 

67 

68 

69 

70 

71 
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CHAPTER 2 

THE AUTOXIDATION OF ORGANOBORON COMPOUNDS. 

An autoxidation process is one in which a compound 
I 

reacts with molecular oxygen, and althoueh it ha~ long-been 

known that most organoboron compounds do so with striking 

effects, significant advances in the study qf these processes 

have only been made in the last decade. Because comparisons 

and references are to be made to the analogous reactions of 

carbon containing compounds, a brief resume·of the 

autoxidation of hydrocarbon's is now given. 

1. The Autoxidation of Hydrocarbons. 

The nature of a compound can have a very large effect 

on the ease with which this reaction occurs, hydrocarbons 

being considerably less reactive than compounds containing 

a hetero atom. The industrially important process for 

converting cumene to cumene hydroperoxide~ occurs readily 

6 0 o· at temperatures about 0 -100 e, but acetaldehyde will 

form an explosive peroxide by reaction with oxygen at oOe. 
It is now established that these reactions occur by a 

free radical chain mechanisml
,2 and the general reaction 

b 'tt .1,2 scheme may e wr1 en as· 
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Initiation Jr R· (Rate=Ri ) (i) 

Propagation R· + O· 
2 ~ RO • 2 (ii) 

RH + RO • !Io R02H + R· (k ) (iii) 2 p 

Termination· Radicals )- Stable Products (k t ) (1v) 

The assumption that the chains are long and that there 

is a steady concentration of peroxy radicals allows:the 

derivation of a simple rate equation: l 

-d [02) = 

dt 

k 
p (v) 

This equation only applies at relatively high oxygen pressures 

(greater than lOOmm) when termination occurs almost 

exclusively between peroxy radicals. 

Initiation and Propagation. 

The initiation step involves the formation of a 

free-radical from the hydrocarbon. If sufficient attention 

is not given to purification of the hydrocarbon, trace 

quanti ties of hydroperoxide .impuri ty will break down to give 

radicals which then initiate a chain reaction. The breakdown 

of the hydroperoxide may occur by either a uni- or a 

bimolecular mechanism: 3 

ROOR RO· + 'OR 

2ROOH RO • + 2 

(vi) 

(vii) 
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As the autoxidation proceeds the peroxide concentration 

increases, which results in a greater rate of initiation and 

hence the characteristic auto-,ac,celeration of these processes. 

It has been frequently observed that even the most 

carefully purified hydrocarbons will autoxidise to some 

extent and various reasons have been suggested, including 

the presence of trace metals4 , glass surfaces5 , and a direct 

molecular reaction between oxygen and the hydrocarbon. 5,6,7 

This last reaction is a termolecular process: 

(viii) 

For kinetic studies it is generally more convenient to 

induce initiation, and this is done by adding small amounts 

of organic peroxides or azo compounds which by, thermal or 

photochemical means, break down to give radicals at a constant 

rate. 

The propagation steps involve the reaction of the alkyl 

radical with oxygen to produce a peroxy radical, (ii), which 

subsequently attacks the hydrocarbon to produce an alkyl 

radical and the hydroperoxide, (iii). Reaction (iii) is an 

example of an SH2 reaction (substitution, homolytic, 

bimolecular)8 at hydrogen. 

Termination. 

The termination reactions and the products of 

autoxidation tend to be complex, but the three pr.incip~l 

routes for the removal of radicals from the system are: 



. . 

2R· 

ROO· + R· 

2ROO· 
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--~~ R-R 

--"'>,""'"'" ROOR 

ROOR + O2 
or Alcohol + Carbonyl Compound 

(ix) 

(x) 

(xi) 

At low oxygen preAsures, or if the alkyl radical is highly 

stabilised, reaction (ix) predominates, while at high oxygen 
. 

pressures or if the alkyl radical is very reactive, route (xi) 

is favoured. The majority of the products obtained are due 

to the breakdown of the hydroperoxide formed in the propagation 

steps • This can give rise to a wide variety of products including 

acids, alcohols, carbonyl compounds and esters. 

Hydroperoxides may be isolated in appreciable yield from 

alkane autoxidations in a few case8. 9,10 
The rate of spontaneous initiation has been measured 

by Robb and carlsson5 by determining the rate of oxygen 

absorption during the very early stages of reaction. 

found that this was a termolecular reaction (viii), in 

agreement with Emanuel !! al. 7 

They 

Much kinetic work has been devoted to the determination 

of k , and ,:; from equation (v), it is obvious that an accurate 
p 

knowledge of Ri and k t is requi'red in order to evaluate this 

rate constant from oxygen absorption measurements. As has 

been mentioned previously, kinetic ~xperiments are usually 

done in the presence of an initiator, in order to achieve 

a constant rate of initiation. Al though the rates of 

homolysis of initiators are well known, these values cannot 

be taken as the rates of initiation because a proportion 
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of the radicals produced are removed by, for example, cage 

recombination reaction~. Hence, it is necessary to measure 

the rate of chain initiation under the experimental 

conditions. This is easily achieved by adding a known 

amount of inhibitor, and determining the induction period 

produced. Equation (xii) then applies: ll 

Induction Period = n ~nhibitor] 

Hi 

(xii) 

n = number of radicals destroyed by one molecule of inhibitor. 

Values of k t are usually obtained via the rotating sector 

.. 12 11 technique. Essentia y. this involves causing fluctuations 

in the radical concentration of a photo-initiated process, by 

'flickering' the illumination with an interposed rotating 

sector. By relating the sector speed to the rate of reaction, 

it is possible to determine the chain li~etime and k t : 13 

Chain Lifetime = Population = 

Birth Rate 

= 
(xiii) 

1 

(2k R ) t 
t 1 

More recently, it has been found possible to determine 

values of k t for alkylperoxy radicals by electron spin 
12 14 

re sonance • ' 

Thus, with a knowledge of k t and Hi' values of k can be 
p 

obtained from equation (v) by measuring the rate:of oxygen 

absorption. Values of kp for many hydrocarbons are now 

available.13 
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Inhibitors • 

. The various types of inhibitor and their modes of action 

have been well reviewed. 15 ,16 The autoxidation of a 

hydrocarbon can be inhibited either in the initiation stage 

or during propagation, and this affords a ready classification 

of anti-oxidants. Initiation suppressors can be further 

sub-divided into three catagories. 

Metal-ion deactivators operate by either complexing the 

metal to its maximum co-ordination number, or by altering its 

redox potential, so stabilising one valence state. This then 

reduces the ability of the transition metal ions, such as 

2+ 2+ + Fe ,Co ,or CU , to initiate by such reactions as: 

(xiv) 

+ ROOR ~ 1f+ + ROO· (xv) 

Ultra-voilet light stabilizers suppress initiati6n by 

absorbing the radiation and then disposing of it by a 

non-radical mechanism, hence reducing the possibility of 

photo-chemical initiation. 

The third sub-division in the class of initiation 

suppressors concerns peroxide destroyers. These compounds 

do exactly what their name suggests and reactions (vi) and 

(vii) cannot therefore occur. Frequently, compounds in 

this group ca~ also act as propagation suppressors by 

removing peroxy radicals17 ,18, for example, Burn proposed 

the following reactions for zinc dialkyldithiophosphates: 
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HO, s-s no 
,,/ "/ 

+ ROO·· -..;...;a /p\. P" 

Zn. RO '\s s/ OR 

Propagation suppressors operate by removing the 

propagating radicals, producing either radicals of lower 

reactivity, or molecular products. Phenolic compounds are 

the most common in this class and one molecule of a phenol~ 

will usually remove two peroxy radicals from the systeml9 

forming stilbenes, quinones, bis-phenols or 

biphenYlqUinones. 20 The mechanism by which they remove 

peroxy radicals to give such products may be written as: 19 

OH OH 0 
R2 

+ R02'~ RO' 
2~ 

(xvi) 

R
1V R2 

Rl'Q(R2 

RO· (xvii) R 2 OOR R3 3 R3 

There are many factors which influence the effectiveness 

of a particular phenol as an inhibitor, suffice it to say 

here that electron releasing groups increase the reactivity 

and that it is preferable to have a bulky ortho substituent 

to minimise chain transfer effects. 

are given by scott16 and Ingold~l 

Detailed discussions 

Amines also fall in this catagory, and appear to remove 

up to three peroxy radicals per molecule of inhibitor.15 

The mechanism by which they remove radicals is: 22 ,23 
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----~~ Ar2N' + R02H 

----+> Ar2NO + RO' 

(xviii) 

(xix) 

In some cases the nitroxide produced by reaction (xix) can 

also remove a radical from the system. 

The last group of compounds that will be considered, is 

the stable free radicals. Ingold and Brownlie have studied 

nitroxides in rome detai1 24 , mainly as a result of trying 

to gain an understandinB of amine anti-oxidant activity. 

They found that (I) only trapped alkyl radicals, and although 

(II) and (III) also reacted with peroxy radicals, the authors 

concluded that these compounds were less effective th~n 

phenols or amines. 

o 

Me ~ Me 

~NX~~ Me I .I.e 
O. 

(I) 

MeoQnOo"e 

'0 

I 
O· 

(II) 

(IV) 

A stable free-radical which is highly efficient is 

(III) 

galvinoxyl (IV). This compound was shown by Bartlett to 

be a very efficient scavanger for cyano-iso-propyl and 

d ' 1 25 d 1 f' th f t-butoxy ra lca S ,an a so was one 0 .e very ew 

compounds capable of inhibiting the autoxidation of 

trialkylboranes. 26 This implies that it also traps peroxy 
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radicals which are the propagating species in the borane 

autoxidation chains. Galvinoxyl has also been used to 

inhibit the autoxidation of several other organometallic 
27 compounds. 

2. SH2 Reactions. 

The homolytic bimolecular (SH2 ) reaction has some 

similarity to the well known heterolytic, nucleophilic 

It involves the displacement of a radical 

from a molecule by a second incoming radical. The general 

reaction is: 

R· + AB (RAB)* --+-~. RA + B· (xx) 

Many radical processes involve reactions of this type but it 

is only recently that they have been recognised and drawn 

together under the classification SH~.8 The most common 

S 2 reaction occurs when R· attacks a univalent atom, such 
H 

as hydrogen in a molecule to give RH and this has generally 

been kno~~ as abstraction. Substitutions at multivalent 

centres are also known and occur readily providing the . 

multivalent atom is multiply bonded or is co-ordinatively 

um'laturated. Both of these requirements allow the 

* formation of a transition state (or intermediate) with 

little activation.energy. 

The general reaction at a multiply bonded centre is: 
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+ AB=D + A· (xxi) 

A reaction of this type will typically occur at an sp2 

hybridised carbon atom, and may well be involved in the 

relatively facile autoxidation of acetaldehyde mentioned 

earlier. A more specific example is the attack on 

b 1 d ' 1 28 biacetyl by cnzy ra lca s : 

O· 0 o 
I II 

CH
3

COCOCH
3 
~ CH

3r
-C-CH

3 + 
II 

~ CH39CH2Ph (xxii) 

CH2 
I 

+ CH3CO· 

Ph 

SH2 reactions at co-ordinatively unsaturated centres are 

most frequently found in organometallic chemistry and have 

low activation energies providing the atom under attack 

has available vacant low energy orbitals which allow it to 

increase its co-ordination number. There are many examples 

of this type of reaction but one that is particularly 

relevant occurs during the autoxidation of trialkylboranes, 

d3.nd involves the attack of a peroxy radical at a boron centre: 29 ,30 

(xxiii) 

The transition state presumably involve~ a four co-ordinate 

organoboron radical. 

Two different types of SH2 reactions are possible, 

synchronous and stepwise.8 In a synchronous process the 
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loss of B' [reaction (xx)] occurs with the approach of R· and 

(RAB)* is only a transition state. A stepwise mechanism 

involves the formation of an intermediate (RA.B)*, which has 

a finite lifetime, and which then subsequently undergoes a 

unimolecular decomposition. As can be seen the only 

distinction lie.s in the lifetime of (RAB) *. and when this 

is particularly long it is possible to observe the 

int~rmediate radical using electron spin resonance spectroscopy. 

The t-butoxytrimethylphosphoranyl radical has been 

identified in the reaction of trimethylphosphine and 

d ' 1 31 t-butoxy ra lca s: 

(xxiv) 

Further examples of the SH2 reaction will occur later in 

this thesis. 

3. Early Studies on the Autoxidation of Organoboron Compound~. 

The most striking property of trialkylboranes is the 

remarkable ease with which they react with atmospheric oxygen. 

This fact was first noted by Frankland over 100 years ago, 

when he reported that both trimethyl and triethyl boranes 

were spontaneously inflammable in air. 32 The facile 

autoxidation was also noted by other workers. 33 Krause et ale 

found that by controlling the oxidation, they coul~ obtain 

boron oxides, which, on crystallisation from water, gave 

the acids in pure form: 34 
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+ (xxiv) 

Johnson and co-workers observed that water affected theoe 

autoxidations. 35 ,36 Dry tri-~-butylborane absorbed almost 

one molecular equivalent of oxygen to yield di-~-butyl 

~-butylboronate", whilst in the presence of water, only 

0.5 moles were absorbed and the major product was the 

d ' b ' t 36 correspon 1ng or1na e: 

--~;. (ni3uO)2BBun 
. n n 

H20 ~ 2 BuOBBu 2 

(xxvi) 

(xxvii) 

These authors also suggested a mechanism for the 

autoxidation, and proposed "that initially a boron-oxygen 

adduct (V) was formed. This intermediate then underwent 

a redox reaction with unreacted trialkylborane to produce 

the borinate ester: 

R3B + 02 

[R3B -!-w( - o=oJ 

~ [R3B< o=oJ (V) 

+ R3B ~ 2R2BOR 

(xxviii) 

(xxix) 

The possibility of a peroxide intermediate was first 

demonstrated by Gru~~itt37 in his studies on 

trialkylboroxines [(RBO) 3] · He found that the partially 

autoxidised liquids liberated iodine from acidified potassium 

iodide and initiated the polymerisation of vinyl acetate. 

He also observed that boroxine autoxidations could be 

inhibited by the addition of 0.1% phenyl-2-naphthylamine, 
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but not by quinol, and in fact he drew comparisons between 

.this reaction and the autoxidation of benzaldehyde, which 

was kno~n to be free-radical. 38 In spite of this he 

favoured the non-radical mechanism proposed by Johnson and 

Van Campen. 36 

In 1953, it had been demonstrated by Walling and 

Buckler, that the product obtained from the autoxidation of 

Grignard reagents \'las an alkylperoxymagnesium compound-. 39 

Thus it was not unreasonable to expect a similar compound to 

be produced from the autoxidation of organoboranes, and in 

1956, Petry and Verhoek made the first positive identification 

of an organoperoxybOrane. 40 It was prepared by the reaction 

of trimethylborane and oxygen in the gas phase and at low 

pressure. They confirmed the structure by iodometry and 

mass spectrometry as a dimethyl methylperoxyborane.(VI): 

+ -~~ MeOOBMe 2 

(VI) 

(xxx) 

At about the same time, Davies and Moodie published details 

of the preparation of boron peroxides via nucleophilic 

substitution4l, 42 , rather than autoxidation. In this way, 

the· existence of organoperoxyboranes was well established. 

Previous to this, Bamford and Newitt had concluded, 

from a kinetic study of the gas phase autoxidation of boron 

and zinc alkyls, that a chain reaction was involved43 • 

Davies et al., studying the liquid phase autoxidation of --
tributylboranes, found that there was no induction period 
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and quinol did not effect the reaction44 , as had Grummitt 

for the autoxidation of tributylboroxine. 37 These results 'were in 

contrast to those found for the free-radical autoxidation of 

hydrocarbons, and thus a polar mechanism was suggested. 44 ,45 

It was postulated that the initiation step involved the 

co-ordination of an oXYGen atom to the boron, and this 

intermediate then underwent a nucleophilic 1,3 alkyl 

rearrangement from boron to oxygen: 

R 

R 0+ 
/ 

R 0 
I 1'0 

,:J , I 
-B ~ -B--O ~ -B-O (xxxi) , 2 , I 

Evidence for this mechanism was provided by Davies 46 et ale --
in a study of di-iso-butyl-t-butylborane. According to the 

mechanism of equation (xxxi), a t-butyl group should be more 

mobile than an iso-butyl group, and this was shown to be so, 

by autoxidising di-iso-butyl-t-butylborane with limited 

amounts of oxygen and then determining the alkyl and 

alkylperoxy groups bychromatographic analysis of the product, 

following hydrolysis with peroxyoctanoic ncid! 

~B(00R')3_n + + B(OH)3 

+ (3-n)R'OOH + (xxxii) 

The possible product forming steps are shown in 

equation (xxxiii): 
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+ 

(VII) 

+ 

i .C4Hg 

"'- i B-O-O- C H 
/ 4 9 

tc H/ 
4 9 

(VIII) 

tc H -B 

i 0-0- a H 
/ 

4 9 

49 " 
"' o-O-iO H 

4 9 

(X) 

(xxxiii) 

After the uptake of the first mol. of oxygen the product 

was shown to consist of 69% of compound (VII) and 31% of 

compound (VIII). The ultimate product after the absorption 

of two mols. of oxygen consisted of 99% of compound (IX) and 

1% of compound (X); the structure of compound (IX) was confirmed 

by its proton magnetic resonance spectrum • 

. The mechanism proposed in equation (xxxi) was the same 

as that suggested by Walling- for the autoxidation of Grignard 

47 reagents. 

Evidence for the borane-oxygen intermediate was provided 
48 by Zutty and Welch. After passing one molecular 

equivalent of oxygen through a solution of tri-~-butylborane 

and thoroughly flushing with nitrogen, the .solution was 

periodically analysed for peroxide. It was found that the 

peroxide 6oncentration increased from 25~ to 60% over a 

period of three hours, and they postulated the formation of 
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a non titratable boron-oxygen complex which slowly rearranged 

to a peroxide: 

+ 
Fast 

)0 (xxxiv) . 

Davies and co-workers failed to reproduce this worlc49 , and 

Hansen and Hamann reported that in 'the autoxidation of 

triethylborane, all the peroxide was formed within fifteen 

seconds. 50 

4. Recent Studies. 

. A free-radical mechanism was first suggested by Davies 

and Coffee in 196651 • They observed that during the 

autoxidation of trialkylboroxines, small amounts of boric 

acid were produced and non- stoichiometric amounts of 

oxygen were absorbed. Further, they suggested that the 

evidence in favour of the ionic mechanism was not compelling 

and could be applied equally to their proposed free-radical 

chain mechanism: 

R' + --~l ROO· (xxxv) 

ROO' + (xxxvi) 

[ROOBR3 J · --.. ,.. ROOBR2 + (xxxvii) 

In this same year positive evidence for such a mechanism 



-47-

was provided by Davies and Roberts from their studies on the 
.efl,,'tl 

autoxidation of optically active l-pheny~oronic acid.29,~3 

The reaction resulted in a racemised product, 

dihydroxy-l-phenylethylperoxyborane, which indicated the 

involvement of a syn~etrical intermediate: 

Ph 
I /OH 

Me-C-B 
" 'OR 
H 

Active 

Ph 
I /OH 

Me-C-O-O-B 
I 'OR 

(xxxviii) 

H 

Racemised 

The autoxidation was" inhibited by small amounts of 

copper (II) N,N-dibutyldithiocarbamate, or galvinoxyl. 
. , 

A short time after this, Allies and Brindley published 

similar results for the autoxidation of optically active 

d1_iso-pinocamphenYl-~-butYlbOrane.54 They too observed 

extensive racemisation in the product and showed the reaction 

could be inhibited by galvinoxyl, phenothiazine or copper (II) 

N,N_dibutyldithiocarbamate. They later extended their studies 

to include the tributylboranes and again found that galvinoxyl 

produced significant induction periods. 25 

Allies and Brindley, in a later paper, examined a large 

range of possible inhibitors,3D but none were found to be 

superior to galvinoxyl. In this paper they also reported 

the isolation of an adduct formed by the trapping of alkyl' 

radicals by 2,2 ,6,6" ,-tetramethylpiperid-4-one-nitroxide: 

R· +. (xxxix) 
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Further, the difference in activation energies for the 

absorption of the first and second mols. of oxygen by 

tributylboranes was clearly demonstrated. 

rate of absorption of the second mol. of oxygen was considernbly 

reduced, and in the case of tri-n-butylbor1:-1ne V'!as neglieible. 

The following stepwise scheme was postulated for tho 

autoxidation process: 

R3B + °2 >- R' (xl) 

R· + °2 :> ROO' (xli) 

ROO' + R3B )0 R02BR2 + R. (xlij. ) 

ROO' + ROOBR2 > (ROO)2BH + R' (xliii) 

ROO' + ROO· i- Stable rroducts (xliv) 

R3B .r+ (ROO)2BR > 2 (RO)2BR (xlv) 

Reactions (xlii) and (xliii) are both SH2 reactions at a 

boron centre, and the differences in actlvation energies for 

these two reactions result from. a px electron back donation 

from the oc -oxygen atom to boron. 

Following this work, the autoxida~ion of triethylborane 

VIas studied by Grotewold and co-workers both in the liqUid 55 

and gas phases 56 and they further SUbstantiated the 

autocatalytic free-radical chain mechanism. It is 

interesting to note that they found iodine was a succes8:t'ul 

inhibitor in solution, in quite small quantities, in contrast 

to the work of Hansen and Hamann.
50 
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5. Kinetic Studies. 

The relative rates of autoxidation of organoboron 

compounds have been reported by many authors and the 

main features are summarised in' Table 3 57 • 

,/ 
ALKYL-B, 

> 

TABLE 3 

Relative Rates 

> A RYL-B::' VINYL-B:: 

> 

(X=Halogen, OR, OOR, OU) 

These results may be a rough reflection of the speed of 

the SH2 reaction occurring' at the boron atom during the 

propagation step. One of the major factors influencing the 

rate is the degree of p K electron back donation from the 

oc-atom to the boron - the greater this contribution, the 

slower is the rate. Steric factors can also affect the 

·rate of autoxidation; thus trimesitylborane was completely 

inert to oxygen and tri-l-naphthylborane, at 25 0 0, only absorbed 
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0.5 mol. of oxygen in 50 days58. The effect of one factor 

that is difficult to judge is the stability of the displaced 

radical. Obviously, a very stable radical will givc a 

considerable I thermodynamic· drive' to the reaction. 

The series given in Table 3 are basically correct, but 

many measurements produced anomalous results because early 

experiments were frequently performed under conditions 

where the rate determining step was the rate at which oxygen 

diffused into the solution. The importance of really 

efficient gas-liquid mixing was not appreciRted until quite 

. 30 
recently. 

Since the discovery that galvinoxyl was an efficient 

inhibitor of organoborane autoxidations, it has been possible 

to evaluate rates of initiation by making use of formula 

(xii), noting t~at for galvlnoxyl, n=1.30,59,60 

An alternative method, described by Brown et al~l, 

utilised the fact that iodine in high concentration is an 

effective inhibitor. Essentially the technique involved 

estimating the alkyl iodide produced from the trapping of 

alkyl radicals by the iodine. 

A most thorough kinetic study of organoborane 

autoxidations has been made· recently by Ingold, Davies et al. 59 . -- '. 
60 

and Ingold ~ al. In these papers, absolute rate 

constants for the SH2 propagation reactions (xli) are listed. 

Because of the great relevance of all these kinetic 

studies to this thesis, they will be dealt with, at length, 

-in later chapters. 
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6. Organoperoxyboron Compounds. 

The evidence for the existence of organoperoxyboron 

compounds which had been suggested as intermediates in the 

autoxidation reactions became increasingly strong,37 and in 

1956 and 1957 compounds of this class were prepared and . 

isolated both from autoxidation40 and nucleophilic 

substitution reactions. 4l 

Nucleophilic substitution was used to prepare . 
triperoxyborates which could not be obtained from autoxidation. 

Tri-t-butylperoxyborate was prepared by the reaction of boron 

trichloride with t-butylhydroperoxide at room 'temperature: 41 

+ + 3HCl (xlvi) 

It was found that this peroxide was very susceptible to 

hydrolysis and alcoholysis: 

+ 3ROH ~ B( OR) 3 + (xlvii) 

This reaction Vias an equilib'rium and by adding excess 

hydroperoxide to a borate, it was possible to prepare the 

peroxide. 

Recently, ~lssian workers have devoted much attention to 

the synthesis of mono and diperoxyborates by nucleophilic 

substitution. In a typical experiment, di-!!-butoxy 

s_butylperoxyborate was prepared from di-,!!-butoxychloroborane 

and A-butyl hydroperoxide: 62 
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+ + lIel (xlviii) 

The structure of the compound was confirmed using infra-red 

a.nd proton magnetic spectroscopy. 

Mas1ennikov ~ al~ described an alternative method of 

preparation using the sodium salt of the hYdroperoxide. 63 

This resulted in the precipitation of sodiuM chloride which 

was filtered off to leave a solution of the peroxyborate. 

The autoxidation of trialkylboranes in solution produced 

the alkyldiperoxyboronatcs, and yields were virtually 

quantitative providing the reaction was done in dilute 

solution and with efficient gas/liquid mixing. 46 ,49,30 

+ (xlix) 

The peroxide could be isolated by removal of 80lvent and 

t o- f t 01 46 their structures have been sa 18 ac or1 y confirmed, e.g. 

At room temperature the diperoxide was quickly formed, 

bu.t Allies a.nd Brindley have shown that at -74
0

C the 

autoxidation of the tributylboranes slows considerably after 

the absorption of one mol.ot oxygen.
30 

Although never 

isolated, it seemed beyond doubt that the product at this 

stage of the reaction was the butylperoxy dibutylborinate. 

Rearrangement and Decomposition Reactions. 

Organoperoxybo-ranes, other than the peroxyborates, have 

a remarkable ability to undergo nucleophilic rearraneements 
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in the absence of other reagents, und this hus been a serious 

obstacle to their isolation. Organic peroxides undergo 

a variety of similar reactions, which have been well studied, 

as well as the more familiar homolysis of the oxygen-oxygen 

bond. 

Alkyl hydroperoxides and dialkyl peroxides readily 

rearranged when treated with a trace of sulphuric acid in 

. d It' 64 acetic aC1 so u 1on: 

H20 
~ R2CO + ROH + RIOH 

(xIx) 

It has been shown that the migration of R occured either 

simul t'aneously· or very soon after the loss of RI O~L 65 

A detailed study by Kooyman and Van Steveninck confirmed this 

and their evidence appeared to favour an intramolecular 

h 
. 66 mec an1sm. 

Peroxyesters rearranged in a similar manner and in some 

cases the reaction occuEed in the absence of acid catalysis. 

Esters of decahydro-9-naphthyl hydroperoxide rearraneed on 

standing to give the isomer,ic ester:
67 

C() 
O-O-C-R 

II 
o 

) C?) (Ii) 

O-C-R 
II 
0 

The rate of reaction increased with an increase in the strength 
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of the acid, RC02H, and also with the dielectric constant 

of the solvent. This led Criegee and Kasper to r.ug~est a 

synchronous intramolecular process by analogy with the 

Beckmann and pinacol-pinacolone rearrangements: 

a 
h 

O-C-R 

o 
1.- II 

.. ".o-c-n 
o 

" 

08 C8J ~. d5. (lii) 

The rearrangement was subject to slight acid catalysis. 

Simple alkyl peroxyesters were much less prone to this 

rearrangement and generally required warming with a trace of 

, 'd 68 
perchlor~c ac~ • 

The Baeyer-Villiger reaction for the conversion of a 

ketone to an ester involved a similar peroxidic rearrangement. 

The production of the ester was achieved by treating the 

ketone with hydrogen peroxide or more usually a peroxyacid: 

RR'CO + R"CO H 3 
--~~ R' CO.OR + R"COOH (liii) 

The mechanism proposed for this reaction was the formation 

of a hydroxy peroxyester which then decomposed by a 

nucleophilic 1,2 alkyl shift: 67 ,69 
R ,I 

R'-C=O + R"C03H ~ 

R.;1 0 
I' f I'v " R'-C-O':'O-C-R" 
1 
OR 

+ 
-r n'-C-OR , 

OH ° - II 
+ OCR" 

(liv) 
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Similarly to reaction (Ii), polar solvents increaRed the rate 

and the reaction was subject to acidcataIysis. 70 

Hawthorne and Emmons also found that the nature of R" 

influenced the migratory aptitudes of Rand R',70 and this 

was good evidence that the rearrangement was a synchronous 

process. 

The rearrangement of organoperoxyboranes was first noted 

by Petry and Verhoek during their studies on methylperoxy 

dimethylborane. 40 This compound rearranged, both in the 

gas phase and solution, by a first order reaction to give 

dimethoxy methylborane. The half-life in the gas phase at 

room temperature was 60 days. 

) (Iv) 

Davies ~ ale studied the rearrangement of iso-butyl 

di-iso-butylperoxyborane using proton ,magnetic resonance 

71 spectroscopy. The doublet due to the methylene peroxy 

group gradually diminished and a new doublet appeared at a 

slightly higher field, and this was attributed to the 

methyleneoxy group: 

In a later paper, Davies and co-workers showed that in 
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the compound iso-butylperoxy !-butylperoxy i~o-butylborane, 

the iso-butyl grou~ was preferentially reduced: 46 

(lvii) 

Davies suggested that this evidence was consistent with B 

1,2 nucleophilic rearrangement and he favoured an 

intramolecular rearrangement by analogy with the Bacycr­

Villiger reaction previously mentioned: 

f/1, 
-B-O . 

'-6-u 
(lviii0 

Murviss favoured an intermolecular rJlechanism, because 

of evidence from his studies on the effect of trialkylboranes 

on peroxides. If, during the autoxidation reaction the 

concentration of trialkylborane was increased, the final 

concentration of peroxide was markedly lowered. 72 Also, the 

addition of excess tri-n-hexylborane to a partially 

Butoxidised solution of tri-~-butylborane led to a large 

reduction in the peroxide ·concentration. 73 Murviss proposed 

the following mechanism to account for these reactions: 

I /R' 
-B~O 

I I 
.......... 

+ ......... B-OR (lix) 

R ~/O 

I B
, 



-57-

The reaction between borane and organoperoxyborane was 

also studied by Hansen and iIamann,50 who found that 11 mixture 

of triethylborane and the peroxide initiated free-radical 

polymerisations. In the presenc~ of iodine, ethyl iodide 

was formed and this was suggested as further evidence for an 

initial induced decomposition into radicals: 

+ + 

(Ix) 

To account for the formation of borate ester, and the fact that 

less than an equivalent amount of iodine was consumed, a fast 

radical combination reaction, between the ethyl and 

oreanoboron-oxy radicals, within a solvent cage, was invoked. 

The reaction between borane and peroxyborane accounts 

for the failure to detect peroxide in many of the early 

organoborane autoxidations ..... Most of. the reactions were 

performed under conditions of oxygen starvation, and in many 

cases in the absence of solvent. Thus, as soon as any 

peroxide was formed, it was reduced by the excess borane. 

It is now clear that the conditions required for maximum 

. peroxide yield are very efficient gas-liquid mixing, high 

dilution and low temperatures. 

The homolysis of the oxygen-oxygen bond is a familiar 
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reaction of organic peroxides, but it is only recently that 

the comparable reaction of organoperoxyboranes has received 

any attention, and only those compounds unable to undergo the 

nucleophilic rearrangements are suitable for study. 

Maslennikov and co-workers followed the decomposition of 

di~n-butoxy s-butylperoxyborane in nonane solution. 62 The - -
reaction proceeded at a measurable rate at temperatures above 

1000a and was first order, with an activation energy for the 
-1 spontaneous decomposition of 30 kcal.mole. • No rate 

constant was quoted. Similarly, tri-rr-butylperoxyborane 

decomposed with first order kinetics and an activation energy 
. -1 74 

of 32.6 kcal.mole. These values are quite similar to 

those found for organic pe.roxides, which were usually in the 
-1 range 30-40 kcal.mole • Typically, the decomposition of 

di- c(, -cumyl peroxide was first order and the activation 

energy determined was 34.5 kcal.mole-l •75 

7. Organoboron Compounds as Polymerisation Initiators. 

As we have seen, the first indication that organoboron 

compounds could bring about vinyl olefinpolymerisations was 

made by Grummitt in 1942. 37 A considerable degree of 

polymerisation occurred when vinyl acetate was heated in 

air with partially oxidised tri-rr-butylboroxine for a few 

hours. 

After this somewhat qualitative beginning, Furukawa et al., --
in 1957, extended the work to include a variety of vinyl 

monomers. 76 Triethylborane was added to the nitrogen flushed 

monomers and the polymer produced was weighed after precipitation. 
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An ionic mechanism was suggested for these polymerisations. 

Federova and Kolesnikov made similar observations using 

tributylborane as the initiator.?? In contrast to the work 

of Furukawa et al., they found that the borane would not 

initiate the polymerisation of acrylonitrile. Rather than 

this reflecting differences between the initiating abilities 

of the two boranes, it was probably a result of differing 

techniques, since the role of oxygen was not then understood. 

The idea that these polymerisations involved a free-radical 

mechanism was first te~tativel~ suggested by Ashikari,78 

and in the following year he and Nishimura provided positive 

evidence for this.?9 They determined reactivity ratios for 

a number of vinyl monomer.combinations initiated by 

tri-iso- butylborane. 

The values obtained were very similar to known values 

for free-radical polymerisation processes. Ashikari and 

Nishimura made a further important observation by stating 

that, although the experiments were performed under nitrogen, 

it was most probable that residual oxygen played an important 

role in the initiating mechanism. 

The Importance of Oxygen. 

By 1958 it was becoming increasingly clear that oxygen 
, 

played an important part in borane initiated polymerisations. 

Ashikari showed both di-iso-butylboron chloride and 

di-iso-butyl iso-butyloxyborane would effectively initiate 

the polymerisation of several vinyl monomers in the presence 

of air, but if precautions were taken to exclude air the 
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extent of polymerisation was reduced by half.80 The 

precautions taken only involved flushing the monomer solution 

with nitrogen and quite probably residual oxygen remained. 

More elegant work by several schools in the early 1960's 

demonstrated that in the total absence of oxygen no 

I . t . d 81, 82, 83 1 th h F po ymerlsa lon occurre , a oug ordham and 

co-workers found that vinyl chloride would still slowly 

polymerise (l%/hour), even after having taken very vigorous 

precautions against the inclusion of air.84 It may well 

have been that in this case the residual polymerisation 

occurred by a non-radical mechanism, or possibly it was the 

result of catalysis by impurities in the materials. 

Nevertheless, the importance of oxygen was now clearly 

demonstrated and the attention of workers was turned to the 

mechanism of the initiation. 

The Initiating Species. 

At this time it was we).l known that boron peroxides 

existed and Davies et al. demonstrated that the newly 

synthesised triperoxyborates were effective initiators for 

styrene and methyl methacrylate POlymerisations.
4l 

FUrukawa took up this theme and suggested the role of oxygen 

in borane initiated polymerisations was to bring about· the 

formation of an organoperOxYbOrane.85 This prior formation 

of peroxide was also regarded by Bawn and co-workers to be 

an important step in the initiating mechanism. 86; In a short 

paper, theRe workers reported on methyl methacrylate 

polymerisations initiated by tri-£-butylborane and an 
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, 
autoxidised solution of the borane. This latter solution. 

was stated to le the monoperoxide but with the benefi t of 

hindsight it was more likely to have been a mixture of mono 

and diperoxides with boron esters. The polymerisations were 

followed dilatometrically and a satisfactory rate equation 

was derived, na~ely, 

( 
-d [M] ) = K [R3B] t ~2BOOR] t [M J 

dt Initial 

(Ix:!) 

Where [M] = concentration of monomer. 

They proposed a mechanism .having as its first step the 

formation of a borane-monomer adduct which then reacted with 

the peroxide to produce the initiatine radicals: 

R3B + M :. 
R3B M ( lxii) '< 

R3B M + R2BOOR > R3B • MRO· + R BO' (lxiii ) • . . 2 

R3B : r'lRO' } + M >- M· (lxiv) 

R BO· 2 

Peroxide or borane alone were found to be ineffective catalysts. 

About the sa~e time, Zutty and Welch suggested a reaction 

between the boron alkyl and autoxidised boron alkyl as the 

initiating species in trialkylborane-oxygen catalysed 

polymerisations.82 These workers were not convinced that the 
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co-catalyst was a boron peroxide, but propoRed that it could 

be a transitory intermediate in the formation of the peroxide 

from the organoborane. 

The idea that an organoborane-oreunoperoxyborane reaction 

was the pertinent factor of trialkylborane-oxygcn initiated 

polymerisations was further SUbstantiated when Welch publiAhed 

the resultsof a detailed study.83 The bulk polymerisation 

of methyl methacrylate, initiated by triethylborane-oxygen 

mixtures, was followed by product analysis and Welch proposed 

the following scheme to account for the initiation: 

R3B + °2 > ROOBR2 (lxv) 

R3B" + ROOBR2 
;> R3B + RO' + R BO' 2 (lxvi) 

R BO· + RO" + 2M ~ 2M' (lxvii) 
2 

.!..~. , a prior formation of peroxide followed by"~"an induced 

disproportionation reaction which produced the initiating 

radicals. At high oxygen to borane concentration ratios the 

polymerisation ceased after low conversion and he explained 

this as being a result of almost 100% peroxide production which 

almost eliminated the disproportionation reaction (lxvi) 

A similar effect was noted at the other extreme of concentration 

tatios, and this he explained by considering that any peroxide 

formed was rapidly destroyed by excess borane,reaction (lxvi), 

which would not give sustained intitation. The maximum rate 

of polymerisation occurred when the concentrations of borane and 

oxygen were about equal, conditions under which reaction 
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(lxvi) would proceed to its greatest extent. Some years 

later, Hansen87 published work of a very similar nature to 

this and agreed with the general conclusions found by Welch. 

Welch had achieved varying concentration ratios by altering 

only the concentration of oxygen, but Hansen extended this to 

include yarying:triethylbnrane concentrations. Although the 

kinetics were complicated, at low oxygen to borane ratios 

the following rate equation was found to apply: 

( 
In. ~ ) 

[M J Ini tial 

= 

~]o = initial monomer· concentration. 

[M] = monomer concentration at time t. 

(lxviii) 

The square root dependence on oxygen concentration had been 

noted previously by both Welch83 and Bawn86 • This equation 

predicted a maximum initial rate at ~t3BJ 
and Hansen showed this to be app.roximately correct, which was 

a contrast to Welch's findings of a maximum rate at 

[Et 3B] = The energy of activation for the 

polymerisation was determined and had a value of 2.4 kcal.mole-1 

in good agreement with Welch's value of 4 kcal.mole-l 83, 

but in contrast with that found by Bawn of 12.9 kcal.mole-l •86 

Finally, Davies found that di-iso-butylperoxy iso-butylborane 

ini tiated the polymerisation of acryloni trile equally as well 

as a mixture of tri-s-butylborane and oxygen. 46 However, 

he did qualify these findings by suggesting that the 

decomposition of the peroxide may have been induced by complex 
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formation with the acrylonitrile. 

Borane - OrganiC Peroxide Initiators. 

Meanwhile, the usefulness of this kind of initiation . 

system had been investigated by Furukawe et al. They found 

that a mixture of triethylborane and an orgnnic diperoxide 

was an effective initiator for vinyl chloride polymerisations. 

A redox reaction was suggested as being responsible for the 

production of initiating radicals: 

R' R' 
I R3B - I R2BOR' R'O· 

R3B + ~ + ---> + + R" 
:O! :0+ 

I 
:0= :0: (lxix) 
I I , 
R' R 

For the next ten years little work of significance was done 

on the initiating ability of this system. Recently, Grotewold 

and co-workers have studied the polymerisation of 

methyl methacrylate using trie'thylborane - organic peroxide 

mixtures.89 The system worked satisfactorily, and from the 

polymeri8ation data, they were able to deduce information 

concerning the nature of the reaction of borane and peroxide. 

Three initiation reactions were postulated: 

Peroxide (lxx) 

Monomer (+ Et3B) (lxxii) 

2R' (lxxii) 
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and expression (lxxiii) was derived: 

= (R 2 _ R 2 _ R22)t 
p 1 (lxxiii) 

where Rp = rate of polymerisation. 

At low triethylborane, high peroxide concentrations, the 

stoichiometry of reaction (lxxii) was 1:1, and when the 

peroxide was di-t-butylperoxide, the reaction had an activation 
-1 

energy of 10 kcal.mole • Although unable to detect 

free-radicals from reaction (lxxii) Grotewold et ale suegested 

a similar mechanism to that of Furukawa: 

+ ROOR + (lxxiv) 

,-, 

Initiation by Borane - Donor Complexes. 

Several authors have explored the possibility of. using 

these complexes because they are much easier to handle than 

the free borane. Although he gave no det~ils, Ashikari 
, 

stated that compounds of the type ;N:BR3 had no initiating 

ability.80 He suggested that this was due to their inability 

to form the borane-oxygen adduct previously discussed (p 42). 

The results of this work were completely contradicted by 
90 Noro and Kav.-azura. These workers reported that the 

triethylborane-ammonia complex readily initiated vinyl 

polymerisations in the presence of air. The cqmplex was 

found to be as effective as the free borane, except at low 

temperatures, when presumably the complex was virtually 
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100% associated. Borsini went further and reported that 

under conditions of excess oxygen the complexes were more 

effective than free borane. 9l In the absence of donors, 

and as the oxygen to borane ratio was increased, the rate 

of polymerisation of vinyl chloride increased to a maximum 

at [02J / [R)B]. = 0.3 after which any further increase 

resulted in inhibition, in agreem~nt with other workers.83 ,8? 

In the presence of pyridine or diethyl ether, the rate-again 

reached a maximum but any further increase in the oxygen 

concentration did not inhibit the reaction, the rate of 

polymerisation staying constant. Borsini et ale suge;ested 

that this was because the ·complex interfered with the 

mechanism through which the free-radicals originated. 

In a more recent paper the rates of polymerisation of 

methyl methacrylate, initiated by tributylborane-oxygen in 

the presence of a variety of donors, have been reported. 92 

Kojima and co-workers showed. a satisfactory rate equation was: 

= k. [Complex] t [M 1 (lxxv) 

although there was no mention of the effect of varying oxygen 

concentration. The results indicated that pyridine and 

substituted pyridines accelerated the rate of polymerisation 

relative to initiation by uncomplexed borane and oxygen. 

Bu B 
3 

+ 

Complex 

Donor '= 

--7) Radicals 

Complex (lxxvi) 

(lxxvii) 
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For a series of methyl substituted pyridines, the reactivity 

was found to be the reverse of the basicity, and Kojima and 

co-workers suggested that this was due to reaction (lxxvii) 

becoming more facile. 

Inhibition of Borane - Oxygen Initiated Polymerisation. 

Arimoto found that a variety of vinyl monomers could be 

polymerised by a borane-oxygen or borane-peroxyborane initiating 

system, even in the presence of large amounts of inhibitors, 

such as various amines, phenols, quinones or phenothiazine. 93 

He further reported that, whereas azo bis-iso-butyronitrile 

(A.I.B.N.) would not initiate polymerisation in the presence 

of ~hese inhibitors, if a ~mall amount of borane was added, 

under nitrogen, polymerisation readily oc~urred. This led 

him to suggest a mechanism involving a borane-propagating 

radical complex which facilitated polymerisation even in the 

presence of inhibitors: 

(lxxvii1.) 

+ C=C --+0 

[
-c-o ----En ] , , 3 

, I 

_ 0----0 

(lxxix) 

[-c-? ---~R3] 
c---o 

(lxxx) 

Brindley and Pearson questioned this mechanism. 94 In an 

earlier paper, Brindley and Allies had shown that the inhibitors 
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used by Arimoto were not effective in inhibiting trialkylborane 

autoxidations,30 and Brindley and Pearson therefore pointed 

out since autoxidation still occurred, polymerisation would 

be readily initiated by chain transfer. They further 

reported that galvinoxyl, an effective borone autoxidation 

inhibitor, successfully inhibited polymerisation for a 

number of hours. The A.I.B.N.-borane initiated polymerisations 

could have resulted from a low concentration of 

cyano-iso-propyl radicals displacing a radical from the 

borane (an SH2 reaction) and hence giving a growing polymer 

chain. 
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CHAPT:2R 3. 

0' - BONDED ORGANOTRAN~ITION METAL COMPOUNDS. 

Of the many compounds which can be classed as 

organotransition metal compounds, this and subsequent chapters 

will deal with those compounds containing only cr-bonded alkyl 

groups, and attention will be focussed on the early transition 

metals (Groups IVa to VIa). Except for a few isolated 

examples, stable compounds within, this class have only become 

known in the last two o'r three years and this can be 

attributed to a basic lack of understanding of the reasons 

for their apparent instability. The existence of c' -bonded 

organotransition metal compounds as labile intermedintes, in 

catalytic processes, has often been postulated. 

1. Introductory Survey. 

, In the 1930 l s following' a lack of success in the 

preparation of C'-bonded transition metal organometallics, 

their existence was thought unlikely. Indeed a review was 

published providing a theoretical explanation for the apparent 

instability of covalent transition metal to carbon bonds. l 

However, some twenty years later some degree of success was 

achieved with the isolation of phenyltitanium tri-isop~opoxide 2 
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This was the first compound prepared containing an early 

transition met~l to carbon bond. It was quite stable but 

.subseQuent attempts by these workers to form compounds of 

the type PhnTiX
4

_n showed that the stability decreased 

drastically as n was increased to two and three. 3 In fact, 

stable compounds were only formed when n W3S less than two, 

and X was a highly electronegative group, Buch as haloeen or 

alkoxide. 3 A similar affect was noted for the methyl 

titanium chiorldes. 4,5 Also ~uring this period of time, 

work by Zeiss et al. on phenyl chromium 71'-complexes,6 

generated interest in ~-bond~d phenyl chromium compounds. 7,a 
Most of these compounds were stable only in the pre~ence of 

donor solvent molecules. For example, the reaction of 

phenylmagnesium bromide with chromium (III) chloride in 

tetrahydrofuran gave tris-(tetrahydrofuran) tri-phenylchromium: 9 

-~~ Ph
3

Cr(OC4Ha)3 + 3MgBrCl 

(i) 

This was a bright red complex, shown by magnetic measurements 

to be a sigma complex, but on removal of the co-ordinated 

tetrahydrofuran, it rearranged to a black solid, which on 

hydrolysis yielded 1f-complexes: 

<~;>--\ ~ . I ""---'" 
+. Cr+ b(ii) 
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The analogous mesityl compound was more stable and did not 

rearrange on removal of the solvent. 8 

The first fully alkylated compound to be prepared was 

tetramethyltitanium which was extremely unstable and 

decomposed above _10 0 0. 5 The analogous phenyl derivative 

was similarly fou.nd to be very unstable decomposing to 

biphenyl and diphenyltitanium at temperatures above _30oC. 10 

The latter compound was found to be more stable than its 

quadrivalent analogue. 

Ph2Ti + Ph-Ph (iii) 

It would be instructive at this point to cona1der. the 

reasoning put forward during this period in order to explain 

the instability of these compounds. The theory proposed by 

Coates drew comparisons between the formation of a 

titanium chlorine bond and a titanium-carbon bond. ll The 

titanium 3d and 4s orbitals are relatively diffuse compared 

. to the compact orbitals of carbon or chlorine, and therefore, 

in the absence of other effects good overlap and stronB 

bonding would not occur. The effect of the large 

electronegativity difference between titanium and chlorine 

causes considerable polarisation - 11 contraction of the 

titanium orbitals and an expansion of the chlorine orbitals­

and c-o°nsequently good overlap occurs between these' atoms, 

giving strong bonds. He further suggested tha~ such 

polarisation would not occur to such an extent between the 

electronegatively similar atoms of titanium and carbon, and 
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thus it was not surprising that stronB bonds werq not formed. 

This argument also applied to the increa~e in stability on 

replacing alkyl groups with halogen or alkoxide groupings, 

since a degree of polarisation would be expected thus facilitating 

the formation of a relatively strong titanium-carbon bond. 

In 1968 Green made a very important contribution by 

pointing out that the kinetic stability must be considered as 

well as the thermodynamic stability of transition metal to 
12 carbon bonds. Thermodynamic stability relates to the 

intrinsic strength of a bond whereas the kinetic stability 

1s' concerned with the rate of decomposition of such bonds. 

Thus, it is perfectly possible to have a thermodynamically 

unstable compound with a long lifetime, because of its slow 

rate of decomposition. This chemical principle is well 

known but Green was the first to relate it to early transition 

metal organometallic compounds. In his article he agreed 

with coates that it was probable that these bonds were 

thermodynamically unstable, the, reason being that on 

decomposition carbon ions or radicals would be produced 

which would readily form stable products and this should give 

rise to a large decomposition energy. These facts are 

summarised in the potential energy diagram, Figure 1. 

Green therefore suggested that factors affectine the kinetic 

stability would probably play the most important role in 

determining the thermal stabilisation of early transition 

metal organometallics. Kinetic stability is primarily 

determined by the mechanism of the decomposition, and Green 

suggested rnther than a purely homolytic dissociation, the 
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Figure 1. Potential Energy Diaeram for the Form~tion Rnd 

Decom~osition of a TrnnRition Wpt8l Alkyl. 

decomposition could well involve p - interactions giving rise 

to a transition state of very low energy (Figure 1): 

I 
- C -

I 
M - C -

I 

1/ c_ 
.. .. ' I 

M - C -
0111 

M' + 
I I 

- C - C -
• I 

(iv) 

Wilkinsonl3 extended the theories proposed by Green. 
, 

Fir~tly, he suggested, with respect to the thermodynamic 

stability, there was no reason for believing that early 

transition metal to carbon bonds should be any weaker than 

bonds to nitrogen or oxygen, and compounds containing Auch 

bonds were quite stable, e.g., the dialkylamides, M(NR2 )n14 ,15 

Secondly, considering the kinetic stability, Wilkinson proposed 



-81-

that the most common mechanism for the destruction of 

transition metal to carbon bonds involved the elimination of 

an olefin: 

, (v) 

This then was the heart of the argument; vi~., organjc groupn 

unable to form olefins ehollid form the most ot~ble cn.rly 

transition metal organometallic compoundfl. Willd.noon ct 0.1. 

substantiated this suggestion by the isolation of many stable 

organotransition metal derivatives of the trirncthylsilylf'1ethyl 

[< CIT3) 3S1.' CH
2

-.] .13,16 Th d' group 1. CAe compoun s, 1.n tho absence 

of oxygen, were considerably more stable than the methyl or 

phenyl derivatives described earlier, and could be stored for 

weeks at room temperature. In a later paper, Wilkin~on at ale 

also reported the preparation of several stable ne~enty1 

. t' 17 der1.va 1.ves. 

Evidence for this idea was also provided by Tamura nnd 

Kochi who had prepared many dialkyl manganeRe compounds and 

studied their decomposition lin sitU I
•
18 

The benzyl, methyl, 

and ne~pentyl derivatives were by far the most stable, and 

obviously these groups forbid reaction (v) • 

. Lappert!! ale also prepared several stable 

trimethylsilylmethyl transition metal compounds, 0.1 thollgh 

apart from the tetra substituted titanium and zirconium 

derivatives, additional stabilising ligands, such as 
19 .cyclopentadienyl, were incorporated into the molecule. 

Prior to the work of Wilkinson, stable benzyl derivatives 
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of titanium and zirconium had been prepared, althouc;h nny 

theoretical explanation for their stability wns not proposed. 20 

In a later paper, these workers publirhed dctnils of the 

properties of these eompounds. 21 

2. Syntheflis . 

. A feature of all of the preparative methods is the great 

necessity to exclude oxygen during all stnec8 of the reaction. 

There are three major preparative routes and the mont common 

of these is transmetallation. This invariably involves the 

interaction of a tr~nsition metal halide with the Grignard 

or organolithium reagent. For the less stable alkyls, such 

as tetramethyltitanium, this reaction was done at low 

temperature, usually below -500 e, and the pure alkyl was 

obtained by removing the solvent. 5 The elimil\ation prohibiting 

compounds were prepared at room temperature, and after removal 

of the solvent, purification was achieved by column 
16 chromatography. In some cases the alkoxides have been 

used in place of the metal halides.
2 

The second technique involves the reaction of an orGanic 

halide wi th a complex metal' anion and has only been used to 

prepare ~ -bonded compounds containing other ligands. The 

most common method required treating a solution of a metal 

carbonyl with sodium amalgam, and reacting the resultant 

complex metal anion with the appropriR.te r:llkyl or nryl h'1lide" 
22 'at low temperature: 
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Na/Hg 
). 

+ 
Na [n-c

5H5W(CO)3] -

lEt I (vi) 

~it -C~}I5Vl( CO) 3Et 

This technique is not applicable to the production of fully 

alkylated derivatives. 

The last general method involves the reaction of an 

alkene with a metal hydride, and is analogous to the 

hydroboration reaction discussed previously for the 

preparation of organoboranes (p.3)~ 

+ (vii) 

Thi~ reaction was done at 950 C and at 40 atmospheres pressure. 23 

However, it is obviously the reverse of reaction (v) and is 

only useful for the preparation of ~-bondcd complexes 

containing stabilising ligands, as in the above example. 

There are of course other methods which have been used 

in isolated cases, but the major routes available for the 

introduction of a ~-bonded organic group are those outlined 

above. 

3. , Properties. 

Because of their somewhat recent discovery, our knowlerlee 

of these compounds is limited. Those compounds containing 

'stabilising ligands have been more fully studied, and in some 
" 
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aspects it is probable that the properties of the fully 

alkylated derivatives will resemble them quite closely. 

Bonding and structure. 

, Wilkinson et ale investigated the structure of hexnkis 

(trimethylsilylmethyl) bimolybdenum using X-ray diffraction, 

and they concluded that each metal atom had a distorted 
17 tetrahedral structure. They gave the following bond angles, 

60 0 Mo-Mo-CH2 100. ,and Mo-CH2-Si 121.1 . and found the metal-metal 

bond was 2.l67i in length~ In a later pUblicatioi,16 

Wilkinson, using a simple molecular orbital treatment, discunsed 

the bonding in this compound and proposed that the metal-metal 

bond was a triple bond, formed by the six d electrons, with 

d 2 as the (J' -bond and dxz and dyz as 7"f -bonds. 
z 

X-ray diffraction was also used by G.R. DavieA and 

co-workers to study the structures of the benzyl derivatives 

of the Group IVA transition metals. 24 ,25 All of the 

structures were found to be distorted tetrahedra. For 

tetrabenzyl zirconium the bond angles were, CH2-Zr-CH2 950 

(mean value), and zr-CH2-C 920 (mean value). They proposed 

that this distortion was the result of a r< -interaction 

between the aromatic rings and vacant orbttals on the metal 

atom. 

The orbitals used in bonding in these dO tetrahedral 

structures is not clear because the three p orbitals and 

the three d orbitals (dXY ' dxz ' and dzy ) are of the snme 

symmetry class and thus they mix wi th each other'. Crudely, 

the bonding orbitals may be considered as a mixture of sp3 

and sd3 hybrids. 
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There is little data concerning the structures of 

bis (7"'C' -cyclopentadienyl) dialkyl complexes of titanium and 

zirconium, although it seems probable that they will closely 

resemble the corresponding dihydrides and dichlorides. 12 

In these compounds the cyclopentadienyl (Cp) rings are 

non-parallel, and the Cp-M-Cp bond angle can ranee from 135°1 

to 175°. The bonding involved in cyclopentadienyl complexes 

is discussed fully and clearly by Green,l2 suffice it to say 

here that it can be envisaged as an overlap between filled 

T1 -orbitals of cyclopentadiene and vacant orbitals on the 

metal, of suitable symmetry. 

Thermal Stability. 

Many papers have been devote~ to. the study of the mechanism 

of the decomposition of organotransition-metal compounds, 

which were usually prepared and studied 'in situ' .18',26,27,28,29 

From all of these papers it was generally concluded that the 

products of decomposition consisted of alkanes, alkenes, and 

usually a metal hydride. Four major decompostion processes 

were detected for the break down o~ alkyl chromium systems.~7a,b 

(a) f -metal hydride elimination, 

, (b) Dc: -metal hydride elimination, 

(c) Hydrogen transfer from solvent to an alkyl group, 

(d) Hydrogen transfer from the f -position of one 

alkyl group to the ci- posi tion of another, 

Sneeden and Zeiss summarised these fragmentation modes for a 

dimeric chromium compound as follows: 27b 
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RCD=CHD 

+ 

"H-Cr" 

s= Tetrnhydrofuran' 

+ 

RCD=CH 2 

Decomposition Routes of a Dimerjc Organochromium 

Compound. 

Wilkinson suggested that route (a) appeared to be the 

most common and the most facile mechanism of decomposition.16 

Tetramethyl titanium decomposed at room temperature to 

give a black precipitate and a metallic mirror. 30 This black 

precipit~te had been observed previously and was found to be 

pyroPhoric,3l and it may well have been dimethyltitanium by 

analogy with the decomposition of tetraphenyltitanium which 

yielded diphenyltitanium and biphenyllO (equation iii). The 

thermal stability of this biphenyl derivative was much increased, 

relative 

pressure 

metallic 

to the tetraphenyl compound, and it was at low 

and 2000 C that it decomposed to yield biphenyl and 

titanium. IO Diphenyl dicyclopentadienyl titanium 
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similarly decomposed to yield biphenyl and dicyclopentadienyl 

titanium (11).32 This reaction was thought to be a simple 

homolysis of the two titanium carbon bonds, but a more recent 

study by O'Brien et al. has shown it to be somewhat more 

complicated. 33 It appeared that the first phenyl radical 

would abstract a proton from the second phenyl group rather 

than from the solvent to yield benzene and a titanium phenylene 

derivative: 

(viii) 

The nature of the phenylene derivative was not clear. 

The trimethylsilylmethyl compounds were much more stable, 

and it has been reported that in hydrocarbon solution and in' 

the absence of oxygen, the molybdenum and tungsten derivatives 

were stable for a week at room temperature, whilst the vanadium 
o 16 ' 

analogue was stable indefinitely at -30 C. Tetrabenzyltitanium 

andtetrabenzylzirconium' did not degrade at all in the solid 

phase, but slowly decomposed in hydrocarbon solution at room 

·21 temperature. These two compounds were effected adversely 

by light. 21 In complete contrast, tribenzylchromium was very 

unstable decomposing in solution to give toluene, 1,2-diphenyl­

ethane and other hydrocarbon products rapidly at room temperature. 34 

In a later paper Sneeden et al. reported the preparation of 

dichlorobenzyl chromium (III) compounds as stable pyridine (py) 

dd t ",·35 a uc.,. 
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Ortho- and para- dichlorobcnzyl derivatives were prepared 

similarly, and all of these complexes were stable for months 

at -SoC under nitrogen. 

Wilkinson ~ ale also observed the unusual behaviour of 

chromium (III) alkyls.16 An attempted synthesis of 

tris (trimethylsilylmethyl)', chromium was found :to yield the 

tetrakis (trimethylsilylmethyl) chromate (III) ion, which 

they were unable to isolate as a salt. Mild oxidation of this 

compound bY'a trace of air allowed the jsolation of tetrakis 

(trimethylsilylmethyl) chromium (IV):16 

4 Me
3

SiCH2Li + CrC13(OC4H8 )3 ~ (Me 3SfCH2 )4Cr- + 3C4H80 

[oJ) 

Autoxidation. 

+Li+ + 3 Liel (x) 

(Me SiCH )Cr IV 
324 (xi) 

A very distinctive feature of many of these compounds is 

their facile reaction with oxygen. Diphenyltitanium was 

very reactive and in the solid state it ignited, the reaction 

in solution was less vigorous and phenol and biphenyl were 
10 . 10 

found among the products. Tetramethyl- and tetraphenyl-

,titanium were equally reactive. Wilkinson and co-workers 

noted that all the trimethylsilylmethy1 compounds were 

t 
. 16 sensitive 0 a1r. The solid molybdenum and tungsten 

derivatives were reported as being stable for short periods 

'in air, but soon darkened and the end product appe~red to be 
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the metal oxide. The vanadium compound was particularly 

reactive and inflamed in air. It was stated that on! passing 

a solution through a cellulose column (presumably nitrogen 

f.illed), during chromatographic purification, they obtained 

the oxo derivative, [(CH3)3SiCH2] 3 VO. Whether thi·s 

was formed as a result of reactionlwith the column packing 

or residual oxygen was not clear. A more detailed study 

of the reaction of oxygen with ~-complexes, was made by 

Giannini et·al. who showed that both tetrabenzyltitanium and --
tetrabenzylzirconium reacted ~ith two mols. of oxygen. 21 

Following hydrolysis they obtained benzyl alcohol, though 

only in 50% yield based on the benzyl groups originally present. 

Those compounds containing stabilising halogen ligands 

were also very susceptible to oxidation, and the autoxidation 

of the titanium derivatives has been reviewed. 36 Typically, 

the autoxidation of methyl ti taniurm trichloride was found to, 

proceed rapidly in solution and 0.5 mol. of oxygen was 

absorbed with the production of methoxytitanium trichloride. 5 

The introduction of cyclopentadienyl groups considerably 

stabilised these compounds towards oxygen and dicyclopentadienyl 

methyltitanium chloride remained unchanged over a period of 

weeks in contact with atmospheric oxygen. 3? 

The autoxidation of some chromium compounds has also 

been investigated. Thus the yellow compound 

bis_o-methoxyphenylchromium, formed by the reaction of 

o_meth9xyphenyllithium and a chromium (II) hali~e, was found 

to be pyrophoric in air. 38 An interesting compound was 

formed by the reaction of benzyl chloride with an aqueous 
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solution of chromium (II) perchlorate in perchloric acid~39 

+ Cr(CI04 )2 ----.,. Cr(CH2C6H
5

)(H2b)5 (CI0
4

)2 

+ Cl-

This compound reacted with oxygen to form benzaldehyde which 

may well have resulted from an initial alkoxide formation 

which gave benzyl alcohol, and this was then oxidised 'in situ' 

by perchloric acid. to yield benzaldehyde. 

Adduct Formation. 

(xii) 

Since all the early transition metals have vacant orbitals, 

it is not suprising that these cr-bonded complexes should behave 

as Lewis acids. Tetramethyltitanium formed a number of 1:1 

and 1:2 adducts with a variety of monodentate40and bidentate41 

ligands. The formation of these complexes appeared to 

increase the thermal stability of the tetramethyltitanium. 

Thus, various diamine complexes were stable for hours at 

OOC 42, in contrast to free tetramethyltitnnium which would 

rapidly decompose at this temperature. 5 It has been suggested 

that the increased thermal stability was due to the'transition 

metal atom more closely approaching an inert gas configuration43 

although Wilkinson1thought it more likely to be a result of 
16 the blocking of sites required for decomposition reactions. 

A similar effect has already been mentioned for the 

arylchromium (III) compounds. 9 

More recently, Felton and Anderson have studied 

quantitatively the formation of adducts of tetrabenzylzirconium' 
I 

and tetrabenzylhafnium with a variety of donors using nuclear 
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magnetic resonance spectroscopy44. They found 1:1 adducts 

were formed with pyridine, quinoline, trimethylphosphine and' 

tetrahydrofuran, and that these compounds existed in 

equilibrium with the dissociated species: 

(xiii) 

The equilibrium quotient for the reaction between pyridine 

and tetrabenzylzirconium was 12.6 at 400 0. There was no 

evidence for the formation of a 1:2 complex with pyridine 

which was in contrast to tetramethy1titanium38and presumably 

resulted from increased steric crowding around the central 

metal atom. However, with 2,2'-bipyridyl both the zirconium 

and hafnium compounds formed insoluble red complexes, and the 

authors suggested, but did not establish, that the bipyridy1 

functioned as a bidentate ligand to form a six co-ordinate 

complex. The tetrabenzyltitanium'formed a similar derivative 

and this has in fact been used asa method of isolation. 45 

Reactions with Protonic Species. 

Attempts.to cleave the metal-carbon bond with water, acids, 

or alcohols have provided a number of seemingly conflicting 

results, although as more data is accumulated perhaps the 

reasons for these:differences will become clear. Giannini 

et ale studied the reaction of several protonic species with --
tetrabenzylzirconium and titanium, and the general reaction 

Ott 21 may be wrl en as: 

(xiv) 
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Where x = F,Cl,Br,I,OEt. 

With excess reagent, all of the organic groups were replaced. 

Tetramethyl- and tetraphenyltitanium behaved similarly, releasine 

methane and benzene respectively.4l These reactions are 

presumably examples of nucleophilic SUbstitution at the metal 

centre. 

In contrast, water and dilute acids did not attack 

hexakis (trimethylsilylmethyl) dimolybdenum, but, strangely, 

the tungsten analogue reacted rapidly, but no information 

was given concerning the nature of the products. The 

molybdenum compound was, however, readily attacked by glacial 

acetic acid to eive a quantitative yield of molybdenum (II) 

acetate. Also these authors reported that tetrakis 

(trimethylsilylmethyl) vanadium was decomposed by water and 

alcohols, but the chromium (IV) analogue appeamd remarkably 

inert.16 

Benzyldichlorochromium (III) tripyridine reacted slowly 

with water or methanol to produce toluene and chromic salts. 

Dilute perchloric acid produced a penta-aquo benzylchromium(III) 

salt: 35 

5H20 + PhCH2CrC1 2(Py) 3 + 3HCl04 ~ PhCH2Cr(H20)5 ++ + 
+ - -3PyH + 2C1 + 3CI04 (xv) 

This compoupd had been previously reported and was found tO'be 

stable for about 56 hours in solution. 39 Several of these 
46 47 compounds are known t and the majority were prepared by the 

" 
reaction of an alkyl halide and an acidic solution of 

chromium (II) ions. 
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In the above sections an attempt has been made to draw 

together the available material concerning fully ~ -bonded 

early transition metal organometallic compounds. Much of 

the work so far has been shallow and unrelated and hence it is 

difficult to draw comparisons or indicate general trend~: ' 

However, it would appear that in comparison with other more 

well known organometallic compounds such as those of boron, 

aluminium, lithium, etc., the Group IVa alkyls and aryls are 

fairly typical, but the Groups V and VI transition metal 

derivatives appear somewhat different in several aspects. 

4. Organot~~~ition-r~etal Compounds in Catalytic Processes. 

Much of the ~ork mentioned in the previous sections has 

been done in order to achieve an understanding of the role of 

transition metals in catalytic reactions, and in this section 

a brief review will be made of these processes. There are 

indeed many such processes but this survey will be confined to 

the major reactions, including the isomerisation of olefins, 

the hydrogenation of olefins, the polymerisation of olefins, 

hydroformylation, the IIalcon process for the production of 

epoxides, and oxidations. 

Isomerisation. 

Most transition metals have the ability to isomerise 
• olefins, and it appears irrelevant in which oxidation state 

or to what ligands the metal is attached. The reaction is 

-invariably ~erformed homogenously and thus it is necessary 

to have the transition metal in a soluble form. Typical 

reactions are: 
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I-HEXENE RhCI~, Water 
;... INTERNAL ISOMERS48 (xvi) 

I-OCTANE Mo(CO)6 INTERNAL ISOMERS49 (xvii) 

The product was the thermodynamically more stable olefin, and . 

it has been shown that for a range of products, the distribution 

was related to their relative stabilities. 49 ,50 

It was ~ general feature of all postulated mechanisms 

thait there is involved a reversible reaction between metal and 

olefin producing a ~-bonded organometallic intermediate which 

gives rise to the isomerised olefin. 

49,50,51. are: c 

Two popular mechanisms 

(xvii'i) 

M-Ii 

K,Complex ({-Complex. 

\ 
C~2 / 

CH 2 /C1I2 
... "'=~>, 'C =C 

II/ t 'II (xix) 

M 

.,.< ... Complex 
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Scheme (xviii) necessitates the prior formation of a 

metal hydride (cf. isom~risation of olefina by hydroboration, 

p. 10) and involves a 1,2 hydrogen shift whilst mechanism (xiv) 

involves a 1,3 hydrogen shift. 

Tetrabenzylzirconium was an active eatalyat for these 

reactions providing the reaction was done in the light. 21 

This favours mechanism (xviii) since it has been shown that 

light decomposed tetrabenzylzirconiumto give a complex hydride. 21 

It is interesting to note, with respect to this reaction, the 

organotransition metal compounds act in the reverAe direction 

to the organoboranes, which isomerise olefins to produce the 

least thermodynamically stable product. 

Hydrogenation. 

Heterogenous hydrogenations using platinum or palladium 

black are familiar reactions, but homogenous catalysis using 

soluble transition metal species is also a convenient method 

for the reduction of olefins and acetylenes. A variety of 

transition metal complexes have been used, but the most common 

were derivatives of the Group VIII metals. Typical reactions 

include: 

H2 + OLEFINS PARAFFINS52 (xx) 

H2 + ACETYLENE 
Pt/Sn Complexes .... ETHANE53 (xxi) 

Reaction (xx) proceeded rapidly at room temperature in benzene 

solution under one atmosphere of hydrogen and was applicable 

to all olefins except ethYlene. 52 Wilkinson and co-workers 

suggested that the first step involved the formation of a 
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dihydride followed by the addition of an olefin which was 

reduced, and there was evidence to suggest that the mechanism 

was: 52 

(II) , 

(xxii) 

H- _ n 
" I - h __ R 

-HhE II 
I "n.-- -?--n 

H 

1 (xxiii) 

The hydride (II) could be isolated and was a very powerful 

reducing agent, and reacted with ethylene to give ethane. 52 

This mechanism is quite similar to reaction scheme (xviii) 

except that two hydrogens are transferred, and the' transfer is 

irreversible. 

polymerisations. 

Dimerisation can be readily achieved; for example, ethylene 

was converted to butene using an aqueous solution of rhodium 

trichloride as catalyst. 54 Acetylenes can be trimeriscd by a 

variety of catalysts to give substituted aromatic compounds. 

Typical was the cyclisation of diphenylacetylene by 

triethylchromium to hcxaphenylbenzene, the triethylchromium 



-97-

being used as its tetrahydrofuran complex. 55 

mechanism was: 56 

THF PhC==CPh 

_~ __ -'!IHF 

3PhC~CPh,. 

Et~ __ --:-~" 
Et 6r:::::.. ___ --::w 

Et Et 

The postulated 

Ph Ph 

--..;..;>- IJtQ Ph 
Ph >11 

(xxiv) 

" Thc'acetylenes were believed to .eriter stepwi~e since dimeriscd 

products were often obtained, as were compounds includine an alkyl 

grou-p transferred "from the organometallic compound. Thus ,In. the 

above \exar.lple', .a, minor. :pr.oduct was: 1~ a -3',4, -tetrnphenylbenzenc. 55 

Olefin polymerisations can be achieved by the use of 

Zeigler-Natta catal?sts. These catalysts are made from an 

orvanometallic compound from a Group II or III metal and a 
'-' 

transition" metal halide. Typical examples are titanium 

tetrachloride-triethylaluminium or ethylaluminium halides, 

titanium trichloride-triethylborane, and vanadium ~etrachloride­

triethylaluminium. These· are all hetcrogenous catalysts 

and they are highly stereospec1fic~57 The mechanism of these 

reactions is ~ot yet entirely clear, although it does seem 

probable that the polymerisation involves growth at the metal 

. t' t' 57 centre by an 1nser 10n reac 10n: 

etc (xxv) 
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It is the nature of the intermediate which is not understood, 

although several suggestions have been made. 57 ,58 Giannini 

et ale investigated the catalytic effectiveness of --
tetrabenzyltitanium and zirconium and some substitu.ted 

d 't' 59 er~va ~ves. They found that the tetrabenzyl compounds 

would polymerise ethylene but the mono- and di-chloro derivatives 

were more effective, and the addition of tribenzylaluminium 

had a marked accelerating affect. They concluded that 

because of the general low catalyst activity and high molecular 

weight po~ymers formed, the compounds investigated were only 

precursors of the true catalyst. 

Ballard and Van Lienden made a detailed dilatornetric 

study of the polymersisation of styrene, using a tetrabenzyl 
·60 zirconium catalyst. They found that the reaction was 

photochemically active and that three different processes 

occurred depending on the wavelength: 

(a) A > 600 n.m. - The rate of polymerisation was 

unchanged from its value in the dark, and they suegested that 

the polymerisation involved a co-ordinated - anionic type 

mechanism. 

(b) A < 450 n.m. - The 'rate of polymerisation was much 

greater than the 'dark rate', and reached a maximum at 317 n.m •• 

They suggested a radical mechanism since the rate was 

proportional to the square-root of the light intensity, and 

also, below 450 n.m. a solution of tetrabenzyl zirconium 

decomposed to give a range of products consiste~t with homolytic 

decomposition. 
.' 

(c) 600> A ~450 n.m. - The polymerisaticn rate was similar 
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to the 'dark rate' but was photochemically activ~1.ted. The 

propagation reaction w~s suggested as involving attack by 

monomer on a complexed species of the type: 

CH2=CHPh 
-I 

(PhCH2 ) 3 - Zr - [?H - CH2 J nCH2Ph 

Ph 

A similar process to reaction (xxv). 

Hldroformylation. 

This is an important industrial process for the conversion 

of olefins into aldehydes or ketones by reaction with hydrogen 

and carbon monoxide. The compound usually added to catalyoc 

the reaction was dicobalt octacarbonyl, but Karapinka and 

Orchin showed the true catalyst was probably cobalt tetracarbonyl 

hydride. 6l The process involves treatine the olefin, at high 

temperature, with a mixture of hydrogen and carbon monoxide 

at 30 to 100 atmospheres in the presence of the cataly~t: 

00 2(00)8 

~ C2H50HO (xxxvi). 

studies by Heck and co-workers suggested the following 

mechanism for the process: 62 ,63 

06 2 (CO)8 + H2 

HCo(CO)4 + CH2 

CH
3

CH 2CO(CO)4 

CH
3

CH2COCO(CO)3 

= CH2 " 
.. 

H2 
> 

co 

> 2 CO(CO)4H (xxvii) 
::a.. CH3OH2CO(CO)4 (xxviii) 

:::.. 
CH3CH 2COCO(CO)3 (xxix). 

CH3CH2CHO + HCo(CO)4 (xxx). 

Th again the mechRnism involves the formatiori of a transient us, 

~-bonded organometallic species. Reaction (xxix) is an 



-100-

insertion reaction, and the mechanism is probably analogous to 

that postulated for the carbonylation of pentacarbonylmanganese 

alkyl compounds: 64 

Me 
I 

0= C-Mn 

Me 
I 

-~> 0 = C-Mn (xxxi) 

More recently rhodium compounds have been sho~n to be 

very effective catalysts for the hydroformylation reaction. 

Wilkin80n et· ale investigated various trans - carbonyl .. :. ,;. 

tris (triarylphosphine) rhodium chlorides, and in the case of 

the triphenylphosphine derivative concluded that the active 

species was dicarbonyl bis (triphenylphosphine) rhodium 

hydride «Ph
3
P)2(CO)2RhH ).6 5 Using thjs compound, alkenes 

o 
could be hydroformylated at 25 C and 1 atmosphere, giving a 

far greater ratio of straight chained to branch chained 

aldehydes than was previously obtained using dicobalt octacarbonyl. 

In a later publication, Wilkinson reported that 

carbonyl tris (triphenylphosphine) rhodium hydride was also 

an .. effecti ve catalyst and discussed the me chanism of the­

reaction. 66 The mechanism proposed was basically the same 

as reactions (xxviii) to (xxi) above. 

Epoxidation. 

The Halcon process is concerned with the production of 

epoxides from olefins. Although a wide variety of transition 

metal compounds have a catalytic effect on the reaction of 

olefine with hydroperoxides, molybdenum compounds have been 

shown to be the most effective. 67 A typical reaction was: 67 
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(xxxii) 

The mechanism for this reaction is not fully understood. 

Indictor and Brill found that the products were hiGhly 

stereospecific which suggested an ionic mechanism. However, 

they also found that oxygen interfered with the reaction and 

this, together with the rate equation (xxxiii) led them to 

suggest a possible free-radical process. 68 

-d [ROOH] 
dt 

= k [ROOH] [CATAL YS T~j i (xxxiii). 

Conflicting evidence was found by Sheng and Zajacek67 who also 

showed the reaction to be highly stereospecific, but found no 

effect from oxygen and from kinetic studies gave the following 

rate equation: 
. . 

RATE ::: k [ROOHJ [CATALYST J [OLEFIN] (xxxiv). 

This together with other evidence, they sug~ested indicated 

an ionic mechanism and they proposed the following: 

ROOH + Mo
m

+ 
OXIDATION 

or REDUCTION 
(CATALYST) (xxxv) 



R00H .+ 

R 

M n+ 
",oCAT. 
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... 
'< 

H 
b+O'- - - - l'to~~~'I' 

I .I" • 
o 
H 

(xxxvi) 

0- -­
I 

+ --1> " I _C-C 
\/ ..... 

o 
I- nOH 

o , ~xxxvij) 
H 

Reaction (xxxvii) was rate determining and they postulated two 

possible transition states: 

'\ / 
C - - - -c 

/' ' ~ "­, ~ ..... 
'0.1 . , 

.I , 

", .I , H-O---- H 

I n+ 
Mo CAT • 

The prior form3.tion of a complex between catalyst and 

hydroperoxide waf3 also suggested by Japanese workers who reported 

the effects of metal oxide catalysts and concluded that best 

results were obtained using molybdenum trioxide. 69 

Gould and co-workers made a det'1iled kinetic study of the 

'epoxidation of cyclohexene by .!£.!:.!-butylhydroperoxide in the 

presence of vanadium acetylacetonate catalysts. 70 They found 
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that cobalt (II) complexes and di-t-butYlperoxalnte did not 

catalyse the epoxidatibn, and this they suggested ruled out 

a free-radical mechanism. The rate of reaction was 

proportional to the hydroperoxide concentration ,at high 

dilution, but as the concentration was increased the rate 

approached a limiting value. The following equation applied: 
• 

Rate = k [voJ . (xxxviii) 

(1/ [pJ KP) + 1 

Where [Vo] is the concentration of vanadium and [pJ is the 

concentration of hydroperoxide. The results indicated a 

reaction, involving the prior formation of a vanadium-hydroperoxide 

complex with an association constant Kp, with a rate const~nt 

of k. The mechanism proposed, involved the reversible 

formation of the complex followed by a rate determining 

heterolysis of the oxygen-oxygen bond (xli). Epoxidation 

was then completed by proton transfer and the catalyst 

regenerated by ligand exchange: 

t V(v) 
vo(acac)2 Bu02H ) 

t Bu 
v(v) + tBuOOH ~ 

v(v) 0/ 
I 

Kp 
0, 

H 

(xxxix) 

(xl) 



t 
/BU 

+ 
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k 

t 
/BU 

v-O-V-o 
'0 o (xli) . 

I 
H 

t t 

0°)1 /BU ()O /BU 
V-o- v-a + >- + 

'H 

tl3U t 
/BU 

v-o/ TBuOOH t 
+ "> v-a + BuorI' 

. " , 
H 0\ 

H 

These workers also suggested the following requirements 

necessary for a transition metal to have catalytic activity 

in this type of reaction:
70 

(a) The ion must have high charge, small size, and low 

lying d orbitals which are at least partly unoccupied. 

(b) It should not participate in anyone-electron redox 

reactions under strongly oxidising conditions. 

(c)' It should form complexes which are not incapable of 

undergoing substitution reactions. 

Oxidation. 

There are two main mechanisms by which a transition 

metal may bring about oxidation: 

(a) Activation of molec~lar oxygen by co-ordination to 

metal ioris. 

(xlii) 

(xliii) 
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(b) Metal ion catalysis of free-radical autoxidation. 

A typical example of.a reaction in the first catagory was 

provided by the work of Halpern and Pickard. 71 They reported 

that tris (triphenylphosphine) platinum (O) reacted with 

oxygen in benzene solution to yield a peroxy complex which 

then broke down to yield triphenylphosphine oxide:-

+ (xliv) 

. OPPh 
Ph p-pt/ 3 

3 ""'-.OPPh 
3 

(xlv) 

(xlvi) 

Examples of catagory (b) are more common and result 

from the ability of the transition metal to catalytically 

decompose hydroperoxides. Typically, carbonyl 

bis (triphenylphosphine) rhodium chloride catnlysed the 

autoxidation of diphenylmethane to benzophenone and benzhydrol, 

.and the reaction could be inhibi ted by 2,6 di-t-butyl..E-cresol. 

Further, the addition of tetraphenyl bis (dithiene) nickel, 

an efficient peroxide destroyer, inhibited the reaction for 

several hours, and the proposed mechanism for the initiation 

'was: 72 
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RhI + 2 ROOH ) RhIII + 2 RO· + (xlvii) 

+ 2 ROOR > + 2 ROO. + (xlviii) 

stern investigated the autoxidation of cumcne in the presence 

of palladium (0) complexes and the results appeared to indicate 

a different mode of catalytic oxidation.?3 The cumene was 

peroxide free and stern also reported that the 

tetrakis (triarylphosphine) palladium (0) complexes did not 

decompose cumene hydroperoxide. However, the oxidation was 

free radical and he proposed that ini tiat1on"was broueht about 

by a superoxidic palladium complex capable of hydrogen abstraction: 

(xlix) 

+ RH + (1) 

-~)- ROO· (li) 

ROO· + RH » ROOH + R· (lii) 

This mechanism was refuted by Sheldon74 on two points: 

(i) The procedure for cumene purification was found to be 

inefficient, traces of hydroperoxide were still present. 

(ii) Tetrakis (triphenylphosphine) palladium (0) catalytically 

decompose1 t-butyl hydroperoxide by a free radical mechaniRm. 

Sheldon therefore proposed that the oxidntion was 

initiated by catalytic decompostion of traces of cumene 

hydroperoxide, i.e. a catagory (b) process. 
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CHAPTER 4 

PREPARATION OF SOLVENTS AND REAGENTS AND rvmTHoDs OF ANALYSIS. 

1. Solvents and Reagents. 

(i) Tetrahydrofuran. Tetrahydrofuran was refluxed over, 

and distilled from potassium hydroxide, the fraction 

b.p. 66oC/760 mm. being stored over sodium wire, under nitrogen. 

When required, a sample was freshly distilled from lithium 

aluminium hydride. 

(ii) Benzene. Benzene was stored over sodium wire and 

distilled immediately prior to use, b.p. 80°0/760 rnm •• 

(iii) Ether. Diethyl ether was pre-dried with calcium 

chloride and stored over sodium' wire under nitrogen. 

(iv) Iso-Ootane and n-Heptane. These solvents were dried 

with calcium sulphate and stored over activ~ted 4A molecular 

sieve. 

(v) Cyclohexene. Oyclohexene was shaken with dilute 

acidified ferrous sulphate, washed with water and dried over 

calcium sulphate. It was then distilled under nitrogen, 

from a trace of phenothiazine, the fraction b.~. 820 C/760 mm. 
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was stored over 3A molecular sieve, under nitrogen. 

(vi) Indene. Indene was washed with successive portions of 

dilute hydrochloric acid, dilute sodium hydroxide, dilute 

acidified ferrous sulphate, and dried over sodium sUlphate. 

It was then 'distilled at reduced pressure, b.p. 104.50C/98 mm. 

and stored over 3A molecular sieve under nitroeen. 

(vii) Butyl Halides. After drying with molecular sieve, 

the butyl halides were distilled and stored over 4A molecular 

sieve, ~-butyl bromide b.p. 1010C, ~-butyl bromide b.p. 90.50 C, 

and tert- butyl chloride b.p. 50°C. 

(viii) Benzyl Chloride. After drying with calcium 

° chloride, benzyl chloride was distilled, b.p. 178 C, and stored 

over 4A molecular sieve. 

(ix) Trimethylsilylmethylchloride. Chlorine gas was 

passed into trimethylsilylchloride (500mls, 4 moles) which 

was kept at gentle reflux and illuminated by three (60 watt) 

electric light bulbs. When the reflux temperature reached 

80°C, reaction was stopped ,and excess chlorine removed by 

purging with a stream of nitrogen. Fractional distillation 

gave dimethylchloromethylsilylchloride (Yield, 40%), b.p. 116°C. 

Dimethylchloromethylsilylchloride (1.1 mole) was ndded 

slowly to an ethereal solution of methyl magnesium bromide 

(1.2 moles) and following acidification, extraction and 

fractional distillation there was obtnined 
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trimethylsilylmethylchloride (0.65 mole, Yield 60~), 

. b.p. 990 C/760 mm. (lit
2 

97.1
0

C/734 mm.). An attempt was 

made to prepare this compound directly, by the chlorination 

of tetramethylsilane, according to the method of Whitmore 
2 and somner.. but the yield was found to be poor. 

(x) Boron Trifluoride Etherate. Ether (15 mls.) was 

added to boron trifluoride etherate (500 mls.), which was 

then distilled at reduced pressure. The fraction b.p. 58 0 C/30 mm. 

was collected and stored under nitrogen. 

(xi) Magnesium •. Magnesium turnings were washed with ether, 

and dried. They were then stored in a dessicator over 

calcium chloride. 

(xii) Nitrogen and Argon. White spot nitrogen was further 

purified by passage through columns of B.A.S.F. H3-11, 

catalyst (finely divided copper on kieselguhr) to remove 

oxygen, sodium hydroxide and magnesium perchlorate or 

phosphorous pentoxide on dried vermiculite. 

, Argon was purified in a similar manner. 

(xiii) Molecular Sieves. These were activated by heating 

at 140°C, under a current of pure nitrogen, for about 6 hours. 

(xiv) Degassed Solvents. The dried solvent, in a 

suitable vessel, was placed on the vacuum line and frozen down 
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o to -180 C. After reducing the pressure to ~. 10-3mm • the 

vessel was isolated from the system and the solvent allowed 

to warm to room temperature. This process was repeated twice 

.~, more and after filling the vessel with pure n1 trogen, 1 twas 

removed from the vacuum 11ne and securely stoppered. 

2. Organoboron Compounds. 

(il Tri-n-butylborane. ~his was prepared by the method 

of Hennion, McCusker et al.,3 from ~-butyl ~agneSiUm bromide 

(4 moles) and boron trifluoride etherate (1 mole). 

Following extraction and distillation at reduced pressure, 

there was obtained tri-~-butylborane (75% yield, ba~ed on 

boron trifluoride) b.p. 830 C/4 mm. 4; (Found: B, 6.0. Calc. 

for C12H27B : B, 5.9%). 

(ii) Tri-sec-butylborane. This was prepared as above 

from ~ -butyl magnesium bromide (4 moles) and boron 

trifluoride etherate (1.0 mole), to yield tri-~-butylborane 
. I 

(Yield, 60~),b.p. 74oC/g'mm. (Found: B, 5.9. Calc. for 

C12H27B : B, 5.9~). 

The purity of the above sample was also rulalysed by 

oxidation, hydrolysis and gas liquid chromatographic 

examination of the alcohol produced, and was shown to be at 

least 98% of the ~-butyl derivative; this value was 

unchanged after one year at room temperature. Contrary to 

the report by Henion, McClusker, et ale that isomerisation 
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occurred at about 2000 C over a long period of time,l a sample 

heated at 1200 C (12 hours) was found to be 70% tr~-~-butylbprane 

(iii) Tri-iso-butylborane. This was prepared according to 

the method of Davies, Hare and White, 5 t'rom ~-bu ty 1 

magnesium chloride (1 mole) and boron trifluoride etherate 

0.25 mole). After extraction, the resultant 

di-iso-butyl tert-butylborane was isomerised to 

tri-iso-butylborane by heating at reflux, under nitrogen (3 hrs.). 

Fractional distillation gave tri-iso-butylborane (Yield, 40~) 

b.p. 188°c; (Found: B, 5.8. Calc~ for C12H27B : B, 5.9%). 

6 (iv) Tri-Cyclohexylborane. To a solution of cyclohexene 

(0.1 mole) and sodium borohydride (0.03 mole) in 

tetrahydrofuran was added boron trifluoride etherate (0.045 m6le) 

at room temperature under nitrogen. After three hours, 

degassed water (0.4 mole) was added to destroy any residual 

hydride, and following ex.traction and crystallisation there 

was obtained tricyclohexylborane (6.75 m.moles, 20%). 

The proton magnetic resonance spectrum of this compound, in 

benzene solution, was consistent with the structure propoDed. 

(v) Di-n-butyl-n-butylperoxyborane. This compound was 

prepared by reacting tri-~-butylborane (0.005 mole) in 

iso-octane (50 mls.) with oxygen at -740 C (15 mins.), in a 

highly efficient gas liquid mixing apparatus, (Figure 3). 

The stirrer was rotated by means of a magnetic coupling 

at speeds of up to 4000 r.p.m •• Gas was dravvn in through 
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~~~~~---Magnet 

~----Teflon bearing 

I--------~-- Ga s di s tributing 
stirrer 

Indentations 

.~---- Teflon bearing ' 

Figure 3. Autoxida tion Apparatus. 

the upper hole and distributed into the liquid via four 

lower outlets. Mixing was increased by means of indentati ons 

in the sides of the vessel. At the end of the reaction, it 

was ,purged with nitrogen, to leave a solution of 

di-~-butyl ~-butylperoxyborane with a peroxide content of 

not less than 95% of the theoretical maximum. Because of 

the unstable nature of this compound, at room temperature, 

it was never isolated, and all experiments we re ca rried out 

on freshlY prepared solutions. 

(Vi) Di-n-butylperoxy n-butylborane. Di-~-butylperoxy 
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~-butylborane was prepared by the reaction of 

tri-~-butylborane (0.005 mole) in iso-octane (50 mls.) with 

oxygen at 20oC, in the autoxidation apparatus (Figure 3), for 

one hour. After removing excess oxygen with nitrogen there 

was obtained a solution,of di-~-butylperoxy ~-butylborane 

with a peroxide content of at least 95% of the calculated 

value. 

This compound was found to be relatively stable at room 

temperature and an attempt was !1lade to purify a sample by 

molecular distillation under high vacuum. The peroxide And 

its decomposition products were found to be very involatile 

and although the residue had a richer peroxide content than 

the distillate, because of decomposition occurring during the 

evaporation', no overall increase in purity was achieved. 

(vii) Di-sec-butylperoxy s'ec-butylborane. This was prepared 

in an analogous manner to di-~-butylperoxy ~-butylborane, to 

leave a solution with a peroxide content of not less than 

97% of the theoretical value. 

(vii~) sec-Butylperoxy sec-butylalkoxy sec-butylborane. 

(a) Di-~-butyl sec-butylboronate was prepared by the 

method of Brindley, Gerrard, and Lappert7 by the slow 

addition of an ether solution of ~-butyl magnesium bromide 

(1.42 mole) to tri-~-butylborate (1.4 Thole) in ether at 

_70oC. Subsequent acidification, extraction, and fractional 

distillation at reduced pressure yielded the boronate in 
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° 20 high yield, b.p. 54 cjl mm.; nD 1.4045 (Found: C, 67.5; 

H, 12.6; B, 4.9. 

B, 5.1%). 

(b) ~-butylchloroboronate was prepared by the slow" 

addition of redistilled boron trichloride (0.11 mole) in 

pentane to di-~-butyl ~-butylboronat~ (0.11 mole) in 

pentane at _700 C. 8 The solution was allowed to warm to OoC 

over one hour and the solvent and low boiling products, 

viz. sec-butylchloride, removed at 100C/40 mm.. The mixture --
was distilled at low temperature into a trap at -180°C at 

0.05 rom. to leave a small brown residue. This condensate 

was distilled three times, the middle fraction being used in 

each following distillation. The ~-butyl dichloroboronite, 

which was formed according to the equation, 

Bu sB ( OBu S) 2 + BC1
3 

--+-,. Bu S ( OBu S) BCl + sBuOBC1 2 
(1) 

decomposed during distillation,8 and was obtained as an impure 

lower boiling point fraction. 

Thus there was obtained impure ~-butyl ~-butoxy 

8 til . 8 0 / 20 chloroborane in O~ yield, b.p. 5 -62 C 15 mm., nn 1.4077 

(Found: B, 6.7; Cl, 21.3. CSHlSOBCl requires B, 6.2; Cl~ 20.1%) • 

Further attempts to purify by distillation were unsuccessful, 

° so the compound was stored at -80 C and flash distilled 

before use. An experiment using the reverse addition of 

reagents gave a much poorer quality prOduct. 

(e) ~-Butyl hydroperoxide wa~ prepared by the method 
or 

of Brown and Midland. 9 Di-~-butylperoxy ~-butylborane 
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(0.15 mole) in tetrahydrofuran (150 mI.) was treated with 

hydrogen peroxide (50 mls. of a 30~ aqueous solution) at 

OOC. This was followed by extraction with hexane and 40% 

aqueous potassium hydroxide, neutralisatj.on and drying. 

Further purification was achieved by distillation at OOC/lO mm. 

to yield sec-butyl hydroperoxide in high yield. The 

hydroperoxide was stored as a 70% solution in pentane in a 

refrigerator until required. The preparation of 

~_butylperoxy.~-butYlalkoxy ~-butylbbrane was achieved 

by adding dropwise ~-butyl hydroperoxide (3.3 mls. of a 

70% solution in pentane) to ~-butoxy ~-butylchloroboronate 

(0.02 mole) in pentane at OOC while a slow current of areon 

was passed through the mixture. The exit gases were passed 

through a tube containing moistened sodium hydroxide pellets. 

After fifteen minutes the mixture was allov/ed to warm to 20°C 

during which time hydrogen chloride gas was evolved and absorbed 

by the sodium hydroxide (total hydrogen chloride recovered, 

103%) according to the equation, 

c:! 

+ Bu"OOH (ii) 

The residue was stripped of solvent under vacuum to leave a 

residue (4.9g.). (Found: Peroxide 0.015 mole, 75% yield). 

Further evaporation at 20°0 under high vacuum,into a trap at 

_1800C gave a condensate (2.9g., Found: Peroxide, 0.005 moles) 

and a residue (2.0g., Found: Peroxide, 0.009 Moles), which 

was used for all subsequent experiments. 
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3. Organotra.nsition Metal Compounds. 

(i) Tetrakis (trimethylsilylmethyl) Titanium. l To an 

ethereal solution of trimethylsilylmethyJ magnesium chloride 

(0.1 mole) in ether was added dry, degassed dioxan (0.1 mole). 

The precipitated magnesium chloride, dioxan complex wus 

filtered off under nitrogen to leave an ethereal Aolution of 

bis (trimethylsilylmethyl) magnesium. The ether was removed 

under reduced pressure and the organometallic suspended in 

dry, degassed g-heptane. To the bis (trimethylsilylrnethyl) 

magnesium (0.04 moles) was added titanium tetrachloride 
o 

(0.018 moles) in ~-heptane at -10 C. This was stirred 

for twelve hours at this temperature under nitrogen. The 

mixture was then filtered under nitrogen to yield a pale 

amber solution of tetrakis (trimethylsilylmethyl) titanium. 

This solution was stored at OOC under nitrogen and was used 

without purification for all subsequent experiments. The 

proton magnetic resonance spectrum of this solution showed 

two singlets at 9.7y (CH3) and 7.6'T'(CH2) in agreement with 

the values given by Lappert et al.~ 

(ii) Tetrakis (trimethylsilylmGthyl) Zirconium. l This was 

prepared as above from zirconium tetrachloride and 

bis (trimethylsilylmethyl) magnesium. The light brown 

solution obtained after filtration was again stored at OOC 

under nitrogen and used without further purific~tion. 

, 
(iii) Hexakis (trimethylsilylmethyl) bimolybdenu~., An 
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analogous method Vias used to prepare this compound from 

bis (trimethylsilylmethyl) magnesium and molybdenum trichloride. 

After filtration there was obtained a brown solution. 

Removal of the solvent at low pressure left a brown 

residue from which yellow crystals sublimed out at 

o -3 0 110 C/IO mm.. These yellow crystals had m.p. 96-99 C. 

(hexakis (trimethylsilylmethyl) bimolybdenum sublimes 

b -4 0 10 100 C/IO ~~.; m.p. 99 C ). The proton magnetic resonance 

spectrum of this compound in benzene solution was consistant 
11 with that given by Vlilkinson .£! al., i.e. singlets at 

9.60 ( (CR
3

) and 7.8')' (CH2), using the benzene singlet (2.731') 

as the reference peak. 

All experiments were performed on the above solutions 

(i) to (iii) within one week of preparation. 

(iv) Tetr~b6nzyl Zirconium. This was prepared by the 

. h' , t 1 12 b th t' f b method of Zucc ~n~ ~ ~. y e reac ~on ° enzyl magnesium 

chloride with zirconium tetrachloride in ether; precautions 

were taken to exclude light and oxygen. After filtration 

and removal of the ether, the yellow-brown residue was 

extracted with dry, degassed toluene to yield an amber solution 

from which yellow platelets of tetrabenzyl zirconium crystallized 

on cooling to -20°C. Experiments were conducted using this 

toluene solution which was stored at DoC under nitrogen, and 

shielded from light. 

, 

(v) Hexauenzyl Eitungsten.13 Hexabenzyl bitungsten was 
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prepared from the reaction of benzyl maenesium chloride and 

tungsten he~achloride in ether. After filtration under 

nitrogen, removal of the solvent and extraction with dry, 

degassed n-heptane, an orange solution of this compound was 

obtained. 

(vi) Hexa-neo-pentyl Bimolybdenum. An attempt to prepare 

this compound from the Grignard reagent and molybdenum 

tetrachloride produced a rather impure sample as shown by 

proton magnetic resonance spectroscopy. Therefore, the 

lithium reagent was used according to the method of Wilkinson 

et ale (private communication). --
To lithium chippings (0.2 mole) (obtained by grating 

lithium sticks on a "surform" blade in an argon filled dry-box) 

in ether, under argon, was added dry, degassed. neppentyl 

chloride (0.1 mole). Reaction started after the addition 

of a few drops of 1,2 dibromoethane and gentle warming. It 

was completed after six hours. The bulk of the ether was • 

replaced by benzene and the mixture filtered under a.rgon to 

yield a.benzene solution of neopentyl lithium (0.38 mole, 

38% yield). To the whole of this was added molybdenum 

t~trachloride (0.13 mole) un~er nitrogen with stirring (12 hrs.). 

After filtration, the bulk of the solvent was removed at 

reduced pressure to leave a dark brown residue. This was 

purified by column chromatography using alumina (neutral, 

Hopkin and Williams 'M.F.e. grade') as the soli~ phase, and 

a mixture of degassed petroleum spirit-ether (1:1) as the 

eluent. The preparation of the column, free from oxygen 
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Figu.re'4. Preparation of Chromatography Column under Nitrogen. 

was achieved using the apparatus shown in Figure 4. The 

alumina which had been degassed under vacuum and stored under 

nitrogen was placed in the column and heated to ~. 120°0 

by a heating coil for 12 hours under a stream of nitrogen. 

Degassed solvent was poured in when the alumina had cooled, 

and a slurry was made in the bulb. The slurry was returned 

to the column and after removing the bul'tJ, the column was 

placed between a separating funnel and a collecting flask. 

All manipulations were carried out under nitrogen. The 

impure product was placed on the column,and on elution resolved 

into mauve and yellow bands, the yellow band being collected. 

After removal of the solvent there was obtained a yellow 

oily solid and the proton magnetic resonance spectrum was 

recorded in benzene solution. This showed singlets at ' 

8.65 l' (CH
3

) and 7.751' (CH2) and a complex at 9.2 to 9.4 'Y due 
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to impurity. 

4. Inhi bi tors 

(i) Galvinoxyl. Crude galvinoxyl was twice recrystallized 

from benzene under nitrogen to yield dark blue needles, 
o . 0 It1-m.p. 151-152 C, (11t. m.p. 153.2-153.6 C ). This was 

o . 
stored under nitrogen at 0 C, and was sho~n iodometrically to 

be 99% pure. 

(ii) 2,2,6,6, Tetramethyl piperid-4-one nitroxide (Triacetonnmine 

nitroxide. The crude material was'recrystallized from 

!!,-heptane to yield light orange crystals, m.p. 44-470C, 

. ° 15 (lit. m.p. 36 C ). 

(iii) Azagalvinoxyl. This compound was prepared according 

to the method of 00ppinger,16 with the modification that the 

reduction of 2,6 di-t-butyl 4-nitrophenol was done by refluxing 

wi th hydrazine hydrate and 101~ palladium on charcoal, in 

ethanol. 
I 

Following the work up of the 2,3',5',6 

tetra-t-butyl indophenol, dark green crystals of azagalvinoxyl 

were obtained, m.p. 149-151
0

C (lit. m.p_ 155_1560 016 ). A 

large scale preparation gave poor yields. 

(iv) Other Inhibitors. Phenothiazine was recrystallized 

from petroleum ether. Copper (II) NN dibutyl dithiocarbamate 

and all other inhibitors were used as supplied without 



-120-

further purification. 

5. MethodR of Analysis. 

(i) Peroxide. The peroxide was heated under reflux in 

propan-2-o1 (50 mls.) with sodium iodide (lg.) and glacial 

acetic acid (1 mI.), under nitrogen for ten minutes. 

The mixture "was cooled, and the liberated iodine titrated with 

standard sodium thiosulphate solution. 

This method was checked for accuracy and reproducibility 

with standard solutions of peroxide, and was found to be 

satisfactory. 

(ii) Free Radicals. The sample was shaken with sodium 

iodide (lg.) in benzene (25 mls.) and glacial acetic acid 

(25 mls.) under nitrogen. The mixture was then poured into 

water (100 mls.) and the liberated iodine titrated with 

standard sodium thiosulphate solution. 

(iii) Boron. Weighed samples of the organoboron compound, 

containing~. 5 mg. of boron, were treated with 30% 

hydrogen peroxide (10 mI.) at 60°C for one hour. After the 

addition of mannitol, the solutions were titrated with O.05N 

sodium hydroxide, using bromothymol blue indicator. 

h 1 · 17 were run with eac ana YS1S. 

Blanks 

(iv) Transition Metals. Following oxidation and hydrolysis 
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of a weighed sample, the metal was estimated using standard 

methods. 18 

Molybdenum and tungsten samples were taken up in . 

concentrated, hydrochloric acid and oxidised with a few drops 

of nitric acid. The acids were then boiled off and the 

residue ignited in a nickel crucible to a constant weight of 

the respective trioxide. 

Titanium solutions were acidified with dilute sulphuric 

acid and treated with potassium permanganate until a pink 

colour persisted. This solution was then,passed through a 

Jones reductor, the resultant titanium (III) solution being 

collected in an acidified ferric alum solution. The ferrous 

ions produced were titrated with standard potassium 

permanganate solution. 

Zirconium solutions were adjusted to pH 3.6 with 

sulphuric acid and treated with metaphosphoric acid (5 g.). 

After standing overnight the solution was boiled and the 

precipitate filtered off and washed with ammonium nitrate 

solution. This precipitate was then ignited in a nickel 

crucible and weighed as zirconium pyrophosphate. 

(v) Carbon, Hydrogen. 

by. Beller, W. Germany. 

These m~cro-analysos ~ere performed 

, 
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CHAPTFR 5. 

ORGANOBORANES - THEIR AUTOXIDATION AND DECO~POSITION OF THE 

PEHOXIDIC PRODUCTS. 

1. RateA of Initiation of Autoxidation of TrialkylbnrnneA. 

The measurement of the absorption of small quantities 

of oxygen by organoboranes whilst undergoing autoxidation in 
. . 

the presence of galvinoxyl, was carried out. 

Standard solutions of the organoboranes were prepared 

by adding, with a syringe, borane to a weighed quantity of 

dry, degassed benzene in a nitrogen filled flaAk fitted with 

a serum cap. The concentration of borane 'was accurately 

determined by a boron estimation and was usually designed to 

be ca. 0.3 M. 

Galvinoxyl solutions in degassed benzene were prepared 

at a concentration of ££. 0.01 M, and a small quantity of 

hydrogalvinoxyl (up to 5%) added to stabilize the solution. 

Varying oxygen partial pressures were obtained by 

pre-mixing nitrogen and oxygen in the required ratio, in a 

gas mixing appara tUA, Figure 5, before passing them. through 
-

calcium chloride drying tubes and into the oxidation apparatus. 

The autoxidation apparatus, Figure 6, was baAed on the 

d~Bign used by Carlsson and Robb for their studies on 

hydrocarbon autoxidations.
l

_ The oxidation chamber was 
• 

similar to the autoxidation apparatus previously mentioned 

(Figure 3) , in that a baffled flask and gas circulating 
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stirrer was used. The benze~e manometer indicated changes of 

volume (at constant pressure) within the closed system, and 

was kept in balance by raising or lowering the mercury 
• 

manometer reservPtr. The change in volume could be read off 

the calibrated section of the mercury ~anometer which had a 

capacity of 0.5 mI., graduated in 9.02 mI. divisions. 

Method of Oper~tion. The whole of the apparatus was filled 

with oxygen at the required partial pressure. Benzene 

(50 mls.) was then introduced and the apparatus placed in 

the thermostat at 250C. stJ.' , d d rrJ.ng was commence an the 

apparatus allowed to reach equilibrium. The required amounts 

of galvinoxyl solution, quickly followed by the borane 

solution (at 250 C), were injected through the serum cap using 

calibrated syringes. After about three minutes, equilibrium 

was re-established and meaningful readings were taken. 

Because of the limited volume of the calibrated section, 

readings could not be taken right up to the point where 

inhibition ceased, and therefore the length of induction 

periods were estimated by the change in colour of the solution. 

The results obtained are summarised in Table 4. typical 

runs in Figure 9, and the variations of the rate of oxygen 

absorption with changing concentration of borane and oxygen 

shown in Figures 7 and 8. 

least three experiments. 

The results are the average of at 

2. The Decomposition of Organoperoxyboron Compounds. 

,. 
The samples of peroxide in iso-octane and under nitrogen 
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were allowed to reach equilibrium in a thermostat. Samples 

were then removed at fixed times for analysis. Two methodn 

were used. 

(i) ~-n-butyl n-butylperoxybornne. Bec~use of its unstable 

nature at room temperature, all manipulations and 

transferences were kept to a minimum. Consequently, the 

autoxidation vessel used in its preparation was also used 

for the decomposition studies. Samples of the thermostatted 

~eroxide solution (0.08 M.) were withdrawn through a side-arm, 

under a purging stream of nitrogen, using a nitrogen filled 

dry pipette. 

Inhibitors were added prior to placing the solution in 

the thermostat. 

(ii) other Peroxyboranes. Di-~-butylperoxy ~-butylborane, 

di-~-butylperoxy ~-butylborane, and ~-butylperoxy 

sec-butylalkoxy sec-butylborane were found to be relatively - - . 

stable at room temperature. The previous technique:.'was 

modified to reduce possible solvent 10s988 and to generally 

improve accuracy. Aliquots of peroxide solution (0.08 ·M~ 

in iso-octane) were placed in stoppered, nitrogen filled, dry 

test-tubes. The stoppers were spring-loaded and the samples 

placed in the thermostat. At the required time, a tube was 

withdrawn, cooled and its contents washed out throughly with 

solvent and analysed for peroxide. 

Varying peroxide concentrations were achieved by adding 

quantities of dry, degassed iso-octane to the individual 

peroxide samples. 
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(iif) ReRultR. In all cases except ~-butylperoxy ~-butylalkoxy 

~-but~lborane, good' plots ,of loge a/a_x aeA-in'st timo v'ere obta.ined 

over about 40% reactio~ (Figure lOa), where 

a = initial peroxide concentration. 

a-x = final peroxide concentration. 

Rate constants were evaluated by a computer progrRrR (see appendix) 

designed to calculate the slope of the 1enst squares line drnwn 

through the points of these first order plots. The rate con8tnnts 

so determineu are listed in Table 5, each the results of at least 

two experiments. 

To distinguish clearly from possible second order kinetics, 

the first order nature of the decompositions was confirmed by 

the change in the initial rate of reaction with vnryine peroxide 

concentrations, Figure 10. 

The Arrhenius plots of the variation of the rate constants 

with temperature are shown in Figure 11. From the slopes of 

these graphs activation energies were determined, and thus the 

first order rate constants may be expressed in terms of the full 

Arrhenius equations. For 

(a) Di-n-butyl n-butylperoxyborane, 
- - + 

530/HT -1 k = 6.0 x 103 e - 11,100 - s. 

(b) Di-n-butylperoxy ~-butylborane, 
+ 1,070/RT k = 4.55 x 104 e·-l~,300 - -1 s. 

( c) Di-~-butylperoxy !!.-butylborane, 
+ 400 /RT k = 6.46 x 105 e -15,900 - -1 s. 

The mixed alkoxy-peroxy compound, ~-butylperoxy ~-butyla1koxy 

~-butylborane was only studied briefly; it was found to have' 

decomposed by 10% after 24 hours at 50°0. 

Assuming this to be a first order process, by analogy with those 

compounds above, the rate constant is ~. lx10-6s ;1. 
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3. The Reaction Between Organoboranes and Orr~Fmoperoxybor~n~f:. 

(i) Iodometric Studies. Samples of peroxide in iso-octane \':ere 

placed in dr;y, nitrogen filled test-tubes, fi tted with serum caps. 

These were put in a thermostat and the required amount of 

tri-£-butylborane added to each. Samples were analysed for peroxide 

periodically, and the results are shown in Figure 12. The time for 

the end of reaction was t~~en as being when the sample was placed in 

" the analysing mixture, and the shortest manipulation time was 

~ 30 secs •• 

(ii) Dis8,ppearance of Inhi bi tors. Triaceto,namine ni troxide ha~ an 

absorption maximum at 455nm. due to the unpaired electron, and it was 

possible to study the reaction of it with free radicals by the 

disappearance of this band. Consequently, to a solution of 
, -4 

di-£-butylperoxy £-butylborane (2xlO mole) and triacetonamine 

nitroxide (4xlo-5mole) in £-heptane, in a nitrogen filled ultra-violet 

(u.v.) cell fitted with a serum cap, was added tri-,!!-butylborane 

(2xlo-4mole ). There WaS an almost immediate 70jv reduction in the 

optical density of this sample at 455nm. compared to a sample Vii thout 

tri-£-butylborane. Similar results were obtained using !!-butylpcroxy 

di-£-butylborane in place of the diperoxide, or galvinoxyl instead of 

triacetonamine nitroxide. Although the reection could not be followed 

satisfactorily, it appea~ed as though it was virtuallY complete 

within 15 sees •• The addition of a ~-heptane colution of 

!!-butylperoxy di-!!.-butylborane (2xlO- 4molc) to a !!-heptnne solu.tion 

of galvinoxyl (lxlO-6mole) in a nitrof,en filled u.v. cell resulted in 

a 607~ reduction of the opti cul densl ty after five min::., )'rC£t~'\.l,r(>d 8t 

430nm .. In a sinilar experiment, the addition a ~-hcpt8ne solution 

of t:ri-~-butyl rorrme (2xlO-4 ;1101 c) to gal vi noy yl (1 xlO-6rnol q ) , 

re2ulted in a 30% reduction in the optical dennity uftrr six min8 •• 
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4. The Polymerisation of Vinyl Acetate. 

The rate of polymerisation of vinyl acetate, initiated 

by peroxyboranes, was studied by dilatometry. 

A blank experiment was performed to ensure that the 

acetate grouping did not induce the decomposition of the 

peroxides. Ethyl acetate was chosen as a model compound. 

A degassed solution of di-~-butylperoxy .§!.-butylborane (5 m.mole) 

in iso-octane was prepared and to this was added dry, degn8Red 

ethyl acetate (0.5 mole). The rate conRtant for the 

decomposition of the peroxide was determined in the usual way, 

and was found to be unchanged from the value obtained for the 

decomposition in pure iso-octane. 

2 T h' 3 Apnaratus and ec nlQue • The dilatometer used in these 

experiments is shown in Figure 13. 

Operations on the vacuum line were carried 0ut at 10-3 mm. 

pres~ure. A sample of peroxide solution, containing about 

lxlO-4 moles of peroxide, was pipetted into bulb A. The 

dilatometer was then attached to the vaCUUrl line and the 

~olvent removed. Vinyl acetate
2 

(10 mls.), which had been 

degassed three timeR, was distilled into bulb A, and after 

freezing down the mixture in this bulb, the dilatometcr was 

sealed off at C. The contents were allowed to warm to room 

temper~ture, throughly mixed, and sufficient poured into 

bul b B so that at the tE~mperature of the experilYJf)nt tbe lL1Uid 

level would be so~e way up the preciRion bore tubing. 

Bulrm A and B v.cre then frozen down ~irnul t,:i,!lr?OU.f:ly (to avoid 
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Bulb B 

Figure 13. Vacuum Dilatometer. 

c 

Bulb A 

"distillation"), and the apparatus sealed off at D. The 

dilatometer was immersed in a thermostat and the meniscus 

level followed using a cathetometer, readings being noted at 

regular intervals. 

The volume of the dilatometer bulb B up to the calibration 

mark, was determined by weighing a liquid of known density. 

Thus, the volume of vinyl acetate used in each polymerisation 

was easily determined. 

Results. Typi c8.1 plots are shown in Figure 14, the extent of 

po1ymerisation being calculated from:. . . 
= (i) 
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and polymerisation rates from: 

Where 

Rp = Rc it' r2 [MJ 

V 60 ( ) (ii) }p - jM 
Dt = Distance travelled by meniscus (cm.) 

Rp = Initial rate of polymerisation (MS-I ) 

Re = Initial rate of decrease of meniscus level (em. min.-I) 

V = Volume of solution at reaction temperature (mIn.) 

r = radius of precision bore tubing (cm.) 

M = Initial concentration of monomer at 200 e (M) 

p = density of polymer at 200 e (g. mI.-I) 

M = density of monomer at 200 e (g. mI.-I) 

For vinyl acetate at 20
0 e: 

10.85 M. 
-1 = 1.19 g. mI. 

-1 = 0.9338 g. ml. 

5 

4 

The rates of polymerisation of vinyl acetate, initiated 

by organoperoxy'boranes, ..... ere: 

using (a) 

(b) 

(c) 

di-~-buty1peroxy.~-butylborane (9.0 mM.) at 

49 90e 66 10-5 -L • , Rp = 1. x !vI. S. 

di-~-buty1peroxy ~-buty1borane (8.5 mM.) at 

60.5 0 e, Rp = 7.52 x 10-5 M.S.-1 

di-n-butylpero~y n-butylborane (8.5 mM.) at - -° -5 -1 60.5 e, Rp = 5.73 x 10 M.S. 

The use of .!2-butylperoxy di-,!!-butylborane at 250 e as the 

initiator yielded a curve (Figure 14) and therefore it wns not 

possible to determine a meaningful polymerisation rate. 
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5. 'Halcon Type· Reactions Using Organoneroxyboron CompQUndR, 

(1) Attempted ~poxidation of Cyclohcxene with Di-n-butylp~roxy 

n-butylborane. To a solution of the peroxide (10 m.mole) 

in~-heptanc, was added cyclohexene (100 m.mole) and 

molybdenum hexacarbonyl (0.4 m.molc) as catalyst. After one 

week at 250 C, the volatile components were removed at reduced 

presRure and examined by gas liquid chromatography. 'l'hey 

were shown to consist of solvent and unreacted cyclohexcne. 

The residue was treated with water and ether extracted to rid 

any organic components of boric acid. Af.te:r..'orcmoval of the 

. solvent, the residue was shown. to consist of n-butyl alcohol 

which was produced by hydrolysis of the boron compounds. 

(ii) Attempted Epoxidation of Indene vd th Di-n-butylperoxy 

n-butylboranc. To a n-heptane solution of thc peroxide 

(10 m.mole) was added indene (100 m.mole) and the catalyst 

molbdenum hexacarbonyl (e>.4 m.mole). After 18 hours at 

400 C, the solvent was removed at reduced pressure, and the 

residue treated with water and extracted with ether. Gas 

liquid chromatographic analysis showed there to be indene, 

n-bu~yl alcohol and a minor product (~. 1%) present. By 

comparing retention; volumes with an authentic sample, this 

was shown to be indan-2-one, and this was supported by 

infra-red spectroscopy, band at 1740 crn.-l (C=O stretch.). 

(iii) Reaction·of Cyclohexene with Di-n-butylperoxy n-butylbor~ne 

in the Presence of Excess Molybdenum Hexnc~rbonyl. The 

peroxide (8.0 m.mole) in ~-heptanc was reacted with 
~ 

cyclohexene (250 m.mole) and molybdenum hexacarbonyl (4 m.mole) 
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v at 60 c. for 6 ho~rs. The volatile components were removed 

at reduced pressurc and shown to consist of 801vent, 

cyclohexene, and a minor product (.£~. 1%). No product~ could 

be isolated from the residue. After one week a precipitate 

was found in the distillate and this was shown· to contain 

molybdenum but no boron~ Its infra-red spectrum is 8hown in 

Figure 15. Thfs compound decomposed at 1700 C. to yield 0. 

white sublimate and a black_ residue. The white sublimate 

is suggested'as being trans cyclohexene-l,2-diol by virtue of 

its infra-red spectrum (Figure 16), bands at 3350 cm.-l 

(O-H stretch);' 1420 cm. -1 (O-H deformation), and 1060 cm.-l 

(C-O stretch). Its mass spectrum gave a value for the parent 

The black residue 

was probably a hydrated molbdenum oxide (found: Mo, 40. 

Calc. for Mo0 2 : Mo, 75; Mo03 : Mo, 66.6%). 

(iv) Reaction of Di-n-butylperoxy n-butylborane with 1V!olybdonnm 

Hexacarbonyl • . A sample of di-n-butylperoxy n-butYlborane 

(20 m.mole), free of volatile organic impurities, was added to 

an n-hcptane solution of molybdenum hexacarbonyl (0.2 ~.mole). 

After one hour at 25°C., 85~ of the peroxide had decomposed, and 

when-no peroxide remained (24 hrs.) the volatile components were 

removed and analysed by gas liquid chromatography. Only solvent 

was detected. The residue was distilled under reduced presAure 

and a fraction collected, b.p. 40oC./0.2mm.. (Found: TI, 4.74; 

c~ 65.20; H, 11.98. 

H, 11.85. 
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Table 4. Initiation of Borane Autoxidations in the Prc~ence 

of Galvinoxyl at 250C in Benzene. 

[R3BJ x 10
2 

[02Jx 10
2 ~al VinOxyl] 

-d [02J 8 . 8 (b) 
'dt x 10 r'i x 10 

(M) (a) 2 -1 -1 
(M) x 10 • (M) M.s. M.s. 

Tri-s-butylborane. 

0.76 0.75 0.015 20.34 14.0 

0 •. 76 0.37 0.015 9.10 11.7 

0.76 0.16 0.015 3.14 7.7 

0.76 0.16 0.029 2.72 12.9 

0.36 0.J.6 0.029 1.12 10 •. 6 

1.48 0.16 0.029 4.60 22.8 

2.10 0.J.6 0.029 8.98 . 46.7 

0.76 0.16 0.073 2.40 13.9 

Tri-iso-butylborane. 

1.44 0.75 0.015 20 •. 28 12.9 

1.44 0.16 0.015 3.34 8.7 
/ 

0.75 0.16 0.015 1.96 5.4 

2.10 0.16 0.015 5.52 12.9 

1.44 0.16 0.059 3.32 9 •. 3 

2J .8(}) 0.16 0.015 9.20 15.·3 

Tri-c~c10hcx~lborane. 

0.13 0.37 0.029 11.4 24.79 

0.13 0.16 0.029 4.70 19.33 

0.19 0.16 0.029 5.93 24.17 

0.078 0.16 0.029 2.82 

. (a) Calculated rrom partiaL pressures and solubility coefficients. 

(b) Calculated from [G ]IY where ... = induction period. 
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Table 5. Fir~t Or(10.r Rate Constants for the DecomnoRi tion -- . 

1. 

2. 

3.-

of Or..e.~~o,eroxybore~n~ fl.. __ ~~ I8_0-0ctane.!. 

Di-n-butyl:. n butylperoxyborane. 

t ( OK) • Tempera ure 

273.3 

280.1 

285.1 

291.2 

'29~-. 3 

2g8.1 

300.1 

303.1 

Di-n-butylperoxy n-butylborane. 

Temperature (oK). 

322.4 

332.6 . 

343 .6 

349.7 

Di-s-butylperoxl s-butylbor2.ne. -
t ( OK) • Tempera'ure 

321. ftr 

332.6 

343.6 

349.7 

t 5 -1 Ra e Constant x 10 (8. ). 

0.86 

1.44 

1.91 

2.65 

3.37 

4.68 

5.58 

5.96 

5 -1 Rate Constant x 10 (s. ). 

0.86 

2 •. 00 

3.78 

4.87 

Hate Constant x 105 (s:l) •. 

0.99 

2 .. 13 

4.80 

7.46 



Figure 7. Effect of Borane Concentration on the Rate of InittRtion of 

8Tributylborane autoxidationFJ at 25°C, in Ben7.cnc. 
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Figure 8. Effect of Oxygen ConcentrRtion on the Rate of Initintion 
of Tributylborane Autoxidations at 25°0, in B~nzcnc. 
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Figure 9. Abeor~tion of Oxygen by Borane Solutions in the 

Presence of Galvinoxyl. 
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Fip;tlre lOa. GraDhs of lOf~ a /a-x ap:ainst Tim0 for 

0.2 

Organoperoxyboranes in Ipo-Octan~ ~nlution. 
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Fig ure ,11. Arrhenius Graphs for t he De compo 8ition 

of Org anoperoxyboran e s in I s o-o ctane Solu t j.on . 
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Figu.re 12. Reaction Between Orga noboran:e.s and' . Organoperoxyboranes, in n-Heptane. 
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Figure 14. Polymerisa tions of Vinyl Ac e t a t e u Ri ng 
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Fig;.lre 16. Infr~-rec S~ectru~ of Subli~ed solid. 
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Figure 15. Infra-red Spectrum of Solid Distilled from Reaction of (nBUOO)2BnBU,'CyclOhexene and 

MO(CO)6 at 60°c. 
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CHAPTER 6. 

The Autoxi a tion of Organotransi tion 1V1eta1 Compounds . 

1. Autoxida tion Experiments . 

Autoxida tions were carried out in an appa r a tus based on th t 

used by Davies, Ingold, e t al . f or their s tudi es on t he 

autoxida tion of organoboranes1 , and is shown in Fie ure 17. 

Pressure 

Transducer 

Recorder 

lOv. · stabilised 

power supply 

(~ 

Serum 

cap 

Magnetic 
coupling 

Figure 17. Schematic Diagram of Small Sca le Oxida tion Appa r tus . 
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This consisted of a small reaction vessel, about 5ml. in 

volume, with a side arm fitted with a serum cap tltl'ouLh wt:ich 

samplc8 could be introduced with a syrinee. stirrine was achieved 

by means of a slass covered bar magnet and a magnetic stirrer; 

the vessel could be thermostatted. Autoxidations were carried 

out at 200 C or -740 C, in the latter case the whole of the reaction 

flask was immersed in powdered solid carbon dioxide. The reaction 

flask was attached'to a Bell and IIowell pres8ure transducer 

(type 4-326:"L261-0120) by means of a glass to metal seal. 'llhe I; 

pressure transducer operated in the range 0 to 15 p.s.i., and was 

fed by a stabilized 10 v. power supply unit (Farnell, type T'J1SU). 

The output signal was fed into a Honeywell potentiometric recorder 

(1 mv., 1 sec. full scale). In order that recorder readines 

could be translated into volume changes, a calibration plot \'Jus 
, 

made by withdrawing volumes of gas from the apparatus with a gas 

tight syringe. 

Experiments were always done under one atmosphere of oXYGen, 

and the sample size of the organometallic adjusted so that ca. 

5 x 10-5 mole of oxygen would be absorbed. The gas space volume 

was constant for all experiments (~. 5 mI.). 

A typical experiment was performed in the following manner. 

The whole apparatus was filled with dry oxygen and then was 

added the solvent, using a syringe, if required, inhibitor solution. 

The volume of solvent was varied so that on addition of the 

organometallic solution, the total volume was exactly 2 mI •• 

The system was isolated, stirring commenced, and when equilibrium 

was obtained, the organometallic solution was introduced as a 
.' 

ca. O.lM. solution in hydrocarbon solvent (~-heptane, toluene 
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or benzene, Tables & and 7) via the serum cap using a enn tiGht 

syringe. After absorption was completed, the appuratuD was 

flushed with nitrogen and the solution nnaly~ed for peroxide 

by iodometric titration. 

Typical experiments are shown in FiGures 18-20 

(tri~-butylbor~neis included in Fieure 18 as a reference) nnd 

the results obtained are summarised in Tables 6.nnd 7. 

Autox~datton in the Presence of Inhibitors. In those cases 

where galvinoxyl was used it was noticed, for nIl the compounds 

studied, th'J.t a '. magenta.. colour was produced im''1edia't~~ly t"1e 

organometallic was added.to the solution. 'rhis samG i colour 

was produced in the total absence of oxygen,and it appears 

therefore, that there is a direct react jon between ealvinoxyl and 

the transition metal organometallic. 

The use of the phenols "Ethyl 702" and'~thyl 720" resulted 

in the gradual production of wine red or mauve colours dU:::'ine 

the course of the autoxid~tion. 

The effects of the . inhibitors are given in Table 6 nnd 7 

and shown in Figures 19 and 20. 

2. Experiments in the Presence of Donors. 

(i) Autoxidation of Tetrabenzyl Zirconium in the Presence of 

Pyridine and pi~eridine. A toluene solution of tetrabenzyl-

zirconium (2.5 x 10-5 mole ) was injected into a solution of 

pyrieine in toluene, in the autoxidation apparatus. The pyridine 

content was varied from 5 x 10-3 mole to 2 x 10-2mole • There 

was found to be no change in either the speed or extent of the 

autoxidation. Analogous results were obtained on trentine the 
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tetrabenzyl zirconium with pyridine prior to injccting it jnto 

the autoxidation flask~ 

The use of piperidine similarly had no effect on the COurse 

of autoxidation. 

(ii) The Reaction of Pyridin~ with H~xnkin (trimcthllsilylmcthyl) 

Bimolybdenum. This reaction was investiGated usinG proton 

magnetic resonance 
1 ( H n.m.r.) spectroscopy. Two solutionn 

containing hexakis (trimethylsilylmethylj bimolybdenum (1 x 10-4molc ) 

were prepared in dry, degassed benzene, and in a dry, degaDsed 

solution of pyridine (5 x 10-3mole ) in benzene. sampleD were 

then placed in dry, nitroeen filled lH n.m.r. tubes~ sealed with_ 

tightly fitting serum caps. The spectra were recorded and the 

peaks at 7.8 'Y (CH2 ) and 9.6 -( (C1l3 ) were found unchanged in 

position or intensity-in the presence of pyridine. This 

indicated that there was no complex formation. 

-Hexa neopentyl bimolybdenum behaved similarly. 

3. The Autoxidation of Tetrabenzyl Zirconium in the Presence 

of Iodine. 

'. To a solution of iodin~ (8 x 10-6mole ) in toluene in the 

autoxidation apparatus was added tetrabenzyl zirconium 

(2.5 x lo-5mole ) in toluene. The-colour of the iodine wan 

gradually discharged during the course of , the autoxidation, 

and although the rate of autoxidation was unaffected, the amount 

of oxygen absorbed (4.3 x 10 -5mole ) was a 15?~ ro-duction in the . 

normal value. After purging vd tll ni troccn, the solution was 
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analysed by eas liquid c~romatography (10% carbowax column at 

1400 C) and benzyl iodide was identified by comparison with an 

authentic sampl.e. 

An identical experiment was performed in the ab8ence of 

oxygen. The colour of the solution rem~ined unchanged durine 

15 minutes and no benzyl iodide could be detected. 

4. Products of Autoxidation. 

(i) General Technioue. Following autoxid~tion, the snmples 

were analysed for peroxide by iodometric titration and the results 

arc summarised in Table_s 6 and 7. Only the autoxidations of 

tetrabenzyl zirconium and hexabenzyl bi tungsten at -71°C vlere 

found to produce significant quantities of peroxidic mnterial. 

The' peroxide obtained from tetrabenzyl zirconium was found to· 

be very unsta.ble, having a half life of ca. 50 minutes at 20°C. 

The stability of the peroxide produced from the low temperature 

autoxidation of hexabenzyl bitunesten was not examined. 

After being analysed for peroxide the samples were hydrolysed 

by pouring in·to water, and the organic components were extracted 

with ether. The residue obtained after removal of ~olvent was 
. 1 

analysed by gas liquid chromatography (g.l.c.) and H n.m.r • 

. spectroscOPY· 

(ii) Trimethylsilylmethyl Derivatives. The hydrolysis products 

of all of these transition metql derivatives were found to be 

extremely complex and only trimethylsilylmethanQl, the major 

product, was positively indentified (g.l.c. on 10% curbowax 

column at 1400C, comparison with authentic sample). The 
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hydrolysis products of an etheral solution of trimethylsil:ylmcthyl 

magnesium chloride were examined in'a similar manner followinG 

autoxidation at OOC. As wcll as the expected trimethylsilylmcthnnol 

there were many minor products, as had been reported by EiDch and 

2 Husk , but no attempt was made to indentify them. 
I ' The H n.m.r. spectrum of tetrakis (trimcthylsilylmcthyl) 

titanium was recorded before and after autoxidation. Prior to 

autoxidation two peaks were apparent at 9.7 /' (CH) and 7.6 ., 

(-CH2~). -After autoxidation the singlet at 7.6 Y had disappenrcd, 

and was replaced by a new singlet at 5.4 Y • 

(iii)Tetrabenzyl Zirconium. The autoxidation in toluene at 

200 C and subsequent hydrolysis of tetrabenzyl zirconium (8 x 10-5molc ) 

produced two major products, benzyl alcohol (1.7 x 10-4mole~ 53% 

of benzyl groups originally present) and benzaldehyde 

(2.4 x 10-5 mole, 7.5.%).' These were 1ndentified and estimated 

. (g.l.c. on 101b carbowax column at,140
0

C) by comparison of peak 

areas with standard solutions. A small amount of an unknown 

product (~. 5% of the total) was also present and the hydrolYf1is 
-6 products had a small peroxide content ().1 x 10 mole, 0095~). 

o The autoxidation of a similar sample at -74 C produced, after 

hydrolysis, benzyl alcohol ("1 x 10-4;nole, 32%), benzaldehyde 

(301 x 10-5 mole, 907.%), and'peroxide (1001 x 10-5~01et 3.2.10). 

The peroxide was extracted with dilute sodium hydroxide from 

the toluene extracts of the hydrolysis rroducts of tetrRbenzyl 

zirconium (5 x 10-4 mole), autoxidised at ~74°C in toluene. 

The aqueous solution was neutralized with dilute :hydrochloric acid 

~t 5°C and g~ve, after extr~ctibn with ether and removal of the 
.t 

solvent, a yellow peroxidic oil. Examin~tion by l~I 
r nom.r. 
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bpectroscopyshowed the sample to be contamin3ted with benzaldehyde, 

probably due to the ins·tabili ty of the sodium sal t 3 , and benzyl 

alcohol, presumably due to its solubility in water. The benzyl 

hydropcroxide was purified by thin layer chromatography, usinG 

a silica stationary phase and a mixture of benzene, methanol 

and acetic acid (10:1:1) as the eluent. The peroxide could be 

detected by ultra-violet light or by spr~ying with E-aminophenol 

hydrochloride in methano14 • It was then extracted from the silicn 

v'i th ether, and after washing the extracts with water to remove 

acetic acid and removal of the solvent, there remained a highly 

peroxidic oil. The benzyl, hydroperoxide was taken up in cnrbon 

tetrachloride and its lH n.m.r. spectrum recorded, which consisted 

of a singlet, 2.74"1", a shoulder, 2.781' , a.nd a sinf,let, 5.101', 

in good agreement with literature values. 5 ,6 

(iv) Hexabenzyl Bitungsten. 

.and -74°C, and hydrolysis of 

o 
The autoxidation, at both 20 C 

hexabenzyl bitungstcn (4 x lO-5mole ) 

gave indentical products to those from tetrabenzyl zirconium. 

No quantitative estimates were made. 
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Table 6. Autoxidation of Organotransition Mctn.l Compounof1 R.t 20oC. 

Compound(Mxl03) Inhibitor a Effect 02 uptake 02 uptake Pe roxidc (mol. ~~} 
b 

(Mxl03) (Solvent) (mol.~q (mol. ) pcr nlkyl croup) 

~ CH3) 3siCH214 Ti None - 19.5 2.07 None 
(9.5)(!!-heptane) Pheno (11) R. 19.0 2.00 " 

Galv. (5) - 19.5 2.07 " 
Top. (12) - 18.0 1.90 " 

IT CH3) 3SiCH~ 4 Zr None - 20.1 2.11 None 
(9.5) (£-heptane) Ga1v. (10) - 16.5 1.74 " 

~ CH3) 3SiCH2] 6Mo 2 None - 21.0 3.·00 None 
(7.0) (£-heptane) Galv. (5) - 22.6 3.23 " 

Pheno. (10) - 21.2 3.03 " 
E.720 (5) - 21.5 3.07 " 
Tpp. (12) - 23.0 3.29 " 

, 

IT CH3 ) 3 CCH2J 6MO None - 19.7 3.03 Trace 
(6.5)(benzene) Galv. (8 ) - 17.5 2.70 

Pheno. (12) R 17.5 2.70 
Top. (12) S.H 19.8 3.05 
T.A.N. - 17.5 2.70 

(PhCH2)4zr None - 25.0 2.08 ca. 4 -
(12.0)( toluene) Galv. (3) - 23.9 1.99 II 

Pheno. (9) - 22.8 1.90 " 
Top. (8) - 24.0 2.00 II 

E.702 (4) - 23.0 1.99 " 
T.A.N. (10) - 24.6 2.05 " 

(PhCH2)6vt 2 None - 12.8 3.12 ca. 5 -
(4.1 )(!.!:,-heptane) Galv. (6) - 11.3 2.76 II 

Pheno. (12) - 11.1 2.71 " .' 
E.702 (6) - 1 ~. 5 3.29 II 

T.A.N. (12) - 12.7 3.09 It 



Table 6 cont. 

Key: 

(a) Top. ;: 

Pheno. = 
Galv. = 
E.720 = 

E.702 = 

T.A.N. = 

(b) . R 

S.R. 

= 

= 
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Topanol 354 

Phenothiazine -
.Galvinoxyl 

Ethyl 720 

Ethyl 702 

2,6 di-t-butyl-4-mcthoxy phenol. 

bis-(4-hydroxy-3-mcthyl-5-t-butyl­

phenyl) methane. 

bis-(4-hydroxy-3,5-di-t-butylphenyl) 

methane 

tri-acetonamine nitroxide. 

Retardation 

Slight retardation. 
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Table 7. Autoxidation of Organotransition Motal Compo~nd8 ut -74°C. 

3 Inhibitor a Effect 02 uptnJcc °2--·uptake Peroxide (mol. ~,~ Compound(MxlO ) 
b 

(Solvent) (mol.%) (Mxl0 3 ) (mol.) per alkyl erou r 

~ CH]) 3SiCH~ 4 T~ None - 21.0 I 2.21 None 

(9.5) <,!!.-heptane) Galv. (5) - 17.7 1.87 " 

~ CR3) 3SiCH2J 4 Zr None - 21." 2.-21 Trace 

(9.5) (!!-heptane) Galv: (5) - 18.5 2.21 None 
Pheno. (10) S. R •. 17.5 1.85 " 

~ CH 3) 3SiCH~ 6M02 None - 24.0 3.43 crt. 3 -
(7.0) (!l-heptane) 

Galv. (5) - 23.9 3.41 
Pheno. (10) - 23.5 3.36 
E.720 (8) - 22.5 3.21 

(PhCH2)4Zr None - 22.5 2.74 14.5 

(8.2)(to1uene) Ga1v. (5) - 22.1 2.70 15.0 
Pheno. (12) S.R. 21.2 2.58 11.0 
Top. (12) S.R 21.9 2.67 12.0 
E.720 (6) S.R. 20.8 2.54 14.0 

I (PhCH2) 611 2 ' None - . 8.0 I 3.34 . 13.0 

(2.4) (!l-heptane) Galv. (10) - 'i.~ 3.13 13.5 
Pheno. (12) - 7.0 2.92 9.0 
Top. (10) - 7.5 3.13 13.0 

Key as for Table 6. 
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Figure 18. Aut ox ida tion of Orga notranRition ~e t al Co mpoundA 

at 20°C. 
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. Figure 19 . Autoxidati on of OrganotranRiti on Metal Compound. 

in the P r esenc e of Inhi bi torR :1. t 20 0 C .. 

Oxygen 
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Uninhib ited 
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Figure 20. Au to xi dation of Organotra ns ition ~e tal Comp ounds 

a t -74oC. 
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CHAPTER 7. 

THE PRPrARY INITIATION OF TIUALKYJ,J)QTIAlm AUTOXIDATIONS. 

It is now well established that trialkylboranes autoxidise 

with a free-radical:chain mechanisml ,2: 

Initiation (i) 

.' -
-~> ROO' (ii) 

Propagation 

(iii) 

e ROO· (iv) 

Termination 2 R· -+ Stable products (v) 

ROO· + (vi) 

The termination reactions do not involve borane and also 

occur in hydrocarbon autoxidations, and rate constants for these 

termination reactions involving many radicals are now available 3 • 

Reaction (ii) similarly is well known from hydrocarbon autoxidations, 

but rate constants for this process are rather inaccesnible 

'Van den Berg and Callear have determined a value for the, reaction 

of methyl radicals with oxygen as l012M.-ls .-l in the vapour,~hase~ 
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Reactions (i) and (iii) are pertinent to organobor~ne 

chemistry, but it is only recently that either has received any 

critical attention. The propagating SH2 reaction has been 

studied for a number of boranes by Ingold and Davies 5 and 
6 Ingold £.!~. and rate constants determined. These values had 

been previously .inaccessible because of the extreme vigour of 

the reaction whi~h resulted in a diffusion controlled autoxidation. 

r.::~eGe workers eliminated this.problem by studying the autoxidations 

in the presence of pyridine which, because of complex formation, 

resulted in a very low concentration of free borane thus 

providing a reaction of measurable speed. 

Although values for the rates of initiation of trialkylbornne 

autoxidations had. been determined by several workers, there were 

no data concerning either the mechanism or the rate constants 

of the primary initiation reaction. Two main methods for the 

determination of initiation rates had been used in previous 

studies~ 

(a) Calculated from the length of the induction period usintS 

known concentrations of inhibitor: 

where 

Ri = n [A] 
y 

(vii) 

n = number of radicals removed by one molecule of inhibitor,. 

and is unity in the case of galvinOxy17. 

[A] = initial concentration of inhibitor. 

'r = inhi bi tion period. 
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The inhibitor most frequently used in such determinations 

has been galvinOxYI5,6~7, although Ingold and Davies have also 

used 2,6-di-t-butyl 4-methoxypheno1 5• 

Galvinoxyl inhibits the reaction by removing the alkyl and 

alky~peroxy radicals produced by initiation thus suppressing the 

SH2 propagating step of alkylperoxy radicals attacking borane 

(reaction (iii)). 

This method for the determination of primary initiation 

rates is an ,indirect method and is subject to errors through the 

removal of galvinoxyl by alterhative reactions. Firstly 

galvinoxyl is itself susceptible to autoxidation although only 

slowly, and most galvinoxyl samples are contaminated with 

hydrogalvinoxyl which considerably stabilises galvinoxyl solutions 
8 towards oxygen. Significant errors from this source will 

therefore only be apparent if the inhibition period is particularly 

long - Allies found that his galvinoxyl solutions were resistant 

to autoxidation for 180 minutes9 • As the concentration of 

galvinoxyl is reduced during inhibited a.utoxidations by the 

trapping of radicals, its ability to completely suppress the 

S 2 propagation step (reaction (iii)) will be lowered, and 
H 

the probability of peroxide :formation is increased. The 

production of peroxide gives rise to the major errors. 

Galvinoxyl reacted slowly with organoperoxyborane (page 135 ) but 

the reaction between organoperoxyborane and organoborane results 

in the rapid removal of galvinoxyl (pageI3~). 

These errors will produce a rate of initiation in excess of 

the true value. 

(b) Recently it has been demonstrated that iodine could Rct 



-169-

as a successful inhibitor of organoborane autoxidationslO,ll 

and Brown suggested th~t it functioned by removing the alkyl 

radicals;produced by initiation: 

+ (i) 

-~>-~ RI + I· (viii) 

, 11 Brown and Midland ,although giving inhibition period data, 

did not convert these figure into rates of initiation by use of 

the formula (vii). In'a later publication,l2 these workers reported 

the determination of initiation rates by estimating the rate of 

~rodu6tion of alkyl iodide, presumably formed as a result of 

reaction (viii). 

As in the case of galvinoxyl above, other reactions ca.n be 

proposed to account both for the removal of iodine and for the 

form~tion of alkyl iodide. If the iodine does not remove free 

radicals efficiently, organoperoxybornAe will be produced, and 

Gr,otewold has shown that the reaction between oreanoperoxyborane 

"dl d "d" 10 and organoborane rapl y remove 10 lne. 

The following reactions could also contribute to the removal 

of iodine and the formation of alkyl iodide: 

Cross propagation --> RI + 02 + I· (:I,x) 

R3B + I· )0- R2BI '+ R· (x) 

Iodine chain 
propagation 

R· + 12 > RI + I- (xi) 
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Reactions of this type were dismissed by Brown but without 

supporting evidence, and this may well be an oversimplification. 

It has also been pointed out by Ingold6 that the induction 

period does not vary linearly with increasing iodine concentration 

and Brown's datall showed that doubling the iodine concentration 

caused an almost fourfold increase in the inhibition period. 

Brown and Midland ascribed this ,to the :fact that'at low iodine 

concentrations a relatively large proportion of radicals were 

not trapped"but followed the chain pathway, but this proportion 

was reduced as the iodine concentration was increased. This 

argument is not convincing and there was no evidence to support 

it. The suggestion by Ingold6 that iodine is reeenerated after 

the initial inhibition step, by analogy with the suggested 

mechanism of iodine inhibited hydrocarbon autoxidations, appears 

more reasonable. 

ROO· + RI ---..:~,.. ROOR + I· (xii) 

In view of the uncertanties associated with the inhibition 

of organoborane autoxidations by iodine, rates of initiation 

determined from such reactions should be treated with caution. 

Because of the shortcomings of the methods outlined above, 

it was decided to study the primary initiation reaction' directly 

by meaRuring the slow rate of oxygen absorption by an organoborane 

solution while under inhibition by galvinoxyl.l~ 
Hydrocarbon autoxidations are often initiated by the 

homolytic decomposition of traces of peroxide in the hydrocarbon 
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. ROOH RO· 
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+ 'OH (xiii) 

Thus, in order to study the spontaneous initiation process 

for hydrocarbon autoxidations, it has been necessary to 

rigorously purify the hydrocarbon. 15 Ingold and Davies have 

suggested an analogous homolytic decomposition for 

organoperoxyboranes under oxygen6 • However, it is concluded 

in the next chapter that such a reaction is extremely slow at 

ambient temperaturewhen conducted in vacuo (dilatometry measurements). 

Ingold and Davies,6 and Grotewold et al.10 have also proposed 

that the reaction between borane and organoperoxyborane could 

be responsible for self-initiation of the autoxidation. However, 

the extreme vigour of this reaction (t~ ca. 10 sec., Ch. 8) 
2 -

precludes the existence of traces ox' peroxide in a. borane sample, 

and consequently, provided tne gnlvinoxyl removes radicals 

ei'ficl.ently, there will be no peroxide present to caus e initiation 

by such mechanisms, and only the direct reaction between oxygen 

and borane can be responsible lor the production of radicals and 

the absorption of oxygen. 

The oxygen absorption - time graphs lFigure 9) showed three 

distinct regions: 

(a) ne-establishment of equilibrium. The injection of the 

borane solution temporarily displaced the liquid - vapour 

equilibrium, but this was usually restored within two or three 

minutes. 
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(b) Linear region. Oxygen was steadily absorbed during this 

period and it is assumed that galvinoxyl was effectively removing 

the radicals produced by initiation, thus suppressing the SH2 

reaction between alkylperoxy radicals and boranc (r,caction (iii)). 

(c) Auto-accelerated period. The rate of absorption of oxygen 

gradually increased and the onset of this period presumably 

occurred when the galvinoxyl concentration was reduced to a level 

at which it no longer completely suppressed the Sn2 propagation 

reaction. .This results in the formation of organoperoxyborane 

which provides additional initiating processes and auto-catalysis. 

The rates of oxygen absorption (Table 4 ) from the linear 

region can be related to the rates and rate constants for the 

primary initiation step. The following reactions are relevant: 

k 
1 )- (xiv) 

ROO. (ii) 

R· + G (xv) 

stable Products 

ROO· + G ;. (xvi) 

where G = Galvinoxyl. 

The rate of absorption of oxygen will be given by 

= (XVii) 
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Assuming a steady state concentration of alkyl radicals: 

(xviii) 

d [R'] 0 = kl [R3BJ x [02J y - 1~2 [H'] [02J - k 3[H.J[GJ = 
dt 

and therefore [R' ] = kl [H3.BJ x [02] Y (xix) 

k2 [02 ] + k3 [G 1 

substituting for\ [R'] in equation (xvii) and rearranging: 

= + 

dt 

There are two limiting cases to this equation. Firstly, if 

-d [o~J 
at 

> k 3 [G J. then, 

and secondly if k3 [GJ > k2 [o~ 

-d [02] = kJ, [It3] J x [02] y 

dt 

( xxi) 

(xxii) 

Thm:: I'o.te con,stante Cc:lCUJE1bHl from~ eith('l' expl'ession emmot 

.b8 more than a factor of two from the true value. 

1. O:"..d e1' of R(~H.Ctjt) n. ~ t cor: 01 on t OYyr.r- 1]' 1 ____ ._~_. __ ~__ .. 1.' .. , <... • Gen anc g'.1. .VIYl()Yy 

dt 
:: (1 + C) ( y ••• ) .. Xl1J 
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where k' = kl [°2] y 

C = k2 [°2 ] = Constant 

k2 [°2] + k3 [GJ 

Thus a plot of -log d [02] 
dt 

against log [R
3

BJ should 

give a straight line of slope x. These graphs are sho~n for 

tri-~-butylborane and tri-isobutylborane in Figure 7, and the 

slopes were found to be 1.05 and 1.09 respectively; for 

tri.cyclohexylborane this value was 0.85. For all three bornncs 

investigated, the reaction is therefore assumed to be first 

o·rder with respect to bora-ne. 

It was not possible to derive a simple equation, analogous 

to equation (xxiii), for the variation of the rate with changing 

oxygen concentration. It was therefore necessary to assume that 

either of the limiting equations (xxi) or (xxii) were sufficiently 

accurate such that a plot of -log d [02:};dt against log [02J 

would yield a straight line of slope y. That this assumption 

was justifiable is shovm by the fact that reasonable straight 

lines were obtained for tri-~-butylborane and tri-isobutylborane 

(Figure 8), and the slopes were 1.2 for both boranes. The 

greater reactivity of tricyclohexylborane meant that the 

measurement of the rate of initiation was only possible within 

a relatively small range of oxygen concentrations. 

the limited dat~ indic~ted a value for y of 1.1.: 

Nevertheless, 

It therefore seems that the primary initiation reaction of 

organoborane autoxidations is first order with respect to oxyeen, 
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and second order overall. This is in contrast to hydrocarbon 

autoxidations15 ,16 where the initiation step was second order 

in hydrocarbon, first order in oxygen and hence third order 

overall. Carlsson and Robb suggested two posoible mechanisms 

for the primary initiation of indene and tetralin autoxidations: 15 

. RH + RH + 02 ~ [RH--- rut) + 02 ~ Unknown hydrocarbon radicals 

+ (xxiv) 

RH + 02 + RH + TIH ~ 2R" + (xxv) 

Both mechanisms involved complex formation followed by a rate 

determining reaction with a third molecule. Since there was some 

spectroscopic evidence for the formation of an oxygen-hydrocarbon 

complex, they favoured the second mechanism. In a later 
17 publication Robb and Betts suggested that the spectra were 

"collisional" in origin rather than due to charge-transfer complex 

formation, in agreement with the work of Tsubomura and Mulliken.
18 

Robb and Betts therefore proposed that the third order kinetics 

could be attributable to a direct three body collision. 

2. Determination of Rate Constants. 

Rate constants calculated from either expression (xxi) or 

(xxii) were found to be not strictly constant, particularly for 

tri-~-butylborane" varying from 0.97 x 10-3 M:ls:l to 1.78 x 10-3 

~l -1 and tri-isobutvlborane, 0.72 x 10-3 M:ls:l to 1.03 x 10-3 
M. s. , oJ 

This indicates that the assumption that 
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k2 [02 ] and k3[GJ are widely different, is not completely valid. 

Further, the rate of oxygen absorption was not wholly independent 

of the galvinoxyl concentration, there peing a slight inverse 

dependence (Table 4). These two facts show that accurate rate 

constants can only be calculated from expression (xx). 

However, this expression co~tains two unknowns, k2 and k3' but 

it was possible, using the method of successive approximations 

to calculate the value of k3/k2' initial values of kl being 

calculated from equation (xxi). The values of k3/k2 so determined 

were 13.5 for tri-s-butylborane, 2.84 for tri-isobutylborane, 

and sufficiently large (>100) for tricyclohexy1borane to allow 

values of k1 to be determined from equation (xxii). These 

values of k3/k2' when substituted in equation (xx), gave values 

for the primary initiation rate const.::mt whi ch were sensibly 

constant, irrespective of oxygen, galvinoxyl, or borane 

concentration. The rate constants so determined are given in 

Table 8 and mean values are: 

(a) Tri-~-butylborane, 1.84 x 10-3 -1 -1 
t.~ • s. at 25°0. 

Tri-isobutylborane, 0.94 x 10-3 -1 -1 at 25°0. (b) M. s. 

Tricyc10hexylborane, 2.28 x 10-2 -1 -1 at 25°0. (c) M. s. 
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Table 8. Rate Constants for the Primary Initiation of 

Tria1ky1borane Autoxidations at 250 C, in Benzene. 

• R3B x 102• O2 x 102 • Ga1vinoxyl • k1 x 103 
• k1 :. x 103 . 

(M) (M) 
2 

(M) OC1s-1 ) (M-1s-1 ) x 10 • 

Tri-~-buty1borane 

1.78 
( a) (c) 

0.76 0.75 0.015 2.01 

0.76 0.36 0.015 1.62 1.96 

0.76 0.16 0.015 1.29 1.86 

0.76 0.16 0.029 1.12 1.81 

0.36 0.16 0.029 0.97 1.56 

1.48 0.16 0.029 0.97 1.57 

2.10 0.16 0.029 1.34 2.15 

0.76 0.16 0.073 0 •. 99 1.80 

Tri-isobutylborane 
(a) (c) 

1.44 0.75 0.015 0.94 0.97 

1.44 0.16 0.015 0.72 0.84 

0.75 0.16 0.015 0.82 0.95 

2.10 0.16 0.015 0.82 0~95 

1.44 0.16 0.059 0 •. 72 1.01 

2.80 0.16 0.015 1.03 1.19 

Tricyclohexy1borane 
(b) 

0.13 0.37 0.029 23.70 

0.13 0.16 ·0.029 22.60 

0.19 0.16 0.029 19.51 

0.078 0.16 0.029 22.60 

(a) Calculated from -d (O}ldt = 2 kl [R3B] [02] 

(b) - Calculated from -d [OJ!dt = leI [R3 B J [02] 

(c) - calculated from -d[OJ/dt = kl [R3B] [o2J 0 + k2 [02] ) 
k2 [02] + k3 [GJ 
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3. Mechanism of Initiation and Implications of Re~ults. 

One point of interest, which can be considered as a "by-product" 

of this work, is that for the first time it has been possible to ,:'. 

assess the relative ·reactivity of galvinoxyl towards alkyl radicals 

compared to the reaction between oxygen and alkyl radicals. 

+ G (xv) 

+ (ii) 

i.e. the ratio k3/k2 is a measure of the relative rates of these 

two processes. It should be borne in mind that, because of the 

method of determination of this ratio, the values will: in part be 

dependent upon the errors in the evaluation of the primary 

initiation rate constants. Nevertheless, it seems beyond doubt 

that the reaction of galvinoxyl with !:!.-butyl, isobutyl arid 

cyclohexyl radicals is a reaction at least of comparable speed 

to the reaction of these radicals with oxygen. The unexpectedly 

high value of k3/k2 for tricyclohexylborane ( > 100), implying 

that cyclohexyl radicals reacted almost exclusively with galvinoxyl, 

is difficult to explain in the absence of £urther information. 

It could be that galvinoxyl in some way assists in the primary 

initiation step, removing the cyclohexyl radicals, whereas the 

~-butyl and isobutyl radicals are kinetically free when trapped 

by galvinoxyl. 

The propagation reaction between alkylperoxy radicals and 
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borane (reaction (iii» is now generally connidered a~1 involvine 

the attack by the peroxy radical on the central boron atom via 

its vacant p orbita15 ,19. Oxygen is a dirn.dical and since 

the primary initiation reaction was second order it doeD not 

seem unreasonable to suggest a similar mechanism: 

R R 
I • 
B + °2 

--:0.. B ~ n· + '~2BR2 (xxvi) 
/ "-

~ Ii' 
R R Ii '\ 

R °2. 

The recombination of the alkyl and dialkylboronperoxy 

radicals is, as Lissi ~ ale have pOinted outlO , spin forbidden 

and thus the displaced alkyl radical is free to react with 

oxygen to give a peroxy radical, which, in the absence of inhibitor 

can initiate chains. 

The rates of primary initiation of organoborane autoxidations 

will be dependent on several factors, including 

(a) Steric hindrance to the incominB oxygen molecule. 

(b) Steric strain in the transition state. 

(c) Stability of the displaced radical. 

An increase in steric hindrance around the trigonal central 

boron atom makes the approach of the oxygen molecule more difficult. 

Although somewhat subjective, framc"ork molecular models 

suggested that steric hindrance to an incoming oxygen molecule 

increased in the order i BU3B < sBu3B~ (CYCIO-~,Hll)3B. 
Tho e.ffect of steric stra;i.n in .the transition state, .( b), 

i~ difficult to predict, althoueh the~e will be steric r~lief in 

pass~ng from the transition state (or metastnble intermediate) 
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to the products. 

If the displaced alkyl radicnl is particularly 8table, it 

is likely to provide the reaction with a considerable 

"thermodynamic drive". Ingold et £1.1. have sueeested that radical 

stability was the reason for the increased propagation rate 

conste.nt for the autoxidation of tribenzylborane comp3.red to 

those for the autoxidation of trialkylbora.nes. 6 Of the compounds 

studied in this investig3tion, the dispJaced !-butyl radical 

will be the most stable because of 1.he contribution of resonance 

structures such as: 

(xxvii) 

Such hyperconjugati ve stabilisation is not pom>i ble ei ther with 

the secondary cyclohexyl radical or the primary isobutyl radical, 

and the difference in stability between these two species is 

unlikely to be significant. In the absence of ~ther factors 

therefore, factor (c), the stability of the displaced radical, 

would predict an order of reactivity of sBu3B '> iBU3B~ (cyclo-C5Hll)3B. 

Brown and Midland12 suggested that the factor of major importnnce 

was steric hindrance to the approach of the oxygen atom, but the 

observed order of the rate constants, (cyclo-C~Hll) 3 > sBu3B > 
iEu B, indicates that it does not operate to the exclusion of 

3 
other influences. The increased stability of the ~-butyl 

radical compared to the isobutyl radical could account for the 

observed reactivity of these two boranes. 

The factors (a), (b) and (c) do not account for the 

unexpectedly high rate constant determined for tricyclohexylboranc, 

which is difficult to explain and must be related to its hieh 
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Po~sible participation of galvinoxyl in the 

ini tiation step" would provide not. only. aTl explanation 

for the high value of k3/k2 ( > 100) but also for this relntively 

large initiation rate constant. The primary initiation of 

tricyclohexylborane autoxidations certainly y:arrants further 

investigation, and knowledge of the effect of galvinoxyl 

concentration on the rate of reaction, and also of the value of 

the rate constant determined by the rate of oxygen absorption 

whilst under inhibition by other inhibitors, azagalvinoxyl or 

2 6-di-t-butyl 4-methyoxyphenol, would be worthv~hi le . , -

It was not possible to study the rate of primary initintion 

for the autoxidation of tri-~-butylborane, since galvinoxyl does 

not inhibit but only retards this reaction.? This is presumably 

~ reflection of the very fast propagation re~ction, Ingold and 
6 -1 -1 5 

Davies give kp = 2 x 10 M. s., and this fact C~l1 be r8..tionalised 

on the pasis of the lowc,'iegree of steric crowding around the 

central boron atom and the high reactivity of the primary 

alkyl radical. 

4. Comparisons of Rate Constant Data. 

As a result of this work the order of the primary initiation 

reaction in borane and oxygen is now known and it is possible to 

convert other workers rate measurements into specific rate 

constants and in this way comparisons can be made between the 

results. 

Fro~ a consideration 

of the following re~ctionA it is clear that the rate of 
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disappearance of galvinoxyl is equal to the rate of primary 

initiation, provided that no autocatalytic reactions are occurring: 

+ 

R. + G 

-ROO' + G 

---4~'" ROO· 

-->~ Stable prod.ucts 

-~') Stable productn 

(xiv) 

(ii) 

(xv), 

(xvi) 

Estimations of initiation rates from the total length of the 

induction! period are therefore liable to errors because of the 

shortening of this time due to the removal of gqlvinoxyl by the 

alternative reactions occurring, once peroxide has been formed 

(page 168). 

The rate of disappearance of galvinoxyl is therefore given by: 

-d [G] = 
dt 

+ z (xxviii) 

where Z is a term dependent upon the rate of removal of ealvinoxyl 

by all reactions except the primary initiation step. It is 

not possible to estimate the contribution of Z and rate constants 

were therefore calculated from the approximation: 

= (xxix) 

where 1= induction period. 

Rate constants calculated fron the inhibition periods measured 
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in this investigation are given in Table 9. The results are 

not consistent, there being a general increase in the "rate 

constants" as either the borane or oxygen concentrations are 

lowered or the galvinoxyl concentration increased. (Typically, 

the values for tri-~-butylborane vary from 2.47 x 10-3 M:ls:l 

-3 -1 -1) to 18.78 x 10 M. s. • These factors all bring about an 

increase in the length of the inhibition period. Thus the 

contribution of Z increases as the induction period increases, 

a fact whic~ has been observed previouSly9 and is presumably due 

tb the increasing probability of peroxide formation unacr.the 

conditions resulting in a long inhibition period. 

A comparison of these results \vi th the mean rate constants 

determined by the rate of absorption of oxygen, 

tri-s-'butylborane 1.84 x 10-3 M:ls:l, tri-isobutylbor3.ne 0.94 x 10-3 

M:ls:l, tricyclohexylborane 22.8 x 10-3 M:ls:l, shows that 

agreement is quite good, especially under concentr~),tion condi tionA 

resulting in short inhibition periods. The best values for the 
-3 -1-1 three boranes are, tri-!!.-butylborane 2.47 x 10 M. s. , 

-3 -1-1 tri-isobutylborane 1.20 x 10 M. s., and tricyclohexy1borane 

51.54 x 10-3 M:ls:l. 

The rates ofinitiatiolll determined by Allies and Brindley7 

were also converted into rate constants anJ details are given in 
-3 -1-1 Table 9. Their values of 1.05 x 10 M. s. for tri~~-butylborane 

and 2.10 x 10-3 M:ls:l for tri-isobutylborane at 25°0 again 

show good agreement with values determined by the rate of oxygen 

absorption. 

The r~tes of initiation determined by In801d and Davies5 , 

Ingold ~ al. 6 cannot be converted into primary rate constants 
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because their estimations were made in the course of the 

autoxidation when considerable quantities of peroxidc were 

present. Thus the contribution of Z in equation (xxviii) will 

·be considerable and rate constants calculated from equation 

(xxix) would be meaningless. 

(ii) Iodi.ne Inhibition Period Data. Brown and Midland proposed 

that iodine inhibited borane o.utoxidationfl by removine the alkyl 

and dialkylboronperoxy radicals produced in the primary 
-11 

initiation step 

+ 

+ RI 

> 

+ (xxx) 

+ I· viii) 

(xxxi) 

Other routes for the removal of iodine have alrendy been 

discussed (page16~, autocatalytic reaction rcsulting from 

peroxide formation, an oxygen initiated.borane-iodine chain etc., 

and the rate of removal of iodine can be expressed as: 

+ y (xxxii ). 

where Y is a summation of all additional reaotions removing 

iodine. As in the case of galvinoxyl, it is not possible to' 

assess the contribution of Y and rate cOhstants were therefom 

calculated from: 
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= (xxxiii) 

n is assumed to be unity since the fate of the.~iodine atom is 

unknown. 

Unfortunately Brown gave no"data concerning the concentration 

of oxygen in solution and there appearR to be no data for the 

solubility coefficient of oXYBcn in tctr::lhydrofuran. Oxygen 

concentrations were therefore estimated from the solubility 

coefficient. of oxygen in diethyl .ether, a not dissimilar solvent. 

Errors from this assumption are unlikely to produce more than 

a three-fold change in~ the value of the rate constant. The 

high concentrations of borane and inhibitor used by Brown and 

Midland, however, make it unlikely that the solutions can 

correctly be assumed as ideal, and the calculated values are 

most probably an overestimation. Nevertheless these assumptions 

should not produce a rate constant deviating frOM the true value 

by more than a five-fold error. 

The rate constants calculated from e~uation (xxxiii) are 

given in Table 9 and the values of 1 x 10-4 M:ls:l for 

tri-R-butylborane and 1.3 x 10-4M:1s:l for tricyclohexylborane at 

oOe are much smaller than those calculated from either the length 

of the galvinoxyl inhibitionl period (2.47 x 10-3 M:ls:l and 

51.54 x 10-3 M:ls:l respectively) or from the rate of oxygen 

absorption (1.84-x 10-3M:1s:l and 22.8 x 10-3M:1s:1 respectively) 

and the divergence becomes greater with increasing iodine 

concentration • The uncertainties concerning this method of 

. inhibition have been mentioned (page169) but these factors 

would all predict a spuriously high rate constant and thus it is 
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necessary to propose new reasons to account for the low values: 

(a) The work of Brown and IVlidlandl1 was carrie d out at OOC in 

contrast both to this study and the work of Allies and Brindley?, 

where rates were determined at 25°C. If the initiation step 

had an appreciable activation energy, diff,erenc€,s of ten to 

twenty-fold might be satisfactorily explained. Evidence agai'not 

this is the observation of Allies and Brindley? that even at -?8°C 

trialkylboranes autoxidised at a diffusion controlled rate, 

without an induction period which would imply a Low activation 

energy. 

(b) Since tetrahydrofuran was used as the solvent there could 

have possibly been some slight complex formation with the 

organoboranes. Brown stated that they obtained similar results 

in n-hexane but these results .were not reported. 

(c) Perhaps the most plausible explanation of these low rate 

constants is that the iodine was regenerated from the alkyl iodide, 

as suggested by Ingold et al. 6 • Aleksandrov et al. 20 have 

reported that, during the iodine inhibited~autoxidation of 

cumene, iodine was regenerated by the reaction between peroxy 

radicals (or oxygen) and the alkyl iodide: 

ROO· + RI ---,)o~ ROOR + I· (xii) 

Since this reaction does not involve the substrate, Ingold's 

suggestion that a similar step might occur in iodine inhibited 

organoborane autoxidations seems entirely justified. Thus one 

molecule of iodine is capable of removing the radicals produced 

by more than one primary initiation reaction and therefore the 
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rate of removal of iodine will be much slower than the rate 

of primary initiation. Further, this effect will have a 

greater influence on the calculated rate of reaction as the 

iodine concentration is increased. 
J 

Until the magnitude of these effects and those alternative 

reactions for the removal of iodine suggested earlier is clearly 

understood, rates of-primary initiation determined from the 

length of inhibition periods produced by iodine, should be viewed 

with extreme 'caution. Bearing this in mind, it is still 

interesting to note that at comparable iodine concentrations, 

the primary initiation rate constant for the autoxidation of 

tricyclohexylborane was only slightly in excess of that for 

tri-l2..-butylborane. This can be contrasted with the large 

difference between the rate constants for these two boranes 

determined in the presence of g~lvinoxyl. 

(iii) Rate of Production of Alkyl Iodide from Iodine Inhibit~d 

Autoxidations. This method used by Brown and Midlandl2 relied 

on the assumption that iodine, in very high concentration 

(40 mol. %), trapped the alkyl radicals produced in the primary 

initiation step to quantitatively yield alkyl iodide: 

+ + (xxx) 

R' + RI + If (viii) 

+ + + I' (xxxi) 

Based on these reactions it is clear that the rate of 
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production of alkyl iodide would be equal to the rate of prim~ry 

initiation: 

d [RI] 
dt 

= 

However, considering the limitations concerninrr iodine 

(xxxiv) 

inhibited autoxidations already expressed (page169 and page 186) 

this equation must be a gross oversimplification. OXYGen 

concentrations were estimated as on pageill5 and the rate conRtants 

calculated from equation (xxxi~) were, at OoC, 6 x 10-6 -1-1 M. s. 

for tri-~-butylborane (0.5M. in tetrahydrofuran) and 3 x lO-6M71s :1 
, 

for tri-isobutylborane (O.5M. in tetrah.ydrofuran). 

These very low values are not entirely unexpected in view 

of the high iodine concentrations used, since errors from the 

suggested regeneration of iodine from alkyl iodide would be very 

large. 

It is concluded that the rates of initiation calculated from 

oxygen absorption in the presence of galvinoxyl and the rates 

calculated from the relationchip n[G},., are in good agrecement, 

whereas the .inhibition using iodine does not give comparable 

results and this probably arises from· a number of. alternative 

reactions involving the iodine. 



Table 9. 

CR3BJ x 10
2 (a) 

(M) 

-,-0.76 

0.76 
0.76 
0.76 
0 • .36 
1.48 

. 2.10 
0 •. 76 
0.575 

50 
50 

1.44 
1.44 
0.75 
2.10 

1.44 
2.80 
0 • .75 

0.13 
o .J..1 

0.19 
50 
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Primary Initiation Rate Constqnts CnlculRted from 
ntAJ-

the Relationship Y 

[02J x 10
2 [Inhi bi tor J Temp. Ri x 10

8 Jei x 103 

(M) x 104(c) (M. ) °C. ''' .. -1 -1 -1 (IvI. s ~ ) (M. s. ) 

Tri-s-butllborane 

0.75 G, 1.5 25 14.0 2.47 

0.36 " 1.5 " 11.7 4.17 
0.16 " 1.5 " 7.7 6.54 
0.16 " 2.9 " 12.9 10.98 
0.16 " 2.9 " 10.6 18.78 
0.16 " 2.9 II 22.8 9'.94 
0.16 " 2.9 II 46.7 14.35 
0.16 II 7.3 II 13.9 11.83. 
0.75 II 0.29 " 5.0 1.05 
1.84(b) . I, 50 0 87.5 0.10 
1.84(b) " 100 0 55.5 0.06 

Tri-isobutllborane 

0.75 G, 1.5 25 12.9 1.20 

0.16 .. 1.5 " 8.7 3.92 

0.16 " 1.5 " !5'.4 4.70 

0.16 " 1.5 " 12.9 3.96 

0.16 II 5.9 It 9.3 4.18 

0.16 " 1.5 " 15.3 ].52 

0.75 " 3.75 " 11.7 2.10 

Tricyc10hexylborane 

0.37 G, 2.9 25 24.79 51.54 

0.16 " 2.9 " 19.33 92.93 

0·.16 II 2.9 II 24.17 79.51 
1.B4(b) I 50 0 122 0.1) 

Hef. 

'l'hi s 
worle 

n 

" 
" 
" 
" .. 
" 
7 
11 
11 

This 
work 
II 

II 

" 
II 

" 
7 

This 
work 

" 

" 
(~) In benzene solution except for experiments in the presence· of 

iodine when' tetrahydrofuran was the solvent. 

(b) Estimated. 

(c) G = Ga1vinoxyl. I = Iodine 
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CHAP'rr~R 8 

OHGANOPEHOXYBOnON cm1POUNDS 

It is now well established that the autoxidation of a dilute 

solution of an orBanoboron compound results in the formation of an 
I 2 3 organoperoxy:borane ' ". Typically, the autoxidation of 

tributylboranes at 25°0, with efficient gas-liquid mixing gave 

and almost ouantitative yield of the correspond.ing dibutylperoxy 

3 butylborane. The alternative route of preparation, nucleophilic 

substitution, has proven useful for the synthesis of many 

d 4,5,6, B h peroxyborate compoun s. ot methods have been used 

in this investigation. 

The preparation of the monoperoxide, g-butylperoxy 

di-,!!-butylborane, took advantage of the fact that there is an 

activation energy difference between the au~oxidation stages 

borane to monoperoxide (i), and "monoperoxide to diperoxide (ii): 

+ (i) 

+ 
n n ( BUOO)2B Bu (ii) 

This has been dC;"lonstrated by Allies and Brindley who reported 

that at -740 C the autoxidation of tri-!!-butylborane ceased after 

the absorption of 1 mol. of oxygen3 • Unfortunately the 

autoxidation of tri-~-butylbor~ne did not stop completely after 
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the first step3, and it was thought unlikely that a solution of 

s-butylperoxy di-s-butylborane so prepared would be of suf:fic,ient - -
purity to validate a kinetic study. 

All of the percxides studied were used lias. prepared" since 

an attempt to. purify even the relatively more stable di-~-butyl­

peroxy n-butylborane by high vacuum distillation was unsuccessful 

because distillaticn time cculd not be made sufficiently small 

ccmpared with its rate cf deccmpcsition. Nevertheless, the purity 

cf the peroxide soluticns was always in excess of 95%. 

The study cn these ccmpcunds was carried cut in crder to 

obtain a greater understanding of their possible role in 

organoborane autoxidations and also to. /, evaluate their potential 

~se as possible free-radical pclymerisaticn initiators. 

Although there was a ccnsiderable quantity of literature concerning 

these compounds as polYl!lerisaticn ini tintors much of it is 

subject to ambiguity largely thrcugh an igncrance o.fthe nature 

cf o.rgano.bcrane.autoxidaticns and stabilities of oreanopercxybcrcn 

co.mpcunds. 

1. Thermal Deccmpcsiticn. 

Previous studies on the thermal deccmpcsition o.f 

crganoperoxyboron compounds indicated that, with respect to. this 

property, it was necessary to divide the percxides into two 

distinct catagcries. Those organcperoxybcrnnes ccntaining bcron-

alkyl bonds were ccnsiderably less stable than those without 

such bcnds (crganoperoxyborates). Davies et ale repcrted that 

di- iso.butylperoxy isobutylborane h!:Ld decompcsed by' 30,% in 
7 

21 hours at roo.m temperature to. give di-i~obutoxy isobutylperoxyborane. 
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i 
i /00 Bu 
BuOO-B'i .~ 

Bu 

i 
i .,/"0 Ell 
BUOOB" i 

o Bu 
(iii) 

More recently, Russian workers have studied the decomposition of 

many organoperoxyborates, and these compounds were found to 

decompose at a measurable rate only at temperatures in excess of 

1200 C,5,8 and therefore resemble dialkyl peroxides in this respect. 

These differences in behaviour would appear to indicate 

differ~nt modes of decomposition. The organoperoxyborates 
5,8 

decomposed by a homolytic chain mechanism, and although the 

organoperoxyboranes containing boron~alkyl bonds have not been 

investigated in such detail, Davies has suggested that such h I 

compounds decomposed primarily by a nucleophilic 1,2 rearrangemcnt: 7 

~/H 
RO-O-Jl 

V' 
H 

OR 
RO-B/ 

'R 
This intramolecular mechanism can be contrasted with the . 
intermolecular rearrangement sueBested by I[urvit~s: 9 

+ 

(iv) 

In the present investigation, two methods were used to study the 

decomposition. Firstly, by iodometric titration, which showed 

the total loss of peroxide, and secondly, by the initiation of 

vinyl acetate polymerisations which indicated the contribution of 

any radical pathways to the total loss of peroxide. 

(i) Iodometric Stud~. Iodometric titrations as a method of 

'. ' 
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estimating organoperoxyboron compounds h~8 been criticised by 
10 Grotewold et ale • They reported that, durine the autoxidations 

of triethylborane in solution, at relatively low oxygen consumptions 

the peroxide titration was far below the value expected from the 

amount of oxygen absorbed, but at hieh oxygen consumptions 

agreement was good. A simple explanation for this is at relatively 

low oxygen consumptions a substantial amount of unreacted borane 

would be present and this would react with organoperoxyborane 

by reactions such as (v), to yield non-peroxidic products, .' 
hence giving rise to a lower peroxide titration than vms expected. 

The iodometric method of analysis used in this study was 

found to be both accurate and reproducible. 

The order of the decomposition process was determined from 

the variation of the initial rate of reaction with changing 

concentration. A consideration of the rate equation: 

Rate kl [peroxideo] n (vi) ::; 

where kl rate constant. 
= 

n = order of reaction. 

[peroxideo] = initial concentration of organoperoxyborane' 

compound. 

shows that 

log Rate ::: log kl + n log [peroxidCoJ (vi i) 

and hence .n. graph of log Hate against log D'eroxidco] should yield 

a straight line of slope n. These graphs are shown in Figura 10, 
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and n for di-~-butylperoxy ~-butylborane is 1.2 at 600 e, for 
o 

di-~-butylperoxy ~-butylborane 1.0 at 60 e, and for di-n-butyl 

!!-bu~ylperoxyborane 1.1 at 18 0 e, nIl in iso-octane solvent .. 

These values substantiated the first order kinetic~ suggested by 
Ii'eroxid e ~ 

the good straight lines obtained from plots of In ~eroxiue~ 

against time over about 40% reaction (Figure lOa). These graphs 

and the resultant first order rate constants, were calculated and 
, 

plotted by a computer program (see appendix). The first order 

rate constants are given in Table 5, each being the mean of at 

least two experiments, and the Arrhenius graphs of the variation 

of log kl with temperature in iso-octane solvent are shown in 

Figure 11. The activation energies calc~lated by the least squares 
+ -1 method had values of 14.3 - 1.07 kcal. mole for di-n-butylperoxy 

!2-butylborane, 15.9 ± 0.40 kcal. mole-lfor di-E.,-butylperoxy 

!!.-butylborane, and 11.1 ± 0.53 keal. mole-lfor di-!,l-butyl 

n-butylperoxyborane. 

These activation energies are considerably smaller than those 

determined for the homolytic decomposition of the butylperoxyborates 

which ~ere usually in the range 30-35 kcsl. mole-I
•5,8 This would 

tend to confirm the earlier sugzestion that those compounds 

containing boron-alkyl bonds decompose by a differcnt mechqnism to 

those without such bonds and consequently these bonds must be 

responsible for providing a decomposition route of relatively low 

energy. ThL01, together \ .... i t!'l the first ordel' kinetics cOl"cur wj.th 

the intramolecular 1,2 alkyl rearrangement suggested by D~vicD7. 

The relatively 10'1': activ~tion energies alro inc1ic'::ttc a 

synchronous process, the energy renuired for ~ond brca~inz being 

partly com~8n8~tcd by the enerGY released from bond form~tion. 
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11 Ta-Hsun Lee et ale have studied the decomposition of 

diethyl ethylperoxybor~ne and found it to decompose with first 

order kinetics, and determined an activation energy of 12 kcnl. mole-I. 

This shows good agreement with the results of this investigation 

for di-n-butyl n-butylperoxyborane. These workers also studkd - -
the decomposition of a mixture of diethylperoxy ethylboranc and 

ethylperoxy ethoxy ethylborane and they reported that this 

decomposed with second order kinetics and an activation energy 
-1 of 21 kcal. "mole • 

Since compounds of the type alkoxy-alkyl-peroxyborancs might 

be expected as intermediates arising from peroxide decomposition 

on the lines of equation (v), ~.g.: 

> 

OR 

2 ROOB/' "R OR 

ROOB( + ROBR2 
R 

(viii) 

(ix) 

~-buty1peroxy ~-butoxy ~-butylborane had been synthesised and 

was found to be more stable than di-s-butylperoxy ~-butylborane. 

The ~-butylperoxy ~-butoxy ~-butylborane was only decomposed by 
o 10% after 24 hours at 50 C, whilst the di-~-butylperoxy 

~-buty1borane decomposed by 10~6 after 31- hours at the same 

temperature. The result of Ta-Hsun Lee et al.. for the mixture 

of peroxides cannot, therefore, be compared to the results obtained 

from the decomposition of pure dibuty1peroxy buty1bornnes. 

One thermodynamic quantity which is particulnrly useful 

for providing information concerning the nature of the activated 
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complex is the entropy of activation. The rate constant of a 

reaction is related to the entropy and enthalpy of activation: 

= 

where 

kT 
h 

AS*/R e. -AH*/RT e 

k = Boltzmann constant. 

T = temperature in degrees Kelvin. 

h = Plank's constant. 

AS* = entropy of activation. 

R = gas constant. 

bH* = enthalpy 01 activation. 

(x) 

12 
'l'h~s express~on was originaLly derived by Wynne-Jones and Eyring • 

. AH* is related to the experimentally determined activatlo~ 

energy, Eexp, by the expression: 

Eexp = ~H* + RT - PAV* (xi) 

. 
where P is the pressure and ~V* the change in volume in GoinG 

from reactants to the activated complex. For a unimolecular 

reaction in solution D. V* is zero and hence: 

Eexp = AH* + RT (xii) 

substitution of Eexp for6H* in equation (x) gives: 

/18" */R -(Eexp-RT)/RT 
k1 kT e e = (xiii) 

h 

or kl = KT tlS:*/R -Eexp/RT 
c e e (xiv) 

h 
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Entropies of activation determined from expression (xiv) were 
-1 mole-l , -43.1 cal. deg. for dl-n-butyl n-butylperoxyborane at 

-1 -1 - -
o 298.1 K, 9 5cal.deg. mole f d' -3 • or l-n-butylperoxy n-butylborane nt 

-1 -1 - -
o 343 • .6 K, _34.1 cal.deg. mole f di btl b t and or -~-~u y peroxy ~- u ylborane 

o 343.6 K. In all cases therefore, there is a large decrease in 

the randomness of the system on passing from reactant to the 

activated complex. 
"-Since the solvent, iso-octane, is not particularly polar, 

this large decrease in entropy cannot be attributed to an increase 

in solvation on passing from a non-polar reactant to a partially 

charged activated complex. A more reafJonable explanation is 

that the rearrangement involves a cyclic activated complex with 

a reduced entropy due to the loss of internal rotations. 

Analogies can be drawn from organic chemistry: 

(a) The Claisen rearrangement undere;one by !!!-acctylphenyl 

allyl ether at 184°0 in diphenyl ether solution involves a cyclic 

f .. 6 -1 _113 
intermediate and has an entropy 0 actlvatlon of -1 cal. dee. mole. : 

0 - C''-1 f'H- C:J' "2·J 
- 112 

! 
OH 

CfI 2CH=C'12 

II 

(x\') 
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(b) The oxidation of E,E'-dichlorobenzyl sulphide by 

E-methoxyperbenzoic acid to the sulphoxide in toluene involved 

an entropyof activation of -29.5 cal. deg:l mole:l at -35
0
0, 

and a highly restricted transition state was suggestcd14 : 

~O""H 
R' -0 0' 

'0 ....... + 

, 

OH 
-+ R'-O"" 

~O 
+ 

(xvi) 

To summarize, therefore, the primary route of decomp08ition of 

organoboranes is a first order synchronous process involving a 

highly restricted activated complex and a possible mechanism is: 

~+ 

f'/O,,/R .... 0.:- - - - R OR , , ,-
RO-B/ (xvii) ~ RO- - - - B" > RD. B ....--

.~ , ~-, '-

The mechanism shown has, as its first step, the don3.tion 

of a lone pair of electrons from the p -oxygen into the vacant 

boron p orbital. On this assumption the increased activation 

energy for di-~-butyl?eroxy·!:.-butylborane and di-8-butylperoxy 

~-butylborane compared to di-~-butyl ~-butylpcroxyboral1e is 

readily explained. The electron density at the boron atom 

will be higher in the case,of the diperoxidcs because of the 

pre sence of two c( -oxygens both of whi ch will be involved in 

p'j"( -pi\' irlteractions with the boron atom via its vacant p 

orbi tal. 

The increased stability of 9-butylperoxy £-butoxy ~-butylborane 
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relative to di-~-butylperoxy ~-buty~borane (10% decomposition in 

24 hourE' compared to Ib~~ decomposition in 3t hours at 500 C in 

iso-octane solution), is subject to the same argument of increased 

electron density on the boron atom. An alkoxy CC -oxygen atom 

Ahould be a more powerful p 7-( donor tha.n peroxy c(- oxygen atom, 

since in a peroxy grouping electrons are drawn away towards the 

alkoxy function, an effect manifested in the increa8ed acidity of 

a hydroperoxide compared to the corresponding alcohol. 

(11 ) polymerisRtion Studies. The monomer vinyl acetate, was 

chosen for this study because it almost exclusively polymerines by 

a free-radical mechanism. The reactivity ratios for the anionjc 

copolymerisation of vinyl acetate (1'111 ) and acryloni trUe (M2 ) at 

400 C were r
1

: r 2 , 0.03 : 5.6, whilst for the cationic 

copolymerisation of vinyl acetate (M1 ) and styrene (M2) r 1 :. r 2 

+ 15 was 0.18 -0.08 : 6.1 • Further, vinyl acetate occurs towards 

the middle of a "polarity series" of the vinyl monomers (it has 

a small negative e"value) and this also implies only a slight . 
tendency to undergo ionic polymerisation. 16 All of the 

orggnoperoxyboranes investigated were found to initiate the 

polymerisation of vinyl acetate and the graphs of the extent of 

polymerisation against time are shown in Figure 14. 

The polymerisation initiated by di-~-butylperoxy g-butylbor~ne 

was unusual in that the rate was initially rapid and then slowed 

after~. twenty minutes to a constant value. It is the reverse 

of a "typical plot", such as shown by the polymerisation initiated 

by di-!:-butylperoxy ~-butylborane where the rate gradually increases 

to a constant value, and this was presumably due to the presence 

of traces of the less stable di-~-butyl ~-butylperoxyborane in the 
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di-n-but;)rlpcroxy n-butylbornnc sample. - - Such traces were difficult 

to avoid because of the relatively slow absorption of the second 

mol. of oxygen during the autoxidation of tri-~-butylboranc. 

(The autoxidation of tri-~-butylborane, 6 ~~. in benzene at 250 0, 

was complete within five minutes; the autoxidntion of tri-,!!-butylborrtnc. 

8 mM. in benzen'e at 250 0, took thirty minutes for complete reaction)3. 

The rate of polymerisation of vinyl acetate initiateo by 

di-~-butyl ~-butylperoxyborane increased throughout the period 

studied. Auto-acceleration of polymerisations is usually the 

result of an increase in the viscocity of t~e monomer-polymer 

mixture which is assumed to lower the termination rate constants in 

relation to the propagation rate constants. In this experiment 

using di-!!.-butyl !!.-butylperoxyborane as initiator, however, the 

polymerisation was only followed over about 3.5% rC:lction, and 

it does not seem probable that viscocity effects would be apparent 

at such a low level of conversion. It is possible that the 

increasing rate of polymerisation was due to an induced deco~position 

of the di-n-butyl n-butylperoxyborane brought about by vinyl acetate - -
or polymer radicals, causing an increase in the rate of initiation. 

The polymerisation rates can be converted into rates of 

initiation. The following is a typicaJ reaction scheme for the. 

polymerisation of a monomer M, initiated by a compound I, decomposing 

to radicals, R· • 

I ) 2 R· (kd ) (xviii) 

Initiation R· + M -+- RM· (k1 ) (xix) 

RM· + M ~ RMM· (kp ) (xx) 
Propagat~o~ 

R~L + M 4'" RM. (kp ) (xxi) 
n-l n 
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Termination (Combination or 2RM~ ~ Stable Products (k
t

) 

disproportionation) (xxii) 

The rate of polymerisation, Rp ' is given by: 

= + (xxiii) 

The amount of monomer disappearing by reaction (xix) is minimal, 
, 

and hence: Rp :: kp lRM1i.]' [MJ 

= 21rt [uM~J2 (steady state) 

[nM~J = (kl CRo] [M]) i 
2kt 

thus 

Assuming a steady state concentration of R. 

~= o = 

therefore [noJ = 2 kd [1] 

kl [M] 

Substi tuting for [Ro] in (xxvi) yields: 

[RMr:J = (kd ::1) i 
and substituting for [R\1~J in (xxiv) gives: 

Rp = kp [M] (k\~I]f 

from which kd = ~ k t 

[r] [MJ 2 ;: 

(xxiv) 

(xxv) 

(xxvi) 

(xxvii) 

(xxviii) 

(xxix) 

(xxx) 

(xxxi) 

l!'or vinyl acetate the values of k t and kp are well known and 

Matheson ~ all? gives, at 60oC, 



= 
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3700 -1 -1 
M. s. 

7 -1-1 7.4 x 10 M. s. 

The rates of polymerisation of 

di-n-butylperoxy n-butylborane (5.7 

vinyl acetate at 60.50 C using 
-5 -1 -1 

.:lC 10 M. s. ), nnd - - -5 -1 -1 x 10 M. s. ), yield v~lueB for di-s-b~tylperoxy s-butylborane (7.5 - -
-8 -1 -8 -1 

kd of 1.5 x 10 s. and 2.6 x 10 s. respectively. ~~~he curve 

produced by .initiation with di-,!2-butyl !!-butylperoxyborane did 

not allow the calculation of an accurate polymerisation rate but 

an average value of 1.03 x 10-4 M:ls:l yields a kd of 2.6 x 10-7s~1 

at 25°C, using Matheson's data for kp and kt at this temperature 

(1012 M:ls:l and 2.94 x 107 M:ls:l respe~tively). 

Thus, although the organoperoxyboranes do initiate the 

polymerisation of vinyl acetate, the rate at which they do so 

is far below the rate of decomposition, followed iodometrically, 

namely 2 • .0 x 10-5s:1 for di-!!-butylperoxy ,!2-butylbor3ne at 60.50 C, . 
2.13 x 10-5s-1 for di-~-butylperoxy ~-butylborane at 60.50 C, and 

4.68 x lO-5s:1for di-!!-butyl ,!2-butylpcroxyborane at 250 C. 

The difference between kd and the first order rate constants 

determined iodomctrically is too large to be ascribed to a low 

"initiator efficiency" (only a small proportion of the radicals , 

produced actually initiating polymer chains) and it must be 

concluded that the homolytic route of decomposition of 

organoperoxyboranes is only of very minor importance to the 

decomposition as a whole. 

Ingold and Daviesl8 have reported that the autoxidation of 

dialkyl alkylperoxyborane~ is initiated by the unimolecular 

decomposition of the peroxyborane to free-radicals: 
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·OER 2 (xxxii) 

and gave rate const~nts for this process of 1.1 x 10-5s -1 for 

di-.!2-butyl ,!2-butylperoxyborane und 3.8 x 10-'-s-1 for di-£:-butyl 

!?-butylperoxyborune all at 300 e. Their results appear .to .be a 

contradiction of the facts reported in this thesis, but it must 

be remembered that their results were d£toImined in! the presence 

bf oxygen ~nd it does not ~eem unreasonable to sugGest that they 

were actually studying an induced decomposition of the peroxybornnes. 

2. The Reaction between Organoboranes und Organop~roxyborRnoR. 

Prior to 1956 the autoxidation of a trialkylborane was 

believed to produce a boronate ester: 

(xxxiii) 

Subsequent studies demonstrated that in dilute solution and with 

efficient gas liquid mixing diperoxyboranes were obtained,l,2,3 

and it seemed propable that a reaction occurred between 

peroxyborane and unreacted borane. This was confirmed by Murvir.s 

who reported that the yield of peroxide was reduced as the initial 

t t ' , d19 d hIt t d th t borane concen ra lon was lncrease an e a er repor e a 

the addition of tri-Q-hexylborane to a partially oxidised solution 

of tri-.!2-butylborane led to a large drop in the peroxide contcnt9 • 

Murviss suggested the folloVling mechanism: 

I / 
R' 

-B~O 

I I 
R--O 

B/ 

/ " 

......... 
BOR

I 

/' 
+ "" ......... BOR (v) 
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There is now considerable evidence in favour of a free-radical 

mechanism. Hansen reported that a mixture of borane and 

peroxyborane initiated the polymerisation of methyl methacrylate,20 

and more convincingly it has been, recently demonstrated by electron 

spin resonance spectroscopy that such a reaction produced alkyl 

radicals, i~~ntified by' their reaction with nitroxYI~.18 . 

Both Ingold and Davies,18 and Grotewold et al.10 have 

. suggested the reaction between trialkylborane and dialkyl 

alkylperoxyboranc as being responsible for the autocatalysis 

exhiblted by organobor..ane autoxidations. Grotewold sueeested 

the following mechanism: 

> (xxxiv) 

> (xxxv) 

Since it was noVl possible to obtain di-l!-butyl n-butylperoxyborane 

in a pure form it was hoped that some progress could be made 

towards an understanding of the rate and mechanism of this 

reaction; firstly by i~dometrically following the rate of loss of 

peroxide and secondly, an indirect method, by spectroscopically 

following the rate of rem6val of the radical traps galvinoxyl or , 

triacetonamine nitroxide. 

The reaction was found to be too fast to be followed by 

either method, and no quantitative measurements could be made. 

All that can be said is that the reaction between tri-!!,-butylbornne 

~nd di-l!-butyl ~-butylperoxyborane is extremely rapid being 
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virtually complete within ~. thirty seconds, at 250 C. Lowerine 

of the temperature by 500q appeared to have little sienificant 

effect on the rate of reaction, followed iodometrically (Figure 12) 

and it may be concluded that this is a process with a very small 

activation energy. 

It was thought that the corresponding reaction of the more 

stable di-!.!-butylperoxy n-butylborane with tri-,!!-butylborane would 

be less vigorous and proceed at a measurable rate. This ViHB 

not so, the reaction again being virtually com~lete within C~. 
o 

thirty seconds at 25 C (When fol:Lowed spectro8copic8.11y) and'the 

disappearance of peroxide is shown in, Figure 12 •. 

One interesting point from this investigation was that for 

both the mono- and dialkylperoxyboranes, one mole. of borane 

destroyed ca. 0.6 mole of peroxide. This indicates that the 

reaction is not a sim?le bimolecular process, such as was proposed 
, 9 20 

by both Murviss and Hansen, but would tend to support the 
, 10 

mechanism suggested by GroteViold et all • 

Also, although by: no mean:st..conclusive,. Vias the. supporting 

evidence for the radical mechanism provided by the fnct that, 

these reac~ions rapidly removed both galvinoxyl and triacetonamine 

nitroxide from solution, whereas theseparate components did so 

only slo¥:ly (p. 135). 

3. The Potential of Organoboranes and Derivatives ~s Free-R8~ic~1 

polymerisation Initiators. 

The organoperoxyboranes studied in this invostigation were 
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a lot less stable th3n many organic peroxides, but their mode of 

decomposition, in the absence of any trialkylborane, wan primarily 

by a non-radical pathway. The dioutylperoxy butylbornneo initiated 

the polymerisation of vinyl acetate~with reasonable efficiency nt 

temperatures above 50°C, but since this range is wc~l served by 

the cheaper and' more readily available clibenzoyl peroxide/amine or 

azo-bis-isobutyronitrile, the peroxyboranes appear to offer no 

particular advantages. Di-~-butyl ~-butylperoxybor~ne initiated 

the polymerisation of vinyl acetate at 25°C and could well be 
o 

useful at temperatures as low as 0 C. Its .difficult preparation 

. and instability at room temperature however, does not make it 

particularly attractive from a commercial point of view. 

Although not studied in this inve8tigation the evidence is 

convincing that both the autoxidation of organoboranes and the 

reaction between organoperoxyboranes and organoboranes act as 

efficient free-radical polymerisation initiators (Ch. 2). 

These systems could prove useful as low temperature initiatorn 

since the autoxidation of tributylboranes is otill very rapid at 

_78 0 C3, and the limited evidence from this study indicates that 

the reaction between organoborane and organoperoxyborane has an 

almost negligible activation energy. The use of trialkylboranes 

as initiators has the additional advantage that traces of oxygen,. 

which could otherwise act to the detriment of the polymcrisation 

process, would be scavanged and used in the initiation reaction. 

Our knowledge of the organoboranes has increased tremendously 

over the last five to ten years and it is now possible to 
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rationalize some of the earlier polymerisation studies with the 

benefit of hindsight. 

Al though by the early 1960' s oxygen twas known to play an 

important part in polymerisationsinitiated by trialkylboranes 

(see page 59), it was wrongly thought that its sole function 

was to produce' a peroxide which then initiated the polymerisationfl. 

It is now clear that those VJorkers using a trialkylborane-oxygen 

initiating system were studying polymerisations partly brought 

about by chain transfer from the autoxidation of the trialkylborane. 
21 ,22 20 The studies of Bawn et ale ,Zutty and Vielch, and Hansen, 

can be conveniently grouped together since they were all supposed 

to pertain to polymerisations initiated by the reaction between 

organoboranes and organoperoxyboranes. There were two important 

differences between the work of Bawn et al. and the other two 

schools: 

(a) Bawn et ale studied the polymerisation of methyl methacrylate --
by dilatometry whereas both .Zutty and Welch, and Hansen determined 

reaction rates by the weight of polymer produced from methyl 

methacrylate polymerisations. 

(b) Bawn et ale prepared the organoperoxyborane seperately 

before mixing it with the organoborane. zutty and Vlelch, and 

Hansen produced peroxide "in situ" by adding oxygen to the 

mixture of monomer and borane. 

It is therefore clear that neither Zutty and Welch nor 

Hansen were studying polymerisation initiated purely by the 

reaction between organoborane and orgunoperoxyborane. The work 

'of Bavm et R.I. mupt also be subject to some uncertainty since the 

technique of vacuum dilatometry is time consuming and they ~ould 
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have been unaware of the great speed of the borane-peroxyborane 

reaction (t~ ca. 10 sec.). Whether 'their measured initial rates 
:::: -

of polymerisation were true initial rates resulting from the 

reaction between borane and peroxyborane, and not some secondary 

process, is debatable. That Bawn et 0.1. were studying a 

different initiating process to both Zutty nnd Welch, and Hansen 

was sho\vu by the differing activation energies determined for 
-1 the polymerisation. Bawn et ale gave a value of 12.9 kenl. mole 

-1 -1 Zutty and Welch 4 kcal. mole. , and Hansen 2.4 kcal. mole • 

Kojima .£! al. 23 studied the polymcrisa:t;ion of methyl 

methacrylate initiated by tributylborane-oxygcn in the presence 

of a variety of aromatic amines and proposed the following 

mechanism for the initiation: 

+ Donor " Complex (xxxvi) 

Complex ---i>-~ Rad i cal s --->7 lni tj,ation (xxxvii) 

They found that the rate of polymerisation was accelerated by 

the presence of pyridine and substituted pyridines relative ~o 

initiation by uncomplexed borane-oxygen, and that for a series of 

methyl substituted pyridines, the reactivity was the reverse of 

basicity. Kojima et ale suggested that this latter observation 

could be rationalized by reaction (xxxvii) becominG more facile. 
, 18 

Ingold and Davies have reported that complexed borane 

did not autoxidise and it is difficult to see how the boranc-donor 

complex could give radicals in thc manner suggested by Kojima et ale 

A more logical se~ucnce of reactions leading to initiation would be: 
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Bu
3
B + donor .... Complex (xxxviii) 

t0
2 

Radicals and Initiation 

On the basis of this mechanism, the increased rate of polymerisntion 

with decreasing basicity of the donor is easily understood. 

Borsini and CiPolla24 have made the observation that for the 

initiating system borane-oxygen, the rate of polymerisation of 

vinyl chlor'ide decreased if the oXYGen to borane ratio was increa.sed 

to a value greater than 0.3. In the presence of donors this 

decrease did not occur. This could be due to the rate of 
autoxidation, either in the presence of donors or at low 

boncentrations of oxygen, befng sufficiently slow to permit a 

reasonable extent of chain transfer from the autoxidation chain. 

Although they gave no data, if the worle of Kojima et !:l. was 

carried out ·at a relatively high oxygen to borane concentration, 

the accelerating effect of donor complexing agents is explained. 

4. "Hal con Type" Reactions using Oreanoperoxybor'-:mes. 

The reaction of an olefin with an oreanic peroxide in the 

presence of a transition metal catalyst results in the formation 

of an epoxide,25,26,27 and this is generally known as the Halcon 

process. A typical reaction was25 : 

o + tBuOOH 
Mo(CO)6 

) (xl) 
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28 Following the work of Gould et ale there appeared little 

doubt that such reactions did not involve a homolytic mechanism, 

since they reported that the epoxidation of cyclohexene with 

t-butylhydroperoxide was not catalysed by cobalt (II) complexes 

or di-;t-butylpe.roxalate .• 

It was decided to investigate whether the organoperoxyboranes 

would partake in this process. The olefins chosen were cyclohexene, 

because of its ready availability, and indene because of its 

relatively greater reactivity. Experiments were conducted under 

a variety of conditions of temperature, time of reaction, and 

concentration and those described (paee 139) are representative 

of the general procedure and technique. Only from indene at 

400 c (18 hours) was any epoxide or epoxide derived product obtained, 

and then only in very low yield (~. 1%). The product was 

indan-2-one (identified by comparison with an authentic sample) 

and was presumably for!1cd from indan epoxide by a thermal 

rearrangement (on the chromatography column) in a manner analogous 

to the rearrangement of ethylene oxide to acetaldehyde. 

(xli) 
o 

Indan epoxide Indan-2-one 

The additiorr of molybdenum hexacarbonyl to a solution of 

di-.!!-butylperoxy g-butylborane was found to cause a rapid 

decompoRition of the peroxide reducing the half-life from ca. 

3 x 104 mins to ca. 30 mins at 25°C, with the formation of a 
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mixture of borate and boronate esters. On the basiR of the 

carbon analysis (65.2%), this mixture appeared to be 43% borate, 

57% boronate. Since the peroxide was ~ompletely reduced, thi9 

decomposition cannot have occurred by a simple catalysis of the 

alkyl 1,2 rearrangement, which would result in the formation of 

di-n-butoxy n-butylperoxyborane. - - Any attempt to propose a 

mechanism must be considered speculative, but possibly the presence 

of the transition metal catalyses the homolytic route of 

decomposition, initiating the process by such reactions as: 

(ROO)2BR + M + RO· (xlii) 

(ROO)2BR + M+~ M + ROO' + [ROOBR J + (xlii) 

familiar reactions of organic peroxides. 

The instability of di-g-butylperoxy g-butylborane in the 

presenc~ of molybdenum hexacarbonyl can be contrasted with the 

stability of t-butyl hydroperoxide, only 6% decomposition occurred 

in one hour at 870 0. 25 This difference in behaviour towards 

molybdenum hexacarbonyl explains the difference in the ability 

of these two peroxides to bring about the epoxidation of olefins. 

An interesting aspect of this work arose when using a 

large amount of molybdenum hexacarbonyl (50 mol.~~ of the peroxide 

as opposed to the normal catalytic amount of 4 mol.%) with 

cyclohexene and di-g-butylperoxy g-butylbor':lne.; The solid 

isolated from the distillate contained molybdenum and an organic 

entity, but no carbon monoxide groups (absence of i.r. band at 
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ca. 2000 -1 cm. , figure 15). This solid decomposed at 1700 c 

to yield trans cyclohexane 1,2 diol and a hydrated molybdenum 

oxide: 

o [organo-MoJ (xliv) 

[ organa-Mo] 
1700 C 0,:: + Hydrated molybdenum oxides ) 

(xlv) 

The volatile complex, [organo-Mo] , could possibly have 

been a molybdenum ester of trans 1,2 cyclohexane diol. The 

infra-red spectrum (Figure015), although confirming the presence 

of a C-O grouping (C-O stretch, 1080 cm:l) also indicated the 
-1 

presence of hydroxyl groups (O-II stretch, 3350 cm. ), and 

[organo-Mo] could possibly be a hydroxy molybdenum ester: 

Time did not permit further investiBation of this reaction. 
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CHAPTER 9 

THE AUTOXIDATION OF ORGANOTHANSITION M:F:'l'AL CO~,r,POUNDS. 

It has been previously mentioned that simple alkyl and aryl 

derivatives of the transition metals were very unst8ble, in the 

absence of additional ligands, probably decomposing by a 

unimolecular homolytic route (Ch. 3). Work in the last five 

years, notably by Wilkinson et al~ and Lappert ct al~ has shown 

that, provided the organic groups do not have ft -hydrogens, 

fully alkylated organotransition metal compounds of reasonable 

stability could be prepared and isolated. The absence of 

P -hydrogens precludes the p~elimination reaction which has 

been suggested as the most facile route of decompositionl : 

H 
I I 

M-C-C­
I I 

~. M-H + " ./ C=C ...... ......... 
(i) 

Although the metal-carbon bond has been suggested as being 

qui te strong and stable, 3 the presence of vacant d orbitals on 

the early transition metal ,atoms made it seem most probable that 

these fully alkylated derivatives would undergo facile SH2 

reactions at the metal centre. Reports in the literature3,4 

and elsewhere 5indicated that the organotransition metal compounds 

reacted vigorously with air and it was therefor~ decided to study 

their autoxidation as a possible example of SH2 reactions at 
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transition metal atoms. 

Initial studies were carried out on trimethylsilylmethyl 

derivatives of Groups IVA and VIA transition metals but later 

attention was turned to the benzyl derivatives because of greater 

availability and the probability of simpler reaction products. 

Finally hexaneopentyl bimolybdenum was prepared and studied in 

the hope that the greater steric shielding of these ligands 

would significantly affect the rate of autoxidation. 

1. Uninhibited Autoxidation. 

The extreme vigour of the interaction between early 

transition metal, O'-bonded, organometallics and oxygen was 

similar to that for other ~rganometallics, which have been 

shown to autoxidise by a free radical mechanism. 6,7 The 

reaction at 200 C was extremely facile, probably almost. diffusion 

controlled, and had a half-life of ££. 10 sees •• In comparison, 

the autoxidation of tri-~-butylborane had a similar half-life, 

but took longer to go to completion because of the relatively 

slow second stage, dialkylperoxyborane to alkyldiperoxyborane 

(Figure 18). 

Lowering of the temperature to -740 C only had a really 

'significant effect on the autoxidation of tetrabenzyl zirconium 

(ti ~. 2 mins.), althQugh there was a slight slowing in the 

rates of autoxidation of all the other compounds ntudied (t* ca. 
2 

50 sees.) and a marginal increase in the amount of oxygen abDorbeu 

. (Table 7). 
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This behaviour can be contrasted to the autoxidation of 

trj-E.-butylborane at ~740C, at which temperature the abAorption 

of the second mol. of oxygen was completely retarded. 

These facts would appear to indicate that there is little 

activation energy difference between the first and !:\ubser1ucnt 

stages of organotransi tion metrd alltoxidations. 

A variety of solvents were used for the autoxidation (Table 

6) and it has been reported by Russell and Hendry that the 

dielectric constant of a solvent affected. the rates of autoxidation 

of a variety of hydrocarbons, the rate increasing with increup1ng 

dielectric constant. 8 The effect, however, was relutively 

small and the slight differences in dielectric COtl8t.~:mts of the 

various solvents used in this study are unlikely to have Greatly 

influenced the rate of autoxidation. The possiblity of solvent 

effects due to radical attack on the solvent is also remote 

since the reaction of peroxy radicals with an organotransition 

metal compound is liable to be several orders of magnitude 

greater than the reaction of radicals at a saturated carbon atom. 

Thus, it can be reasonably assumed that solvent effects on the 

autoxidations investigated were negligible. 

(i) Alkoxide Formation. The autoxidation of other organometallics 

result ultimately in the formation of allcoxy metal compounds, 

~ peroxy intermediates. 6 ,7 The alkoxides were formed by 

reduction of the peroxide and Davies et 0.1. suggested that for 

boranes this occurred by an ~ntramolecular rearrangeme~t, 9 

whilst Murviss favoured an 1ntermolecular reaction between 

peroxide and unreacted organometallic
10

: 

i, ' 
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INTRA ) (ii) 

INTER' (iii) 

Reaction (iii) will occur at high initial concentrations 

of organometallic, and in the absence of this reaction it has 

been ~ossible to isolate peroxidic products from autoxidation 
. 11 

react~ons • 

As described in the experimental section of this thesis, 

there was evidence 'that the major end-product from the 

organotransi tion metal autoxidations was the alkoxidc, although' 

it was not isolated. 

The autoxidation of methyl titanium trichloride has been 

reported by Bestian and Beerman to produce methoxytitanium 
. . 12 trichloride, 0.5 mol. of oxygen be~ng conou~ed. and recently 

Lappert ~ .§:!. reported that they were' able to isolate, and 

characterise, tetraneopentoxytitanium in 80% yield followine 

the exposure of a solution of tetraneopentyltitanium to air. 13 

The compounds studied'in this thesis were similar in thin 

respect, for example, the proton magnetic resonance !:1pectrum of an 

autoxidised.solution of tetrakis (trimethylsilylmethy1) titanium 

showed the complete absence of the peak at 7.6 Y due to the 

methylene protons. adjacent to the carbon-titanium bond which 

were present in the original solution. This would imply that 

all the titanium-carbon bonds had been broken during autoxidation 

and converted to a species having a new peak at 5.4Y " which 



-220-

is related to the value of 5.83 Y for tetraneopentoxytitanium 

reported by Lappert. 13 The formation of ~etrakis 
(trimethylsilylmethoxy) titanium was substantiated by the amount 

of oxygen absorbed, 0.5 mol. per alkyl Group, and further 

substantiated by the identification of trimethylsilylmethanol 

as the major product following hydrolysis. 

The hydrolysis of the autoxidation products of both 

tetrabenzyl zirconium and hexabenzyl bitungsten was found to 

yield mainly benzyl alcohol, which was again indicative of 

alkoxide formation. The identification of benzyl alcohol 

followin8 the autoxidation and hydrolysis of tetrabenzyl 

zirconium had been previously reported by Zucchini ~ al. 4• 

All of the compounds studied in this investigation were 

found to react with ~ 0.5 mol. of oxygen per alkyl group at 

200 C, and the overall reaction would therefore appear to be: 

> (iv) 

(ii) Peroxide Formation. Since it has been shown for many 

organornetallics that alkoxides reeult from the decomposition 

of initially formed peroxides, it was logical to suspect their 

involvement in the systems under investigation. 

It was not possible to detect significant amounts of 

peroxidic compounds following the autoxidation of the 

trimethylSilylmethyl transition metal organometallics, even 

when carried out at ":"74oC and at high dilution.: However, there 

was some indirect evidence which suggested that at some stAge 

alkylperoxy groups had been bonded to the met~l. This came 
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from a comparison with the results of Eisch and Husk who had 

investigated the products from the autoxidation and hydrolysis 

of trimethylsilylmethyl magnesium chloridc. 14 They indentified, 

among other products, trimethylsilanol, formaldehyde, 

hexamethyldisiloxane, and as the major product trimethylsilylmcthanol. 

Eisch and Husk explained the occurrence of these minor product£) 
15 

as being the result of a rea~rangement of the est~bli8hed 
alkylperoxy compound formed during autoxidation: 

(CH3)3SiCH2l\1gCl + °2 > (CH3)3SiCH200MgCI ( v) 

(CH3).1SiCH200MgCl :> (ClI3 ) 3 Si-O-CH2-mlfgCI (vi) 

H2O +~(CH3)3SiOCH20MgCI ,. (CH3)3SiOH + HCBO + Mg(OH)CI 

> 

Brilkina and Shushunov have proposed an alternative route 

(vii) 

for the production of the hexamethyldisiloxane and formaldehyde, 

involving the reaction of the peroxide with the alkoxide. 16 

A full investigation of the hydroly8~s products of autoxidised 

tetrakis (trimethylsilylmethyl) titanium was not carried out, 

because the primary aim of this section of "'ork was to screen 

a number of compounds wi th a view to selectlng one for det~~_iled 

study ~ However, a g.l.c. examination of the hydrolysis 

products compared well with that from the hYdro~yois products 

of autoxidised trimethylsilylmethyl magnesium chloride and many 

products appeared common to both. Since the formation of the 
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minor products almost. certainly involved n trimcthylsilylmethyl 

peroxy group, it would seem that, like the Grignard reacent, 

peroxy compounds were involved in the autoxidation of 

tetrakis (trimethylsilylmethyl) titanium. 

More conclusive evidence came from subsequent studies on 

tetrabenzyl zirconium and hexabenzyl bitunesten which reoulted 

in the detection of unstable peroxidic products. 

autoxidation of tetrabenzyl zirconium yielded 4.556 of .. poro.xidi c 

material per alkyl group, whereas hexabenzyl bitunesten gave 

5%. At -74oC the yields of peroxide per alkyl group were 14.5% 

and 13.5% respectively. 

Peroxide formation at -74°C was fUrther subst~~tiated by 

the fact that at this temperature, all of the compounds studj.ed, 

in the absence of inhibitors, reacted with slightly more than 

0.5 mol. of oxygen per alkyl group (Table 7), ~hich is explained 

by the presence of small amounts of compounds of the type 

ROO~(RO)n_I' 

The nature of the peroxide. produced was investigated 

and it was found possible using thin layer chromatograph~r, 

to isolate and identify benzyl hydroperoxide from the low 

temperature autoxidation of tetrabenzyl zirconium, following 

hydrolysis. This indicates that the peroxide produced by 

autoxidation was a true organoperoxytransition metal compound, 

and not a peroxo compound (M'Cg~, nor a hydroperoxide of the 

type M-OOH. 

, 
+ -Zr-OH 

I 
(ix) 
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The amount of organoperoxytransition metal compound 

produced was very small, the majority of +'he oxygen absorbed 

being converted to alkoxide, via reactions (ii) and (iii). 

This is in contrast to trialkylborane autoxidations, in which 

nearly 100% of the oxygen absorbed is converted to· 

organoperoxyborane, but more closely resembles the autoxidation 

of organo1ithium and organomagnesium compounds investigated 

by Davies and Roberts7• They suggested that the low yield of 

peroxide from these reactions was due to a facile reaction of 

the peroxide with unreacted organometallic (reaction (iii». 

For the compounds studied in this section 1t is not possible 

to assess the relative contributions of reactions (i1) and (ii1) 

towards the destruction of peroxide, but the importance of 

reaction (iii) to the autoxidation of. Group IVA transi tion 

metal organo~etallics might be determined from a study of 

trinlkoxy- or trichloro- alkyl derivatives, since reaction (ii) 

could not occur. Although some work has been carried out on 

compounds of this type and no evidence of peroxidic products 

was reported,16 it should be viewed with caution in the light 

of modern knowledge concerning concentration and temperature 

effects, oxygen starvation etc •• 

2. Mechanism. 

So far it has been pointed out that the autoxidation of 

O"'-bonded organotransi tion metal compounds has several similarities 

.to the autoxidation of other organometallics, namely a fast, almont 

diffusion controlled reaction, the production of alkoxides and 
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the involvement of organoperoxy compounds. There is ample 

published evidence that organometallics sue!:. D..S Boronl ? ,18, 

Cadmium?, Zinc7 , and Aluminium? autoxidise by n. free radical 

mechanism: 

Initiation 

Propagation 

Termination 

R r! + 02 n: 

R' + O2 

ROO· + R H n 
Radicals 

H' (x) 

)I- ROO' (xi) 

~ ROOMR 1 . n- + n· (xii) 

> Stable Products (xiii) 

It therefore seemed likely that a similar free-radical 

mechanism would be involved in the autoxidation of the ct -bonded 

organotransition metal compounds. 

Follov.'ing the ru toxidation at 20°C of tetrabenzyl zirconium, 

significant Quanti ties of benzaldehyde (? 5% pEj.r all(yl group), 

were indentfied.in the hydrolysis products, in addition to benzyl 

alcohol. The termination reaction of two benzylperoxy radicals 

results in the formation, of benzaldehyde, and is a well known 

step in hydrocarbon autoxidations
19: 

(xiv) 

It would be a mist~ke, however, to look upOu the indcntification 

·of benzaldehyde as good evidence of a frce- radical mechrulism, 

becquse the propagation chains should be long and reaction (xiv) 
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is therefore unlike;Ly to yield a .significant quant:i:ty of 

benzaldehyde. Also, alternative routes CRn be propoDed to 

account for the formation of the benzaldehyde: 

(a) Base catalysed decomposition of the benzyl hydroperoxide 

produced by hydrolysis19 : 

OH-
) PhCHO + H20 (xv) 

The ba~e being the metal hydroxide also produced by hydrolysis. 

(b) Decomposi tion of a benzylperoxy zirconium C011lpound durinG 

the autoxidation. 

The autoxidation of tetrabenzyl zirconium at 200 C produced 

benzylperoxy zirconium (4.5% per alkyl group) and following 

hydrolysis benzyl hydroperoxide was obtained (0.95%). Route 

(a) therefore accounts for 3.55% of the benzaldehyde, and the 

remaining 3. 95,{ could have been deri vad froM [..1.1 tprn!="l,ti ve sources 

such as (b) or from others not considercG. above. 

(i) Inhihjtion. It has been. mentioned pr(:,v1ouf'Jly (eh. 2) 

that the addition of small amounts of phenolD, amines, or 

stable free-radicals can inhibit or retard the rate of oxyeen 

absorption of free radical autoxidations. Allies and Brindley 

have compared the efficiencies of many inhibitors for 

trialkyl bor'lne autoxid['~tions6 t and a number of their more 

effective co~pounds ~ere added to the organotransition metal 

autoxic1ations, 

(a) Phenols. Of the phenolic compo~nds studied at ?OoC,' 

only'Top,:mol 354' (2,6 di-t-butyl 4-mcthoxyphcnol) vhen added to 

hex~neopentyl bi~olybdcnum had a detectable affect on the 

autoxidations. At -74°C, both 'Top2.nol 354' nnd 'Ethyl 7~O' 
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retarded the autoxidation of tetrabenzyl zirconium (Figure 20) 

which reflects the considerable reduction in the r~te of 

autoxidation of this compound on lowering the temperature from 

200 C to -74°C. 

The two phenols used extensively in this study, were Topanol 

. 354, and Ethyl 720 • Ethyl 720 has an electron relcR8ing 

kroup in the ortho position, with respect to the hydroxyl group 

and this facilitates phenoxy radical formation resulting from 

hydrogen abstraction. Further, the phenoxy radical is 

stabilized by delocalisation (re~onance structures such as I) 

and therefore an inactive radical with little tendency to 

initiate further chains results. 

C1'.10
3 

on 

I 

Allies and Brindley found ·that Ethyl 720 was one of the 

most successful phenolic antioxidants for trialkylborane 

autoxidations6 . Topanol has three electron releasing groups 

all facilitating the removal of the hydroxyl hydrOGen atom, 

and although there arc no methyl substituents to stabilize the 

resultant phenoxy radical as for Ethyl 720, the ability of this 

radical to initiate fresh chains should be limited because of 

the bulky ortho groups. 

The phenolic compounds are propagation suppressors (Ch.2), 

competing with the substrate for peroxy radicals. The fact 
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that they had little influence on the majority of reactions 

studied would indicate that the propagation step (reaction (xii» 

was very fast for all stages of the organotransition metal 

autoxidations, i.e. the oxidation of the second and subsequent 

alkyl groups was not affected by phenols which is in contrast to 

the case of the trialkylboranes, when the step, peroxydialkylboranc 

to diperoxyalkylborane was retarded by a variety of phenols6 . 

(b) Phenothiazine. This inhibitor, which acts both ao a 

~adical trap and a peroxide destroyer, was the most successful 

of the compounds usef in this study. Its ~bility to act as a 

peroxide destroyer was reflected in the lower yield of peroxide' 

obtained, when it was added to autoxidations (Table 7). 

The effects of this inhibitor on the autoxidations are shown 

in Figures 19 and 20, all of the compounds except for hcxakis 

(trimethylsilylmethyl) bimolybdenum and hexabenzyl bitunB8ten beine 

significantly retarded either at 20
0

C or, 'as,in the cases of tctra­

benzyl' zir60nium ~nd'tetrakis(iri~ethyl~ilylmethyl)zirconium at -740C. 

Phenothiazine caused a general slowing down in the rate of 

oxygen absorption, rather than a distinct break after the 

absorption of 1 mol. of oxygen which was observed for trialkylborane 

autoxidations6 ,and in t~is respect resembles the phenolic 

inhibitors previously mentioned. 

Phenothiazine could retard the rate of autoxidation in ' 

three ways: 

(a) Remove radicals produced directly from any 

initiation steps. 

(b) Remove peroxy radicals produced by the propag~tion 

steps. 
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(c) Destroy peroxide which could take part in 

autocatalytic initiation processes such as: 

ROOM~_1 ;. RO· + (xvi) 

-----..:;>-:. Rad i cal s (xvii) 

The relative rates of the initia~ion, propagation, and 

autocatalytic initiation reactions, reflect the reactivity of 

a particular compound towards ~xygen. The term "Oxidisability" 

freauently used, is refered to k /k t and although this could 
- p 

not be measured in the case of these organometallic alkyls, 

a consideration of the effect of phenothiazine retardations 

allows the construction of a ~reactivity' series at 200 0: 

The degree to which phenothiazine interferes with the 

rate of reaction by removal··of peroxide can be considered as 

small since a large proportion of peroxide still remains after 

autoxidation in the presence of phenothiazine (~. 70% of the 

yield in its absence). The effectiveness of phenothiazine can 

therefore be considered as a reflection of its ability to trap 

peroxy radicals, and the 'reactivity' series as .a reflection 

of the rate of production of peroxy radicals by the 

organotransition metal compound. The processes involved in 
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the production of peroxy radicrus, initiation and propagation, 

will both be influenced by the degree of steric crowding 

around the centr~l met~l atom. It is possible to rationalise 

some of the relative reaction rates on the basis of sterie 

shielding, although it should be borne in mind that this is 

not the sale ctiterion of relative reactivity, sueh phenomena 

as radical. stability, availability of low energy orbitals etc. 

being able to play an important part in determining the rate 

of autoxidation. 

The observation that [(CH3)3SiCH2] 4Z.r > ~CH3)3SiCH2J4Ti, 
in the presence of phenothiazine~is compatible with the 

increased covalent radius of the zirconium atom compared to 

titanium. 

The decrease in the covalent radii from silicon to carbon 

results in the well established increase in steric shielding 

in neopentyl compounds compared to trimethylsilylrnethyl compounds. 

This phenomenon is manifested in several examples of classical 

organic chemistry, typically trimethylsilylmethylehloride 

undergoes SN2 reactions, but neopentylchloride, almost exclusively 

SNI reactions. In the case of these organornetallics the steric 

shielding is manifested in the extra air stability (in the 

presence of phenothiazine) of hexaneopentyl bimolybdenum 

compared to hexakis (trirnethylsilylmethyl) bimolybdenum. 

Nfolecular models also cle'irly . indicated greater steric hindrance 

to attack at the metal atom in the case of the neopentYl compound. 

(c) Galvinoxyl. This compound had been shown by Allies 

and Brindley6, and by Davies and Robcrts
18

, to be almost 

unique in its ability to give definite inhibition of 
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trialkylborane autoxidations and so in this study it was looked 

upon as the possible key to provide positive evidence of a 

free radical mechanism. It was therefore most unfortunate 

that galvinoxyl reacted directly with the organotransition 

metal compounds, and had little influence on the nature of the 

reaction. DavieR and Roberts, in, their studies on the 

autoxidation of a variety of orp,anometallics, reported that 

galvinoxyl reacted with organolithium,. organozinc, 

organocadmium, organo-aluminium and organomagnesium compounds, 

but in all cases except organolithium compounds and Grignard 

reagents, the reaction product interfered either with the rate 

or extent of the autoxidation
6

• This difference in behaviour 

is most probably the result of a difference in the nature of 

the reaction bet\':een gal vinoxyl and the ore;anometalli c compound. 

(ii) Autoxidation of Tetrabenz~ Zirconium in the Presence of 

Iodine. Iodine has been shown to be an effective inhibitor of 

trialkylborane autoxidation~O,21, and Brown and Midland 

demonstrated, by isol~ting alkyl iodide, that it acted as a 

propagation suppressor: 

Initiation -->~ R· (xviii) 

First propagation step + (xix) . 

Second propagation step ROO- + 

Hadical trapping R· + + I· (xxi) 
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Iodine does not compete with organometallic for peroxy 

radicals, ae do phenothiazine and phenols, but with oxygen 

for alkyl radicals and consequently its inhibiting power is 

dependent on its ability to suppress reaction txix) rather 

than the second propagating step. 

Iodine did not inbl.bl.t the autoxi.dation of' tetrabenzyl 

zirconium, although the quantity of oxygen absorbed was reduc8d 

and the colour uf the solution discharged during the course of 

the autoxidation. Tne absence of il""!-hi.hi tion .or retn.rdatiol1 is 

possibly the result of a very fast propagation reaction.· 

The i'act that iodine was trapping alkyl radicals was shown by 

the identification or benzyl iodide in the autoxidisea solution. 

A blan!r experiment in the absence 01' oxygen \'las carried out 

to ensure that no benzyl iodide was produced by a direct 

reaction between the tetrabenzyl zirconium and iodine. 

Lappert et 13.1. had re.ported that trimethylsilylmethyl and 

related derivatives of zirconium did react directly with iodine29 

but significant quantities of benzyl iodide were not found in . 

the blank experiment durine the time of the autoxidation 

experiment (~. 10 mins.). Consequently, the benzyl iodide 

observed must have been produced as a result of the autoxidntion 

reaction, and was most probably formed by the trappine of alkyl 

radic~ls by iodine. 

(iii) Autoxi~ation in the Presence of Donors. Recently 

Davies and Ingold 23 and Ingold et 13.1.24 demonstrated that the 

autoxid~tion of organoboranes "~S slowed considerably in the· 

presence of pyridine. This ~as due to the well known 
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phenomenon of complex formation with amines: 

+ R'N 3 
NR' 

3 (xxii) 

In the presence of excess base the equilibrium is well to the 

right and so the concentration. of free borane iA reducod to n 

very low level. In this way, propagation rate constants for 

many organoboranes were measured, which had been inaccensible 

by other methods. 23 ,24 

Felton and Anderson have recently reported that tetrabenzyl 

zirconium formed a 1:1 complex with pyridine, the equilibrium 

quotient for the reaction being 12.6 at 40°025 , and therefore 

experiments were performed to test the effect of pyridine 

(up to 1000 fold excess) on the autoxidation of tetrabenzyl 

zirconium. Neither pyridine, nor the stronger base piperidine 

were found to influence significantly ejther the rate or extent 

of the re!lction and it is suggested that, in contrast to 

organoboranes23 , an SH2 reaction by rad±cals at the complexed 

metal atom can still occur: 

+ PhCH2 · (xxiii) 

Roberts and Ingold considered th~t an SH2 reaction at a 

co-ordinatively unsaturated multivalent atom would not have 

a high activation energy, provided that the atom had low 

enerey vacant orbitals available for inereaRing its 

co-ordination number. 26 In the complexed tetrahedral 
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organoborane, the boron atom has no Vacant low energy obi"t8ls, 

and conseCJuently the possibility of an SH 2 reaction occurrine 

at this boroD atom is remote. In contrast, the central 

zirconium atom of the 1:1 pyridine-tetrabenzyl zirconium 

complex has several low energy orbita18 VAcant and it i8 the 

presence of th~se orbitals which permit the att8.ck .by radicals 

on the complexed tetrabenzyl zirconium. 

Rat e of Reaction and the Influence of r<. -BoncUna. , ) 

Although it has not been possible to show it unambiguo~sly 

the accumulation of inferences is such, that it:seems hiehly 

probable that the autoxidation of organotransition metal 

compounds occurs by a free· radical chain mechanism. From 

the work with inhib:Ltors it was apparent that the propagation 

stage was extremely facile, and these compounds would 

certainly appear to be more reactive towards oXYGen than 

trialkylbor?nes. 

At 200 C all of the organotransition metal co~pounds studied, 

autoxid:tsed at a rate approaching diffusion control and only 

the addition of phenothiazine, as was mentioned earlier, allowed 

the conetruction of a 'rcl~tive reactivity series'. The 

uninhibited autoxidation at -74 0
C showed that, of all the 

compounds studied, only the au.toxidn.tion of tetrubcnzyl zirconium 

had a Rignificant activation energy and was markedly Rlowed 

dov'n by a reduction in temperature • Thi::1 would nppear to be. 

. anomolous since, 
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(a) The bcrizyl groups are less shielding than the 

trimethylsilylr.1ethyl Brollps and thus the autoxidation 

of tetrabenzyl zirconium should be more facile nnd of 

lower activation energy than that of tetrakis 

(trimethylsilylmethyl) zirconium. 

(b) The SH 2 propaeation reaction displaces a 

benzyl radical which will be more stAble than the 

aliphatic radicals and hence should provide a 

"thermodynamic drive" to the autoxidation of 

tetrabcnzyl zirconium. This fact has been reported 

for organoborane autoxidations by Ingold et Bl.24, 

An explanation of this anomalie may be associated with the 

observation of G.R. Davies at ale that the X-ray derived structure 

of tetrabenzyl zirconium was distorted from a perfect tetrahedron 

and they suggested that this was due to.a non-bonding 

r(..futeraction between the aromatic rings and the metal atom. 27 

The SH2 propagating reaction at the zirconium atom will 

invol ve a change from a tetrhedr~ll structure to a trigonal 

bipyramid on attaining the 5-co-ordinate transition state 

(or metastable intermediate): 
• 

R R R R 
J 

R I R \~/ Zr 

/~\ 
:::... ~zr/ Zr 

"' ?- + R· R/I I 

R R 0, 
o· 

0 0 . (xxi v) 
I 

, 
'O-R R 0 

'R Transition state or 

meta~table intermediate 
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In the case of tetrabenzyl zirconium, in addition to the 

usual restrictions on ,tho 'formation of the transition state, 

the 4 1'< -interactions must be perturbated i. e. the 

4-co-ordinate structure is stGbilized relative to the 5-co-ordinate 

structure, and thus the SH2 reaction and the autoxidation will 

, require a higher activation energy than in the absence of the 

1'( -interactions. 

Other species capable of stabilising the tetrahedral 

structure relative to the trigonal bipyramid by 7'< -interactions, 

include chloride, and oxygen containing functions such as 

alkoxides and hydroxides, and thus compounds such as trichloro-

or trialkoxy- alkyltitanium and alkylzirconium should be more 

resistant to oxidation. 

It has been reported that bis (rr-cyclopentadienyl) dialkyl 

titanium compounds are far less reactive towards oxygen than 

the tetra-alkyl derivatives,16 and this can be readily explRined 

using the above argument. The formation of cyclopentadiene to 

met~l bonds requires a fairly strict stereochemistry and thus 

the 4 co-ordinate species will only tolerate fairly small changes 

in structure. The formation of the 5-co-ordinate transition 

state will disrupt the original structure quite considerably 

and it is therefore not surprisingthat the autoxidation,of 

bis (t(-cyclopentadicnyl) dialkyl titanium compounds requires a 

relatively high activation energy. For these compounds there 

is an additional f~l.ctor, viz. the availabili ty of low energy 

orbitals. Whereas the tetra-alkyl derivatives;have five such 

orbitals available for the incoming radical, the 

bis (7'( -cyclopentadicnyl) dialkyl compounds only have two 
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(as a result of the 10 electrons donatcd by the cyclopentadienyl 

ligands) and this may ,well influence the rate of reaction. 

4. Conclusions. 

All of the compounds studied in this investigation were 

found to undergo a very vigorous reaction with oxygen, and because 

of this it was not possible to obtain conclusive evidence 

concerning the nature of the mechanism. 

In order to study the mechanism further, it will be 

necessary to reduce the speed of the autoxidation and from the 

material presented in this chapter, two main lines of approach 

~re apparent: 

(a) An increase of steric shielding of the metal atom. 

(b) The use of i( -bonding ligands. 

It has been pointed out, .and demonstrated, that steric 

crowding can be increased by either a decrease in the size of 

the met-:d atom, or an increase in the bulk of the lieand. 

Lappert !:.!~. have recently reported the synthesis of 

jietrakis (phenyldimethylsilylmethyl) titanium and tetrakis 

(diphenylmcthyISilylmethyl),titanium22 and the autoxidation 

of these compounds could be' sufficiently slow to enable a 

fruitful investigation of the mechanism to be carried out. 

The effect of /(-bonding ligands was not investigated in 

this study, but there does appear to be some justification for 

a brief study of trialkoxy alkyl and trichloro alkyl derivatives 

of titanium ~nd zirconium. These dompounds are readily 
28 prepared and. a brief study could not only provide infrirmation 
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concernin.g the mechanism of the autoxi(~'ation, but would also 

indicate the extent to wh~ch reaction (xvii) is rCAponnible 

for the destruction of oreanoperoxy transition metal compounds. 

+ (xvii) 

If this reaction could be controlled, these compounds would 

enable the production, in high yield, of trialkoxy- or trichloro-

peroxy derivatives. 

Both the available datal~t22 and the theoretical consideration 

of transition state formation would indicate that the 

bi~~cyclopentadienyl) dialkyl derivatives of Group IVA 

transi tion met8.ls have enhanced air St'-l bili ty. Thus a 

bis (r(cyclopentadienyl) compound of ti t8.nium (IV) v:1 th two bulky 

alkyl groups should provide a suitable substrate for a detailed 

investig:J.tion. 
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APPENDICT:S 



1. Computer .prograM ! or Ualculatine ~'irst Ord er Hat€' Constants. 

This program (" ~'orate ") was written in the Algol 60 

computing language suitable lor use on the .t:lliott 41~O computer. 

The input data was, 

(i) number of readings, 

(ii) titration result, 

(iii) time of reading. 

The program evaluated In a/a_x and plotted these values 

against time. The least squares line was calculated and drawn, 

together with the value of the slope which was the first order 

rate constant, 
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I 

FOk:A 1 E; 
"REGI~" 
"~Eo.L" C, K, ,...." SC/\,~Cl'; 

"INIEGr.K" J,NJ 
"LIRhARi" A'<E~JN; 

"R E AL" "P R Q C E D LJ hE;" L S T S Q L 11\1 ( X, t, ,\J, :vi, C, k) J 

"VALuE" Nl 
"RF..AL" ,-1, C, k; 
"I N1 F.CiF.f\" N; 
"ARr<A(" /\, '(J-

"RF.GIN" 
"kF:AL" /\~U:vl, i SUM, X!::OSlJVj, '( SOSUiV" xt ~U,v:, (./\, I..i J 

"I N 1 F G ER" .. I J 
X S UIVi : = '( S LJ""1 : = ,< t ::-lil\~ : = x'S (.I S l'i"i : = '( ::.. Q :::; UM : = (j • 0 ; 
"FOI":" J:=l "~lfP" 1 "UN"IIL" iIJ "DU" 

"REGIN" 
X SUM: = /\ SUM + /\ ( J) ; 
'( S U . ...., : = i .s U;' • ., + t [ J] ; 
X '( .s U . ..., : = t\ '( S U:v1 + X [ J ) * 1'( J J ; 
XSOSUM:=XSQSUM+X[Jl*X(Jll 
(.sQ~l'Vj:=iSQSUM+t(J)*,([J)J 

"F.ND"; 
R : =)\ '( oS UM / N·- { X .s U,'-1 • '( S LhVl / ( N * N ) ) ; 
L.X:=SCkT(t\SUSUM/N-(X5U~/N)t2); 

L.t:=SOkT(r.sQ.sU....,/~-('(SUM/N)T2); 

R:=f'\/I.f.; 
k:=k/L.'(J 
,V): = ";:*1..'( / ZX; 
C: = ( '( S U'1 I N -l~ * ( A.5 U'1 / ,\I ) * L'( / t. X) J 

"END" OF PfWCf.DUi<FLSTSQLIN; 
"RfAD" N; 

"8EGIN" 
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"Kf.AL" "Ai'KAY''' l.d-3,v(l:~); 

"F lJ R " J: = I " :;; '/ F r" 1 " i.J ,\Ill L to .\l to D ~1" 
"REGIN" 
"p,rAO" v(J), f(J); 
"IF" J ",\)[" 1 "THE\!" 

"REGIN" 
T[J) :=T(,JJ*6CH 
R(Jl:=V(lJ/veJl; 
F3(.Jl : =LN( R( J] ); 

"END"; 
"F.ND"; 

R(11:=0.0; 
"PkINl" "LSJ6", 'TIME IN ~EC~', "~6", 'LN AlA-X'; 

"FOK" . .1:= I "SlfP" 1 "ui-.JfIL" \I "iY)'" 
"R[GIN'· 
.. P iH NT" "L ~ I?' , , S M1 FL I I\) f.'; AL I G\j E [)( ~,. (l), I ( J ) , 

, , S H' , , A L I (~I\1 f. D ( 1 , 4 ) , B ( J), "L ' , ; 
. "[1\10"; 
A"'<[SO\l(,<,J,HN),O,R(Nl,~CX,!::C(, '1lt'-'1E IN~EC!::', 'LN A/A-X'); 
";;-Oi<" J:=) "~lF:P" 1 '·U,\lflL" N "DO" 

'·R EG I Nil 
MOVEPEN(T[J)*SC"'<,B[J).~Ct)l 

CF.NCrll\k(3); 
"EI~[)" OF A"'<E~f)\l; 

LSTSGLI\I(l,R,N,M,C,R>J 
" IF" « T ( N) * i"', ) + C )' > ~~ [ t\J J "j rl EN" 

T ( N) : = ( R [ :\l ) - C) 1;-.1 ; 

"IF''' C>0 "IrlE:\l" 
"BEGIN" 
MOVEPEN(1,C*~C(); 

DkAWLINE(T[\lJ*SCX,«l[\lJ*~)+C).SCt)l 

"END" 
"EL~[" 

"REGIN" 
M~VEPEN«-C/~)*SCX,0); 

D~A~LINf.(l(N)*SCX,«l[~)*~)+C)*~C(); 

"E.\lf)"; 
MQVEPEN(T(\lJ*SC~/4,-200); 

"r't<INr" PLJI\lCrl(~), '/",ATE CJ\JSIA\jj=,',!::CALED(4),I-", "~", '1/SEC', 
"f.ND"; 

"END" ; 
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2. Short courses attended during the period 1969 - 1973 in 

fulfilment of C.N.A.A. regulations. 

1969 - 1970 

Recent Advances in Gas-Liquid Chromatography Kingston PolytAchnic 

(1 df:ty) 

TI1aSR Spectrometry 

Algol Programming 

1970 - 1971 

Kine;ston Polyte chni c' (1 day) 

Kineston Polytf!chnic (12 lectures) 

Reactive Intermediates in Organic Chemistry Kingston Polytechnic 

(1 day) 

Chemical Society Annual Meeting - Synthetic Uses of Organometallic 

Compounds, University of Sussex (3 days) 

Molecular Spectroscopy - Interpretation 

1971 - 1972 

Corrosion Resistant Reinforced Plastics 

Kingston Polytechnic 

(12 lectures) 

Kingston Polytechnic 

(1 day) 

Practical Electronics Kingston Polytechnic (6 lectures) 

During the course at Kingston Polytechnic I have given 

two research colloquia and attended various research colloquia 

given at tbis college, University College (University of London~) 

and Royal Holloway College (University of London) on research or 

topics of general' chemical interest. 
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