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SUVVARY

The preparation and properties of organoboranes have been
reviewved with particular reference to their synthetic usefulness.

A detailed survey was made of organoboraile autoxidations and also
of. organoperoxyboron compounds, and the literature concerning
these systems as vinyl polymerisation initiators considered.

A historical sur%ey of the novel ¢’ -bonded organotransition metal
compounds has also been made. |

The primary initiation of %ri&lkylbofane autoxidations was
studied by measuring the rate of absorption of oxygen by
organoborane solutions whilst under inhibition by galvinoxyl.

The reaction was found to be a second order process and rate
constants were evaluated as 1.84 x 10 9w 1Tt for
tri-g-butylborane, 0.94 x 10-3MTlsTl for tri—isobutylborane,'and '
22.8 x 1073 st for tricyclohexylbdrane. Previously determined
initiation rates were converted into rate constants and comparisons
made between results.

The thermal decompositicn of di-n-butyl n-butylperoxyborane,
di-n-butylperoxy g;butylborane, and di-=s-butylperoxy s-butylborane
was studied both iodometrically and by their ability to initiate
the polymerisation of vinyl acetate. It was concluded that the
major route of decomposition was a non-radical intramolecular
rearrangement reaction and the first order rate constunts were
for di-n-butyl n-butylperoxyborane, k = $.0 x 103, ¢~11,100%530/RT 71,
for di-n-butylperoxy n-butylborane, k = 4.55 x 104 e—l4’3ooil’O7O/RTs"%

and for di-g-butylperoxy s-butylborane,
-— -+ N -
K = 6.46 x 10° e"15,900%400/RT 71,



(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 organofransition metal compounds,
tetrakis (trimethylsilylmethyl) titanium, tetrakis (trimethyl-
silylmethyl) zirconium, hexakis (trimethylsilylmethyl) bimolybdenum,
hevaneopentyl bimolybdenum, hexabenzyl bitungsten and
tetrabenzyl zirconium. The reactions were extremely vigorous
at 20°C and, with the exoeptiéﬁ of tetrabenzyl zirconium, at
-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. Because of
the great speed of the processes, conclusive evidence concerning
the nature of the mechanism was not 6btained, but a free-radical
chain reaction seemed most probable. The influence of steric
shielding and 7{ -bonding ligands on the rate of reaction were
diccussed, and from this preliminary study the lines for future

' research are apparent.
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CHAPTER 1

ORGANOBORON COMPOUNDS

1. Introduction.

The major part of the work presented in this theéis-
is concerned with the reaction of oxygen with selected
o’ -bonded organometallic compounds.. The well known
organoboranes were chosen 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,

3

notably those of Gerrardl, Daviesz, Lappert”, Coates4, and
Niedenzus. However, a brief review of the more recent

literature relating to those properties of organoboranes



pertinent to the synthetic and mechanistic aspects of this

thesis will now be givén.

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 transmetaliation involves the reaction
between an organometallic compound and a boron halide or

ester, the general equation for which, is:-

" .
where M = Zn6’7, Mg8, Lig, Allo
7 = 0R11’12, Cl7, F13

The most convenient method, and the method used in this
study, was that of Hennion, McCusker et gl.l4, which was
the reaction of the appropriate Grignard reagent with boron

trifluoride etherate:-

3RMgBr + BF3.0Et2 ) R3B + 3MgFBr + Et20 (ii)

Yields were usually excellent.



Hydroboration is the reaction between an olefin, or

acetylene, and diborane.

6 R2C = CH2 + B2H6~—__-%> 2 (RQCHCHQ)BB (1id)

6 RC = CH + BH, ——> 2 (RCH = CH),B O (iv)

15 in 1948 and

This reaction was first investigated by Hurd
he found that it was very sluggish, requiring high
temperatures and long reactian times. Subsequent work,
however, by Brown and co-workers showed tﬂat the reaction
could be catalysed by the use of ethers as solvents, and
these major routes were reported by Brown and Subba Rao in
1956%% ana 195717:-

+ 3 NaBH

9 RCH = CH + AlLCl;—> 3 (RCH,CH,),B + AlH, +

2 3

4

3 NaCl (v)

12 RCH = CH, + 3 NaBH4 + BF3 —_> 4 (RCH20H2)3B +

3 NaBF4 (vi)

All of these reactions were carried out in an ether of
convenient boiling point so that the organoborane was
readily . gseparated. The yields were usually in excess of
90%. There are now many experimental procedures available

' for hydroborating an olefin, so that reaction conditions



may b§ tailored for a particular olefin; these are fully
described by Broﬁn and Zweifel.l8’19

If the olefin for hydroboration was unsymmetrical; then
the boron atom attached itself to the least substituted of

0 This was

the two carbon atoms of the double bond.2
gatisfactorily explained in terms of electronic factors; the
terminal carﬁon atom of an unsymmetrical olefin has a slight
negative charge 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 used as the hydroborating agent, steric effects are not
normally noticed, but if méno— or dialkylboranes are used,
tﬁen steric factors can play an important part in
determining the rate and direction of uddition. Thus, the
hydroboration of l-pentene and styrene by diborane yielded
94% and 80% respectively of the terminal borane, whereas
using the dialkylborane derived from 2-methyl-2-butene
(given the contracted name "disiamylborane"l8) as the
reagent, this figure was in excess of 98% for both olefins.Ql
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

22,23

almost certainly occurfed with cis-addition. To explain

this, it was suggested that the reaction involved the

formation of a four-centred transizion state:22
\o=g/ 8- ~o-¢-
/C_C\ é P I :
—> —> HB (vii)

]

|
/ (I |
H—B\ H«?-



3. Physical Properties.

With réspect to their melting and boiling points,
solubilities etec., the organoboranes usually resemble the
corresponding hydrocarbons.

The orbitals used in bonding by the boron atom in a
simple trivalent compound are considered to be sp2 hybrids,
and since the compounds are’invariably monomeric, the organic
groups occupy a planar configuration around the central boron
atom with bond angles.of 1200; However, the boron atom can

also make use of sp3

hybrid orbitals in order to achieve a
covélency‘of four, in such ions as (BH4)-, or in simple
co-ordination compounds when the bofon accepts electrons from
a donor, for eiample, (CH3)3B:NH3. This abilit& of boron to
switch from three to four co-ordination islg property of
special relevance to this work. |

_ The determination of the structures of organoboranes
has been greatly facilitated in recent years by the
application of spectroscopic techniques. The infra-red
spectra of organoboranes are now.well documented and several

reviews have been published.'u’25

Some of the more common
group frequencies are given in Table 1.

Natural boron consists of two isotopes,loB(IB.S%)
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
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TABLE 1

Infra-red Spectra of Organoboranes. Common Group Frequencies,

COMPOUND GROUP VIBRATION FREQUENCY (CM_l)
B-ALKYL ~B~Me ASIM. DEFORMATION 1405 - 1460
SYM. DEFORMATION 1280 - 1330
302 ASYM. STRETCH 1110 -"1175
SYM. STRETCH 770 - 830
B-ARYL B-ARYL STRETCH _ 1125 - 1280
ARYL : ' 1430 - 1440
B-0 B-0 - STRETCH 1310 - 1380

nuclear spins, that of loB is 3, while that of 1lB is 3/2.
However, for general purposes, this can be considered as a
first-order effect, and thus 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 on: the 11

B isotope and the effect occurs, in a constant
field strength of 14,092 gauss, at a frequency of 19.25 MHz.
. The spectra obtained.are complicated by substantiél 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-ordinétion is accompanied by a large chemical shift.



This subject is now well documented and reviewed26'27’28.

4. Chemical Properties.

(2) 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

(CHy)3B + NH; === (CH;);B: NH (viii)

33 3 3

Brown has since made use of these addition compound forming
reactions in order to study steric effects3o’3l, and there

is ﬁow a congiderable amount of thermodynamic data

available concerning the reactions of organoboranes with
basesBz. More recently, Ingold, Davies et al. 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 concgntration of available borane

(unco-ordinated) at any one time, is very sma1133’34;

(b) Protonolysis.

The organoboranes were reasonably stable towards water35,

40, gquite vigorous

hydrogen sulphide35, alcohols and phenols
conditions being required to bring about reaction. The
| hydrolysis of trimethylborane with water at 180°C, over a
period of seven hours, only removed one alkyl gToup,

producing 69% of dimethylborenic acid35;



Hydrolysis by mineral acids was somewhat easier, though
even so; only one of the alkyl groups could be removed.
Tor example, heating tri-n-butylborane with 48% hydrobromic
acid to reflux for 1 hour produced a quantitative yield of

di—n—butylbordnic acidll:

(nBu)BB + HBr —> (nBu)ZBBr + TRuH (ix)

(nBu)zBBr + H,0 —> ("Bu),BOH + HBr (x)

2
In contrast, the action of carboxylic acids on organoboranes
resulted in the removal of alkyl groups with surprising ease,
Triethylborane was readily converted into diethylboron acetate
and ethane by reaction with acetic acid36:
100°¢

Et3B + CH3COOH —_—> E‘szOCOCH3 + EtH (x1)
Further, it has been shown that all three alkyl groups could
be removed from the organoborane by refluxing with excess

propionic acid in diglyme for two to three hours37:

" (RCH CHQCOOH-—é-(CH3CH

3 2

3RCH2CH

H
20 2)3B + CH

0C0).,B +

)48

xii
3 (xi1)
It can be seen that one of the products of this reaction is
the alkane which is produced in almost quantitative amounts. .

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

alkane, by a non-catalytic method, is provided by a



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 protonl8:

R
0 | .
r-¢.  + RéB-——-» R-C=0:B-R —> R-C-0-BR, + R'H (xiii)
OH | 1 ]
Oy R 0

(¢) Thermal Behaviour.

When trialkylborénes are heated at reflux, they tend
to decompose to form dialkylboranes and olefins, i.e.,
retro-hydroboration. Thus heating tri-n-butylborane at
110°C resulted in the formation of n-butylborane and

butene36

2 (n-C4Hg)3B—> 2 n-C,Hg + BQ-C4H9)2BHJ2 (xiv)

If the reaction was carried out in an autoclave at
300°C, the products were butene, hydrogen and a cyclic
borane, l-n-butyl boracyclopentane37. The reaction
probably involved the prior formation of the

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

ceyclic product(II):

CH2————'CH2 CH2 CH2
| . — 2
Clp  Cis CH, cE, + 2H, (xv)
T I
n-C4Hg |2 1-CyHg
(I) | (II)
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Another important thermal rcecaction is isomerisation at
moderate temperatures, a reaction which is catalysed by
diborane. For example, tri-sec-butylborane thermally
isomerised to give tri-n-butylborane; in the absence of
diborane the required conditions were 210°C for 48 hoursl4,

but with a trace of diborane the reaction proceeded quickly

at 1200017. A possible mechanism for this procees involves

the formation of a secries of labile equilibria:

R-Cfl=CH-CH, === R—CHQ-CHﬁQCH3 == ' R-CH,-CH=CH, (xvi)
Rl Rl RI Rl
\./
B R' Rt - \B/,
| : l
H H

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°C of the organoborane
derived from 3—hexene.38 In the original ' organoborane, the
boron atom was almost exclusively attached at the 3- position,
but after heating for eight hours at 12500 the product
consisted of 82% of the 1-,isomer.

Evidence for the mechanism suggested in (xvi) vas provided
by the observation, that, if a second less volatile olefin
was added to an organoborane, the oriéinal olefin could be
distilled out.l7 This is of synthetic importance since the .

contrathermodynamic isomerism of an olefin may be readily

achicved:



11~

CH, - CH, .?H3
Cé2 HydroboratiQn ”.éHz __Eggi_%’ o,
l P
OH,CH,,~C=CHCH CH3CH2CH-?ACH3 CHBCHQCHCquiz
1
/ \ /\
(xv)
?H3L | (i) Add involatile
?HQu < olefin
CH , CHy~CHCH=CH, (i1) Distil

(d) Halogenation.

The direct reaction of trialkylboranes with the halogens
was very slow although the lower members reacted vigorously
with resulting substitution in the alkyl chain.
Trihethylborane reacted with chlorine in the gas phase at
-95°C to produce chloromethyldimethylborane.39 Direct
substitution of an alkyl group by a halogen was difficult
and usually only one alkyl group could be removéd. For.
example, the reaction of iodine with tri-n-propylborane

at 150°C yielded only iodo di—_q-propylborane:40

12 + nPrBB — IBnPr2 + Upri (xvi)
Any attempt to force the reaction further only resulted in
gubstitution 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 -position in the.alkyl chain, followed by cleavage of the
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boron - carbon bond by the hydrogen bromide formed:41
| |
R2B—CH20H(CH3)2 + Br2 — RQB?—CH(CH3)2 + HBr

Br
l Slow (xvii)

R,BBr + (CH

302

The mechanism postulated for this reaction was one involving

free radicals; ' !

Br, + BR, ——> Br' + BrBR, + R’ (xviii)
| . T ‘
RzBf?“ + Br —_— RZB-Q- + HBr (xix)
H
] l . |
R2B-g- + Br2 —_— R2B-?- + Br (xx)
Brn
| | : B
R2B-?- + HBr —> R2BBr + H-?- . (xx1i)
Br Br
R-{ + HBr —> RH + Br-B{ (xxii)

If: the reactions were performed in the presence of base,
two alkyl groups could be removed very quickly, even at 0°c.

Iodonation was easily achieved in the presence of sodium

hydroxide:42

;
(RCH2C112)3B + 2 12 + 2 NaQH —> 2RCH20H2 + 2 Nal +

RCHQCHZB(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
hydroxide. 43 |

These reactions again are of synthetic value, since
they resuit in the anti-Markovnikov hydrohalogenation of
the original olefin.
(e) Oxidation |

The fact that the organoboranes are very sensitive to
oxygen has long been knoﬁn. 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
perdxide, chromic acid, or-amine oxides. The reaction of
organoboranes with alkaline hydrogen peroxide was first
investigated by Johnson et gl.?4 and they found that the
final products consisted of boric acid and the corresponding
alcohol. Kuivila and Armoﬁr studied the similar reaction of

phenylboronic acid and alkaline hydrogen peroxide and they

suggested the following mechanism:45
- . - (xxiv)
H2o2 + OH = H2O + HOO
OH
©» ° Ph-B(OH), + HOO® === |Ph-B -0OH (xxv)

O0H
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oH [ on |
Ph—%:OH —— Ph—%-eOH + OH™ (xxvi)
‘ +
v -0
L. OH-J
[ ?H ~ oH
Ph-?--OH C — Ph-0-B ' (xxvii)
I (o+ OH

PhOB(OH)2 + H,0 — B(OH)3 + PhOH (xxviii)

2
Thus, it can be seen, that basically the reaétion involved
co-ordination followed by a 1,2 nucleophilic shift of the
phenyl group ffom 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 withdretention,72
Brown has since de#eloped this reaction as a method for the
éynthesis of alcohols, obtaihing almost quantitative yields

under mild conditions:46

RoH=CH,, HYAXODOretlon,. (poy cH,),B _H50,/08 3RCH,CH,OH  (xxix)

It is clear that, similarly to the halogenation reactions,
fhe'alcohol obtained is the anti-Markowvnikov product.

Chromic acid oxidations were studied in some detz2il by

47

Ware and Traylor. They found that the attacking species

4 .
major product was the alcohol. At higher acidity the alcohol

involved were HCr0; and H3Cr04+and that from pH 3 to 7 the
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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 poétulated a

mechanism involving a nucleophilic 1,4 alkyl rearrangement:

OH O
HCrO4- + RB(OH), ==== R-?:O-%r—OH (xxx)
OH O
III
- )
HO LR,
II] —*= >B'£- “9 —— ROH (xxxi)
HO O-—;gr-—-éﬁ
;

Again, Brown developed this reaction as a method of ketone

synthesis from organoboranes derived from secondary olefins:48

Hydroboration B H,CrO 0
. 24 V4
3 . (xxxii) -
| 3

Oxidations using N-oxides of tertiary amines resulted in

the smooth transformation of all boron-carbon bonds into

boron-oxygen-carbon:

NO ——— (RO)3B + 3R,N (xxxiii)

R,B + 3R 3

3 3

From their studies on the reaction between l-phenylethylboronic

acid and trimethylamine N-oxide, Davies and Roberts concluded
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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:

1|2 A II{ A A  O0R (xxxiv)
HO—*? ONMe3 == HO—-?:—O-—NMe3-—> HO-—B\\ + MeBN’
OH OH . on .

The trimethylamine was evolved quantitatively and could
be estimated acidimetfically fhus providing a method for the
guantitative determination of boron-carbon bonds.50

It should also be mentioned here that the reaction of

hydrogen peroxide on & dialkylperoxy alkylborane provides a

very simple synthetic route to hydroperoxides:51
H202 .
RBB + 202.__> (ROZ)QBR —Bage- 2R02H + ROH (xxxv)

The hydroperoxide was obtained free of alcohol by base
extraction. This technique is a siénificant improvement
over previous methods when yields obtained were usually very
low52’53, compared with those obtained by this method which
are usually in excess of 75%.
(f) Metallation.

It was observed that if a mixture of triethylborane and
mercuric chloride was treated with aqueous sodium hydroxide
at about 70°C, there was a rapid reaction leading to the

54

formation of diethylmercury. The reaction proceeded

equally as fast if the oxide was used in place of the
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55

chloride 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 obtainedss,
and this presumably involved the prior formation of an

unstable silver alkyl which decomposed to give radicals which

then coupled:

R;B + 3Ag0H + NaOH ——> 3RAg + NaB(0H),
1 (xxxvi)
R-R

This reaction is analogous to that between Grignard reagents
and silver bromide, but it does have the advantage that the
hydroboration technique is tolerant towards other functional

groups within the alkyl chain, thus allowing a number of

interesting coupling reactions to be achieved. For example:57
= CH 1l d i
(CH3)1C CH, (1) Hydroboration CH3
+ > -CH ~
CH3 CH(CH2)1100202H5
= H co,C.-H 2) A \
CH, CH(C 2)8 2CoHg (2) AgOH/NaOH (xorxvii)

 This product is, of course, obtained in a statistical ratio to
the two symmetrically coupled products.57
(g) Carbonylation.

This important reaction was first investigated by Hillman

. who found that by reacting carbon monoxide with an organoborane,

under pressure, with water at 150°C, the ultimate product
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wasg a'trialkylcarbinylboroxine.58
. H0 | ?R3
R.B + CO ————> B
3 150°¢C 0 0
1, [ (xxxviii)
B B
R3C/ S0 R,

The mechanism Hillman proposed for this reaction was the formafion

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—Z,5~diboradioxané (V)

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

compound then broke down at the temperature of the reaction to

give the trialkylcarbinylboroxine (VI):

, 0
- 4 f
°R,B + 2C0 —> 2R,B-CO —> 2R,B-C-R (xxxix)
3 3 ,
(IV)
12 i
B B
o (|> ‘\«rclm /o/ \/CR2
[} '
2R,B-C-R RCE___0 R,Cn 0 (x1)
| i
R, - R |
R +0’
: Ny
<IN OH
o/ \032 2H,,0 CI) TR R\B/
Y S e S S 2N
Bl A’ AN ] n0”  CR,
B
' " Yo~
R \
H
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CR,
| 150% 0//3\\0 .
3 R4CB(0H), LG, | I + 3 H,0  (x1ii)
| “R.CB BCR
3\/3
0" (vI) .

Later, Hillman also found cyclic boron compounds could be obtained
if the reaction was performed in the presence of glycols or
aldehydes.

The high pressure reaction with glycols produced cyclic

esters of trialkylcarbinylboronic acidssg(VII):

0—-?112

(x1iii)
0—CH, (VII)

' ‘ e
R3B + CO + HOCHZCHZOH —_— R3CB\\

Two mechanisms were postulated for this reaction, the first being
analogous with that above . and involving the reaction of the

glycol with (V):59

H

R. +OCH,.CH.OH
0 CR, HOCH,, B | Ry - OCH,CH,OH
l | S+ 2 | — 0 CR —2 B
. 2 7\
R.C 0 HOCH, | | HO" ¥CR,
2¥ g~ 1%c\§/o.
R 7\ .

R” +0CH.CH,.OH
H 2 2
. _ OCH,CH,OH

o R CB’//O——Td2 <%ffﬁfl_ > R.CBZ ee

Alternatively, he suggested that the process could involve the

reaction of glycol with (IV):S'9
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i HOCH,, -+
R,B-C-R + HOéH — R2§-CR(0H) —_— R?-CRQ(OH)
2 . 0CH,CH,0H OCH,,CH,,0H
-H,0
- R-B-CR
ol Ll ¢ R e
(VII) 2 CHz~CH,

The involvement of (IV) was also suggested for the reaction with
aldehydes, the products of which were novel |

4—bora-i,3-dioxolanes6O(VIII)r

R,B + CO + R'CHO ——> R—B—0__
. | CHR® (x1vi)

ch—o/ (VIII)

The mechaniem for this reaction involved a S5-centre transition

state:6o
O ' O
: ' CHO R.B-"" "\ 0
R2B"C R + R —_— 2 .CHR'! —> R.B<
[} /&’,’ 2| HR'
R-C == 0~ Regt
I/
0 l
R-B-0
| g
RQC-O
(x1vii)
(VIII)

The big disadvantage with these reactions, was that very
high pressures (up to 800 atmospheres) were required.

Brown and Rathke, however, found that if reactions were
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performed in ethereal solvents the carbonylation proceeded

smoothly at atmospheric pressure61’62,

58,59

It had been
previously noted by Hillman y that oxidation of the
cyclic boron compounds, (VI) qnd (VII), produced
trialkylcarbinols, and now that carbonylation could be
easily achieved, the synthetic usefulness of these reactions
to produce trialk}carbinols in good yields, was realised.sl
! This can be shown by the following example; by a combination
of hydroboration, carbonylation, and oxidation, cyclohexene
was converted into tricyclohexylcarbinol ip 80% yield.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:

' Hy0  R-B-CR, . H202/0H‘ o
RB + €0 —p [\ £ ., ROH + R,0  (xlvii)
3 OH OH S 2

If the carbonylation reaction was perfofmed in the
presence of a reducing agent such ag lithium

“trimethoxyaluminohydride, subsequent oxidation gave the

aldehyde in virtually quantitative yield:64
anl 2 / )
RCH,CH, B > RCH,CH,CHB_ —==> RCH,CH,CHO

A LiAlH(ONe) |
. OAl(OMe)3Li (x1ix)
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In the presence of a stronger reducing agent, for

example lithium borohydride, the methylol derivative was

obtained:65

(i) NaBH4.
RB + CO° > RCH,,O0H | (1)
(1i) KoH

Under the chosen reaction conditions, it is not
'unreasonable 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, (IX). If. this salt was treated with
an electrophilic reagent, .2 series of rearrangements occurred
to produce an intermediate which, on treatment with alkaline
hydrogen peroxide, produced thé ketone.66

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 BB + 2 NaCN —> 2 RZI?-CEN.Na-" (11)
R (IX)
R
— + 4 -
2 R,B-CzN.Na + 2 WeSO,H ——> 2 RyB- C=f-H — 2 R.B-C=F-H
R Y (x) :

(111)
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R 1'22

C

N )

R . R ff.\thH RB// \\\NH

»B
i
2 R.,BC=NH ~—> 1!1 | | [

2 —
H <\C/BR2 HN\_C/BR
R . . R2 .
' ' 2 R.BCNH
R 3
12

- C
CN J
~nrZ (1iii)

i ; —_n
' ' HszlC,/’B .
R CN

(XI) 2

~ It will be noted that this mechanism is not dissimiiar
to that suggested for the carbonylation reaction (equations
(xxxix) to (x1i) ). .

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%.

/o R
- + - . ._.- = 4 , /”il
R3BCN.Na R'COX, RBB c_"ltioR —_— R\B/C.\\N
Sy
-
l R
R
c2
RB\/ \N
0\0/

R (1iv)



(1) Other Reactions.

24~

The number of synthetically useful reactions of the

organoboranes is ever increasing, and only those of major

interest
above.

these compounds.

TABLE 2

Synthetic Uses of Organoboranes

Product from (RCHQCHR)3B

Isomerisation of

RCH=CHR

Alkane,” RCH,CH.R

2772

Primary halide,
RCHchRX
Primary alcohol,

RCH20H2OH

Higher alcohol,

CH,CH_OH

RCH,CH,UH

Tertiary alcohol,

(rcH CHR)3CHOH

2
Aldehydes;

RCHQCHRCHO

Reagent and Conditions.
Heat; add less volatile
olefiny distil.
Heat with carboxylic
acid.

Add halogen + base.

Treat with alkaline
H,0,
Carbonylation in the

presence . of LiBH

4:
oxidation.
Carbonylation; oxidation

4

Carbonylation in the

presence of LiAlH(OWe) 3}

oxidation.

or of relevance to this thesis have been described

Table 2 is a summary of the main synthetic uses of

Ref..

17

37

42,43

46

65

61

64



Product from (RCH,CHR) ;B

Ketones; RCHQCOR

(RCH,CHR) ,CO

Hydroperoxide;

RCHQCHROOH

Coupling;
RCH2CHRCHRCH2R
Primary-amines;
RCHQCHRNHQ
Secondary amines;
(RCH,CHR) ,NH
Tertiary amines;
(RCHQCHR)BN
Sulphides;

RCHQCHRSR'

Dialkyldisulphides;

(RCHQCHR)QSQ

-25-

Reagent and Conditions

Oxidation with chromic
acid.

(i) Carbonylation in the

20

oxidation.

presence of H

(11) Cyaﬁolation;
addition of benzoyl
chioride; oxidation.
Autoxidation at room
temperature; addition
of H202.
Treat with alkaline
AgNO3
Treat with
o-hydroxylamine

sulphonic acid.

Reflux with alkyl azide

in xylene.

Treat with

+ dimethylchloramine.

Treat with R'282 in

preéence of 0,

Heat with sulphur at
- 130°.

Ref.,

18

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
}eacts with molecular oxygen, and although it has long been
known thét most organoboron compounds do so with striking
effects, significant advances in the study of 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 resumé- of the

autoxidation of hydrocarbons 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 hydroperoxides occurs readily
at temperatures about GOO;IOOOC, but acetaldehyde will
form an explosive peroxide by reaction with oxygen at 0°c.

It is now established that these reactioné occur by a
free radical chain'mechahisml’z and the general reaction

gcheme may be written ag: 112
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Initiation — R (Rate=R,) (1)

Propagation Re + 0é————+ Roé (11)
RH + RO; —> ROH + R° (kp) (1i1)
Termination- Radicals ——— Stable Products (kt) (iv)

The agsumption that the chains are long and that there
is a steady concentration of peroxy radicals allews the

derivation of a simple rate equation:l

-?_L()_Q.-l “p (] 8 ; | (v)

- at

ihié equation only applieé at relatively high oxygen pressures
(greater than 100mm) 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
quantities of hydroperoxide impurity 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

ROOH  —— RO- + ‘OH (vi)

2ROOH — [ROOH], —> RO* + RO,* + H,0 (vii)

2
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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-acceleration 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 surfacess, and a direct
molecular reaction between oxygen and the hydrocarbon.s’s’7
This last reaction is a termolecular process:

2RH + 02 ———» 2R + H2O (Vlii)

2

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, homolytiec,
bimolecular)8 at hydrogen.

Termination.

The termination reactions and the products of
autoxidation tend to be complex, but the three principal

routes for the removal of radicals from the system are:
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2R+ ——> R-R (ix)
ROO. + R+ —— ROOR (x)
2R00. ——= ROOR + 0, - (xi)

or Alcohol + Carbonyl Compound
At low oxygen pressures, or if the alkyl radical is highly
stabilised, reaction'(ix) predominatés, while at high oxygen
pressures or if the alkyl radical is very reactive, route (xi)
bis favoured. The majority of the products obtained are due
to the breakdown of the hydroperoxide formed in the propégation
'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 cases.” 10

The rate of spontaneous initiation has been measured

> by determining the rate of oxygen

by Robb and Carlsson
absorption during the very early stages of reaction. They
found that this was a termolecular reaction (viii), in
. agreement with Emanuel et gl.7

Much kinetic work has been devoted to the determination

of kp, and,: from equation (v), it is obvious that an accurate
knowledge of Ri and kt is required in order to evaluate this
rate constant from oxygen absorption measurements. As has
been mentioned previously, kinetic experiments are usually
done in the presence of an initiator, in order to achieve
a constant rate of initiation. Although 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, cége
recombination reactions. Hence, it is necessary to measure
the rate of éhain 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 [Inhibitor] -(xii)
Ry

" n = number of radicals destroyed by one molecule of inhibitor.
Values of kt are usually obtained via the rotating sector
téchnique.12 Essentially this involves causing fluctuations
in the radical concentration of a photo-initiated process, by
tflickering' the illumination with an interposed rotating

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

it is possible to determine the chain lifetime and kt:l3
' \ (xiii)
Chain Lifetime = Population = EROQ'] =
i Tow o | &
Birth Rate Ry (2ktRi) 2

More recently, it has been found possible to determine

values of kt for alkylperoxy radicals by electron spin

resonance.lg’14

Thus, with a knowledge of kt and Ri’ values of kp can be
obtained from equation (v) by measuring the rate:of oxygen

absorption. Values of kp for many hydrocarbons are now

available.i3
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Inhibitors.
- The various types of inhibitor and their modes of action

15,16 The autoxidation of a

have been well reviewed.
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 thrée 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
Fe2+,002+, or Cu+, to0 initiate by such reactions as:

M(n+l)+

Mt 4+ ROOH —» + RO+ + OH™ (xiv)

w1+ o pooH — M** 4+ Roor + HY

(xv)

Ultra-voilet light stabilizers suppress initiation 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 cConcerns peroxide destroyers. These compounds
do exactly what their name suggests and reactions (vi) and
(vii) cannot therefore occur. Frequently, compounds in
this group can also act as propagation suppressors by

17,18

removing peroxy radicals y for example, Burn proposed

the following reactions for zinc dialkyldithiophosphates:



-37-

: RO\\\ . N ///
P + ROO--
RO//’ \\\S in T ’//R\§ //P\\\OR
‘ 5 _

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 ysteml9

forming stilbenes, quinones, bis-phenols or

2
biphenylquinones. O The mechanism by which they remove

peroxy radicals to give such products may be written as;19
OH OH
Ry &) By
+ ROé —
g y ROQ o (xvid)
3 3

There are many factors which influence the effectiveness
of a particular phenol as an inhibitqr, 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. Detailed discussions
are given by scottl® ang Ingold21 |
Amines also fall in this catagory, and appéar to remove
up to three peroxy radicals per molecule of inhibitor.l5

The mechanism by which they remove radicals 15:22923



~38—

AT NH + RO, ——> Ar N+ + RO H (xviii)

Ar N + ROy ——> Ar,NO + RO- (xix)

In some cases the nitroxide produced by reaction (xix) can
also remove & 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 sonme detail24, mainly as a result of trying
to gain an understanding 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 werc less effective than

phenols or amines.

0
}MeO /pMe 02N - N02
e " @\ /© \©\ /g
ve” N7 e N N
O, Os ' O )
(1) % (1I1) % (111)
G4l C4flg
‘0
b
Cyly 49

(IV)
A stable free-radical which is highly efficient is
galvinoxyl (IV).  This compound was shown by Bartlett to
be a very efficient scavanger for cyano-iso-propyl and
t-butoxy radicalszs, and also was one of the very few
compounds capable of inhibiting the autoxidation of

26

trialkylboranes. 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
compounds.27

2. S, 2 Reabtions.

H

The homolytic bimolecular (SH2) reaction has some
gimilarity to the well known heterolytic, nucleophilic
S,.2 reaction. It involves the displacement of a radical

N
from a molecule by a second incoming radical. The general

reaction is:
R- + AB —r (RAB)* ' ——» RA + B- (xx)

Many radicai processes involve reactions of this type but it
is only recently that they have been recognised and drawn
together under the classification SH2’.8 The ﬁost common
SH2 reaction occurs when R+ attacks a univalent atom, such
as hydrogen in a molecule to give RH and this has generally
been known as abstraction.  Substitutions at multivalent
centres are also known and occur readily providing the
.multivalent atom is multiply bonded or is co-ordinatively
unsaturated.  Both of these requirements allow the
formation of a transition state” (or intermediate) with
1ittle activation energy.

The general reaction at a multiply bonded centre is:
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I I
D~ D

Re + AB=D —m [#BAJ‘* —+ RB + A (xx1)
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

biacetyl by benzyl radicalszaz ’
ST
| |
T, ——
' 4 —— -y = .
PhCH2 + CHBCOCOCL{3 CH3('J C CH3 —_ CH3CCH2Ph (xxii)
- CHy + CH,CO

Ph

sH2 reactions at co-ordinatively unsaturated centres are

Imost 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. Qhere are many examples
of this type of reaction but one that is particularly
relevant occurs during the autoxidation of trialkylboranes,

.and involves the attack of a peroxy radical at a boron centre:29’30

R0- + RjB  ——> ROOBR, + R« C (xxiii)

The transition state presumably involvee a four co-ordinate

organoboron radical.

Two different types of SH2 reactions are possible,
8

synchronous and stepwise. In a synchronous process the
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loss 0£ B»[}eaction (xx)] occurs with the approach of R: and

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

involves the formation of an intermediate (RAB)*, which has

a finite lifetime, and which then subsequently undergoes a

unimolecular decomposition. As can be seen the only

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

is particularly long it is possible to observe the

intermediate radical using electron spin recsonance spectroscopy.
The t-butoxytrimethylphosphoranyl radical has been

identified in the réaction of trimethylphosphine and

t-butoxy radicals:31

(CHy)4C0" + (CHy) P —— (CH3)3COP (CHy), (xxiv)

Further examples of the SHQ reaction will occur later in

this thesis.

3. Farly Studies on the Autoxidation of Organoboron Compounde.

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

2
3 The facile

were spontaneously inflammable in air.
autoxidation was also noted by other workers.>s Krause et al.
found that by controlling the oxidation, they could obtain

boron oxides, which, on crystallisation from water, gave

the acids in pure form; 34
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H,0

2
R,B + 0, —>» (RO),BR —=» (HO),BR (xxiv)

3

Johnson and co-workers observed that water affected these
sutoxidations.3%738 Dry tri-n-butylborane absorbed almost
one molecular equivalent of oxygen to yield di-n-butyl
g-butylboronate, whilst in the presence of water, only
0.5 moles were absorbed and the major product was the

corresponding borinate:36

. n. n |
Bu.B + 02 e I BHO)QBBU. N (xxvi)

n ‘ n n
2 Bu3B + 0, + H,0 —> 27BuOBBu , (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

8. redox reaction with unreacted trialkylborane to produce

the borinate ester:

BB+ 0, — [RyBe—10=0] (V) (xxviii)
[3334———o=o] + RyB— 2R,BOR (xxix)

The possibility of a peroxide intermediate was first

37 in his studies on

demonstrated by Grummitt
trialkylboroxines [(RBO)S] . He found that the partially
autoxidised liguids liberated iodine from acidified potassium
jodide and initiated the polymerisation of vinyl acetate.

He also obéerved 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 known té be free—radical.38 In spite of this he
favoured the non-radical mechanism proposed by Johnson and

36

Van Canmpen.

« 1In 1953, it had been demonstrated by Walling and
Buckler, that the product obtained from the autoxidation of
Grignard reagents was an alkylperoxymagnesium compound_.39
Thus it was not unreaspnable to expect a similar compound to
be produced from the autoxidation of organoboranes, and in
1956, Petry and Verhoek méde the first positive identification

O .
4 It was prepared by the reaction

of an organoperoxyborane.
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):

Me.B .+ 02 — MeOOBMe, | : (xxx)
(VI)

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 coﬁcluded,
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 qﬁinol did not effect the reaction44, as had Grummitt

37

for the autoxidation of tributylboroxine. 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 underwenf a nucleophilic 1,3 alkyl
rearrangement from boron to oxygen:
R
R R, 0" O//
4] |
-B /AOZ —_— —? -0 -?—0 '(xxxi)

46 oy a1,

Evidence for this mechanism was provided by Davies
in a study of di-iso-butyl-t-butylborane. According to the
mechanisﬁ 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 acid:

H,0
R B(OOR'), , + n-CgHy COsH —2 5 nROH 4 B(OH)
+ (3-n)R'O0H  + n-C7H15002H (xxxii)

The possible product forming steps are shown in

equation (xxxiii):
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(i—C4H9)zB-t—C H

479
.102
ic, H " 1
479
4 9
Np-0-0-tc 1 N
479 + B-0-0-1 c,H
//// 9
i /// +
c,H C4Hg
' (xxxiii)
(VII) (VIII)
‘ t l ‘ i .
| 0-0-"c,Hy 0-0-"¢,H,
1 . -
C4Hg B\\\ o + C4H9 B\\\
1
0-0-"C,Hy 0-0-1 C,H,
(1x) . (x)

After the uptaké of the first mol. of oxygen the product
was shown to consist of 69% of compound (VII) and 31% of
comﬁound (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 specfrum. |

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

h.48 After passing one molecular

by Zutty and VWelc
equivalent ofoxygen through a solution of tri-n-butylborane
and thoroughly flushing with nitrogen, the.solupion was
periodically analysed for peroxide. It was found that the
peroxide concentration increased from 25% to 60% over a

period of three hours, and they_postulated the formation of
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g non titratable boron-oxygen complex which slowly rearranged
to a peroxide:

Fagt S1
RB  + 0, = R;Bi0, ==2"» R,BOOR (xxxiv)"

3

Davies and co-workers failed to reproduce this work*3 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 mechagism was not compelling
and could be applied equally to their proposed free-radical

chain mechanism:

R* + 0, — RO0O- : (xxxv)
ROO: + RB ——s [ROOBR3] . (xxxvi)
[ROOBR3] . —— ROOBR, + R. (xxxvii)

In this same year positive evidence for such a mechanism
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was provided by Davies and Roberts from their studies on the
autoxidation of optically active 1—phen§$§gronic acid.29’5.3
The reaction resulted in a racemised product,
dihydroxy-l-phenylethylperoxyborane, which indicated the

involvement of a symmetrical intermediate:

Ph Ph
| OH | OH
b 0 e
Me-C-B 2 Me-C-0-0-B (xxxviii
1 NoH ; l oH )
H H
Active ' Racemised

The autoxidation was'inhibited by small amounts of
copper (II) N,N-dibutyldithiocarbamate, or galvinoxyl.
A short time after this, Allies and Brindley publishead
gimilar results for the autoxidation of optically active
di—isof-pinocamphenyl--_s__e__t_:_-butylborane.54 They too observed
extensive racemisation in the product and showed the reéction
could be inhibited by galvinoxyl, phepothiazine or copper (II)
,N_gibutyldithiocarbamate. 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,3o 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:

N =0 —> R-0-N =0 (xxxix)
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Furthér, the difference in activation energies for the
absorpfion of the first and second mols. of oxygen by
tributylboranes was clearly demonstrated. At =74°C the

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

reduced, and in the caseof tri-n-butylborane was negligible..

The following stepwise scheme was postulated for the

autoxidation process:

R3B + 05 Re (x1)
R + 0, ——> ROO- | (x1i)
ROO* + R3B —_— ROEBR2 + R. (x1ii)
ROO* + ROOBR, —— (ROO),BR + R+  (x1iii)
ROO * + ROO. ——» Stable Products - (x1iv)
R3B Lo (ROO)ZBR —_— 2 (RO)QBR (x1%)

Reéctions (x1ii) énd (x1iii) are both SH2 reactions at a
boron centre, and the differences in activation energies for
these two reactions result from a p7t¢ electron back donation
from the oc —oxygen atom to boron.

Following this work, the autoxidation of triethylborane
was studied by Grotewold and co-workers both in the liquid55
and gas phase856 and they further substantiated.the
autocatalytic free-radical chain mechanism. It is
interesting to note that they found iodine was a successful
jnhibitor in solution, in quite small quantities, in contrast

to the work of Hansen and Hamann.so
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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 357,

TABLE 3

Relative Rates

ALKYL-B_ > ARYL-B\\ -= VINYL-B__

i > secp_p~ s> primp g~ > ol

-
~ ~ 3_B\\

R,B > R,BX > RBX, (X=Halogen, OR, OOR, Ol)

R,BF > R,BCl > R,BBr > R,BI

R,BF > RyBOR > R,BONa
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 7¢ electron back donation from the
o ~atom to the boron - the greater this contribution, the
slower is the rate. Steric factors can also affect the
‘rate of aﬁtoxidation; thus trimesitylborane was completely

inert to oxygen and tri-l-naphthylborane, at 2500, only absorbed
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0.5 mol. of oxygen in 50 daysSS. The effect of one factor

that is dlfflcult to judge is the stablllty of the displaced
radical. Obviously, a very stable radical will give a
considerable 'thermodynamic drive' to the reaction.

The series given in Table 3 are basically correcct, 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 apprecigted until quite

.recently.30

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 that for galvinoxyl, n=1.30159,60

An alternative method, described by Brown et 3l§1,
ﬁtilised 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
sutoxidations has been made recently by Ingold, Davies et al. 59
and. Ingold et gl.GO. In these papers, absolute rate
constants for the SH2 propagation reactions (x1i) are listed.

Because of the great relevance of all these kinetiec

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

4in later chapters.



~51-

6. Organoperoxyboron Compounds.

The evidence for the existence of organoperoxyboron
compounds which had been suggested as intermediates in the

37

sutoxidation reactions became increasingly strong, and in

1956 and 1957 compounds of this class were prepared and

40

isolated both from autoxidation and nucleophilic

substitution reactions.4l

Nucleophilic substitution was used to prepare
triperoxyborates which could not be obtained from autoxidation.
Tri_i_butylperoxyborate was prepared by the reaction of boron

trichloride with t-butylhydroperoxide at room‘temperature:4l

1 t
3°C,HgO0H  + BCl, —> B(00°C,Hg)y +  3HCL (x1vi)

It was found that this peroxide was very susceptible to

hydrolysis and alcoholysis:
t o ' +
B(007CyHg)y +  3ROH == B(OR); + 3°C,HgOOH  (xlvii)

This reaction was an equilibrium and by adding excess

hydroperoxide to a borate, it was possible to prepare the

peroxide.

Recently, Russian workers have devoted much attention to
the synthesis of mono and diperoxyborates by nucleophilie
substitution. In a typical experiment, di-n-butoxy

§_buty1peroxyborate was prepared from di-n-butoxychloroborane

and g-butyl hydroperoxide:62
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("Bu0),BCl  + °Bu0OH — ("Bu0),B00°Bu 4+ HCL  (xlviii)

The structure of the compound was confirmed using infra-red.

and proton magnetic spectroscopy.

Maslennikov et al. described an alternative method of
preparation using the sodium salt of the hyd,roperoxide.63
This resulted in the preciﬁitation of sodium chloride which

was filtered off to leave asolution of the peroxyborate.

The autoxidation of trialkylboranes in solution produced
the alkyldiperoxyboronates, and yields were virtually

quantitative providing the reaction was done in dilute

solﬁtion and with efficient gas/liquiad mixing.46’49'3o
0,
R3B + 0, —> ROOBR, ——— (ROO)QBR (x1ix)

The peroxide could be isolated by removal of eolvent and
their structures have been satisfactorily confirmed, e.g.46
At room temperature the diperoxide was quickly formed,
but Allies and Brindley have shown that at -74°C the
autoxidation of the tributylboranes siows considerably after

30 Although never

the absorption of one mol. of oxygen.
jsolated, it seemed beyond doubt that the product at this

stage of the reaction was the butylperoxy dibutylborinate.

Rearrangement and Decomposition Reactions.
Organoperoxyboranes, other than the peroxyborates, have

a remarkable ability to undergo nucleophilic rearrangements



in the absence of other reagents, and this has 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
64

acetic acid solution:

R R
| ) ut Iy /i H20
R2C-O—O—R' —— R20—O—(I)R'
H (x1x)

> R,CO + ROH + R'OH

Tt has been shown that the migration of R occured either
simultenecously or very soon after the loss of R'OH.65
A detailed study by quyman and Van Steveninck confirmed this

and their evidence appeared to favour an intramolecular

mechanism.
1

Peroxyesters rearranged in a similar manner and in some
cases the reaction occ@?ed in the absence of acid catalysis.

Esters of deczhydro-9-naphthyl hydroperoxide rearranged on -

standing to give the isomeric ester:6'7
~ 0
(11)
0-0~-C-R 0-C-R
I I
0 0

The rate of reaction increased with an increase in the strength
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of the acid, RCOQH, and also with the dielectric constant
of the solvent. This led Criegee and Kasper to suggest a
synchronous intramolecular process by analogy with the

Beckmann and pinacol-pinacolone rearrangements:

] &~ it
0-C-R ,°0-C-R 0-C-R

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
perchloric acid.68

" The Baeyer-Villiger reaction for the conversion of a
ketone to an ester involved a similar peroxidiec rearrangement.
The production of the ester was achieved by treating the
ketone with hydrogen peroxide or more usually a peroxyacid:

RR'CO + R"CO3H —» R'CO.OR + R"COOH (1iii)

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
% ' ‘/l/V 9 +
Ri-G-0 + RO —> R'-G-0:0-8-R" —p mi-g-oR 0
of OH +  OCR"

l (1iv)
R'-G-OR  + R"CO,H
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Similarly to reaction (1li), polar solvents increased the rate
and the reaction was subject to acid-catalysis.70
Hawthorne and Emmons alsé found that the nature of R"

influenced the migratory aptitudes of R and R',7O and this

was good evidence that the rearrangement was a synchronous

process.

The rearrangement of organoperoxyboranes was firsf 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. 2The half-life in the gas phase at

room temperature was 60 days.

CH,00B(CH;), ——>  (CH;0),BCH, (1v)

3
Davies et 2l. studied the rearrangement of iso-butyl

di-iso-butylperoxyborane using proton magnetic resonance
spectroscopy.7l The doublet due to the methylene peroxy

group gradually diminished and & new doublet appeared at a

slightly higher field, and this was attributed to the

methyleneoxy group:

CH3

(1vi)

CH
™ cH-Cil,-0-0+-B'¢ H, —> 3\0H CH..-0)\—Bool
V4 2 479 J/ 2 07CyHy
H 2

C CH3 2

In a later paper, Davies and co-workers showed that in
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the dompound iso-butylperoxy i-butylperoxy iso-butylborane,

the iso-butyl grouﬁ was preferentially reduced:46

i t i i t .

( C4H900) ( C4H900)B C Hg —= ( 04390)21300 Bu (1vii)
Davies suggested that this evidence was consistent with a
1,2 nucleophilic rearrangement and he favoured an

intramolecular rearrangement by analogy with the Baeycr-

Villiger reaction previously mentioned:

R |
I///T& ///OR
—B—0 . e —B (lviiin

.\\\_é-———R \\\OR

Murviss favoured an intermolecular mechanism, 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

12

concentration of peroxide was markedly lowered. Also, the

addition of excess tri-n-hexylborane to a partially

autoxidised solution of tri-n-butylborane led to a large

13

reduction in the peroxide ‘concentration. Murviss proposed

the following mechanism to account for these reactions:

| pa

~N ' ~
—B<«—0 — /B—OR + /B—-OR (1ix)
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The reaction between borane and organoperoxyborane was

50 who found that a mixture

also studied by Hansen and ﬁamann,
of triethylborane and the peroxide initiated free-radical
polymerisations. In the presence of iodine, ethyl iddide
was formed and this was suggested as further evidence for an

initial induced decomposition into radicals:

CoHg=B-Cylly H5CQ.\ | HSCQ\
(‘ Colly  —* /B—OCQHS + Coiy 4 B-0*
c2H5o-OB\ | HyC | HeC;
Colls (1x)

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
organoboron-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

62

di;g_butoxy §-butylperoxyborane in nonane s=olution. The

reaction proceeded at a measurable rate at temperatures above

100°C and was first order, with an activation energy for the

spontaneous decomposition of 30 xeal.mole. L. No rate

constant was quoted. >Similarly, tri-n-butylperoxyborane

decomposed with first order kinetics and an activation energy

~of 32.6 kcal.mole-l.74 These values are quite similar to

those found for organic peroxides, which were usually in the

range 30-40 kcal.mole_l. Typically, the decomposition of

di-o¢-cumyl peroxide was first order and the activation

energy determined was 34.5 xcal.mole ™+, 72

7. Organoboron Compounds as Polymerisation Initiators.

As we have seen, the first indication that organoboron
compounds could bring about vinyl olefin polymerisations was
made by Grummitt in 1942.37 A considerable degree of
polymerisation occurred when vinyl acetate was heated in
air with partially oxidised tri-n-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

17 In contrast to the work

tributylborane as the initiator.

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 6xygen was not then understood.
The idea that these polymerisations involved a free-radical

mechanism was first tehtativel& suggested by Ashikari,78

and in the following year he and Nishimura provided positive

79

evidence for this. They determined reactivity ratios for

g number of vinyl monomer .combinations initiated by
tri-iso- butylborane.

The values obtained were very similar to known values
for free-radical polymerisation proceéses. Ashikari and
Nishimura made a further important observation by stating
that, although the experiments were performed under nitrogen,
it was most probable that residual ox&gen played an important

role in the initiating mechanism.

The Importance of Oxygen.

By 1958 it was becoming increasingly clear that oxygen
piayed 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 mondmers 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 nitrogén 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

81,82,83

polymerisation occurred, although Fordham and

co-workers found that\vinyl chloride would still slowly
polymerise (1%/hour), even after having taken very vigorous

84 It may well

precautions against the inclusion of air.
have been that in this case thé 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 well known that boron peroxides
existed and Davies et al. demonstrateé that the newly
synthesised triperoxyborates were effective initiators for
styrene and methyl methacrylate polymerisations.41
Furukawa took up this theme and suggested the role of oxygen
in borane initiated polymerisations was to bring about the

85

formation of an organoperoxyborane. This prior formation

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

an important step in the initiating mechanism.Bq In a short

paper, these workers reported on methyl methacrylate

polymerisations initiated by tri-n-butylborane and an
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autoxidised solution of the borane. This latter solution.
was stated to e the monoperoxide but with the benefit 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, namely,

-a_[v] = K [13313]% [RQBOOR]% [M] - (1x9

dt Initial
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 initiating radicals:

R3B + M _ R3B : M . ( 1xii)
R3B ¢+ M+ R2BOOR — R3B ¢+ MRO* + R2BO' Qxiii)
R3B : MRO’ + M — N Qxiv)
RQBO'

Peroxide or borane alone were found to be ineffective catalysts.
About the sare time, Zutty and Welch suggested a reaction
between the boron alkyl and autoxidised boron alkyl as the

jnitiating species in trialkylborane-oxygen catalysed

polymerisation5-82 These workers were not convinced that the
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co-catalyst was a boron peroxide, but proposed that it could
be a transitory intecrmediate in the formation of the peroxide
from the organoborane.

The idea that an organoborane-organoperoxyborane rcaction
was the pertinent factor of trialkylborane-oxygen initiated
polymerisations was further substantiated when Welch published

8
3 The bulk polymerisation

the resultsof a detailed study.
of methyl methacrylate, initiated by triethylborane-oxygen
mixtures, was followed by product analysis and Welch proﬁosed

the following scheme to account for the initiation:

R3B + 0, —_— ROO]?R2 (1xv)
R3B' + ROOBR, —> R3B + RO. + R,BO- (1xvi)
R,BO' + RO 4 A ——> 2 (1xvii)
i.e., 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 (1xvi)

A similar effect was noted at the other extreme of concentration

fatios, and this he explained by considering that any peroxide

formed was rapidly destroyed by excess borane, reaction (1lxvi),
which would not give sustained intitation. The maximum rate
of polymerisation occurred when the concentrations of borane and
oxygen were about eaqual, conditions under which reaction
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(1xvi) 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 céncentration ratios by altering
only the concentration of oxygen, but Hansen extended this to
include varying: triethylborane concentrations. Although the

kinetics were complicated, at low oxygen to borane ratios

the following rate equation was found to apply:

1n. () = k] PO [mp]y - [op] F
[m] Initial |
(1xviii)

initial monomer concentration.

],

Em] = monomer concentration at time t.

The square root dependence on oxygen concentration had been
noted previously by both Welch83 and Bawn86. This equation

predicted a maximum initial rate at [?t3B] = 2 [02]
and Hansen showed this to be approximately correct, which was
a contrast to Welch's findings of a maximum rate at

EEt3B] = [02] . The energy of activation for the

polymerisation was determined and had a value of 2.4 kczatl.mole-l

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

put in contrast with that found by Bawn of 12.9 keal.mole 1,86

Finally, Davies found that di-iso-butylperoxy iso-butylborane
jnitiated the polymerisation of acrylonitrile equally as well

46 However,

as a mixture of tri-s-butylborane and oxygen.
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 - Orgénic Peroxide Initiators;

Meanwhile, the usefulness of this kind of initiation
aystem had been investigated by Furukawe et al. They found
that a mixture of triethylborane and an organic 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’ ]
R.B + | —> |R,B" + | —> R.BOR’ + R0 + R-
3 :0° 3 0+ 2
[ -
<07 ’?’ (1xix)
Ilz' R
: j

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 triéthylborane - organic peroxide
mixtures.89 The system worked satisfactorily,;and from the
polymerisation data, they were able to deduce information

concerning the nature of the reaction of borane and peroxide.

Three initiation reactions were postulated:

Peroxide  —>= 2 ROO" Ry (1xx)
Monomer (+ Et3B) — 2R’ R, (1xxii)
Peroxide + Et;B ——> 2R’ R3 (1xxii)
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and expression (1xxiii) was derived:

R, = (R°- R° - r,%)? (1xxi11)
where Rp = rate of polymerisation.

At low triethylborane, high peroxide concentrations, the
stoichiometry of reaction (lxiii) was 1l:1, and when the
peroxide was di~t-butylperoxide, the reaction had an activation
energy of 10 kcal.mole-l. Although unable to detect
free-radiéals from reaction (ixxii) Grotewold et al. suggested

a similar mechanism to that of Furukawa:

Et3B + ROOR — EtQBOR + Et* + RO’ (1xxiv)
Initiation by Borane - Donor Complexes.

Several authors have explored the possibility of using
thesé complexes because they are much easier to handle than
the free borane. Although he gave no details, Ashikari
stafed that compounds of the type }N:BR3 had no initiating
ability.so He suggested that this was due to their inability
4o form the borane-oxygen adduct previously discussed (p 42).
Phe results of this work were completely contradicted by
Noro and Kawazura.go These workers reported that the
triethylborane-ammonia complex readily initiated vinyl
polymerisations in the presence of air. The complex was

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

4

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

o1 In the absence of donors,

effective than free borane.
and as the oxygen to borane ratio was increased, the rate
of polymerisation of vinyl chloride increased to a maximum
at [02] / [h3B]-= 0.3 after which any further increase
resulted in inhibition, in agreemént with other workers.83’87
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 al. suggested
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
92

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

Kojima and co-workers showed'a satisfactory rate equation was:
R = k. [Complex] % DM] (1xxv)
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.

Bu3B + Dopor == Complex (1xxvi)

Complex —> Radicals (1xxvii)
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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 these inhibitors, if a small amount of borane was added,
under nitrogen, polymerisation readily occurred. This led

him to suggest a mechanism involving a borane-propagating

radical complex which facilitated polymerisation even in the

presence of inhibitors:

c-C* + RyB == [—c-c ’ BR3] (Llxxviii)
Pc_c' Bgﬂ + C=C —> -C-?--——?R3 (lxxix)
C----C
..c_(‘) - }.3R3 S [—C-—C-—C-C_ ¢ BR3] (1xxx)
c---C
94

Brindley and Pearson questioned this mechanism, 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

30 .
and Brindley and Pearson therefore pointed

autoxidations,
out since autoxidation still occurred, polymerisation would

be readily initiated by chain transfer. They further

reported that galvinoxyl, an effective borane 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 radicqls displacing a radical from the

borane (an BH2 reaction) and hence giving a growing polymer

chain.
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CHAPTER 3.

¢’ — BONDED ORGANOTRANSITION 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 o”-bonded alkyl
groups, and attention will be focussed on the early transition
mefals (Groups IVa to VIa). Except for a few isolated
examples, stable éompounds wi%hin‘this class have only become
known in the last two or three years and this can be
attributed to a basic lack of understanding of the reasons
for their apparent instability. The existence of ¢ -bonded
organotransition metal compounds as labile intermediates. in

catalytic processes, has often been postulated.

1. Introductory Survey.

. In the 1930's following a lack of success in the
preparation of o -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 carbohn bonds .t

" However, some twenty years later some degree of success was

achieved with the isolation of phenyltitanium tri-isopropoxide
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This was the first compound prepared containing an early
transition metal to carbon bond. It was quite stable but
subseaquent vattempts by these workers to form'compounds of
the fype PhnTiX4_n showed that the stability decreased
drastically as n was increased to two and three.5  1In tfact,
stable compounds were only formed when n was less than two,
and X was a highly electronegative group, such as halogen or
alkoxide.3 A similar affect was noted for the methyl
titanium c_hIorides.4’5 Also during this period of time,
work by Zeiss et al. on phenylchromium 7¢-complexes,
generated interest in ¢” -bonded phenyl chromium compounds.7’8
Most of these compounds were stable only in the presence of
donor solvent molecules. For example, the reaction of
phenylmagnesium bromide with chromium (III) chloride in

9

tetrahydrofuran gave tris-(tetrahydrofuran) tri-phenylchromiums:

3C4H80 + 3PhMgBr + CrCl3 S Ph3Cr(OC4H8)3 + 3MgBrCl

| (1)
This was & bright red complex, shown by magnetic measurements
to be a sigma complex, but on removal of the co-ordinated

tetrahydrofuran, it rearrangéd to a black solid, which on

hydrolysis yielded 7Y -complexes:

= O

-3(¢,Hg0) , H30 crt *: oer

Cr(0C,Hg) 4 (11)
’ @@
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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

5 The analogous phenyl derivative

decomposed above -10°¢.
was similarly found to be very unstable decomposing to
. biphenyl and diphenyltitanium at temperatures above -3000.10
The latter compound was found to be more stable than its
quadrivalent analogue.
- =30°

Ph4Ti —_— Ph,Ti + Ph-Ph (1i1)

It would be instructive at this point to consider 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.11 " 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 ang strong
bonding would not occur. The effectof the large
electronegativity difference between titanium ang chlorine
causes considerable polarisation - a contraction of the
titanium orbitals and an expansion of the chlorine orbitals-
and consequently good overlap occurs between fhesé atoms,
giving strong bonds. He further suggested that such

polarisation would not occur to such an'extent between the

electronegatively similar atoms of titanium ang carbon, and
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thus it was not surprising that strong bonds were not formed.

This argument also applied to the increase 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
carbon bonds.12 Thermodynamic stability relates to the‘
intrinsic strength of a bond whereas the kinetic stability
i1s 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 ituto 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 ehergy diagram, Figure 1.

Green therefore suggested that factors affecting the kinetic
gtability 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 Gfeen

suggested rather than a purely homolytic dissociation, the
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\ .
Energy. Transition.

atate

JDecomposition
Energy (relates to
thermodynamic
stability)
v Stable products

Figure 1. Potential Energy Diagram for the Formation and

Decomnosition of a Transition Vetal Alkyl.

decomposition could well involve P - interactions giving risé

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

| l_
-C - ,C—
l ," M | |
- - — M~-C - — 'y = C=C -
" ? YWAY/ . |
(iv)
Wilkinson13 extended the theories proposed by Green.

Firétly, he suggested, with respect to the thermodynamic
gtability, 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 such
bonds were quite stable, e.g., the dialkylamides, M(NRQ)nl4,15

Secondly, considering the kinetic stability, Wilkinson proposed
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that the most common mechaniem for the destruction of
transition metal to carbon bonds involved the elimination of

an olefin:

M - CHy-CH,-R === M-l + CH,=CHR (v)
This then waé the heart of the argument; viz., organic groups
unable to form olefins should form the most stable carly
transition metal organometallie compounds. Wilkinson et al.
substantiated this suggestion by the isolat;on of many stable
organotransition metal derivatives of the trimethylsilylmethyl
group [(CH3)3SiCH27] .13’16

of'oxygen, were considerably more stable than the nethyl or

These compounds, in the abasence

phenyl derivatives described earlier, and could be stored for
weeks at room temperature. In a later paper, Wilkinson et al.
also reported the preparation of several stable neopentyl
derivatives.

Fvidence for this idea was also provided by Tamura and
Kochi who had prepared many dialkyl manganese compounds and
gtudied their decomposition 'in situ'.l8 The benzyl, methyl,
and neopentyl derivatives were by far the most stable, and
obviously these groups forbid reaction (v},

Lappert et a2l. also prepared several siable
trimethylsilylmethyl transition metal compounds, although
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, although any
theoretical explanation for their stability was not proposcd.2o
In a later paper, these workers publiched details of the

properties of these compounds.21

2. Synthesis -

A Teature of all of the preparative methods is the great
necessity to exclude oxygen during all stages of the recaction.
There are three major preparative routes and the most common
of these is transmetallation.  This invariably involves the
interaction of a transition metal halide with the Grignarad
or.organolithium reagent. For the less stable alkyls, such
.as tétramethyltitanium, this reaction was done at low
temperature, usually below —SOOC, and the pure alkyl was

®  he elinmination prohibiting

obtained by removing the solvent.
compounds were prepared at room temperature, and after removal
of thé solvent, purification was achieved by column
chromatography.l6 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 Qith a complex metal anion and has only been used to
prepare o -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 appropriate alkyl or aryl halide

at low temperature:22
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+
[ﬁ_c5H5W(co)3] , —NeE, ng [7¢ -cHgW(co),] ~

1Et I
'_ - ) W V]
7Y =CHV(CO) Et

(vi)

This technique is not applicable 4o the production of fully
alkylated derivatives.

The last general method involves the rcaction of an
alkene with a metal hydride, and is analogous to the
hydroboration reaction discussed previously for the

preparation of organoboranes (p.3).

(Et3P)2Pt01H + C2H4 = (Et3P)2PtClCQH5 (vii)
This reaction was done at 95°C and at 40 atmospheres pressure.23
However, it is obviously the reverse of reaction (v) and is
only useful for the preparation of o¢"-bonded 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 0 -bonded organic group are those outlined

above.

3, . Properties.

Because of their somewhat recent discovery, our knowledge

of these compounds is limited. Those compounds containing

‘gtabilieing 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 Stiucture.

Wilkinson et al. investigated the structure of hexakis
(trimethylsilylmethyl) bimolybdenum using X-ray diffraction,
and they concluded that each metal atom had a distorted
tetrahedral structure.17 They gave the following bond angles,
Mo-Mo-CH,, 100.6°, and Mo-CH,-S51 121.1° and found the metal-metal
bond was 2.1674 in length. In a later publication,l®
Wilkinson, using a simple molécular orbital treatment, discussed
the bonding in this compound and proposed that the metal-metal
bond was a triple bond,vformed by the six d electrons, with
dZQ as the ¢ -bond and dxz and dyZ as 77 ~bonds.

X-ray diffraction was also used by G.R. Davies and
co-workers to study the structures of the benzyl derivatives

24,25 All of the

of the Group IVA transition metals.
structures were found to be distorted tetrahedra. For
tetrabenzyl zirconium the bond angles were, CHQ-Zr-C}-I2 95°
(mean value), and Zr-CH,-C 92° (mean value). They proposed
that this distortion was the result of a 7Y -interaction
between the aromatic rings and vacant orbitals on the metal
atom. |

The orbitals used in bonding in these q° tetrahedral
structures is not clear because the three p orbitals and
the three d orbitals (dxy' d ,» and dzy) are of the same
symmetry class and thus they mix with 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 (7v -cyclopentadienyl) dialkyl complexes of titanium and
zirconium, although it seems probable that they will closely
recsemble the corresponding dihydrides and dichlorides.12
In these compounds the cyclopentadienyl (Cp) rings are
non-parallel, and the Cp-M-Cp bond angle can range from 135%
t0 1750. The bonding involved in cyclopentadienyl complexes
is discussed fully and clearly by Green,12 suffice it to say
here that it can be envisaged as an overlap between filled
7¢ -orbitals of cyclopentadiené and vacant orbitals on the
metal, of suitable symmetry.
Thermal Stability.

Many'papers have been devoted to. the study of the mechanism
of the decomposition of organotransition-metal compounds,
which were usually prepared and studied 'in situ'.18326'27'28’29
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 of alkyl chromium systems.g7a’b

(a) P -metal hydride elimination,

(v) o -metal hydride elimination,

(e) Hydrogen transfér from solvent to an alkyl group,
(a) Hydrogen transfer from the f?-bosition of one

alkyl group to the «£-position of another,

sneeden and Zeiss summarised these fragmentation modes: for a

dimeric chromium compound as follows:27b
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RCD,CH, —~CD,R
S~-c_.pp-— “»-\ _— CH,CD,R
P Cr\\\ =Cr - 2772
S-7 | CH~ TS5
RCD,CH, éDz CH,CD,R Celi5CH,CH -
R S= Tetrahydroiulan
(a) (b)l (¢) (d)
RCD=CH, RCD= CHD RCD,Cliy RCD,,CH,,D
+ . o+ +
"p-Cr" "H-Cx" RCD=ClH, RCD=CH,
’Figure 2; Decomposition Routes of a Dimeric Orsanochromium
Comnound.

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.3®  This black
precipitate had been observed previously and was found to be
pyrophoric,3l and it may well have been dimethyltitanium by
anaiogy with the decomposition of tetraphenyltitanium which
yielded diphenyltitanium and biphenyllO (equation iii). The
thermal stability of this biphenyl derivative was much increased,

relative to the tetraphenyi compound, and it was at low

pressure and 200°C that it decomposed to yield biphenyl and

10

metallic titanium. Diphenyl dicyclopentadienyl titanium
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similarly decomposed to yield biphenyl and dicyclopentadienyl
titanium (II).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:
( 71-C5H5)2Ti(C6H5) —_— 7(-05H5)2T1406H4 + C6H6 (viii)

The nature of the phenylene derivative @as not clear.

The trimethylsilylmethyl compounds were much mnore 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
analogue was stable indefinitely at —3000.16 " Tetrabenzyltitanium
andtetrabenzylzirconium did not degrade at all in the solid
phase, but slowly decomposed in hydrocarbon solution at room
temperature;2l These two compounds were effected adversely
by 1ight.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)
35

adducts:

Cr-Cly(py), + Ph-CHyCl + py —> Ph-CHé—Cr—Clgz(py)3 + Cl™  (ix)
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Ortho- and para- dichlorobenzyl derivatives were prepared
similarly, and all of these complexes were stable for months
at -5°C undér nitrogen.

Wilkinson et al. also observed the unusual behaviour of
éhromium (III) alkyls.l6 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 isolation of tetrakis

(trimethylsilylmethyl) chromium (1Iv):16

4 Me3SiCH2Pi + CrCl;(0C,Hg)y —> (MeyS1CH,),Cr™ + 3C,HgO
+Li* + 3 1ic1 (x)

[o]

(Me,S1CHp) ,Or” —4 >~ (Me;5iCH,),0r v (xi)

Autoxidation.

A very distinctive feature of mahy 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
found among the products.lo - Tetramethyl- and tetraphenyl-lo
titanium were equally reactive. Wilkinson and co-workers
noted that all the‘trimethylsilylmethyl compounds were

16 The solid molybdenum and tungsten

sensitive to air.
derivatives were reported as being stable for short periods

‘in air, but soon darkened and the end product appeared 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.
filled), during chromatographic purification, they obtained
the oxo derivative, [}CH3)3SiCH2] 3 Vo. Whether this
was formed as a result of reactiom with the column packing
or residual oxygen was not clear., A more detailed study
of the reaction of oxygen with o -complexes, was made by
Giannini et al. who showed that both tetrabenzyltitanium and
tetrabenzylzirconium reacted with 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 oxidatibn, and the autoxidation

of the titanium derivatives has been reviewed.36

Typically,
the autoxidation of methyltitanium 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.37

The autoxidation of some chromium compounds has also
been investigated. Thus the yellow compound
bis—g—methoxyphenylchromium, formed by the reaction of
g—methoxyphenyllithium and a chromium (II) halide, 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

5 Hy0 + C6H50H2Cl + Cr(ClO4)2 —_— Cr(CH206H5)(H20)5(0104)2
e + Cl™ (xii)

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.

Since all the early transition metals have vacant orbitals,
it is not suprising that these o¢° -bonded complexes should behave
as Lewis acids. Tetramethyltitanium formed a number of 1:1

4Oand bidentate41

and 1:2 adducts with a variety of monodentate
ligands. fhe formation of these complexes appeared to
increase the thermal stability of the tetramethyltitanium.
Thus, various diamine complexes were stable for hours at
0°c 42 in contrast to free tetramethyltitanium which would

5

rapidly decompose at this temperature. It has been suggested

that the increased thermal stability was due to the transition
metal atom more closely approaching an inert gas configuration43

although Wilkinsom thought it more likely to be a result of

the blocking of sites required for decomposition reactions.16

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

and tetrabenzylhafnium with a.variety of donors using nuclear
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44

magnetic resonance spectroscopy’ . They found 1:1 adducts
" were formed with pyridine, quinoline, trimethylphosphine and
tetrahydrofuran, and that these compounds existed in

equilibrium with the dissociated species:
(C6H5CH2)4M + DONOR:;=£=(06H50H2)4M DONOR (xiii)

The equilibrium quotient for the reaction between pyridine
and tetrabenzylzirconium was 12.6 at 4OOC. There was no
evidence for the formation of a 1:2 complex with pyridine

which was in contrast to tetramethyltitanium38

and presumably
resulted from increased steric crowding around the central
metal atom. However, with 2,2'-bipyridyl both the zirconium
end hafnium compounds formed insoluble red complexes, and the
authors suggested, but did not establish, that the bipyridyl
functioned as a bidentate ligand to form a six co-ordinate
complex. The tetrabenzyltitanium"formed a gimilar derivative

and this has in fact been used as a method of isolation.t?

Reactions with Protonic Species.

Attempts. to cleave the metal-carbon bond with water, acidé,
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 al. studied the reaction of several protonic species with

tetrabenzylzirconium and titanium, and the general reaction

may be written as:21

L

X + CéH CH (xiv)

M(CH '
( 2061{5)4 + HX —— M(CH206H5)3 5CH,
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Where X = F,C,Br,I,0Et.
With excess reagent, all of the organic groups were replaced.
Tetramethyl- and tetraphenyltitanium behaved similarly, releasing

41

methane and benzene respectively. These reactions are

presumably examples of nucleophilic substitution at the metal
centre. .

In contrast, water and dilute acids did not attack
hexskis (trimethylsilylmethyl) dimolybdenum, but, strangely,
~the tungsten analogue reacted rapidly, but no information
was given concerning the naturé of the products. The
molybdenum compound was, however, readily attacked by glacial
acetic acid to give 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 appeared remarkably

inert.l6

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 + PhCHQCrClz(Py)3 + 3HClO4 —— PhCHZCr(HQO)5 +

3pyHY + 2017 + 3c10,

(xv)

This compound had been previously reported and was found to be

39

stable for about 56 hours in solution. Several of these

46,47

compounds are known 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 o -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 trendg:‘
However, it wduld dppear that in comparison with other more
well kﬁown organometallic compounds such as those of boron,
gluminium, lithium, etec., 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. Organotransition-Metal Compounds in Catalytic Processes.

Much of the work 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 madeiof 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 Halcon 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 performed homogenously and thus it is necessary

to have the transition metal in a soluble form. Typical.

reactions are:
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WVater 48

1-HEXENE RhCl 5, ~_ INTERNAL ISOMERS (xvi)

7 ~nad
1-0CTANE MO(CO)6 > INTERNAL ISOMERS 9 (XVif.l)

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,?9150

It was a general feature of all postulated mechanisms
that there is involved a reversibie reaction between metal and

olefin producing a ¢ -bonded organometallic intermediate which

gives rise to the isomerised olefin. Two @opular mechanisms
are:49’50’5%°

~ b o h e eh. N 4
ot o, O L pHy op o
Ne= = C—CH, == M€ C—CH, == (C—CH (xviii)
1/ Ny H -1 2 H H 2 / 2
1 l an M H
M-t | M-I
7¢-Complex . o0-Complex.
\C
I H
CH Ccd CH CH Ci Cil
/2 &t/fk\/ 2 N /2 (xix)
C=C _ 1 %¢C = C=C xix
n’ | B O | ‘
v " M

7{-Complex
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Scheme (xviii) necessitates the prior formation of a
metal hydride (cf. isomerisation of olefins by hydroboration,
p. 10) and involves a 1,2 hydrogen shift whilst mechanism (xiv)
involves a 1,3 hydrogen shift. '
Tetrabenzylzirconium was an active eatalyst for these
reactions providing the reaction was done in the 1ight.2l
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‘compounas act in the reverse 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:

,

H, + OLEFINS (PhyP)sRNCL  pamappons’? (%%)

o . ceryiEng  Et/Sn Complexes, ETHANE?> (xxi)
2 b LING o |

Reaction (xx) proceeded rapidly at room temperature in benzene

solution under one atmosphere of hydrogen and wés applicable

22

to all olefins except ethylene. 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 mechaniem

W&S:52
Ho
Ph,P),RhCl
(PhyP), —=—  (Ph;P),RhH,C1 (xxi1)
B -
H - R
— - |
Ph3P\l|2h—-—H R,C=CI, N ~ o—R
Ph,P | kh = I
’ Ccl H.--" (,}\H
H
(11) - i
(xxiii)
R, CHCH ,
> 3 + (PhyP) RCl

The hydride (II) could be isolated and was a very powerful
reducing agent, and reacted with ethylene to give ethane. 22
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 agueous solution of rhodium

54

trichloride as catalyst. Acetylenes can be trimerised by a

_variety of catalysts to give substituted aromatic compounds.

Typical was the cyclisation of diphenylacetylene by
triethylchromium to hexaphenylbenzene, the triethylchromium
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being used as its tetrahydrofuraﬁ complex.55 The postulated
mechanism was:56
THE PhCZCPh
4CPh PhC.-
PhCY l /\"CPh Ph__ Ph
3PhC=CPh, Cr —> DY Ph
7
Tt LNt Ph>—%h

(xxiv)

EY Lt

The acetylenes vere believed to enter stepwise since dimerised
prdducts were often obtained, as were compounds including an alkyl
group trensferred from the organometallic compound. Thus -in. the
above~examnple, & minor. product was-ly2 354,-tetraphenylbenzenc.55

Olefin polymerisations can be aéhieved by the use of
zeigler-Natta catalysts. These catalysts are made from an
organometallic 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 tetrachloride-
triethylaluminium.  These.are all heterogenous catalysts
and they are highly stereospecific.?! The mechanism of these
reactions is not yet entirely clear, although it does seem
probable that the polymerisation involves growth at the metal

centre by an insertion reaction:57

M-R + RC= CRé — MRéCCRéR etc (xxv)
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It is the nature of the intermediate which is not understood,

57,58 Giannini

although several suggestions have been made.
et al. investigated the catalytic effectiveness of
tetrabenzyltitanium and zirconium and some substituted
derivatives.59 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 polymers formed, the cohpounds investigated were only
precursors of the true catalyst.

Ballard and Van Lienden made a detailed dilatometric
gtidy of the polymersisation of styrené, using a tetrabenzyl
zirconium catalyst;6o They found that the reaction was
photochemically active and that three different processes
occufred depending on the wavelengthi
(a) A > 600 n.m. - The rate of polymerisation was
unchanged from its value in the dark, and they suggested that
the polymerisation involved a co-ordinated - anionic type
mechanism.
(o) 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 consistert with homolytic
decomposition. l

(c) 600> A Y450 n.m. - The polymerisaticn rate was similar
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. to the 'dark rate' but was photochemically activated. The
propagation reaction was suggested as involving attack by

monomer on a complexed species of the type:

CH,=CHPh

2|
(PhCH,) ; — 2T — [fH - CH, ] CH,Ph
Ph
A similar process to reaction (xxv).

Hydroformylation.

This is an important industrial ﬁrocess for the conversion
of olefins into aldehydes or ketones by reaction with hydrogen
and carbon monoxide. The compound usually added to catalyse
the reaction was dicobalt octacarbonyl, but Karapinka and
Qrchin showed the true catalyst was probably cobalt tetracarbonyl
hydride.61 The process involves treating the olefin, at high
temperature, with a mixture of hydrogen and carbon monoxide
at 30 to 100 atmospheres in the presence of the catalyst:

002(00)8

CH, = CHj, + H, + CO > CQHSCHO (xxxvi).
300°C/100 At.

Studies by Heck and co-workers suggested the following

mechanism for the process:62"63
coz(co)B + H, —> 2 Co(co)4H (xxvii)
HCo(CO)4 + CH, = CH, — CH3CH2CO(CO)4 (xxviii)
CH3CH200(CO)4 Hz-v————- CH3CH20000(CO)3 (xxix).
CH30H20000(00)3 ———>  CHCH,CHO + HCo(CO), (xxx).

' cO

Thus, again the mechanisn involves the formation of a transient

¢’ -bonded organometallic species. Reaction (xxix) is an
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insertion reaction, and the mechanism is probably analogous to

that postulated for the carbonylation of pentacarbonylmanganese

alkyl compounds:64
Me _Me Me
[ e |
0=C—Mn —> 0 = C===Mn > 0= C—NMn (xxx1)

More recently rhodium cdmpounds have been shown to be
very effective catalysts for the hydroform&lation reaction.
Wilkinson et al. investigated various trans - carbonyl -
tris (triarylphosphine) rhodiuﬁ chlorides, and in the case of
the triphenylphosphine derivative concluded that the active
species was dicarbonyl bis (triphenylphosphine) rhodium
hydride ((Ph3P)2(CO)2RhH).65 Using this compound, alkenes
could be hydroformylated at 25°C and 1 atmosphere, giving a
far greater ratio of gtraight 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. effective catalyst and discussed the mechanism of the

reaction.66 The mechanism proposed was basically the same

as reactions (xxviii) to (xxx) 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

olefins with hydroperoxides, molybdenum compounds have been

67 67

shown to be the most effective. A typical reaction was:
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+ Mo(CO)6 +
+ “C HGOOH g 0 + “C,HgOH
1007¢c (xxxii)

The mechanism for this reaction is not fully understood.
Indictor and Bfill found that the products wefe 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

-a [RQ%H] =  k[rooH] [cATALYST] % (xxxiii).
a

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 [ROOH ] [caTaLysT] [OLEFIN ] (xxxiv).

Thig together with other evidence, they sugrested indicated
an ionic mechanism and they proposed the following:

OXIDATION

ROOH + Mo™ > Mo
or REDUCTION

n+

(CATALYST) (xxxV)
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R
. n+ N . N+ -
ROOH .+ MOCAT. = 8+?--- "'_WOCAT. (xxxvi)
) 0
H
R ~ / \ /
00—~ - Wolt + C=C > _C—0C_ + ROH
. CAL. / N\ \y/ |
0, . 0 C(xxxvii)
H RYPR L5
L - +Mopy,

Reaction (xxxvii) was rate determining and they postulated two

possible transition states:

>C:’:—'_:7C< >C\’ -7 —/Ci
\ 4 \ 4
0] o
4 \ / \
R— 0% ]l ! R—0%---"H
n+ n+
Yonar MO npm,

The prior formation of a complex between catalyst and
hydroperoxide was 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 detailed kinetic study of the

 epoxidation of cyclohexene by tert-butylhydroperoxide in the

presence of vanadium acetylacetonate catalysts, !0 They found
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that cobalt (II) complexes and di-t-butylperoxalate did not
catalyse the epoxidation, 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

approachted a limiting value. The following equation applied:

" Rate = k [Vd . (xxxviii)

(l/Dﬂ Kp )-r 1

Where [Vo] is the concentration of vanadium and [P] is the
concentration of hydroperoxide. The results indicated a

reaction, involving the prior formation of a vanadium-hydroperoxide
complex with an acsociation constant Kp, with a rate constant

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:

. .
H
Vo(acac)2 _EEEﬁL_+ V(v) (xxxix)
V /fBu
viv) Ypuoon > v % Kp (x1)
SN

H
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-t
B .
- K
Vo, ! O — O>6'H v v—o<
!

tBu.
/

&‘I + V"—'O" e O + V_ O/

\H
tBu -t~ /.tBU.

V—0( + BuOOH —_— v—0_ + Tnuom

H ' o\
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
1lying @ orbitals which are at least partly unoccupied.
(b) It should not participate in any one-electron redox
reactions under strongly oxidising conditions.

“(e)’ It should form complexés which are not incapable of
undergoing substitution reactions.

There are two main mechanisms by which a transition
metal may bring about oxicdation:

(a) Activation of molecular oxygen by co-ordination to

metal ions.

Bu

(x11) .

Bu

(x1ii)

(x11ii)
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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.7l

They reported
that tris (triphenylphosphine) platinum (0) reacted with'
oxygen in benzene solution to yield a peroxy complex which

then broke down to yield triphenylphosphine oxides

(fh3P)3Pt + 0, —> (Ph3P)2Pto2 + PhyP (x1iv)
h
JESE |
;7 _ -=0 ~ _-OPPh
PhsP—PE I : —>  PhP—Pt_
NURRTI | OPPh, (x1v)
Phy

Ph,P - PH(0PPhy), + PhyP  ——> (PhyP) Pt + PhyPO  (x1vi)

Fxamples of catagory (b) are more common and result
from the ability of the transition metal to catalytically
decomﬁose hydroperoxides. Typically, carbonyl
bis (triphenylphosphine) rhodium chloride catalysed the
autoxidation of diphenylmethéne to benzophenone and benzhydrol,
‘and the reaction could be inhibited by 2,6 di-i-butyl p-cresol.
Further, the addition of tetraphenyl bis (dithiene) nickel,
an efficient perokide destroyer, inhibited the reaction for

several hours, and the proposed mechanism for the initiation
T2

wass:



~106-

el + 2 rooE ——> RATMY 4 2 RO- 4+ 2 0HT  (xlvii)

I

gnIII 4+ 2 ROOH —> BRh' + 2 R0O. + 2 H'

(x1viii)

Stern investigated the autoxidation of cumene in the presence
of palladium (0) complexes and the results appeared to indicate

73

a different mode of catalytic oxidation, The cumene wasg
peroxide free and Stern also reported-that the

tetrakis (triarylphosphine) palladium (0) complexes did not
decompose cumene hydroperoxidé. However, the oxidation was
free radical and he proposed that initiationwwas brought about

by a superoxidic palladium complex capable of hydrogen abgstraction:
(Ar3P)4Pd + 20, —> (Ar3P)2Pd02- + 2 Ar;PO (x1ix)
(AryP),Pd0, £+ R ——= (AryP),PAOOH  + R (1)

R* + O, > ROO- | (11)

Rdo- +4 RH ~———> ROOH + R° : (1i1)
Tnis mechanism was refuted by Sheldon'® on two pointe:
(1) The procedure for cumene purification was found to be
inefficient, traces of hydroperoxide were still present.
(1i) Tetrakis (triphenylphosphine) palladium (0) catalytically
decomposed t-butyl hydroperoxide by a free radical mechanism,

sheldon therefore proposed that the oxidntion was

4

jnitiated 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 METHODS OF ANALYSIS

1. Solvents and Reagents.

(i) Tetrahydrofuran. Tetrahydrofuran was refluxea over
?

and distilled from potassium hydroxide, the fraction
o .
b.p. 66 C/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°¢/760 mm..

(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 activated 4A molecular

gieve.

(v) Cyclohexene. Cyclohexene was shaken with dilute

acidified ferrous sulphate, washed with water and dried over
calcium sulphate. It was then distilled under nitrogen
1

from a trace of phenothiazine, the fraction b.p. 82°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. 104.5°C/98 mm.

and stored over 3A molecular sieve under nitrogen.

(vii) Butyl Haligdes. After drying with molecular sieVe,

the butyl halides were distilled and stored over 4A molecular
sieve, n-butyl bromide b.p. lOlOC, sec-butyl bromide b.p. 90.500,

and tert- butyl chloride b.p. SOOC.

(viii) Benzyl Chloride. After drying with calcium

chloride, benzyl chloride was distilled, b.p. 17800, 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°cC.
Dimethylchloromethylsilylchloride (1.1 mole) was added

slowly to an ethereal solution of methyl magnesium bromide

(1.2 moles) and following acidification, extraction and

fractional distillation there was obtained
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trimethylsilylmethylchloride (0.65 mole, Yield 60%),

- b.p. 9900/760 mm. (lit2 97.100/734 mm., ). An attempt was
made to prepare this compound directly, by the chlorination
of tetramethylsilane, according to the method of Whitmore

and somner,Q 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 fréction b.p. 5800/30 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. R3-11,
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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to -180°C. After reducing the pressure to ca. 10 Smm. 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 nitrogen, it was

removed from the vacuum line and securely stoppered.

2. Organoboron Compounds.

(i) Tri-n-butylborane. This was prepared by the method

of Hennion, McCusker et gl.,3 from n-butyl magnesium bromide
(4 moles) and boron trifluoride etherate (1 mole).

Following extraction and distillation at reduced pressure,
there was obtained tri-n-butylborane (75% yield, based on
boron trifluoride) b.p. 83°¢/4 mm.4; (Found: B, 6.0. Calc.

for €, Ho7B ¢ By 5.9%) .

(i1) zgi_sec-butylborane. This was prepared as above

from sec -butyl magnesium bromide (4 moles) and boron
trifluoride etherate (1.0 mole), to yield tri-sec-butylborane
(Yield,>60%):b-P° 74°C/9*mm.l (Found: B, 5.9. Calc. for

012 27 : By 5. 9%)

|  The purity of the above sample was also analysed by
oxidation, hydrolysis and gas liquid chromatographic
examination of the alcohol produced, and was shown to be at
least 98% of the sec—butyl derivative; this value was
unchanged after one year at room temperature. Contrary to

*

the report by Henion, McClusker, et al. that isomerisation
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occurred at about 200°C over a long period of time,l a sémple

heated at 120°C (12 hours) was found to be 70% tri-n-butylborane

(1ii) Tri-iso-butylborane. This was prepared according to

the method of Davies, Hare and Wnite,5 Trom tert-butyl

. 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, 404%)
b.p. 188°C; (Found: B, 5.8.Calc. for C;,H,.B : B, 5.9%).

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

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

tetrahydrofuran was added boron trifluoride etherate (0.045 mole)
at room temperature under nitrogen. Aftef three hours,

degassed water (0.4 mole) was added to destroy any residual
hydride, and following extraction 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 proposed.

(v) Qi-n-butyl—n-butylperoxyborane.' This compound was

prepared by reacting tri-n-butylborane (0.005 mole) in
jso-octane (50 mls.) with oxygen at -74°¢ (15 mins.), in a
highly efficient gas liquid mixing apparatus, (Figure 3).
The stirrer was rotated by means of a mégnetic coupling

at speeds of up to 4000 r.p.m.. Gas was drawn in through
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g~butylborane was prepared by the reaction of
tri-n-butylborane (0.005 mole) in iso-octane (50 mls.) with
oxygen at 20°C, in the autoxidation apparatus (Figure 3), for
one hour. After removing excess oxygen with nitrogen there
was obtained a solution of di-n-butylperoxy n-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 made to purify a sample by
molecular distillation under high vacuum. The peroxidé and
jts 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

evapbration} no overall increase in purity was achieved.

(vii) Di-sec-butylperoxy sec-butylborane. This was prepared
in an analogous manner to di-n-butylperoxy n-butylborane, to

leave a solution with a peroxide content of not less than

97% of the theoretical value.

(viii) sec-Butylperoxy sec-butylalkoxy sec-butylborane.

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

7 by the slow

method of Brindley, Gerrard, and Lappert
addition of an ether solution of sec-butyl magnesium bromide
(1.42 mole) to tri-sec-butylborate (1.4 mole) in ether at

_7000. Subsequent acidification, extraction, and fractional.

distillation at reduced pressure yielded the boronate in
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high yield, b.p. 54°C/1 mm.; n%o 1.4045 (Found: C, 67.5;
H, 12.6; B, 4.9. Cl2H2702B reouires C, 67.4; H, 12.6;
B, 5.1%).

~(b) sec-butylchloroboronate was prepared by the slow -
addition of redistilled boron trichloride (0.1l mole) in
pentane to di-gec-butyl sec-butylboronate (0.11 mole) in

8

pentane at ~70%¢C. The solution was allowed to warm to 0°C
over one hour and the solvent and low boiling products,

viz. sec-butylchloride, removed at 1000/40 mm. . The mixture
was distilled at low temperatufe into a trap at -180°C at

- 0.05 mm. to leave a small brown rgsidue. This condensate
was distilled three times, the middle fraction being used in

each following distillation. The sec-butyl dichloroboronite,

which was formed according to the equation,
BusB(OBu®), + BCl; —> Bu®(0Bu®)BC1 + °RuOBCl, (1)

decomposed during distillation,8 and was obtained as an impure

lower boiling point fraction.

Thus there was obtained impure sec-butyl sec-butoxy
chloroborane in 80% yield, b.p. 58-6200/15 mm. , n%O 1.4077
(Found: B, 6.7; C1, 21.3. C8Hl8OB01 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.

(c) sec~-Butyl hydroperoxide was pfepared by the method

of Brown and Midland.? Di-sec-butylperoxy sec-butylborane
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(0.15 mole) in tetrahydrofuran (150 ml.) was treated with
nydrogen peroxide (50 mls. of a 30% aqueous solution) at

o%c. This was followed by extraction with hexane and 40%
aqueous potassium hydroxide, neutralisation and drying.
Further purification was achieved by distillation at 000/10 mm.
- to yield ggg—butyl hydroperoxide in high yield. The
hydroperoxide was stored as a 70% solution in pentane in a
refrigerator until required. The preparation of
ggg_butylperoxy'ggg—butylalkoxy sec-butylborane was achiéved
by adding dropwise sce-butyl hydroperoxide (3.3 mls. of a

70% solution in pentane) to sec-butoxy sec-butylchloroboronate
(0.02 mole) in pentane at 0°C while & slow current of argon
was passed through the mixture. The exit gases were passed
through a tube containing moistened sodium hydroxide pellets.
After fifteen minutes the mixture was allowed 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,
(Bu®0)Bu®BCl + BufOOH —— (Bu®0)(Bx®00)BBu® + HCL (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°C under high vacuum into a trap at
-180°C 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. Organotransition Metal Compounds.

1 To an

(i) Tetrakis (trimethylsilylmethyl) Titanium,
ethereal solution of trimethylsilylmethyl magnesium chloride
(0.1 mole) in ether was added dry, degassed dioxan (0.1 mole).
The precipitated magnesium chloride, dioxan complex was
filtered off under nitrogen to leave an cthereal solution 6f
bis (trimethylsilylmethyl) magnesium. . The ether was removed
under reduced pressure and the organometallic suspended in
dry, degassed n-heptane. ' To‘the bis (trimethylsilylmethyl)
magnesium (0.04 moles) was added titanium tetrachloride

(0.018 moles) in n-heptane at -10°C.  This was stirread

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 0°C under nitrogen and was used
without purification for all subsequent experiments. The
proton magnetic resonance spectrum of this solution showed
two singlets at 9.77’(CH3) and 7.6V (CH,) in agreement with

the values given by Lappert et gl.%

(ii) Tetrakis (trimethylsilzimethyl) Zirconium.l This wes

prepared as above from zirconium tetrachloride and

bis (trimethylsilylmethyl) magnesium. The light brown
solution obtained after filtration was again stored at 0%c
under nitrogen and used without further purification.

#

(iii) Hexakis (trimethylsilylmethyl) bimolybdenun.. An
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analogous method was 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
11000/10—3mm.. These yellow crystals had m.p. 96-99°¢C.
(hexakis (trimethylsilylmethyl) bimolybdenum sublimes
10)

10060/10-4mm.; m.p. 99°¢ . The proton magnetic resonance

sapectrum of this compound in benzene solution was consiétant
with that given by Wilkinson et gl.,ll i.e. singlets at
9.607’(CH3) and 7.87 (CH,), using the benzene singlet (2.737)

as the reference peak.

All experiments were performed on the above solutions

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

or

(iv) Tetrabenzyl Zirconium. This was prepared by the

method of Zucchini et g;.lz by the reaction of bengzyl 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°¢.  Experiments were conducted using this

toluene solution which was stored at OOQ under nitrogen, and

shielded from light.

£

(v) Hexavenzyl Bitungsten.;3 Hexabenzyl bitungsten was
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prepared from the reaction of benzyl magnesium chloride and
tungsten hexachloride in ether, After filtration under
nitrogen, removal of the solvent and extraction with ary,

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 al. (private communication).

To lithium chippings (0.2 mole) (obtained by grating
1ithium sticks on a "surform" blade in an argon filled dry-box)
in ether, under argon, was added dry, degassed neopentyl
chloride (0.1 mole). Reaction started after the addition
of a few drops of 1,2 dibromoethane and gentle warming. 1t
was completed after six hours. The bulk of the ether was . .
replaced by benzene and the mixture filtered under argon to
yield a benzene solution of neopentylvlithium (0.38 mole,

38% yield). To the whole of this was added molybdenum
tetrachloride (0.13 mole) under nitrogen with stirring (12 hrs.).
After filtration, the bulk of the solvent was removed at

reduced pressure to leave a dark brown residue. This wag
purified by column chromatography using alumina (neutral,

Hopkin and Williams 'M.F.C. grade') as the solid phase, angd

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

eluent. The preparation of the column, free from oxygen
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i
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Figure 4. Preparation of Chromatography Column under Nitrogen.

was achieved using the apparatus shown in Figure 4. The
alumnina which had been degassed under vacuum and stored under
nitrogen was placed in the column and heated to ca. 120°c

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 bulv, the column was
placed between a separating funnel and a collecting flask.

A1l manipulations were carried out under nitrogen. The
impure product was placed on the column,and oh elution resolved
into mauve and yellow bands, the yellow band being collected.
After removal of the solvent there was obtained a yellow

0ily solid and the proton magnetic resonance spectrum was
recorded in benzene solution. This showed singlets at -

8.65 ')’(CH3) and 7.757 (CH,) and a complex at 9.2 to 9.4Y due



to impurity.

4, Inhibitors

(i) Galvinoxyl. Crude galvinoxyl was twice recrystallizead

from benzene under nitrogen to yield dark blue necedles,
14)

stored under nitrogen at OOC, and was shown iOdometrically to

be 99% pure.

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

nitroxide. ~ The crude material was recrystallized from
n-heptane to yield light orange crystals, m.p. 44-47°¢,

(1it. m.p. 36°¢%?).

(iii) Azagalvinoxyl. This compound was prepared according

to the method of Coppinger,16 with the modification that the
reduction of 2,6 di-t-butyl 4-nitrophenol was done by refluxing
with hydrazine hydrate and 10% palladium on charcoal, in
ethanol. 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°¢ (1it. m.p. 155—1560016). 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
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further purification.

5. Methods of Analysis.

(i) Peroxide. The peroxide was heated under reflux in
propan—2-ol (50 mls.) with sodium iodide (lg.) and glacial
acetic acid (1 ml.), under nitrogen for ten minutes.

The mixture was cooled, and the liberated iodine titrated with

atandard sodium thiosulphate solution.

This method was checked for accuracy and reproducibility

with standard solutions of peroxide, and was found to be

satisfactory.

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

jodide (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 ca. 5 mg. of boroﬂ, were treated with 30%
hydrogen peroxide (10 ml.) at 60°C for one hour. After the
addition of mannitol, the solutions were titrated with 0.05N

godium hydroxide, using bromothymol blue indicator. Blanks

were run with each analysis.17

&

(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 weré 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 andltreated 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. These micro-analyses were performed

by . Beller, W. Germany.
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CHAPTER 5.

ORGANOBORANES - THEIR AUTOXIDATION AND DECOMPOSITION OF THE

PEROXIDIC PRODUCTS.

1. Rates of Initiation of Autoxidation of Trialkylboranes.

The measurement of the absprption of small quantities
of oxygen by organoboranes whilst undergoing autoxidation in
the presence of galvinoxyl, was carried out.

Standard solutions of the organoboranes weré prepared
by adding, with a syringe, borane to a weighed quantity of
dry, degascsed benzene in a nitrogen filled flask 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 ca. 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 apparatus, Figure 5, before passing them through
~calecium chloride drying tubes and into the oxidation apparatus.

The autoxidation apparatus, Figure 6, was based on the
design used by Carlsson and Robb for their studies on

hydrocarbon autoxidations.lﬂ The oxidation chamber was

cimilar to the autoxidation apparatus previously mentioned

(Figure 3) , in that a baffled flask and gas circulating
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stirrer was used. The benzene manometer indicated changes of
volume (at constant pressure) within the closed system, and
was kept in balance by raising or lowering the mercury
manometexr reservﬂ@r. The change in volume'could be read off
the calibrated section of the mercury manometer which had a
~capacity of 0.5 ml., graduated in 0.02 ml. divisions.

Method of Operation. 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 2500- AStirfing was commenced and the

. apparatus allowed to reach equilibrium. The required amounts

of galvinoxyl éolution; quickly followed by the borane

solutioh (at 2500), were injected through the serum cap using

calibrated syringes. After about three minutes, eguilibrium

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 thé variations of the rate of oxygen

absorption with changing concentration of borane and‘oxygen

shown in Figures 7 and 8. The results are the average of at

least three experiments.

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 methods

were used.

(i) Qi—n—butyl n-butylperoxyborane, Because 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 thermostétted
peroxide solution (O.Q8 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-n-butylperoxy n-butylborane,

di-sec-butylperoxy sec~butylborane, and sec-butylperoxy
ggg-butylalkoxy sec-butylborane were found to be relatively
stable at room temperature. The previous technique: was
modified to reduce possible solvent losses 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

rd

quantities of dry, degassed iso-octane to the individual

peroxide samples.
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(4if) Results. In all cases except s-butylperoxy s-butylalkoxy
g—butjlborane, good plots pf loge a/a--x againét time vere obtained
over about 40% reaction (Figure 10a), where
a = initial peroxide concentration.
a-x = final peroxide concentration.
Rate constants were evaluated by a computer program (see appendix)
designed to calculate the slope of the least squares line drawn
through the points of these first order plots., The rate constants
so determined are listed in Table 5, each the results of at lecact
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 reacfion with varying peroxide
éoncentrations, Figure 10.
The Arrhenius plots of the variation of the rate constants
with temperature are shown in Figure 1l. 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,
+ .
K = 6.0 x 103 e ~ 11,100 = 530/kT -1
(b) Di-n-butylperoxy gfbutyiborane,
+

K =4.55 x 10% 1,070/RT _ -1

(c) Di-s-butylperoxy s-butylborane,
Kk = 6.46 x 10° e ~15,900 % 400 /RT -1
The mixed alkoxy-peroxy compound, s-butylperoxy s-butylalkoxy
s-butylborane was only studied briefly; it was found to have-
decomposed by 10% after 24 hours at 50°C.
Assuming this to be a first order process, by analogy with those

compounds above, the rate constant is ca. 1x10'6sfl.
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3. The Rzaction Between Orgsnoboranes and Organoperoxyborancs,

(ij' Iodometric Studies. Samples of peroxide in iso-octane were

plaéed in dry, nitrogen filled test-tubes, fitted with serum caps.
These were put in a thermostat and the reouired amount of
tri-n-butylborane added to each. Samples were analysed for pcecroxide
periodically, and the results are shown in Figure 12. The timec for
the end of reaction was taken as being when the sample was placed in
the analysing mixture, and the shortest manipulation time was

ca 30 secs..

(ii) Disappearance of Inhibitors. Triacetonamine nitroxide has an

absorption maximum at 455nm. due 1o the unpaired electron, and it was
possible to study the reaction of it with free radicals by the
disappearance of this band. Conseouently, to a solution of

4mole) and triacetonamine

di-n-butylperoxy n-butylborane (2x10°
nitroxide (4x10—5mole) in n-heptane, in a nitirogen filled ultra—viélet
(u.v.) cell fitted with a serum cap, was added tri-n-butylborane
(2x10-4mole)- There was an almost immediate 704 reduction in the
optical density of this sample at 455nm. compared to a sample vithout
tri-n-butylborane. Similar results were obtained using n-butylperoxy
difg-butylborane in place of the diperoxide, or galvinoxyl instead of
triacetonamine nitroxide. Although the reection could not be followed
satisfactorily, it appeared as though it was virtually complete
within 15 secs.. The addition of a n-heptane solution of

4

n-butylperoxy di-n-butylborane (2x10 "mole) to a n-heptane solution

6mole) in a nitrogen filled u.v. cell resulted in

of galvinoxyl (1x10~
o 60% reduction of the optical density after five mins., meacured at

"430nm.. In a sinilar experiment, the addition a n-heptane solution
of tri-p-butyltornne (2x10—4m01¢) to galvinovyl (lxlO—Gmole),

resulted in a 30% reduction in the optical density after six mins..
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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-s-butylperoxy s-butylborane (5 m.mole)
in iso-octane was prepared and to this was added dry, degassed
ethyl acetate (0.5 mole). The rate constant 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.

Apoaratu32 and TechniaueB. The dilatometer used in these

experiments is shown in Figure 13.
Operations on the vacuum line were carried out at 10_3 mm.

pressure. A sample of peroxide solution, containing about

1x10_4 moles of peroxide, was pipetted into bulb A. The

dilatometer was then attached to the vacuum line and the

. 2
colvent removed. Vinyl acetate” (10 mls.), which had been

degassed three times, was distilled into bulb A, and after

freezing down the mixture in this bulb, the dilatometer was

sealed off at C. The contents werc allowed to warm {o room

temperature, throughly mixed, and sufficient poured into

pulb B so that at the temperature of the experiment the lijuid

level would be some Wway up the precision bore tubing.

Bulbs A and B vere then frozen down simultunconsly ( to avoid



Bulb A

Precision bore
tubing

Bulb B

Figure 13. Vacuum Dilatometer.

vdistillation”), 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 diiatometer buldb B up to the calibration
mark, was determined by weighing a liquid of known density.
Thus, the volume of vinyl acetafe used in each polymerisation

was easily determined.

Results. Pypical plots are shown in Figure 14, the extent of

polymerisation being calculated from:. -

N 5 |
Cip = Dtﬂn 100/5}2 | | (1)

v p~fn)
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and polymerisation rates from;

Rp = Re 77 I‘2 [M] < ﬁp

V 60 fo - fu (11)
Where Dt = Distance travelled by meniscus (cm.)
Rp = Initial rate of polymerisation (MS_l)

Ry = Initial rate of decrease of meniscus level (cm. min.-l)
- Volume of solution at reaction temperature (mls.)

r = radius of précision bore tubing (cm.)

M = Initial concentration of monomer at 20°¢ (M)

. p = density of polymer at 20%c (g. ml._l) |
= density of monomer at 20°c (g. ml.-l)

For vinyl acetate at 20°¢:
[M] = 10.85 M.

fp =1.19 g. ml.”
Fu = 0.9338 g. ml.”

1 5
1 4

1

The rates of polymerisation of vinyl acetate, initiated

by organoperoxytoranes, were:
using (a) di-sec-butylperoxy. sec-butylborane (9.0 mM.) at

49.9°C,  mp = 1.66 x 107° M.s7T
() di-gec-butylperoxy sec-butylborane (8.5 mM.) at
60.5°C,  Bp = 7.52 x 1072 M.5.7}
(c) di-n-butylperoxy n-butylborane (8.5 mM.) at
60.5°C,  Rp = 5.73 x 1077 M.5.7%
The use of n-butylperoxy di-n-butylborane at 25°C as the
initiator yielded a curve (Figure 14) and therefore it was not

possible to determine a meaningful polymerisation rate.
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5. 'Halcon Type' Reactions Using Organoperoxyboron Comnounds,

(i) Attempted @poxidation of Cyclohexene with Di-n-butylneoroxy

n-butylborane. To a solution of the peroxide (10 m.mole)

in n-heptane, was added cyclohexene (100 m.mole) and
‘molybdenum hexacarbonyl (054 m.mole) as catalyst. After one
week at 25°C, the volatile components were removed at reduced
pressure and examined by gas liquid chromatography. They
were shown to consist of solvent and unreacted cyclohexene.
The residue was treated with water and ether extracted to rid
_any organic components of boric acid. After-removal of the
.solvent, the residue was shown to consist of n-butyl alcohol
which was produced by hydrolysis of the boron compounds,

(i1) Attempted Bpoxidation of Indene with Di-n-butylperoxy

n-butylboranec. To a n-heptane solution of the peroxide

(10 m.mole) was added indene (100 m.mole) and the catalyst
molbdenum hexacarbonyl (0.4 m.mole). After 18 hours at

40°C, the solvent was removed at reduced pressurc, and the
residue treated with water and extracted with ether, Gas
liquid chromatographic analysis showed there to be indene,
n-butyl alcohol and a minor product (ca. 1%) present. Ry
comparing retention: volumes with an authentic sample, this
was shown to be indan-2-one, and this was supported by |
jnfra-red spectroscopy, band at 1740 cm. 1 (C=0 stretch.).

(iii) Reaction :of Cyclohexene with Di-n-butylperoxy n-butylborane

in the Presence of Excess Molybdenum Hexacarbonyl. The

peroxide (8.0 m.mole) in n-heptanc vwas reacted with

+

cyclohexene (250 m.mole) and molybdenum hexacarbonyl (4 m.mole)
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at 60°C. for 6 hours. The volatile components were removed
at reduced pressure and shown to consist of solvent,
cyclohexene,}and a minor product (ca. 1%). No products 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 shown in
Figure 15. This compound decomposed at 170°C. to yield a
white sublimate and a black residue. The white sublimate

is suggested 'as being trans cyclohexene-1,2-diol by virtue of
its infra-red spectrum (Figure 16), bands at 3350 cm, 1

(0-H stretch); 1420 cm.—l (0-H deformation), and 1060 cm."l
'(C-O stretch). Its mass spectrum gave a value for the parent
ion of 116, (CgH,,0, requires, M = 116). The black residue
was probably a hydrated molbdenum oxide (found: Mo, 40.

Cale. for MoO2 s Mo, 79; MoO3 : Mo, 66.6%),

(iv) Reaction of Di—n-batylperoxy n-butylborane with Molybdenum

Hexacarbonyl. A sample of di-n-butylperoxy n-butylbvorane

(20 m.mole), free of volatile organic impurities, was added to

an n-heptane solution of molybdenum hexacarbonyl (0.2 m.mole).
After one hour at 25°C., 85% of the peroxide hagd decomposed, and
when -no peroxide remained (24 hrs.) the volatile components were
removed and analysed by gas liéuid chromatography. Only solvent
was detected. The residue was distilled under reduced pressure
and a fraction collected, b.p. 40°C./O.2mm.. (Found: B, 4.74;
C, 65.20; H, 11.98.  Calc. for Gy H,,0.B: B, 4.68; C, 62.6;

H, 11.85. Calc. for 012H2702B: By, 5.05; €, 67.2; H, 12.724).
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Table 4. Initiation of Borane Autoxidations in the Presence

of Galvinoxyl at 2500 in Benzene.

' -afo :
[333] x 10° [62 x 10° [calvinoxyl] -7;£~3Jx 108 i x 108 (®)
(1) an(2) Ty 10°. (1) Moot M.sTt

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 T.7
0.76 0.16 0.029 2.72 12.9
0.36 . 0.16 0.029 l.12 10.6
1.48 0.16 0.029 4.60 22.8
2.10 0.16 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 1 0.059 3.32 9.3
2,80 0.16 0.015 9.20 15.3
Tri-cyclohexylborane.
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 Trom partial pressures and solubility coefficients.

(b) Calculated from [GJ/?’ where T = induction period.
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Table 5. Firet Ordcr Rate Constants for the Decomposition

of Organoneroxyborenes in Iso-Octane,

1. Di-n-butyl n butylveroxyborane.

1

temperature (°K). Rate Constant x 10° (s.~ ).
273.3 0.86
280.1 | 1.44
285.1 ' ‘ - 1.91
291.2 | 2.65
294.3 3.37
298.1 4.68
300.1 5.58
303.1 | 5.96

2. Di-n-butylperoxy n-butylborane.

Temperature (°%). Rate Constant x 10° (sfl).
322.4 0.86
332.6 2.00
343 .6 3.78
349.7 . 4.87

3.. Di-s-butylperoxy s-butylborane.

Temperature (°K). Rate Constant x 107 (sfl),‘
321.4 0.99
332.6 2.13
343.6 £.80

349.7 T.46
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log (Rate x10°)
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Figure 8. ZEffect of Oxysgen Concentration on the Rate of Initiation
of Tributylborane Autoxidations at 2500, in Benzene,
" 10g (Ratex10°)
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0.7 F
Tri-s-butylborane ©
0.5
Tri-iso-butylborane
0.3 |
) ‘ o . ' ‘ log [02]

Effect of Borane Concentration on the Rate of Initiation of
Tributylborane autoxidations at 2500, in Bengzcne.
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Pigure 9. Abcorvption of Oxygen by Borane Solutions in the
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'{ log Rate

(°Buc0),B°Bu at 60°C.

("Eu00) ,E"Bu
at 60°C.

‘log Concentration
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Fieure 10. Variation of lecomposition Rate with Channing
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a . .
Fievre 102a. Granhs of log /a-x against Time for

Organopéroxyboranes in Ieso-0Octene S9nlvtion.

log */a-x ®
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0
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Figure 16, Infra-red@ Spectrum of Sublimed Solid.
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Figure 15. Infra-red Spectrum of Solid Distilled from Reaction of (nBuOO)OBnBu,'Cyclohexene and
—— Mo(C0), at 60°c.




-151-

References

D.J. Carlsson, and J.C. Robb, Trans. Farad. Soc., 62
3403 (1966).

Gift from Dr. J. Boheman, Research and Development Dept.,

B.P. Chemicals International, Epsomn.
Private Communication, Dr. J. Boheman.
J. Brandrup, and E.H. Immergut (Eds.), "Polymer Handbook",
Int. Publ. Inc., New York, Vol. VIII.
"Encyclopaedia of Chemical Technology" Int.‘Publ. Inc.,

\

New York, 1955, Vol. 14.






-153-

This consisted of a small reaction vessel, about Sml. in
volume, with a side arm fitted with a serum cap through which
samples could be introduced with a syringe. Stirring was achieved
by means of a glass covered bar magnet and a magnetic stirrer;
the vessel could be thermostatted. Autoxidations were carried
out at 20°C or —74°C, in the latter case the whole of the rcaction
flask was immersed in powdered solid carbon dioxide. The reaction
flask was attached’ to a Bell and Howell pressure transducer
(type 4-326¥L26l—0120) by meags of a glass to betal seal. The:.
pressure transducer operated in the range O to 15 p.s.i., and was
fed by a stabilized 10 v. power supply unit (Farnell, type WVMSU).
The output signal was fed into a Honeywell potentiometric recorder
(1 mv., 1 sec. full scale). In order that recorder recadings
could be translated into volume changes, a calibration plot was
maée by withdrawing volumes of gas from the apparatus with a gas
) tiéht 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 (ca. 5 ml.).

A typical experiment was performed in the following manner,
The whole apparatus was fillea 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 ml..

The system was isolated, stirring commenced, and when equilibrium
was obtained, the organometallic solution was introduced\as a

ca. 0.1M. solution in hydrocarbon solvent (E—heptane, toluene
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or benzene, Tables & and 7) via the serum cap using a gas tight
syringé. After absorption was completed, the apparatus was
flushed with nitrogen and the solution analysed for peroxide
by iodometric titration.

Typical experiments are shown in Figures 18-20
(tri~g—butylborane-i$ included in Figure 18 as a reference) and

the results obtained are summarised in Tables 6.and 7.

Autoxidation in the Presence of Inhibitors. In those cases
whefe galvinoxyl was used it was noticed, for all the compounds
studied, that a .magenta colour was produced imnedialely the
organometallic was added .to the solution. . This same icolour

was produced in the total absence of oxygen and it appears
therefore, that there is a direct reaction between galvinoxyl and

the transition metal organometallic.

The use of the phenols "Dthyl 702" and 'ithyl 720" resulted
in the gradual production of wine red or mauve colours during
the course of the autoxidation.

The effects of the ~inhibitors are given in Table 6 and 7

and shown in Figures 19 and 20.

2. Experiments in the Presence of Donors.

(i) Autoxidation of Tetrabenzyl Zirconium in the Presence of

?yridine and vpiperidine. A toluene solution of tetrabenzyl-

5

girconium (2.5 x 1077 mole ) was injected into a solution of

pyriéine in toluene, in the autoxidation apparatus. The pyridine
. : -3 -2
qontent was varied from 5 x 10 - mole to 2 x 10 "psie. There

wae found to be no change in either the speed or extent of the

autoxidation. Analogous results were obtained on treating the
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tetrabenzyl zirconium with pyridine prior to injecting it into

the autoxidation flask.

The use of piperidine similarly had no effect on the course

of autoxidation.

(11) The Reaction of FPyridine with Hexakis (trimethylsilylmethyl)

Bimolybdenum. This reaction was investigated using proton

magnetic resonance (lH n.m.r.) spectroscopy. Two solutionn
containing hexakis (trimethylsilylmethyl) bimolybdenum (1 x 10—4mole)
were prepared in dry, degassed'benzene, and in a dry, degassed
solution of pyridine (5 x 10_3m01e) in benzene. Samples were

then placed in dry, nitrogen filled lH n.m.r. tubes, sealed with.

tightly fitting serum caps. The spectra were recorded and the

p
position or intensity in the presence of pyridine.  This

eaks at T7.87 (CHQ) and 9.6 7’(CH3) were found unchanged in

indicated that there was no complex formation.

.Hexa neopentyl bimolybdehum behaved similarly.

3. The Autoxidation of Tetrabenzyl Zirconium in the Presence

of Iodine.

To a solution of jodine (8 x 10-6m01e) in toluene in the
autoxidation apparatus was added tetrabenzyl zirconium
(2.5 x lO_Smole) in toluene. The -colour of the 4odine was
gradually discharged during the course of the autoxidation,
and although the rate of autoxidation was unaffected, the amount

5

of oxygen absorbed (4.3 x 10" “mole) was a 15% rcduction in the .

normal value. After purging with nitrogen, the =olution was
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analysed by gas liquid chromatography (10% carbowax column at
140°C) and benzyl iodide was identified by comparison with an
authentic sample.

An identical experiment was performed in the absence of
oxygen. The colour of the solution remained unchanged during

15 minutes and no benzyl iodide could be detected.

4. Products of Autoxidation.

(i) General Technioue. Following autoxidation, the samples

were analysed for peroxide by iodometric titration and the results
are summarised in Tables 6 and 7. Only the autoxidations of
tetrabenzyl zirconium and hexabenzyl bitungsten at _7400 vere
found to produce significant quantities of peroxidic material,
The peroxide obtained from tetrabenzyl zirconium was found to
_be very unstable, having a half life of ca. 50 minutes at 20°¢.
Phe stability of the peroxide produced from the low temperature
autoxidation of hexabenzyl bitungsten 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 solvent was
analysed by gas liquid chromatography (g.l.c.) and 1H —

"spectroscopy.

(ii) Primethylsilylmethyl Derivatives. The hydrolysis products

of all of these transition metal derivatives were found to be
extremely complex and only trimethylsilylmethanel, the major
product, was positively indentified (g.i.c. on 10% carbowax

column at 14000, comparison with authentic sample). The
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hydrolysis products of an etheral solution of trimethylsilylmethyl
magnesium chloride were examined in'a similar manncr following
autoxidation at 0°C.  As well as the expected trimethylsilylmethanol
there were many minor products, as had been reported by Eisch and
Huskz, but no attempt was made to indentify +ihem.

The 1H n.m.r. spectrum of tetrakis (trimethylsilylmethyl)
titanium was recorded before and after autoxidation. Prior to
autoxidation two.peaks were apparent at 9.7 7 (CHB) and 7.6 T
(-CHZL). -After autoxidation the singlet at 7.6 Yy had disappearcd,

and was replaced by a new singlet at 5.4 T .

(iii)Tetrabenzyl Zirconium. The autoxidation in toluene at
20°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”2 mole, 7.5.%). These were indentified and estimatead

(g.l.c. on 10/ carbowax column at.l40°C) by &omparison of peak

areas with standard solutions. A small amount of an unknown

product (ca. 5% of the total) was also present and the hydrolysis

" products had a small peroxide content (3.1 x 10 %mo1e, 0.95%).
The autoxidation of a similar sample at -74%¢ produced, after

hydrolysis, benzyl alcohol (1 x 10"%m01e, 32%), benzaldehyde

(3.1 x lO'-5 mole, 9.7.%), and‘peroxide (1.01 x 10-5mole, 3.2.%).
The peroxide waé extracted with dilute sodium hydroxide from

the toluene extracts of the hydrolysis froducts of tetrabenzyl

gzirconium (5 x 107% mole), autoxidised at =74°¢ in toluecne.

The aqueous solution was neutralized with dilute.hydrochloric acid

at 500 and gave, after extragtion with éther and removalrof the

solvent, a yellow peroxidic oil. Examinntion by lH NeMeT.
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spectroscopyshowed the sample to be contaminated with benzaldchyde,
probably due to the instability of the sodium sa1t3, and benzyl
alcohol, presumably due to its solubility in water. The benzyl
hydroperoxide was purified by thin layer chromatography, using

a silica stationary phase and a mixture of benzene, methanol

and acetic acid.(lO:lzl) as the eluent. The peroxide could be
detected by ultra-violet light or by spraying with p-aminophenol
hydrochloride in methanol4. It was then extracted from the silica
with 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 carbon
tetrachloride and its 1H n.m.r». spectrum recordcd, which consisted
of & singlet, 2.74 7Y , a shoulder, 2.787Y , and a singlet, 5.107,
ih good agreement with literature values.5’6

(iv) Hexabenzyl Bitungsten. The autoxidation, at both 20°¢

and -74°C, and hydrolysis of hexabenzyl bitungsten (4 x 10-5molc)
gave indentical products to those from tetrabenzyl zirconium,

No oquantitative estimates were made.
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Table 6. Autoxidation of Organotransition Metal Compounde at 2000.
Compound(MxlO3) Inhibitor™ Effgct O2 uptake O2 uptake |[Peroxide(mol.¢
(Solvent) (mol.%) (MX103) (mol.) |[per alkyl group)
RCH ) sché] 71 [None - 19.5 2,07 None
(9. 5)(n—heptane) Pheno (11) R. 19.0 2.00 "
Galv. (5) - 19'5 2.07 "
TOp. (12) - 1800 1090 "
[CH )38iCH] ,2r |None - 20.1 2.11 None
(9. 5)(n-heptane) Galv. (10) - 16.5 1.74 "
RCH ) SlCHé]6Jo2 None - 21.0 3,00 None
(7. 0)(n—heptane) Galv. (5) - 22.6 3.23 "
Pheno. (10)| - 21.2 3.03 "
E.720 (5) - 21.5 3.07 "
Top. (12)‘ - 23.0 3.29 "
[cn ) CCH2] go  |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.R 19.8 3,05
T.A.N, - 17.5 2.70
(12.0)(toluene) {Galv. (3) - 23.9 1.99 "
Pheno. (9) - 22.8 1.90 "
Top. (8) - 24,0 2.00 "
E.702 (4) - 23.0 1.99 "
TCA.N. (10) - 2406 2.05 "
(PhCH,) g% None - ~12.8 3.12 ca. 5
(4.1)(g-heptane) Galv. (6) - 11.3 2.76 "
Pheno., (12)| - 11.1 2.71 "
Ec702 (6) - 1305 3029 "
T.AN. (12) - 12.7 "

3.09
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Table 6 cont.

Kej:

(a) Top. =  Topanol 354 - 2,6 di-t-butyl-4-methoxy phenol.
Pheno. = Phenothiazine -
Galv. = .Galvinoxyl
E.720 = Ethyl 720 - bis-(4~hydroxy-3-methyl-5~t-butyl-

phenyl) methane.
E.702 = Ethyl 702 -  bis-(4-hydroxy=-3,5-di~-t-butylphenyl)
methane

T.A.N. = tri-acetonamine nitroxide.

(b) R = Retardation-

S.R. = Slight retardation.
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Table 7. Autoxidation of Organotransition Metal Compounds at -7400,
Compound(MxlO3) Inhibitor" Eff%ct 0, uptake |0, uptake Peroxide(mol.<
(Solvent) (mol.%) (MX103) (mol.) [per alkyl grour
[(cn,) jsicHy] 474 | None - 21.0 | =2.21 None
(9.5) (n-heptane) | Galv. (5) | - 17.7 1.87 "
ECH3)3SiCHé]4Zr None - 21.0 2.21 Trace
(9.5)(n-heptane) | Galv: (5) | - 18.5 2.21 None
: Pheno. (10)| S.R.. 17.5 1.8% "
ECH3)3SiCHé]6Mo2 None - 24.0 3.43 ca. 3
(7.0) (n-heptane) Galv. (5) - 3.3 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)(toluene) Galv. (5) - 22.1 2.70 15.0
Pheno. (12) S.R.‘ 2l.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
" (PhCH,) (Vs | None - 8.0 3.34 13.0
(2.4)(£-heptane) Galv. (10) - Tet 3.13 13.5
Pheno. (12)| - 7.0 2.92 9.0
Topo (10) - 705 3013 1300

Key as for Table 6.
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CHAPTER 7.

THE PRIVARY INITIATION OF TRIALKYLBORAKE AUTOXIDATIONS.

It is now well established that trialkylboranes autoxidise

with a free-radical .chain mechanisml’Q:

Initiation R3B + 02 - R+ (1)
Y7 Rh + 02 —> ROO- (11)
Propagation |
ROO- + R3B — ROOBR2 + R.. (111)
, ~
2 ROO- (iv)
Termination 2 R -—> Stable products (v)
ROO: + R (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 availab1e3.
Reaction (ii) similarly is well known from hydrocarbon asutoxidations,

but rate constants for this process are rather inaccessaible

‘Van den Berg and Callear have determined a value for the reaction

L4

of methyl radicals with oxygen as 1012y =1_ =1 i 4ne vapour phase’

-~
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Reactions (i) and (iii) are pertinent to organoborane
chemistry, but it is only recently that either has received any
critical attention. The propagating SH2 reaction has been

5

studied for a number of boranes by Ingold and Davies” and

Ingold et gl.s and rate constants determined. These values had
been previously .inaccessible because of the extreme vigour of
the reaction whirh resulted in a diffusion controlled autoxidation.
mwese 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 trialkylborane
autoxidations had.been determined by several workers, there Wwere
' 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 using

known concentrations of inhibitor:

Ri = n [A] (vii)
Y .

number of radicals removed by one molecule of inhibitor,.

and is unity in the case of galvinoxyl7.

]

where n

[+

i

initial concentration of inhibitor.

_.?
1}

inhibition period.
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The inhibitor most frequently used in such determinations

15’6?7, although Ingold and Davies have also

has been galvinoxy
used 2,6-di-t-butyl 4—methoxyphen015.

Galvinoxyl inhibits the reaction by removing the alkyl and
alkylperoxy radicals produced by initiation thus suppressing the

S.,2 propagating step of alkylperoxy radicals attacking borane

H
(reaction (iii)).

This method for the determination of primary initiation
rates is an indirect method.and is subject to errors thrdugh 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
towards oxygen8. Significant errors from this source will
therefore only be apparent if the iﬁhibition period is particularly
long - Allies found that his galvinoxyl solutions were resistant
to autoxidation for 180 minutes®. As the concentration of
galvinoxyl 1is reduced during inhibited aﬁtoxidations by the
trapping of radicals, its ability to completely suppress the

SHQ propagétion step (reaction (iii)) will be lowered, and
the probability of peroxide formation is increased. The
' production of peroxide gives rise to the major errors.
Galvinoxyl reacted slowly with organoperoxyborane (page135) but
the rcaction between organoperoxyborane and organoborane results
in the rapid removal of galvinoxyl (pagel35,),

These errors will produce a rate of initiation in excess of
the true value. '

(b) Recently it has been demonstrated that iodine could act
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as a successful inhibitor of organoborane autoxidationslo’ll

and Brown suggested that it functioned by removing the alkyl

radicals: produced by initiation:

R- + I, —> RI + I - (viii)

Brown and Midlandll, although giving inhibition period data,
did not convert these figure into rates of initiation by use of
the formula (vii). In-a later publication,12 these workers reported
the determination of initiation rates by estimating the rate of
ﬁroduétion of alkyl iodide, presumably formed as a result of
reaction (viii).

As in the case of galvinoxyl above, other reactions can be
proposed 1o account both for the removal of iodine and for the
formation of alkyl iodide. If the iodine does not remove free
radicals efficiently, organoperoxyborspae will be produced, and

Grotéwold has shovn that the reaction between organoperoxyborane
and organoborane rapidly removed iodine.lo

The following reactioné could also contribute to the removal

of iodine and the formation of alkyl iodide:
Cross propagation ROO: + I, —> RI + 0, + I- (ix)

R,B + I+ —> R,BI ‘+ R- (x)

Todine chain
propagation v
R« + I, ———> BRI + T (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 éoncentration
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 cpain 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 regenerated after
the initial inhibition step, by analogy with the suggested

mechanism of iodine inhibited hydrocarbon autoxidations, appears

morc reasonable.
ROO~ + RI ————— ROOR + I. (xii)

In view of the uncertanties associated with the inhibition
of organoborane sutoxidations by iodine, rates of initiation

determined from such reactidns 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 measﬁring the slow rate of oxygen absorption by an organoborane
solution while under inhibition by galvinoxyl.13
Hydrocarbon autoxidations are often initiated by the

homolytic decomposition of traces of peroxide in the hydrocarbon
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samplel4:
"ROOH ——>  RO- + ‘OH (xiii)

Thus, in order to study the spontaneous initiation process
for hydrocarbon autoxidations, it has been necessary to

1
2 Ingold and Davies have

rigorously purify the hydrocarbon.
suggested an analogous homolytic decomposition for
organoperquboranes under oxygen6. However, 1t is concluded

in the next chapter that such é reaction is cxtremely slow at

ambient temperaturewhen conducted in vacuo (dilatometry measurements).
Ingold and Davies,6 and Grotewold et gl.lo 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)

precludes the existence of traces or pefoxide in a.borane sample,

‘and consequently, provided the gaivinoxyl removes radicals
etficiently, there will be no peroxide present to cause initiation

by such mechanisms, and only the direct reaction between oxygen

and borane can be responsible Ior the production of»radicals and

the absorption ol oxygen.

The oxygen absorption - time graphs (Pigure 9) showed three

distinct regions:
(2) Re-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.



-172-

(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 alkylpéroxy radicals and borane (reaction (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 5,2 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:

.
XR3B + yO2 —————lhﬁr R (xiv)
0 K,
Ro + 2 B aaaer od ROO. (ii)
Ky
R + G —> ‘ (xv)
Stable Products
k
ROO- + G —4 s (xvi)
where G = Galvinoxyl.

Phe rate of absorption of oxygen will be given by

ii_JgEJ = X [333] X [be] y o4 k, [02'] [R-] - (xvid)
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Assuming a steady state concentration of alkyl radicals:

y (xviii)
ddtR-'_I = 0 = K [R3B] [Oz]y - Xy [R] [02] ’k3[R‘.] [G]
and therefore [R-] =k [R3B] * [?2] J (xix)
X, [02] + kg [G]

Substituting for [Rf] in equation (xvii) and rearranging:

-4 [02] = ¥ [R3B]X E)z]y 1 + k, [02:| (xx)

at X, [02] + Xy [¢]

There are two limiting cases to this equation. FPirstly, if
k2 [02] > k3 [G] - then,

-a [0,] = 2k [R3B] i [02] d (xxi)

at

and secondly if k [G] > k, [O?]

| o] - mEa]" [or] * (cxs1)
Thgs rate constants celeulet=d from either expression cannot

. be more than a Tactor of two from the true value.

1. Order of Reuction. At coretent oxygen and galvinoxyl

concenur%tlon - Gruation (xx) eimplifies %o,

. o |
& = ¥ [**_33] . (1 +0) (xx1id)
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where k!

y
ky [02]
c = Kk [02] = Constant

Ez [0,] + X3 [¢]

Thus a plot of -log d [02] against log I?BBJ should

—at
give a straight line of slope x. These graphs are shown for
tri-s-butylborane and tri-isobutylborane in Figure 7, and the
slopes were found to be 1.05 and 1.09 respectively; for
tric¢yclohexylborane this value was 0.85. For all three boranes
investigated, the reaction is therefore assumed to be first
drder with respect to borane. | -

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
geither of the limiting ecuations (xxi) or (xxii) were sufficiently
accurate such that a plot of -log d[pébdt against log [bé]
would yield a straight line of slope y. That this assumption
was justifiable is shown by the fact that reasonable straight
lines were obtained for trifg—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. Nevertheless,
the limited data, indicated a value for y of 1.1.:

1t therefore seems that the primarj initiation reaction of

organoborane autoxidations is first order with respect to oxygen,
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and second order overall. This is in contrast to hydrocarbon

15,16 where the initiation step was second order

autoxidations
in hydrocarbon, first order in oxygen and hence third order
overall. Carlsson and Robb suggested two possible mechanisms

for the primary initiation of indene and tetralin autoxidations:15

EH + RH + 02 < [RH"‘Rﬁ] + 02-—» Unknovwn hydrocarbon radicals

+ HOJ (xxiv)
RH + 0, + Rl == [RH---Oé] + RH — 2R° + H,0,, (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
‘publication Robb and Bettsl7 suggested that the spectra were
neollisional® in origin rather than due to charge-transfer complex

mation, in agreement with the work of Tsubomura and Mulliken.18

for
Robb and Betts therefore proposed that 1he 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-ﬁ—butylborane,'varying from 0.97 x ;0—3 Mflsfl to 1.78 x 1073

3 41 -1

w17l and tri-isobutylborane, 0.72 x 1075 MiTsTh to 1.03 x 1073

MTlg7l (Table 8). This indicates that the assumption that
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kzlbz] and k3[G] are widely different, is not completely wvalid.
Further, the rate of oxygen absorption was not wholly independent
of the galvinoxyl concentration, there bteing a slighf inverse
dependence (Table 4). These two facts show that accurate rate
constants can only be calculated from expression (xx).

However, this expression coptains iwo unknowns, k2 and k., but

it was possibie, using the method of successive approximitions
to calculate the value of k3/k2, initial values of k, being
calculated from equation (xxi). The values of k3/k2 so determined
were 13.5 for tri—g—butylboraﬁe, 2.84 for tri-isobutylborane,
and sufficiently large (>100) for tricyclohexylborane to allow
values of k; to be determined from equation (xxii). These
values of k3/k2, when substituted in equation (xx), gave values
for the primary initiation rate constant which were sensibly
constant, irrespective of oxygen, galvinoxyl, or borane
concentration. The rate constants so determined are given in
Table 8 and mean values are:

(2) Tri—gfbutylborane, 1.84 x 10-3 Mtlsfl at 2500.

(b) Tri-isobutylborane, 0.94 x 1073 n7lg7?

Tricyclohexylborane, 2.28 x 1072 mtsTl  at 25°¢,
(¢) y

at 25°¢.



=177~

Table 8. Rate Constants for the Primary Initiation of

Trialkylborane Autoxidations at 25°C, in Bengzene.

R,B x 10°. 0, x 10° . Galvinoxyl . k; x103 . X x 103
(M) (M) X 102. (M) (M‘ls‘l) (M‘ls‘l)
Tri-s-butylborane
: (a) (c)
0.76 0.75 0.015 1.78 _ 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 . 1l.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) te)
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
Tricyclohexylborane (b)
b
0.13 0.37 - 0.029 23.70 -
(a) - Calculated from —d[péth = 2k [RBB]{bQ]
(b) - Calculated from -d[og/dt = kl[RBE][p2]
(¢) =- Calculated from —d[Og/dt = kl[R3B] [pé](% + k2[02] >

k, [02] + kB[_G]
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3, Mechanism of Initiation and Tmplications of Results.

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.

k

R- + G —-——-3‘—> RG (XV)
Kk,

R + 02 ——» ROO- (11)

i.e. the ratio k3/k2 is & 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 s-buityl, isobutyl and |
cyclohexyl radicals is a reaction at least of comparable speed

4o 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 d@ifficult to explain in the absence of further information.

It could be that galvinoxyl in some way assists in the primary
initiation step, removing the cyclohexyl radicals, whereas the

s-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 gencrally considered as involving
the attack by the peroxy radical on the central boron atom via
its vacant p orbital5’19. Oxygen is a diradical and since

the primary initiation reaction was second order it does not

seem unreasonable to suggest a similar mechanisms

R R
| ! ,
//B\\ + 0, = E\ —> R+ 0,BR, (xxvi)
R N
;R 02

The recombination of the alkyl and dialkylboronperoxy
radicals is, as Lissi et al. have pointed outlo, spin forbidden
and thus the displaced alkyl radical is free to react with
oxygen to give a peroxy radical, which, in 1lhe 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 incoming oxygen molecule.

(b) Steric strain in the transition state.

(c) Stebility 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, framework molecular models |
suggested that steric hindrance to an incoming oxygen molecule
increased in the order iBu3B< SBu3B:x (cyclo~q‘Hll)3B.

The effect of steric strain in the transition state, (b),
isﬂdifficult to predict, although there will be steric relief in

passing from the transition state (or metastable intermediate)
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to0 the products.

If the displaced alkyl radical is particularly stable, it
ig likely to provide the reaction with a considerable
"thermodynamic drive". Ingold et al. have suggested that radical
stability was the reason for the increased propagation rate
constant for the autoxidetion of tribenzylborane compared to

those for the autoxidation of trialkylboranes.6 0f the compounds

studied in this investigation, the displaced s=butyl radical
will be the most stable because of tlhe contribution of resonance

gtructures such as:

CI|‘I3 , //CH2 ‘H
C2H5 - ?' < 02H5 - ? (XXVii)
H H

Such hjperéonjugative stabilisation is not possible either with
fhe 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 dther factors
therefore, factor (¢), the stability of the dispiaced radical,
would predict an order of reactivity of SBu3B >.iBu3B=i(cyclo—CSHll)3B.
Brown and Midland12 suggested that i1he factor of major importance
was steric hindrance to the approach of the oxygen atom, but the
observed order of the rate constants, (cyClO-C§H11)3>SBu3B>
lBu3B, indicates that it does not operate to the exclusion of
other influences. The increased stability of the gfbutyl
radical compared to the isobutyl radical could account for the
observed reactivity of these twe boranes. ‘
The factors (a), (b) and (c) do not account for the
unexpectedly high rate constant determined for tricyclohexylborane,

which is difficult to explain and must be related to its high
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value of'k3/k2. Possible participation of galvinoxyl in the

initiation steprwould provide not only.an explanation
for the high value of k3/k2 ( > 100) but also for this relatively
large initiation rate constant. The primary initiation of
tricyclohexylborane autoxidations certzinly varrants 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

2,6-3i-t~butyl 4-methyoxyphenol, would be worthwhile.

It was not possible to study the rate of primary initiation
for the autoxidation of tri-n-butylborane, since galvinoxyl does
not inhibit but only retards this reaction.7 This is presumably
a reflection of the very fast propagation reaction, Ingold and
Davies give kp = 2 X lO6 MflsTl,B and this fact can be rationalicsed
on the basis of the low degree of steriec crowding around the

central boron atom and the high reactivity of the primary

alkyl radical.

4. Ccomparisons of Rate Constant Dato.

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.ﬁe made between the

results.

(i) gglvinoxyl Inhibition Period Data, From a consideration

of the following reactions 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: .

RyB + 0y —= R : (xiv)
R + G —> Stable products (xv)
ROO+ + G  ——> Stable products (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 galvinoxyl by the
alternative reactions occurring, once peroxide has been formed

(page 168).

The rate of disappearance of galvinoxyl is therefore given by:

=B 5] - k) [R3B] [02] o+ z (xxviii)

where Z is a term dependent upon the rate of removal of galvinoxyl
by all reactions except the primary initiation step. It is
not possible to estimate the contribution of 2 and rate constants

were therefore calculated from the approximation:
[%_:,I - k1 [RBB] [02] (xxix)

where T = induction period.

Rate constants calculated from the inhibition periods measurced
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in this investigation are given in Table G, 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-s-butylborane vary from 2.47 x 10~ -3 M,l ,l

~1 l)

to 18.78 x 10 =3 w3 . These factors all bring about an

increase in the length of the inhibition period.  Thus the
contribution of Z increases as the induction period increasesg,
s fact which has been observed previously9 and 1s presumably due

fb the increasing probability of peroxide formation under. the

conditions resulting in a long inhibition period.

A comparison of these results with the mean rate constants

determined by the rate of absorption of oxygen,
tri-g- butylborane 1.84 x 1073 M.lo.l, tri-isobutylborane 0.94 x io'3
MTls.l, tricyclohexylborane 22.8 X 10“3 Mjlsjl, shows that
agreement is quite good, especially under concentration conditions
resulting in short inhibition periods. The best values for the

three boranes are, tri-s-butylborane 2.47 x 10 =3 M 1

tri-isobutylborane 1.20 x 10 -3 M.ls.} and tricyclohexylborane

51.54 x 1073 MtsTl.

The rates of initiation determined by Allies and Brindley7

were also converted into rate constants and details are given in

Pable 9. Their values of 1.05 x 10 =3 wteTt for tri-g~-butylborane

and 2.10 x 10 -3 M.l .1 for tri-isobutylborane at 2500 again

show good agreement with values determined by the rate of oxygen
absorption.
The rates of initiation determined by Ingold and Davies”,

Ingold et gl.G cannot be converted into primary rate constants
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because their estimations were made in the course of the
autoxidatiop when considerable quantities of peroxide were
present. Thus the contribution of Z in equation (xxviii) will
‘be considerable and rate constants calculated from ecuation
(xxix) would be meaningless.

(1i) Iodine Inhibition Period Data. Brown and Midland proposed

that iodine inhibited borane autoxidations by rémoving the alkyl

and dialkylboronperoxy radicals produced in the primary

initiation‘stepllz

R3B‘ + 0, —_— Re + R,BO,- (xxx)
RZBOQ' + 12 —— R2BI + O2 + I (xxxi)

Other routes for the removal of iodine have already been
discucssed (page 169), autocatalytic reaction resulting from
peroxide formation, an oxygen initiated borane-iodine chain ete

. *e

and the rate of removal of iodine can be expressed as:

——————

—d [Ié] - 2k [R3B] [02] + Y (xxxii)
dt

where Y is a summation of all additional reactions removing
iodine. As in the case of galvinoxyl, it is not possible to
assess the contribution of Y and rate constants were therefore

" calculated from:
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[k3B] [02] © 0 (xxxiii)

n is assumed to be unity since the fate of the.iodine atom is

» [
S

unknown.

Unfortunately Brown gave no ‘data concerning the concentration
of oxygen in solution and there appears to be no data for the
solubility coefficient of oxygen in tetrahydrofuran. 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 rafe 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 equation (xxxiii) are

given in Table 9 and the values of 1 x 10 4 wteT! for

-4

tri-g-butylborane and 1.3 x 107 "M, s.l for tricyclohexylborane at

0°c are much smaller than those calculated from either the length
of the galvinoxyl inhibition period (2.47 x 10 -3 M.l ,1 and

51.54 x 10'-3 M. s.1 respectively) or from the rate of oxygen
absorption (1.84-x 10 3M.1 71 and 22.8 x 10-3m.l .l reapectively)
and the divergence becomes greater with inecreasing iodine
concentration. The uncertainties concerning this method of
inhibition have been mentioned (page 169) but these factors

would all predict a Spgriously high rate constant and thﬁs it is
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necegsary to fropose new reasons to account for the low values:
(a) The work of Bfown and Midiandll was carried out at COC in
contrast both to this study and the work of Allies and Brindley7,
where rates were determined at 25°C. If the initiation step

had an appreciable activation energy, differences of ten to
twenty-fold might be satisfactorily explained. Evidence against

7 that even at -78°C

this is the observation of Allies and Brindley
trialkylboranes autoxidised at a diffusion controlled rate,

without an induction period which would imply a low activation
energy. | ‘

(b5 gince 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 lodide,
as suggested by Ingold et 31.6. Aleksandrov et gl.zo have
reported that, during the iodine inhibited  autoxidation of

cumene, 1od1ne was regenerated by the reaction between peroxy

radicals (or oxygen) and the alkyl 1od1de-
ROO* + RI ——> 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 1s 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.

Until the magnituée 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 extréme‘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-g-butylborane. This can be contrasted with the large
difference between the rate constants for these two boranes
determined in the presence of galvinoxyl.

(iii) Rate of Production of Alkyl Iodide from Iodine Inhibited

Autoxidatipns. This method used by Brown and Midlande relied

on the assumption that iodine, in very high concentration
(40 mol. %), trapped the alkyl radicals produced in the primary

jnitiation step to quantitatively yield alkyl iodide:

RBB + 0, —_— R+ R,BO, (xxx)
R- o+ I, — RI + I° (viii)
R,BO, + I, —> RQBI + 0, o+ 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 6f primary

initiation:

d RI] = kl [R3B] [02] .(Xxxi.v)
at '

However, considering the limitations concerning iodine
inhibited autoxidations already exprcssed (pagel69 and page 186)
this equation must be a gross oversimplification. Oxygen
concentrations were estimated as on pagel85 and the rate constants

calculated from ecuation (xxxiﬁ) were, at ooc, 6 x 10—6 MTlstl
6

1.-1

for tri-s-butylborane (0.5M. in tetrahydrofuran) and 3 x 10 "M."s%
for tfi-isobutylborane (0.5M. in tetrahydrofuran).

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.galvinokyl and the rates
calculated from the relationchip n[@}f 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.
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Table 9. Primary Initiation Rate Constants Calculated from

n [Aj]
the Relationship Y

[k,H x 10° (a} [05] % 10° [Inhibitor] Temp. R, x 108 k, x 10% ket.
(M) ' (M) X 104(0) (M.) °c. {ﬁ;sfl) (Mtlsjl)
Tri-s-butylborane
., 0.76 0.75 G, 1.5 25 14.0 2,47 agii
0.76 0.36 "o 1.5 " 11.7 4.17 "o
0.76 0.16 "no1.5 " 7.7 6.54 "
0.76 o 0.16 no2.9 " 12.9 10.98 »
0..36 0.16 2.9 " 10.6 18.78
1.48 0.16 " 2.9 no 22.8 9.94 "
2.10 0.16 " 2.9 " 46.7 14.35 v
0.76 0.16 "7.3 n 13.9 11.83 .
0.575 0.75 " 0.29 " 5.0 1.05 ¢
50 1.84{%) 1, 50 0 87.5 0.10 11
50 1.84(®) = 100 0 5.5 0.06 11
Tri-isobutylborane
1.44 0.75 G, 1.5 25 12.9 1.00 This
work
1.44 0.16 " 1.5 " 8.7 3.92 v
0.75 0.16 " 1.5 " 54 4.70 v
2,10 0.16 v 1.5 " 12.9 3.96 "
1.44 0.16 " 5.9 " 9.3 4.18 "
2.80 0.16 " 1.5 " 15.3 3.52
0.75 0.75 " 3,75 " 11.7 2,10 7
Tricyclohexylborane
0.13 0.37 G, 2.9 25 24.79  51.54 This
0.13 0.16 "o 2.9 " 19.33 92.93 Work
0.19 0.16 "o 2.9 " 24,17 79.51
50 1.84(°) 1 50 o 122 0.13

(a) In benzene solution except for experiments in the presence. of
jodine when: tetrahydrofuran was the solvent.
(n) Estimated.

(¢) © = Galvinoxyl. I = Iodine
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CHAPTER 8

ORGANOPEROXYBORON COMPOUNDS

It is now well established that the autoxidation of a dilute
solution of an organoboron compound results in the formation of an

1,253, Typically, the autoxidation of

organoperoxyborane
tributylboranes at 25°C, with efficient gas—;iquid mixing gave

and almost ocuantitative yield of the corresponding dibutylperoxy
butylborane,3 The alternative route of preparation, nucleophilic
substitution, has proven useful for the synthesis of many

4"5969

peroxyborate compounds. Both methods have been used

in this investigation.

The preparation of the monoperoxide, n-butylperoxy
di-n-butylborane, took advantage of the fact that therec is an
activation energy difference between the autoxidation stages

borane to monoperoxide (i), and'monoperoxide to diperoxide (ii):
"gy,B 4+ 0, —= B 5008 pu’ (1)
n n n. n
BuOOB Bu, + 0, —> ("Bu00),B Bu (11)
This has been dcronstrated by Allies and Brindley who reported
that at -74°C the autoxidation of tri-n-butylborane ceased after

the absorption of 1 mol. of oxygen3. Unfortunately the

autoxidation of tri-s-butylborane did not stop completely after
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the first step3, and it was thought unlikely that a soiution of
s-butylperoxy di-g-butylborane so prepared would be of sufficient
purity to validate a kinetic study. .
All of the peroxides studied were used "as.prepafed" since

an attempt to purify ewen the relatively more stable di-n-butyl-
peroxy n-butylborane by high vacuum distillation was unsuccessful
because distillation time could not be made sufficiently small
compared with its rate of decomposition. Nevertheless, the purity
of the peroxide solutions was always in excess of 95%.

| The study on these compoﬁnds was carried out in order to
obtain a greater understanding of their possible role in
Aorganoborane autoxidations and also to: evaluate their potential
use as possible free-radical polymerisation initiators.

Although there was a considerable quantity of literature concerning
these compounds as polymerisation initiators much of it is

subject to ambiguity largely through an ignorance of. the nature

of organoborane.autoxidations and stabilities of organoperoxyboron

compounds.

1. Thermal Decomposition.

Previous studies on the thermal decomposition of
organoperoxyboron compounds indicated that, with respect to this .
property, it was necessary to divide the peroxides into two
distinct cztagories. Those organoperoxyboranes containing boron-
alkyl bonds were considerably less stable than those without
auch bonds (organoperoxyborates). Davies et al. reportgd that
di- isobutylperoxy isobutylborane hud decomposed by 30% in

7
24 hours at room temperature to give di-isobutoxy isobutylperoxyborane.
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i i
i'Buoo-B<(i)o M i'lauooa<oiBu (111)
: Bu 0~ Bu .

More recently, Russian workers have studied the decomposition of
many organoﬁeroxyborates, and these compounds'were found to
decompose at a measurable rate only at temperatures in excess of
12O°C,5’8 and therefore resemble dialkyl peroxides in this respect.

These differences in behaviour would appear to indicate
different modes of decomposition. The organoperoxyborates
decomposed by a homolytic chaiﬁ mechanism?’8 and although the
organoperoxybdranes containing boron-alkyl bonds have not been

jnvestigated in such detail, Davies has suggested that such .. .

compounds decompcsed primarily by a nucleophilic 1,2 rearrangement:7
2\ OR
RO70-B —> RO-B iv
U\ N (1v)
R R
Phis intramolecular mechanism can be contrasted with the
intermolecular rearrangement suggested by Murviss:9
' a | ~
—p 4~ — > TB-0R' + B-OR (v)
f ] 7 -
,R"*>O
B

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) Todometric Study. Iodometric titrations as a method of
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estimating organoperoxyboron compounds has been criticised by
Grotewold et gl.lo. They reported that, during the autoxidations
of triethylborane in solution, at relatively low oxygen consumptions
the peroxide titration was far below the value expected from the
amount of okygen absorbed, but at high 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 was expected.
The iodometric method of analysis used in this study was
found 40 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:

. n
Rate = k, [Peroxide ] (vi)
where kl - rate constant.
n = order of reaction.
[?eroxideo] = initial concentration of organoperoxyborane

compound.
shows that
log Rate = 1log k;, + n log EEeroxideé](vdi)

.and hence a graph of log Rate against log [Peroxideoj should yield

a straight line of slope n. These graphs are shown in Figure 10,
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and n for di-n-butylperoxy n-butylborane is 1.2 at 60°c, for
di-s-butylperoxy s-butylborane 1.0 at 6000, and for di-n-butyl
n-butylperoxyborane 1.1 at 18°C, all in iso-octane solvent..
These values substantiated the firet order kinetics suggested by
[Peroxide ]
the good straight lines obtained from plots of ln]?E?EETEE%]
against time over about 40% rcaction (Figure 1l0a). These graphs
and the resultant first ofder 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 11l. The activation energies calculated by the least sguares
method had values of 14.3 L 1.07 keal. mole_lfor di-n-butylperoxy
n-butylborane, 15.9 b 0.40 kcal. mole-lfor di-s-butylperoxy
s-butylborane, and 11.1 X 0.53 keal. mole-lfor di-n-butyl
n-butylperoxyborane. .

These activation energies are considerably smaller than those
determined for the homolytic decomposition of the butylperoxyborates
which vere usually in the range 30-35 keal. mole.l.s’8 This would
tend to confirm the earlier suggestion that those compounds
containing boron-alkyl bonds decompose by a differcnt meehanism td
those without such bonds and conscquently these bonds must be
responsible for providing a decomposition route of relatively low
cnexrgy. Thisz, together with the first ordei kinctics councur wiip
the intramblecular 1,2 alkyl rearrangement suggecsted by Davics7,

The relatively low activation energies aleo indicute a
synchronous process, the energy rcouired for whond breaking being

partly compengated by the energy released from bond formation.
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Ta-Hsun Lee et gl.ll have studied the decompositidn of
diethyl ethylperoxyborane and found it to decompose wifh first
order kinetics, and determined an activation energy of 12 kcal, mole-l.
This shows good agreement with the results of this investigation
for di-n-butyl n-butylperoxyborane. These workers also studicd
the decomposition of a mixture of diethylperoxy ethylborane and
ethylperoxy ethoxy ethylborane and they reported.that this
decomposed with second order kinetics and an activation energy
of 21 Keal. molet.

Since compounds of the type alkoxy-alkyl-peroxyboranes might

be expected as intermediates arising from peroxide decomposition

on the lines of eouation (v), e.g.:

OR
(ROO),BR + RyBOOR ~ ——> 2 ROOB::: (viii)
R
. OR
(ROO),BR  + R;B — ROOB:: + ROBR, (ix)
. R L d '

s~-butylperoxy s-butoxy s-butylborane had been synthesised and
was found to be more stable than di-g-butylperoxy s-butylborane.
The s-butylperoxy s-butoxy s-butylborane was only decomposed'by
10% after 24 hours at So°c,'wh11st the di-s-butylperoxy
g—butylborane decomposed by 10% after 3% 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 dibutylperoxy butylboranes.

One thermodynamic quantity which is particularly 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:

kl = KT QAS*/R ﬁaﬂH*/RT (x)
h

where k = Boltzmann constant.
T = temperature in degrees Kelvin.
h = Plank's constant.
NS *¥ = entropy of activation.
R = gas constant.
NAH* = enthalpy ot activation.
This expré351on was originally derived by Wynne-Jones and Eyringlg,

AH* is related to the experimentally determined activation

enercy, Eexp, by the expression:

Eexp = AH* + RT - PAV* (xi)

where P is the pressure and AV¥ the change in volume in g&ing
from reactants to the activated complex. For a unimolecular

reaction in solution AV* is zero and hence:

Eexp = AH* + RT | (xii)

N

Substitution of Eexp for AH* in equation (x) giVes:

eAS*/R e-(Eexp-RT)/RT

ky = kT (xiii)
h
or kl = C E’E e[)s*/R e -EeXP/RT (xiv)
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Entropies of activation determined from expression (xiv) were

-1
-43.1 cal. deg.l mole lfor diﬁg—butyl n-putylperoxyborane at
298.1°kK, _39.5ca1.deg. mole Ty di-n-butylperoxy n-butylborane at
cal.degflmole-l

343.6°K, and -34.1 for di-s-butylperoxy s-butylborane
343.6%K. In 211 cases therefore, there is a large decrease in
the randomnecss of the system on passihg from reactant to the
activated complex. |

Since the sblvent, iso-octane, is not particularly polar,
thie large decrease in entropy cannot be attributed to aﬁ increase
in solvation on passing from a non-polar reactant to a partially
charged activated complex. A more reasonable 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 undergone by m—acotylphenyl‘

allyl ether at 184°¢ in diphenyl ether solution involves a cyclic

- 13
intermediate and has an entropy of activation of -16 cal. deg.lmole.l :
O—C*:’.QCH=CH2 O—CHQ\CH ' oiL ciim
[Il i 2 et=10% 2
CH2
—_— —_— H
e ; ~CUA~C..T ‘ :
CUQCQﬁS » Cu?ugﬂs COQC?IS
l (v)
O
(‘&{203--I=f1‘52
1
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(v) The oxidation of p,p'-dichlorobenzyl sulphide by
R-methoxyperbenzoic acid to the sulbhoxide in toluene involved
an entropyof activation of =29.5 cal. degfl mole.l at -35%¢,

and a highly restricted transition state was suggestcd14:

\O/O + R2S —= R'-C__ ,074/-2?: —_— R—c\ + /s_>o
, {S/ R : 0 R
(xvi)

.
To summarize, therefore, the primary route of decomposition of
organoboranes is a first order synchronous process involving a

highly restricted activated complex and a possible mechanism is:

b
0- -
Do R S -:R OR -
ro? B/ == Ro---33" ——= r0—3] (xvii)

The mechanism shown has, as its first step, the donation
of a lone pair of electrons from the B -oxygen into the vacant
boron p orbital. On this.assumption the increased activation
energy for di-n~-butylheroxy n-butylborane gnd di-g-butylperoxy
g-butylborane compared to di-n-butyl n-butylperoxyboranc is
readily explained. The electron density at the boron atom
will be higher in the case,of the diperoxides because of the
presence of two o -—-oxygens both of which vill be involved in
vp?T—pr interactions with the boron atom via its vacant p

orbital.

The increased stability of 8-butylperoxy s-butoxy S-butylborane
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relative to di~s-butylperoxy g-butylborane (10% decomposition in
24 hours compared to 10% decomposition in 3% hours at 50°¢C in
iso-octane solution),.is subject to the same argument of increased
electron density on the boron atom. An alkoxy « -oxygen atom
should be a more powerful p 7Y donor than peroxy «£-oxygen atom,
since in a peroxy grouping electrons are drawn away towards the
2lkoxy function, an effect manifested in the increased acidity of

a hydroperoxide compared to the corresponding alcohol.

(ii ) Polymerisation Studies.. The monomer vinyl acctate, was
chosen for this study because it almost exclusively polymeriées by
a free-radical mechanism. The reactivity ratios for the anionic
copolymerisafion of vinyl acetate (Ml) and acrylonitrile (Mg) at
40°C were SR PV 0.03 : 5.6, whilst for the cationic
copolymerisation of vinyl acetate (Ml) and styrene (M2) ry ¥r,
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

16 All of the

tendency to undergo ionic polymerisation.
organoperoxyboranes investigated were found to initiate the
polymerisation of vinyl acetate and the graphs of the extent of
polymerisation against'time'are shovn in Figure 14.

The polymerisation initiated by di-n-butylperoxy n-butylborane
was unusual in that the rate was initially rapid and then slowed .
after ca. twenty minutes to a constant wvalue. It is the reverse
of a "typical plot", such as shown by the polymerisation initiatead
by di-s-butylperoxy s-butylborane where the rate gradually increases

to a constant value, and this was presumably due to the prescnce

of traces of the less stable di-n-butyl n-butylperoxyborane in the
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di-n-butylperoxy n~-butylborane sample. Such traces were difficult

t0 avoid because of the relatively slow absorption of the second

mol. of oxygen during the autoxidation of tri-n-butylborane.

(The autoxidation of tri-g-bufylborane, 6 mM. in benzene at 2500,

was complete within five minutes; the autoxidation of tri-n-butylborane

8 mM. in benzene at 2500, took thirty minutes for complete reaction)3.
The rate of polymerisation of vinyl acetate initiated by

di-n-butyl n-butylperoxyborane increased throughout the period

studied. Auto-acceleration of polymerisations is usually the

result of an increase in the viscocity of the monomer-polymer

mixture which is assumed to lower the termination rate constants in

relation to the propagation rate constants. In this experiment

using di-n-butyl n-butylperoxyborane as initiator, however, the

polymerisation was only followed over about 3.5% rcaction, and

14 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 decomposition

of the di-n-butyl n-butylperoxyborane brought about by vinyl acetate

or polymer radicals, causing an increase in the rate of'initiation..

The polymérisation rates can be converted into rates of
ihitiation. The following is a typical reaction scheme for the .
polymerisation of a monomer M, initiated by a compound I, decomposing

4o radicals, R-.

1 —> 2 R (kd) (xviii)
Initiation R + M —~ RM- (kl) (xix)
RM. + M —> RMM (kp) - (xx)
Propagation + M-=> RM.
premy RV M (kp) (xxi)
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Termination (Combination or 2RM£-——> Stable Products (kt)

disproportionation) (xxii)

The rate of polymerisation, Rp, is given by:

=
i

; _%n_q] =k RIM] o+ x) [mg] [w] (xxiii)

The amount of monomer disappearing by reaction (xix) is mininal,

and hence: Ry = k; [ﬁMﬁ]‘ [M] - (xxiv)
now Xk [R] M) = 2k [RM;I]2 (steady state) (xxv)
thus ] = (% [R]0] E (xxvi)

2k,

Assuming a steady state concentration of R.
d !B'I = 0 = 2ky [I] -k [P-] [MJ (xxvii)

therefore  [R] = 2 k4 [I]

kl [M]

substituting for [R{] in (xxvi) yields:

[RMn] = (kd [I]) 5 (xxix)
k

(xxviii)

-t
 and substituting for [ﬁma in (xxiv) gives: |
%
Rp = kp [M] (kd [I]) (xxx)
2 kt
from which kd = R kt (xxx1i)

~

[1[)°

For vinyl acetate the values of kt and k_ are well known and

Matheson et a1l? gives, at 60%¢,
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3700 MTigTL

o
i

k. = 7.4 x 10 nNoigTd

The rates of polymerisation of vinyl acetate at 60.5°C using

-5M71371), nnd

di- s-butylperoxy s-butylborane (7.5 x 10~5M71371), yield values for

k. of 1.5 x 108671 ana 2.6 x 10—8871 respectively. 7".The curve

d
produced by initiation with di-n-butyl n-butylperoxyborane did

di-n-butylperoxy n-butylborane (5.7 x 10

not allow the calculation of an accurate polymerisation rate but
an average value of 1.03 x 1074 p7ls7t yields a Xy of 2.6 x 10"73:1
at 2500, using Mafheson's data for kp and kt at this temperature
(1012 M-ts7! and 2.94 x 107 wilsT! respectively).

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 = .1 for di-n-butylperoxy n-butylborane at 60.5004

2.13 x 10-55 -1 for di-s-butylperoxy s-butylborane at 60. 500, and
4.68 x 0 %87 for di-n-butyl n-butylpcroxyborane at 25°¢.
The difference between kd and the first order rate constants
determined iodometrically is too large to be ascribed to a low
ninitiator 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 alkylperoxyboranes is initiated by the unimolecular

decomposition of the peroxyborane to free-radicals:
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ROOBR2-——>-RO‘ + *OBR, . (xxxii)

and gave rate constants for this process of 1.1 x 21.0"553_l for

di-n-butyl n-butylperoxyborane and 3.8 x lO_"'s-1 for di-g-butyl
g-butylperoxyborane all at 3000. Their results appear 1o be a
contradictibn of the facts reported in this thesis, but it must
be remembered that their results were detormined ini the presence

of oxygen and it does not seem unreasonable to suggest that they

were actually studying an induced decomposition of the peroxyboranes.

2. The Reaction between Organoboranes and Organoperoxyborancs.

Prior to 1956 the autoxidation of a trialkylborane was

believed to produce a boronate ester:

RB + 20, —> (RO),ER (xxxiii)

Subsequent studies demonstrated that in dilute solution and with
efficient gas liquid mixing dipgroxyboranes were obtained,l’gt3
and it seemed probable that a reaction occurred between
peroxyborane and unreacted borane. This was confirmed by Murviscs
who reported that the jield of peroxide was reduced as the initial
borane concentration was increased19 and he later reported that
the addition of tri-n-hexylborane to a partially oxidised solution
of tri-n-butylborane led to a large drop in the peroxide contcntg.
Murviss suggested the following mechanism:

?
| ,/R ~
—B 4 -0 —
| | ~
R——0

BOR’ + BOR (v)

\ /

B
AR
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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,Qo
and more convincingly it has been recently demonstrated by electron
spin resonance apectroscopy that such a reaction produced alkyl .
radicals, i@éntified by their reaction with ni‘troxyl:}.l8
Both Ingold and Davies,18 and Grotcwold et gl.lo have
"suggested the reaction between trialkylboréne and dialkyl
alkylperoxyborane as being responsible for the autocatalysis

exnibited by organoborane autoxidations. Grotewold suggested

the following mechanism:

Et,BOOEt  + Et3B _— Et,BOEt + Et,B0. + Et° (xxxiv)

BO. + Et.B —>  Et,BOBEt, + Et- (xxxv)

Et 3

2

Since it was now possible to obtain di-n-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 iqdometrically‘following the rate of loss of
peroxide and secondly, an indirect method, by spectroscopically
following the rate of removal of the radical traps galvinoxyl or.
triacetonamine nitroxide.

The reaction was found to be too fast to be foilowed by‘
either method, and no cuantitative measurements could be made.

A1l that can be said is that the reaction between tri-n-butylborane

‘and di-n-butyl n-butylperoxyborane is extremely rapid being
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virtually complete within ca. thirty seconds, at 25°¢, deering
of the temperature by SOOQ appeared to have little significant
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 energye.

It was thought that the corresponding reaction of the more
stable di-g—butylperoxy n-butylborane with tri-n-butylborane would
be less vigorous and proceed at a measurable rate. Thigs was
not so, the reaction again being virtually complete within ea.
thirty seconds at 25%°C (when foliowed speotroscopically5 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 simple bimolecular process, such as was proposed -
by béth Murviss9 and Hansen,20 but would tend to support the

mechanism suggested by Grotewold et gl.lo.

Also, although by no meanscconclusive, was the. supporting.
evidence for the radical mechanism provided by the fact that,
these reactions rapidly removed both galvinoxyl and triacetonamine

nitroxide from solution, whereas the separate components did so

only slovly (p. 135). .

3. The Potential of Organoboranes and Derivatives as Free-Radical

Polymerisation Initiators.

The organoperoxyboranes studied in this investigation were
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a lot less stable than méhy organic peroxides, but their mode of
decomposition, in the absence of any trialkylborane, was primarily
by a non-radical pathvay. The dibButylperoxy butylboranes initiated
the polymerisation of vinyl acetate with reasonable efficiency at
temperatures above SOOC, but since this range is well served by
the cheaper and more readily available dibenzoyl peroxide/amine or
azo-bis-isobutyronitrile, the peroxyboranes appear to offer no
particular advantages.  Di-n-butyl n-butylperoxyborane initiated
the polymeriéation of vinyl acetate at.25°c and could well be
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 éommercial point of view.

Although not studied in this investigation 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 initiators
gince the autoxidation of tributylboranes is still very rapid at
'—78003, and the limited evidence from this study indicates that

the reaction between organoborané 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 polymerisation

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.

Although by the early 1960's oxygen was 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 polymerisations.
Tt is now clear that those workers using a trialkylborane-oxygen
initiating system were studying polymerisations partly brought
about by chain transfer from the autoxidation of the trialkylboranc.,

The studies of Bawn et El'Zl’ Zutty and Welch,22 and Hansen,2o
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:

(d) Bawn et al. 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 al. prepared the organoperoxyborane seperately
vefore mixing it with the organoborane. Zutty and Velch, 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 organoperoxyborane. The work
"of Bawvn et al. must also be subject to some uncertainty since the

technique of vacuum dilatometry is time consuming and they would



-209-

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 al. were studyihg a
differént initiating process to both Zutty and Welch, and Hansen
was shown by the differing activation energies determined for

the polymerisation. Bawn et al. gave a value of 12.9 keal. mole™t

1

Zutty and Wélch 4 kecal. mole.”, and Hansen 2.4 keal. mole T,

2 .
Kojima et al. 3 studied the polymerisation of methyl
methacrylate initiated by tributylborane-oxygen in the presence
of a variety of aromatic amines and proposed the following

mechanism for the initiation:

Bu.B + Donor ===> C(Complex (xxxvi)

3

Complex -——> Radicals ———> Initiation (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 al. suggested that this latter observation
could be rationalized by reaction (xxxvii) becoming more facile.,

| | Ingold and Daviesl8 have reported that complexed borane

did not autoxidise and it is difficult to see how the borane-donor
complex could give radicals in‘the mamer suggested by Kojima et al,

A more logical sequence of reactions leading to initiation would be:
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Bu.B + donor =—=>  Complex (xxxviii)

3
| Loz
Radicals and Initiation (xxxix)

On the basis of this mechanism, the increased rate of polymerisation
vith 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 chloride decreased if the oxygen to borane ratio was increased
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

concentrations of oxygen, being sufficiently slow to permit a
reasonable extent of chain transfer from the autoxidation chain.
Although they gave no data, if the work of Kojima et al. was
carried out -at a relatively high oxygen to‘borane concentration,

the accelerating effect of donor complexing agents is explained.

4, vHalcon Type" Reactions using Organoperoxyboranes,

The reaction of an olefin with an organic peroxide in the

presence of a transition metal catalyst results in the formation

25126427 .14 this is generally known as the Halcon

25

process. A typical reaction was “:

of an epoxide,

4 Mo(CO)6 t
+ BuOOH ——F> 0 + BuOH (x1)
100°C
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Following the work of Gould et gl.28 there appeared little
doubt that such reactions did not involve a homolytic mechanism,
since they reported that the epoxidation of eyclohexene with
i—butylhydroperoxide was not catalysed by cobalt (II) complexes
or diji—bufylperoxalate.

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 (page 139) are representative
of the general procedure and technique. Only from indene at
40°C (18 hours) was any epoxide or epoxide derived product obtained,
and then only in very low yield (ca. 1%). The produect was
indan-2-one (identified by comparison with an authentic sample)
and was presumably formed from indan epoxide by a thermal
rearrangement (on the chromatography column) ;n a manner analogous

to +the rearrangement of ethylene oxide to acetaldehyde,

140°¢
(x1i)

Indan epoxide Indan-2-one
The additionyof molybdenum hexacarbonyl to a solution of
di-n-butylperoxy n-butylborane was found to cause a rapid

decomposition of the peroxide reducing the half-life from ca.

3x 104 mins to ca. 30 mins at 2500, with the formation of a
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mixture of borate and boronate esters. On the basis of the

carbon analysis (65.2%), this mixture appeared to be 43% borate,
57% boronate. Since the peroxide was completely reduced, this
decomposition cannot have occurred by a simple catalysis of the
alkyl 1,2 réarrangement, which would result in the formation of
di-n-butoxy g-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:

(Ro0),BR  + M — ' 4 ro- + fo(roo)sR]T  (x111)

(RO0),BR + M'—> M + ROO- + [ROODR ]* (x1i1)

familiar reactions of organic peroxides.

The instability of di-n-butylperoxy n-butylborane in the
presencé of molybdenum hexacarbonyl can be contrasted with the
stability of t-butyl hydroperoxide, only 6% decomposition occurred
in one hour at 8700.25 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-n-butylperoxy n-butylborane. . 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 cmTl, figure 15). This solid decomposed at 170%¢
to yield trans cyclohexane 1,2 diol and a hydrated molybdenum

oxide:

(?Bu00)2BnBu + Mo(CO)g + [:::ﬂ e [Organo—Mo] (x1iv)

170°¢C o
[Organo—mé] —_— - + Hydrated molybdenum oxides
~~0OH

(x1v)

The‘volatilé complex, [brgano—Mﬂ y could posgibly have
been a molybdenum ester of trans 1,2 cyclohexane diol. The
infra-red spectrum (Figure 15), although confirming the presence
of a C-0 grouping (C-O stretch, 1080 Cm:l) also ihdicated the
presence of hydroxyl groups (O-H stretch, 3350 cm?l), ond

[Organo—Mo] could possibly be a hydroxy molybdenum ester:

O, OH
/// \\\\id///

AN N

OH

~

Time did not fermit Turther investigation of this reaction.,
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CHAPTER 9

THE AUTOXIDATION OF ORGANOTRANSITICON WETAL COVPOUNDS.

It has been previously mentioned that simple alkyl and aryl
derivatives of the transition metals were very unstuble, 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 gl%.and Lappert et g&? has shown
that, provided the organic groups do not have B -hydrogens,
fuily alkylated organotransition metal compounds of reasonable
atability could be prepared and isolated. The absence of

B ~hydrogens precludes the g-elimination reaction which has

been suggested as the most facile route of decompositionl:

H
i N
M-C~C-  —— M-H + _
(I

c=c_ (1)

Although the_metal-carbon bond has been suggested as being

3

quite strong and stable, 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 elsewhere5indicated that the organotransition metal compounds
reacted vigorously with air and it was thereforg decided to study

their autoxidation as a possible example of SH2 reactions at
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transition metal atoms.

Tnitial 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
availabilit& 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, ¢ -bonded, organometallics and oxygen was
gimilar to that for other organometallics, which have been

6,7 The

shovn to autoxidise by a free radical mechanism.
reaction at 20°C was extremely facile, probably almost. diffusion
controlled, and had a half-life of gg..lo secs.. In comparison,
the autoxidation of tri-n-butylborane had a similar half-life,
but took longer to go to completion because of the relatively
slow second stage, dialkylperoxyborane to alkyldiperoxyborane
(Pigure 18). |

Lowering of the temperature to -74°%¢ only had a really
"significant effect on the autoxidation of tetrabenzyl zirconium
(t% ca. 2 mins.), although there was a slight slowing in the |

rates of autoxidation of all the other compounds studied (t, ca.
: ) 22

50 secs.) and a marginal increase in the amount of oxygen absorbed

- (Table 7).
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This behaviour can be contrasted to -the autoxidation of
tri52~butylborane at -74°C, at which temperature the absorption
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 subsequent
stages of organotransition metal autoxidations.

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 solvgnt affected the rates of autoxidation
of a variety of hydrocarbons, the rate ihcreusing with inereasing
dielectric constant.8 The effect, however, was relatively
emall and the slight differences in diélectric concstants 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 atonm.
Thus, it can be reasonably assumed that solvent effects on the
autoxidations investigated were negligible.

(1) Alkoxide Formation. The autoxidation of other organometallics

result ultimately in the formation of alkoxy metal compounds,

6,7

via peroxy intermediates. The alkoxides were formed by = - .-

reduction of the peroxide and Davies et al. suggested that for

pboranes this occurred by anintramolecular rearrangement,9

whilst Murviss ravoured an intermolecular reaction between

peroxide and unreacted organometallicloz
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Y
INTRA Rf'*R — (RO),BR (i1)
INTER ©~  ROOBR, + RyB —> 2 FOBR, (iii)

Reaction (iii) will-occur at high initial concentrations
of organometallic, and in the absence of this reaction it has
been possible to isolate peroxidic products from autoxidation
reactionsll.

As described in the experimental section of this thesis,
there was evidence that the major end-product from the
organotransition metal autoxidations was the alkoxide, although

it was not isolated.

The autoxidation of methyltitanium +trichloride has bdeen
reported by Bestian and Beerman to produce methoxytitanium
trichloride, 0.5 mol.'of oxygen being'conbumed.l2 and recently
Lappert et al. reported that they were able to isolate, and
characterise,'tetraneopentoxytitanium in 80% yield following
the exposure of a solution of tetraneopentyltitanium to air.13

The compounds studied in this thesis were similar in this
reéﬁect; for example, the proton magnetic resonance spectrum of an
autoxidised solution of tetrakis (trimethylsilylmethyl) titanium

'shéwed the complete absence of the peak at 7.6 ¥ due to thé
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 5.4 , which
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is related to the value of 5.83 ¥ for tetraneopentoxytitanium

13 The formation of tetrakis

reported by Lappert.
(trimethylsilylmethoxy) titanium was substantiated by the amount
of oxygen absorbed, 0.5 mol. per alkyl group, and further
substantiatéd by the fdentificatioh 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
slkoxide formation. The identification of benzyl alcohol
following the autoxidation and hydrolysis of tetrabenzyl
éirconium had been previously reported by Zucchinil et ﬂl'4'

A11 of the compounds studied in this investigation were

found to react with ca 0.5 mol. of oxygen per alkyl group at

20°C, and the overall reaction would therefore appear o Dbe:
RM + 1/20p — (RO)M (iv)

(ii) Peroxide Formation. Since it has been shown for many

organometallics that alkoxides result from the decomposition
of initially formed peroxidés, 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 =74%¢ ang at high dilution. : However, there
was some indirect evidence which suggested that at some stage

alkylperoxy groups had been bonded to the metnl. 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 chloride.14

They indentified,
among other products, trimethylsilanol, formaldehyde,
hexamethyldisiloxane, and as the major product trimethylsilylmcthanol.
Eisch and Husk explained the occurrence of these minor products

.
as being the result of a rearrangement of the establishedl)

alkylperoxy compound formed during autoxidation:

(cH,),SicH MeCl + 0, e (CH,) y81CH,00MzC1 (v)

303

(CH3)3510H200Mg01 —_— (CH3)3Si—O-CH2-OMgCl (vi)
H,0 +a(CH3)3SiOCH20MgCl —_— (CH3)3810H + HCHO + Mg(OH)C1 (vii)

2 (CH3)3SiOH L — (CH3)SSiOSi(CH3)3 + HZO ‘(viii)
Brilkina and Shushunov have propoéed an alternative route

for the production of the hexamethyldisiloxane and formaldehyde,

jnvolving the reaction of the peroxide with the alkoxide.16
A full investigation of the hydrolysis products of autoxidised

tetrakis (trimethylsilylmethyl) titanium was not carried out,

because the primary aim of this section of vork was to screen

a number of compounds with a view to selecting one for detailed

study. However, a g.l.c. examination of the hydrolysis

products compared well with that from the hydrolysis products

of autoxidised trimethylsilylmethyl magnesium chloride and many

products appeared common to both. Since the formation of the
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minorvproducts almost certainly involved a trimethylsilylmethyl
peroxy group, it would seem that, like the Grignard reagent,
peroxy compounds were involved in the autoxidation of

tetrakis (trimethylsilylmethyl) titanium,

More conclusive evidence came from subsequent studies on
tetrabenzyl zirconium and hexabenzyl bitungsten which resulted
in the detection of unstaﬁle peroxidic products., At,2o°c the
sutoxidation of tetrabenzyl zirconium yielded 4.5% of, peroxidic
material per alkyl group, whereas hexabenzyl bitungsten gave
5%. At -74°c the yields of peroxide per alkyl group werec 14.5%
and 13.5% respectively.

Peroxide formation at ~-74°C was further substantiated by
thé fact that at this temperature, all of the compounds studied,
in the absence of inhibitors, reacted with slightly more than
0.5 mol. of oxygen per alkyl group (Table 7), vhich is explained
by'the presence of small amounts of compounds of the type
ROOM(RO)n_l.

The nature of the peroxide produced was investigated
and it was found possible using thin layer chromatography,
to isolate and identify benzyl hydroperoxide from the low
temperature autoxidation of tetrabenzyl zirconium, following
hydrolysis. Thie indicates that the peroxide produced by
éutoxidation was a true organoperoxytransition metal compound,

and not a peroxo compound (Mi:g), nor a hydroperoxide of the

| |
...Z|r-O-O—CH206H5 + H,0 —r C6HSCH200H + —%r—OH (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 organolithium 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 (1ii)).
For the compounds studied in this section i1t is not possible

to assess the relati&e contributions of reactions (ii) and (iii)
towards the destruction of peroxide, but the importance of
reaction (iii) to the autoxidation of Group IVA transition
metal organometallics might be determined from a study of
trialkoxy- 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,l6 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 organotransition metal compounds has several similaritics
4o the autoxidation of other organometallics, namely a fast, almost

diffusion controlled reaction, the production of alkoxides ang
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the involvement of organoperoxy compounds. There is ample

publishéd~evidence that orgenometallics such as Boronl7’18,

Cadmium7, Zinc7, and Aluminium7 autoxidise by a free radical
mechanism:
Initiation -  RM + 0, ———— R- (x)

R + 02 — ROO- (x1)
Propagaticon

ROO: + R M ——> ROOMR _; + R-  (xii)
Permination Radicals — Stable Products  (xiii)

- It therefore seemed likely that a similar free-radical

mechanism would be involved in the autoxidation of the o -bonded

organotransition metal compounds.

Following the eautoxidation: at 20°C of tetrabenzyl zirconium,
significant ouantities of benzaldehyde (7.5% per alkyl 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

19,

gtep in hydrocarbon autoxicdations™ ~:
2 PhCH200° —_— O, + PhCHO + PhCH,0H : (xiv)

It would be a mistake, however, t0 look upon the indentification
of benzaldehyde as good evidence of a frece- radical mechanism,

becaucse the propagation chains should be long and reaction (xiv)



is therefore unlikely to yield a significant ouantity of
benzaldehyde. Also, alternative routes can be proposed to
eccount for the formation of the benzaldehyde:

(a) Bace catalysed decomposition of the benzyl hydroperoxide

produced by hydrolysislgz

OH~ .
PhCH200H —_— PhCHO + H2O (xv)

.
The bage being the metal hydroxide also produced by hydrélysis.
(v) Tecomposition of a benzylperoxy zirconium cormpound during
the autoxidation.

The autoxidation of tetrabenzyl zirconium at 20°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 derived from alternative sources
such as (b) or from others not considered above.

(i) Inhibition. It has been mentioned previously (Ch. 2)

that the addition of small amounts of phenotls, amines, or
stable free-radicals can inhibit or retard the rate of oxygen
absorption of free radical autoxidations. Allies and Brindley
have compared the efficiencies of many inhibitors for
trialkylborzne autoxidations6, and a number of their more
effective compounds were added to the organotransition metal
'autoxidations;

(a) Phenols. O0f the phenolic compounds studicd at ?Ooc,‘
only'Topanol 354' (2,6 di-t-butyl 4-methoxyphenol) vhen added to
nexoncopentyl bimolybdcnum had a detectable afrect on the

autoxidations. At -74°C, both 'Topanol 354' and 'Ethyl 720!
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retarded the autoxidation of tetrabenzyllzirconium (Figure 20)
which reflects the considerable reduction in the rate of
autoxidation of this compound on lowering the temperature from
20°C to -74°C. |

The two phenols used extensively in this study were Topanol
354, and Ethyl 720. Ethyl 720 has an electron releasing
group 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 ﬁy delocalisation (resonance structures such as I)
and therefore an inactive radical with little tendency to

initiate further chains results.

_ CM ) _
Me3C ) MG3C CM03
~ Me e _ CliyeH Me
I

Allies and Brindley found that Ethyl 720 was one of the
most succescsful phenolic antioxidants for trialkylborane
autoxidations6. Topanol has three electron releasing groups
a1l facilitating the removal of the hydroxyl hydrogen atom,
and although there are no methyl substituents to stabilize the
resultant phenoxy radical as rfor Ethyl 720, the ability of this
radical to initiate fresh chains should be limited because of
the bulky ggigg 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
atudied would indicate that the propagation step (reaction (xii))
was very fast for all stages of the organotransition metal
éutoxidations, 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, peroxydialkylborane
to diperoxyalkylborane was retarded by a variety of phenols6.
(b) Phenothiazine.  This inhibitor, which acts both as a
radical trap and a peroxide destroyer, was the most successful
of the compounds use¢ in this study. Its ability 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 hexakis
'(trimethylsilylmethyl) bimolybdenum and hexabenzyl bitungsten being
gignificantly retarded either at 20°C or, as.in the cases of tetra-
benzyl zirconium and tetrakis(trimethylsilylmethyl)zirconium at -74°¢.
Phenothiazine caused a general slowing down in the rate of
o#ygen absorption, rather than a distinet break after the
absorption of 1 mol. of oxygen which was bbserved for trialkylborane
autoxidations6,and in this respect resembles the phenolic
ijnhibitors 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 propagation

steps.
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(c) Destroy peroxide which could take part in

autocatalytic initiation processes such as:

ROOMR,_; ——> RO- +  -OMR, , - (xvi)

ROOMR _, + R M ——> Radicals (xvii)
The relative rates of the initiation, propagation, and

antocatalytic initiation reactions, reflect the reactivity of

a particular compound towards oxygen. The term "Oxidisébility"

frequently used, is refered to kp/kt and although this could

not be measured in tﬁe case of these organometallic alkyls,

a consideration of the effect of phenothiazine retardations

allows the construction of a !reactivity' series at 20°¢:
[(CH3)3SiCH2] GMoy = (CEHsCHY) Wy > (CLHOH,) ,2r o=

[(cny)ysica, ] 20 > [(ory) o0, ] ooy > [(01-13)3310H2] K

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 (ca. 70% of the
yield in its abgence). The effectiveness of phenothiazine can
therefore be considered as a reflection of its ability to trap
peroxy radicals, énd the 'reactivity' series as a reflection

of the rate of production of peroxy radicals by the

orgenotransition metal compound. The processes involved in
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the production of peroxy radicals, initiation and propagation,
will both be influenced by the degree of steric crowding
around the central metal atom. It is pogsible to rationalise
some of the relative reaction rates‘on the basis of steric
shielding, although it should be borne in mind that this is
not the sole criterion of relative reactivity, such phenomena
as radical stability, availability of low energy orbitals ectc.
being able to play an important part in determining the rate
of autoxidation.
The observation that [(CH,),SicH,T] ,zr ;>[30H3)3510H2]4T1,
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 trimethylsilylmethyl compounds.
This phenomenon is manifested in several examples of classical
organic chemistry, typically trimethylsilylmethylchloride
undergoes SNQ reactions, but neopentylchloride, almost exclusively
SNl reactions. In the case of these organometallics the steric
shielding is manifested in the extra air stability (in the
presence of phenothiazine) of hexaneopentyl bimolybdenum
.compared to hexakis (trimethylsilylmethyl) bimolybdenum.
Molecular models also clearly .indicated greater steric hindrance
to attack at the metal atom in the case of the neopentyl compound.
(e) Galvinoxyl. This compound had been shown by Allies
18

"and Brindley6, and by Davies and Roberts™ , to be almost

unioue in its ability to give definite inhibition of
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trialkylborane autoxidations and so in this study it vwas 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 compoﬁnds, and had little influence on the nature of the
reaction. Davies and Roberts, in. their studies on the
autoxidation of a variety of organometallics, reported that
galvinoxyl reacted with organolithium, organozincg,
organocadmium, organo-aluminium and organomagnesium compounds,
but in all cases except organoiithium compounds and Grignard
reagents, the reaction product interfered either with the rate
or extent of the autoxidations. This difference in behaviour
i{s most probably the result of a difference in the nature of

the reaction between galvinoxyl and the organometallic compound.

(ii) Autoxidation of Tetrabenzyl Zirconium in the Presence of

Iodine has been shown to be an effective inhibitor of
gO,Ql

Iodine.

trialkylborane autoxidation , and Brown and Midland

demonstrated, by isolating alkyl iodide, that it acted as a

propagation suppressor:

Initiation R3B' + 0, —> R (xviii)
First propagation step R+ + 0, —> ROO® (xix) .
Second propagation step ROO- + RBB —9.300332 + Re (xx)

Radical trapping R- + 12 —> RI + I+ (xxi)
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Iodine does not compete with organometallic for peroxy
radicals, as do phenothiazine and phenols, but with oxygen
for alkyl radicals and consequently its inhibiting power is
dependent on its ability to suppress reaction (xix) rather
than the second propagating step.

Iodine did not inhibit the autoxidation of tetrabenzyl
zirconium, although the quantity ot oxygen absorbed was reduced
and the colour 0f the solution discharged during the course of
the autoxidation. = The absence of inhibition or retardation is
possibly the result of a very fast propagation reaction.:

The fact that iodine was trapping alkyl radicals was shown by
the identification ot benzyl iocdide in the autoxidised solution.
A blank experiment in the absence of oxygen was carried out

to ensure that no benzyl iodide was produced by a direct
reaction between the tefrabenzyl zirconium and iodine.

Lappert et al. had reported that trimethylsilylmethyl and
related derivatives of zirconium did react directly with iodine?9
but significant quantities of benzyl iodide were not found in -
the blank experiment during the time of the autoxidation
experiment (ca. 10 mins.).  Consequently, the benzyl iodide
observed must have been produced as a result of the autoxidation
reaction, and was most probably formed by the trapping of alkyl

radicals by iodine.

(iii)  Autoxidation in the Presence of Donors. Recently

2
Davies and Ingol<123 and Ingold et al. 4 demonstrated that the
sutoxidntion of organoboranes was slowed considerably in the.

presence of pyridine. This was due to the well knovn
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phenomenon of complex formation with amines:

R3B + RéN —_— R3B : NRé (xxii)
In the presence of excess base the equilibrium is well to the
right and so the concentration of free borane is reduced to a
very low level. In this way, propagation rate constants for

many organoboranes were measured, which had been inaccessible

by other mefbhods.23’24

Feltqn 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°C°”, 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 either the rate or extent
of the reaction and it is suggested that, in contrast to

organoboranesz3, an SH2 réaction by radtcals at the complexed

metal atom can still occur:
. : P ‘ .
PhCH,00° + (PhCH2)4Zr NCSHS — hCH2oo)(PhCH2)3zr : NC5H5

+ PhCH," (xxiii)

Roberts and Ingold considered that an SH2 reaction at a
co-ordinatively uhsaturated multivalent atom would not have
‘a high activation energy, provided that the atom had low
energy vacant orbitals available for increasing its

co-ordination number . 26 In the complexed tetrahedral
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organoborane, the boron atom has no vacant low energy obitals,
and cénsequently the possibility of an SH2 reaction occurring
at this boron atom is remote. In contrast, the central
ziréonium atom of the 1l:1 pyridine-tetrabenzyl zirconium
complex has several low energy orbitals vacant and it is the

presence of these orbitals which permit the attack by radicals

on the complexed tetrabenzyl zirconium.

3. Rate of Reaction and the Influence of 7X-Bonding.

Although it has not been possible to sﬂow it unambiguously
the accumulation of inferences is such, that ii'seems highly
probable that the autoxidation of organotransition metal
compounds occurs by a free radical chain mechanism, From
. the work with inhibitors it was apparent that the propagation
stage was éxtremely facile, and thése compounds would
certainly appear to be more reactive towards oxygen than
trialkylboranes. '

At 20°C all of the organotransition metal compounds studiead,
autoxidiced at a rate approaching diffusion control and only
the addition of phenothiazine, as was mentioned earlier, allowed
the construction of a 'relative reactivity series'. The
uninhibited autoxidation at ~74OC showed that, of all the
,Compounds studied, only the autoxidation of tetrabenzyl zirconium
had a significant activation energy and was markedly slowed

dovn by a reduction in temperature. This would appear 1o be.

.anomolous sincey
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‘(a) The benzyl groups are less shielding than the
trimethylsilylmethyl'groups and thus the autoxidation
of tetrabenzyl zirconium should be more facile and of
lower activation energy than that of tetrakis

(trimethylsilylmethyl) zirconium.

(b) The sH2 propagation reaction displacesa
benzyl radical which will be more stable than the
aliphatic radicals and hence should provide a
"thermodynamic drive" to.the autoxidation of
tetrabenzyl zirconium. This fact has been reported

for organoborane autoxidations by Ingold et 31.24'

An explanation of this anomalie may be associated with the

observation of G.R. Davies et al. 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

7¢ <interaction between the aromatic rings and the metal atom.27
The SHQ propagating reaction at the zirconium atom will
involve a change from a tetrhedral structure to a trigonal
bipyramid on attaining the 5-co-ordinate transition state
(or metastable intermediate):
ff R R R
R
%r . R\l /R \I/
< Zr ——> ZI‘ +Ro
//R\\ R/// | ‘
R . R O |
O 0 : 0 (xxiv)
| N : %
0 O0—R J
. L
R Transition state or

metastable intermediate
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In the case of tetrabenzyl zirconium, in addition to the
usual restrictions on -the formation of the transition state,
the 4 7Y =interactions must be jerturbated i.e. the
4-co-ordinate structure is stabilized relative to the 5-co-ordinate
gtructure, and thus the SHQ reaction and the autoxidation will
. require a higher activation energy than in the absence of the
¥ ~interactions.

Other species capable of stabilising the tetrahedral
structure relative to the trigonal bipyramid by 7Y -interactions,
include chloride, and oxygen éontaining 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 (7V-cyclopentadienyl) dialkyl
titanium compounds are far less reactive towards oxygen than
the tetra-alkyl derivatives,l6 and this can be readily explained
using the above argument. The formation of cyclopentadiene to
metal bonds reaquires 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 cuite considerably
and it is therefore not surprisingthat the autoxidation of
bis (7(-cyclopentadicnyl) dialkyl titanium compounds requires a
relatively high activation energy. For these compounds there
is an additional factor, wviz. the availability of low cnergy
orbitals. Whercas the tetra-alkyl derivatives.have five such
orbitals available for the incoming radical, the

bis { 7Y -cyclopentadienyl) dialkyl compounds only have two
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(as a result of the 10 electrons donated 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 mechanisﬁ.

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 chapfer, two main lines of approach
are apparent:

(a) An increase of steric shielding of the metal atom.

(b) The use of 7Y -bonding ligaﬁds.

It has been pointed out, and demonstrated, that steric
crowding can be increased by either a decrease in the sigze of
the met2l atom, or an increase in the bulk of the ligand.
Lappert et al. have recently reported the synthesis of
tetrakis (phenyldimethylsilylmethyl) titanium and tetrakis
(diphenylmethylsilylmethyl). titaniun®? 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 7X -bonding ligands was not investigated iﬁ
this study, but there does appear to be some Jjustification for
a brief study of frialkoxy alkyl and trichloro alkyl derivatives
of titanium and zirconiumn. These compounds aré readily

prepared28 and.a brief study could not only provide information
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~ concerning the mechanism of the autoxication, but would also
indicate the extent to which reaction (xvii) is responsible

for the destruction of organoperoxy transition metal compounds.
ROOMR_ _,  + RnM ———> Radicals (xvii)

If this reaction could be controlled, thesc compounds would

enable the production, in high yield, of trialkoxy- or trichloro-

peroxy derivatives.

Both the available data1§’22 and the theoretical consideration

of transition state formation would indicate that the
bis(weyclopentadienyl) dialkyl derivatives of Group IVA
transition metals have enhanced air sta:bility. Thus a
fis(ﬁbyclopentadienyl) compound of titanium (IV) with two bulky

alkyl groups should provide a suitable substrate for a detailed

investigation.
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S Computer rrogram 10r Calculating #irst Urder Rate Constants.

Thie program‘("Eoraie") was written in the Algol 60

computing language éuitabie tor use on the kiliott 4120 computer.
The input data was,

(i) number of readings,

(ii) titration result,

(iii) time of reading.

The program evaluated 1ln a/a-x and plotted these wvalues
against time. The least squares line was calculated and dravn,

together with the value of the slope which was the first order

rate constant.
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FORATES
"BEGIN"
vwFAL"™ C» Ks Ms» SCA»SCYS
YINTEGER'" JaNj
Y IRRARY'Y AKESINS

UREAL™ “PROCEDURE' LSTSCELINCXs Y» Ns» M, C» K)3J
"WVALUE™ N3 ‘

“REAL' Ms Co» K3

YINTEGER" N3

TARRAYY Ks Y5 -

|IBEGINII
“REAL' ASUM, YSUM, KSOSUMs YSGSUMs AYSUMs 245
CINTFGER' J3
ASUM =Y SUM Iz A SUM = XSOSUMe=Y SQ5UM:=0.03
YRR Je=1 USTEP'™ 1 “UNTIL'™ N DO
“BEGIN'
ASUMt=ASUM+KALJ) 3
YSUMi=YSUM+Y (J) s
KYSUM = AYSIM+XTJI*Y{J];
XSOSUMi=XSQSUM+ALJI «X [ J) 3
YSASUMe=YSQSUM+Y(JYxY(J]3
"FND". N
RezAYSUM/N-CASUMKY SUMZIN*N) ) 3
LX 1=SCKRTCASQSUM/N=-(ASUM/ZNY 12)
LY :=<01\I()‘<U\u‘4/.\‘ (YSM/zZNYT2) 3
1R/ LA
<s=R/LY3
MI=R*ZY/ZRS
Ciz= (Y SUM/N-R*(ASUM/N) ®ZY /LK) 3
UEND' OF PEOCEDURFLSTSOLINS
CEEAD' N3
“BEGIN'

X

Y3
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YREAL' “ARRAY'"™ TsBsVI1:N]3
CEQOR™ Je=1 USTEST 1 UNTIL™ N DO
“BEGIN'
ORFADY viJl,T(J1s
CIF' J CNE" 1 "THEN"
YREGIN'
TCJY::=TLJI %603
B(Jl:=v(1l/v(Jl;
B{Jl:=LNC(R[J))
. "F:ND";
.'END";
R(1]1:t=0.93
YPRINTY 2’LS16Ys *TIME IN SECSY, *°%56%'s> ‘LN AZA-X"3
CEQR' Ji=1 STEP 1 UNTIL®™ N O E
C"BEGIN'
CPLINT' 2PLS19 Y s SAMFLINFSALIGNED(S, M) 5 10Jd,
PN Y SALIGNEDCTI, 4)sBLJY, 2%
. .'E!VD"; . ) .
AXESONCA, TCN)»sOsRINYSSCX» SCYs *1IME IN SECE s LN AZA-XY) 3
VPEQRY Ji= CSTEP 1 UNTIL' N "DO"
YREGIN®
MOVEPENCTLJI xSCA>BLJI*E8CY) 3
CENCHAK(3) 3
UEND' OF AKESNNS
LETSQLINCTS BsNsMsCoR) 3
VIFE CCTINI %)+ CYSBINT "IHEN"
TIN) :=(RIN)~=CY/M3
l.IF" C>m "IHEN"
“"BEGIN'
MOVEPEN(A»C*¥S8CY) 3
DRAWLINECTINI *SCXs CCTINI«MI+C) #E5CY )3
CEND®
YELSE"
CYREGIN"
MOVEPENC(-C/M)*SECXs0) 3
DRAWLINECTINI.SCAXs CCTINI*I+CIYXECY) 5
YEND'
MOIVERPENCTINI®ICA/4,-239) 3

CPRINT' PUNCHCS)s *rnATE CONSTANI=® 5 SCALED(4) ¥y 2 °8% %, *1/8E

IIF:N[).';
"b“_'“[)‘_';
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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 Gaé—Liquid Chromatography Kingston Polytechnic
| (1 dny)

lass Spectrometry  Kingston Polytechnic (1 day)

Algol Programming Kingston Polytechnic (12 lectures)

1970 - 1971

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 Kingston Polytechnic
(12 lectures)

1971 - 1972

Corrosion Resistant Reinforced Plastics Kingston Polytechnic
(1 day)

Practical Electronics  Kingston Polytechnic (6 lectures)

During the course at Kingston Polytechnic I have given

.twé research colloquia and attended various research colloquia
given at this college, University College (University éf London
and Royal Holloway College (University of London) on research or

topics of general chemical interest.
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