KINETICS OF REACTIONS WEEN TRIETH U TUM
AND_1=ALKENGS

A Thesis submitted Wy
Alan Edwin Byers, B.Se. (Hons,)

candidate for the degres of Doster of Philesophy

Department of Physisal and Inorganic Chemistry
The University of Adelaide

July 1969




ACKNO WL ELG BYENT

I would like to thark ny thesis superviger, Dr. P.E.M, Allem,
for his continued encouragenant and guidanee throughout the
sourse of study.

An appreciation of thanks must go to Dr. T.M. Spetawood
for his assistance in pem.r, m«&rohopy interpretation,
and to Dr. B.J, Stesl for his helpful &iscussicns with respset
to the ebullismetry.

I am edditionally indebted to Mr. R.L. Paltridge for his
help in measuring the p.m.rs spestrs, to Mrs. D.L. Hewish for
typing this thesis, snd to Mrs. A.M, Lane for assistanse with
the diagrams.



This thesis 18 & reccrd of ressarch work investigated
in the Department of Physisel and Inorganie Chemistry st
the University of Adslaide betwesn February 1966 and August
1969+ The material contained withia this thesis is original
throughout, exoept whare &ue referenve has bLesn mads.

Alan E. Byers



SINOPSIS

G ]

GHAPTER I - GENERAL INTRODUCTION

The Importanse of Trialkylaluminiums
Bonding in Organcsluminium Compounds
The Reaotions of Trialkylaluminiums with 1-0lefins

High Conversion Reaetions of Triethylsluminium and

1=0ctene

Previous Kinetic Studies

Criticism of Previous Efforts

Selection of a Kinetic Technique

CHAPTER II - PRELIMINARY FXPIRIMENTS

Introductim

Purification of Materials

(a)
(b)
(o)
(9
(e)

Triethylaluminium
Normal 1=octene
Benzene
Cyclohexane

Tetra-methyl Slilene

Preliminary Experiments

Attempted Deteotion of 1-Alkene-Tristhylaluminium

Complexes

Preliminery Data Summery

Page

13a
15

18
18
21
21
26
27
28
28
28

36
39



Peage

11 - CS OF TIE ADDITION REACT N
Introduetion 41
liaterials for Kinetic Run L3
Apparatus, Procedure and Recording of Resulis ' 15
Kinetioc Results and Discussion 52

59
Introduction 59
The Neasurement of Zquilibrium Parameters for the
Triethyleluminium Honomer-Dimer Egquilibrium 67
Introduwetion and Choice of Method 67
Deseription of Selected listhod 78
Preliminary Bxperiment 83
Molecular Weight Determinstions of Triethylaluminium 86
Discussion of Results 92
97
Introduction 97
Preliminary Experiments 101
Introducticn 101
Materials 102

Preparation of the Triethylsluminium Dioxan Complex 103
Preparation of the Triethylaluminium Diphenylether

Complex 106



Page

Establishment of the Complex Stoichiometry 108
Introduction 108
Experimental 109

The Lstimation of the Equilibrium Constent for the

Complex Formation (Kc) 112
Kinetic Runs 117
Conclusion Discussion 126
CMER VI = CONCLUSION 129
BIBQIOGI_QQE! 142
APPENDICES 1.7

I and II - DERIVATION OF INIIGRATED RATE EQATIONS 147

III - CONFIDENCE LIMITS AS AN ESTIMATE OF RESULT

RELIABILITY 154



SYNOPSIS

A review of reactions between trialkylaluminiums and 1-olefins
has been attempted, with particulaer emphasiz on the kinetiec
information of the growth reaction, derived by previous workers.
Some eriticism has been levelled at previous authors on the
basis of errors in practicel and theoretiscal technique.

The kinetics of the addition reaction between triethyl=-
aluminium and 1-octense has been studied in detail, utilising
proton magnetic resonance spectroscopy as the kinetic tool.
Reasotion rate constants were evaluated gt five temperatures
between 95° and 120°C and the Arrhenius parameters calculated.

An investigation of the monomer-dimer equilibrium of
triethylaluminium has bsen performed. An applied ebulliometrie
technique was used to estimate the dimer dissociation constant,
K at at several temperatures in the range 80° to 125°C. The

knowledge of both K. and the derived heat of dissocigtion has

d
enabled correction of the pure gystem rate constants and
Arrhenius parsmeters for dimer disscciatione.

A kinetic astudy of the complexed triethylaluminium and
1=0ctens reaction has been performed with rate constants at five

temperatures between 100° ana 120°C ana accompanying Arrhenius

parameters tabulated.



ii
The atolchiometry of the triethyleluminium~ether camplsx

used sbove has been determined by proton magnetic resonance and

the equilibrium constant for complex formation derived.
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C ER I - GId INTRODUGT L
The rtance of T 8
Although organoaluminium campounds wers prepmd1 in the
nid nineteanth century, their trus contribution to secientifie
research and technology was not realised until the nineteen
fifties. In 1955, K. Z:I.egle‘sr2 developed the direct synthesis
of aluminium alkyls Ly one or two stage processes.

(a) A1+-2H +3CH

oHon - Al(CH

M+’ 3 )

(b) Al+€H, +2AR, - 3RAHN

2 3
3 R2A1H +3 anzn -~ 3 RzAlCn onel
These methods provided economically feasible gyntheses
for commercial use. Combined academic and industrial research
illustrated the value of triallkylaluminiums as:
ocoanpounds far the synthesis of hitherto diff icult-to-prepare
organic compounds, such as starting materials for the
synthesis of other alkyl compounds by processes which are
economical compared with Grignerd reactions;
intermediate catalysts, e.g. for ethylene oligomerisetion;
co-catalyst with transition metal compounds far stereo-
regular polymerisation (the Ziegler-Natta Catalyst);
cetalysts, cocatalysed by water or quinones, for vinyl
polymerisation and copolymerisatiom.
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Bo. in Organoaluminium Compounds

The bonding configurations of organoeluminium campounds are
unusual and could not be immediately solved by conventlonal
theory. The aluminium M shell hes four orbitals occupied by
three electrons, which tends to produce sompounds in which the
shell of the metal atom is unsatursted. Thus aluminium, with
its lack of d electrons and limited tendency to form multiple
bonds, can adopt a variety of bonding situations to compensate
for its electron deficiency and unsaturated coordination. The
octet-configuration stability can be achieved by the direct
acceptance of electrons from donor molecules, by the formation
of bridging compounds, with an electron donating atom as part
of the bridge or by dimerisation by formation of electron
deficient (4l~C-Al) bridge bonds. These electron deficient
bonds are covalent and contain less than two electrons per
bond. These three centre bonds were a departure from classical
valence theory, but are now generally accepted and ars believed
to be responsible far metal-metal bonding in certain classes of
campound.

The reactivity of organcaluminium campounds is a result of
the electronegativity of the aluminium stom itself. To clarify,
aluminium is assigned a Pauling electromsgativity of 1.5. This

is reflected in the reactivity of the aluminium=-earbom bond,
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which is intermediate between that in the highly reactive alkyl
campounds of elements of Groups I(4) and II(A) snd the more
unresctive alkyls of elements in the IT(B), III(B), IV(B) end v(B)
sub-groups. The former are more electropositive ranging from
about 0.8 to the more electronegative at around 2.0. As a
generalisation, the intermediate reactivity group may be said
to comprise the aliyls of elements with Pauling electronegativities
in the range 1.0-1.5 which includes Si, Be, Mg, Al and possibly
some transition metals which form thermally unstable alkyl
compounds, end which as yst have been little studied. The
importance of this group of campounds lies with their reasonebly
high reactivity, but not so high that the resgents are highly
unselective. It is in this group of compounds that it is possible
to gelect canditions of solvent and resgent by which an element
of control can be exerted over the reaction course and products.

The aluminium~carbon bond is believed to be polarised but
essentially a covalent bond. There is no evidence for the
formation of simple carbanions in any solution. The oconduoctivity
of certain solutions, if not due to impurities, arises from complex
ions of the AIR , AJR2+ type.

The tendency of trialkylaluminiums to dimerise through
three centre bonds is common only to tri-n-alkylaluminiums of

which trimethyl and triethylaluminiums are typical. Alkyl groups
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branched in the o or p positien appear too bulky and sterically
hinder dimerisation. Hence alkylsluminiums with a and p branched

groups sush as isopropyl and isobutyl are unassoclated.

The Reactiong of Trialkylaluminiums with 1-Olefins

The reaction of organcaluminium compounds with unsaturated
hydrocarbons was discovered by K. Ziegler.3 The growth or
"aufbau" reaction as it was called, involved the combination of
trialkylaluminiums with ethylene at & pressure of 100 atmospheres
and e temperature of 100°C, resulting in the formation of un=
branched long chain trialkylaluminiums. The best example of
the growth reaction is the combination of triethylaluminium and
ethylene. The yield is long chain trialkylaluminiums with an
even number of carbon atoms in each chain.

The mechanism of the growth reaction is:

R=al + n-=C 2Hl|. - R(C 21{#) n—al (1)

(where al =-;-A1),

or 8l1~CH,=CH =R aleil + CH,=CH-R (2)

alell + CH,=CH, - 8l~CjJi (3)
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Schematisally

C.H CH,,CH,, «C (cH,) _«C,
M 5 s ) nCs
/ CH, / c H / !

H g ®

Oy ¢l (6,) peC o5
Reactians (2) end (3) constitute the displacement ("verdrangung")
reaction which is in competition with the growth reaction, the
displacement rate increasing with the bulk of the attached alkyl
group. pB=branched groups are displaced more readily than
stralight chain groups. The rate of addition of 1=-alkene to

the Al-H bond (reaction (3)) decreases with substitution of the

vinyl carbons.l"

CH2=CH > RCH=CH

2 > R_C=CH_ > R=CH=CH=R

2772 2

In this case the diminished reactivity towards nueleophilie
addition arises out of the increasing eleetron density in the
7 system with alkyl subatitutian. Any steric effeot is also
enhenced by thias elkyl substitution.

The rate of displacement (reactions (2) and (3)) is independent
of ethylene pressure. This implies that reastion (2) above is
rate controlling and that reeotion (3) follows rapidly. Thus the
most important faotor influenoing the displacement reection is

the stebility of the alkyl group of the reagent towards hydride-
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elimination (reaction (2)). As mentioned above, the group is
not stable in small n alkyl compounds (e.g. ethyl) and least
stable in p branched groups (e.g. isobutyl) where a reactive
H atom 'CHZCE(CHB) 5 is favoursbly placed sterically for
interastion with a vecant orbital on the aluminium etom.

The increased rate of the growth reastion end the
independence of the rate of dlsplacement on pressure means that
optimum yields of growth products are only obtained at high
pressures. Also, the growth reaction is entirely uncompetitive
with the displacement reaction when p-branched trialkyl-

aluminiums react with ethylene, e.g.

L H
11 ?H3 R2 (.io 3
\Al-CI-I -CH=CH. + 3 CH_=CH \Al-CH -CH, + 3 CH_=C=CH
2 3 2 e 2 3 2 3
R, R
R, = 1Bu R, = Lt

The produet of displacement is always a 2-alkyl-i-alkene.
The reactim also oceurs with branched or straight chaln trialkyl-
eluminiums and higher n-1-alkenes.

The growth resetion is slow at low temperatures even under
optimum conditions of high ethylene preasure. This places the
rrocess under considerable commercial disadventage. At higher

temperetures (above 120°C), the mresence of side reactims such
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as chain rupture and alkene dimerisation become praminent.

Heat generated by the reaction has to be removed to prevent
unwanted side reactions. Zosel5 solved these problems and
improved the efficiency of the sddition reaction by condueting

it in spiral copper reactors. The short residence time of the
reactants within the reactor permitted temperatures of up to
160°c. The products are mainly straight ohain triaslkylaluminiums
with only about 1-L% branched trialkylaluminiums present as
impurity. Naeturally, the reaction is faster at the higher
temperature and the rate compares well with many long established

technical processes,

High Conversion Resctions of Triethyleluminium and 1-Octene
Perry and 0ry6 farced the resction betwsen triethyl-

eluminium and 1-octene beyond the stages of reaction (3) above.
A mechanism was established from the producte identified. The
mixture corresponded to 1.2 moles of octene per ethyl group and
was allowed to react under argon at temperatures ranging from
15° to 190%. Among the products were 2-ethyl=-l1-octene and
2=hexyl=1-decene, campounds mentioned only briefly in the
literature to that time and for which no reliable physicel
constants were availsble. The former of these products was

unequivocally confirmed by carbon and hydrogen analysis,
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cryoscople molesular weight measurements and I.R. spectroscopy.
This product is to be expected from the scheme of reasstions

(2) eand (3). However, in addition they found the 2-hexyl-i-dscene.
Their deduced reasction scheme, to explain the product isolated

is as follows:

ALeCH,=CH; + Cgyc = AlmC=C=C=C
Cg
1 Cglyg
Catlyg N
A1=C 8H17 bt Al-H + 2-ethyl-1-cctem
b Cgllye
Al—C,' 6H33 / Al=H + C16H§2

2=hexyl=1=decene,

This mecheniem has recently been ooxfimed.-’ Again,
triethylaluminium end n=1=octene were mixed, the reaction pushed
to high conversions and the products extracted and ldentified,
They were 2-ethyl-i-ooctene, a hexa~decene, n-oetyl-,

2=ethylootyl=, and hexadecyl~-aluminium campounds.

Previoug Kinetic Studies

The mechanism of the additian reaetion was first attempted



9.

by Ziegler,a who & scussed the question wis ther reactions of
trialkylaluminiums involve the dimeric specles or dissociated
nonomer

(A12Eté) = 2(A1Et3)

Reastion
il

The problem was briefly investigated by Ziegler and SBll,9 using
kinetic measurements. They found the rate of ethylene abscrption
per aluminium atom increased when the aluminiwm trielkyl solution
was diluted with inert hydrocarbon solvents. The reaction
conditions were arranged such thet the d splacement reaction
giving 2-butene was suppressed and only the addition reaction

was present.
Al(C2H5)3 + 021-14 - A1(02H5) 2.C’+H9

The ratic of absorption rates for 1M and 0.01M solution of
triethylaluminium was appraximetely 10, Hence the rate of
absorption per mole of triethylaluminium dimer was proportionsal
to the square root of its concentration. The data implies that
the monomers of trialkylaluminiums are the reactive species in
the addition mechanlsm acoording to

Kd
Alets = 2 A1Et

3

w

AlEtj + CZHL. - EtQAlCZHh.Et
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,\Q!-
3

and Rate = K ”k[Alhts] Lc ]=x< “x C f ]

when K a is small.

Cal = total concentration of alkyl in gram atams of aluminium
per mole.

Natta et a.l.10 measured both the rate of ethylene
oonsumption and the rate of product formation in solutions
of trialkylaluminium. They found the rate of ethylene ebsarption
to be proportional to "the number of moles of aluminium allyl
present" and to the concentration of ethylene in the liquid
rhase. Arrhenius parameters were calculated fram rate constants
for the growth reaction, the emergy of activation being 21.3
keal/mole. However, they did not consider the association
equilibria of trialkylaluminiums and the observed ectivation
energy cantains no correction for the heat of dimer dissociation
prior to reaction as a monomeric species. Their treatment of
results implies that the reaction involves the predominant dimeric
species and their first order dependence on C Al supports this.
The pre=-exponential factor calculated from Natta's results was
10811tres per mole sec; caloulated from second order rate
constants, first order in triethylaluminium and ethylene. The
implication that the dimeric species is active in the additiom
reaction is contrary to the kinetiec scheme of Ziegler et al.

This inconsistency prompted Allison et a\l.‘l1 to re-examine
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the reaction kinetics. The replacement of ethylene by a higher
olefin homologue n=1-hexene, allowed a study of the liquid

phase kinetics at slower rates end avoided any errors associated
with the technique of gas absorptim. Briefly, their experimental
technique required the filling of reaction tubes with kmown
concentrations of triethylaluminium and 1-hexene, heating the
samples for a desired time period, hydrolysing the reaction
mixture, extracting the products, and determining the concentration
of product 2-ethylel-hexens formed,by gas-liquid partition
chromatography. The rate was measured in terms of product yield
with respect to time rather than resctant consumption. The

order with respect to triethylaluminium was determined from a

plot of produst (2-ethyl-1-hexens) yield versus initial triethyl-
eluminium concentration. Second order integrated rate equations,
first order with respect to both reactants were straight lines
passing through the origin. The kinetic evidence indicates the
dimer participates in the addition reaction and as it is the
doninating species in the liquid phase, it determines the kinetie
equations As stated by the authors, the precision of their results
did not permit distinction between a mechanlam of sole dimer
participation and a mechanism in which dimer and monomer react in
parallel, They also conceded that methods of gas absorption were

probably more accurate than their rate of produet formation
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measurements. The evidence for dimer participation is kinetic and
is substantiated by an improbeble value of the pre=-exponential
factor, calculated on a monomer only basis. The A factor for
dimer participation was a credible value within the range of
bimolecular associgtion reactions. These Arrhenius parsmeters
depend on values of K

d
Gill:i.eun's12 data. It now seems likely that this data was

extrapolated from Laubengayer and

misinterpreted.

The still conflicting evidence and the inaccuracy of the
above results prompted Hgy et a.l.']3 to re-examine the kineties,
by gas absorption and dilatometry. The systems examined were
triethylaluminium with 1=propene, 1=butene, 1=-pentene and
1=hexene. The gas absorptions were followed by the rate of
volume decrease of the alkene over a solution of triethyl-
aluminium in decalin, but only to 5% conversions, to limit any
side reactions. A dilatometric study was employed with 1-hexene
where the low vapour pressure at room temperature rendered the
gaseous absorption method ingensitive. The overall reaction
rates, measured by volume contraction, were standardised by
product (2~ethyl-1-hexene) analysis using gas chromatography.
Utilising the same procedure as befare, they found in this cgse,
that the initial rates were proportional to the square root of
the total aluminium concentration:

i.e. Reaction Rate °<C';-’
Al



The Arrhenius parameters obtained from an integrated rate eguatiom,
first order in 1-alkene concentration and half order in dimer,

were corrected for the heat of dimer dissociation prior to the
addition step. AH q s glso calsulated from the vapour pressure

data of Laubengayer zanciG‘rfn.llj.sqm."“'2 More recently, liay, Hooper and
Rob‘b“" hﬁve re-examined the dissociation of the triethylaluminium
dimer, using vapour density and pressure measurements in the
temperature range 60=120°Cc. Their experimental technique appeared
more satisfactory than that of Laubengayer and Gilliam, although their

results were in good agreement.

Equilibrium constants with respect to preasure, Kp, were
derived and calsulated from the vapour pressure measurementa.
The corresponding dissoeciation constants were then caloulated and
used to determine the Arrhenius parameters for the addition
reaction between tristhylaluminium and a renge of 1=alkenes.
There was little difference between the Arrhenius parameters,
sarrected for dimer dissocistion, using Laubengayer and Gilliam's

date and their own vapour pressure data.
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1-glkene Activation tnergy Pre-exponential Faetor
" ok ® or
1-propene 15.7 2 2,0 5.4 0.8 1026722 459+0-640
1=butene 16.7 % 2.0 16 el = 048 10600"706 105-3-6-3
1-pentene 19.0 £ 2.0 18,4 ¥ 0.8 4o7+1=8e7  46e3=743
1-hexene 18.8 : 1.0 18.2 : 1.0 107.3-8.9 106'5-7.5

* from rate constants for the addition reaction, corrected using
Laubengayer and Gilliam's danta.

“* from rate constants, carrected hy their own (Hay et al.) data.

Criticiam of Previous Efforts

Gas absorption methods are suspected on experimental grounds
because of handling errors. The rate of reaction may be a
function of the surface area and certainly depends on the rate
of stirring. Ziegler studied the addition reaction at one
temperature only and reported no Arrhenius parameters.

Natta et al., although estimating Arrhenius parameters
for the alkene absorption, did not take into amccount the prior
dissoclation of dimer to monomer.

Allison et ale. initially used sampling methods of studying
the kinetics of addition, However, methods in which the reactant
decay is followed continuously, in gitu, are alweys preferred to
sampling methods. This is emphasised in importance in examples
where reactants are very sensitive to atmospheric contamination,
e.ge trielkylaluminiums. Quantitative extraction of products
fronm a reaction mixture must also be a difficult procedure and

could explain the inaccuracy in Allison's results. The pre-
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exponential faetor which appeared to rule out a monomer mechanism
was based on an inoorrect estimate of the heat of dimer
dissociation from Laubengeyer's date. Overall, the rate
determined by product formetion is related to that determined by
reactant consumption by the stoichiometric coefficients. No
disorepancy should arise from this source if the stoichiometric
equation is correctly determined.

Hay et ale. have reverted to the direct techniques of ges
absorption and dlletametry. Dilatometry is a "blind" method
and can be misleading unless the reaotion is completely
characterised. For effective dilatometry, e contraction in
reaction volume or decrease in the mumber of molecules from
reactants to products, is required. Although s fundamental
technique in polymerisation reactions where there is a large
reduction in free molecules (monomers) to form polymers, dilatometry
must be treated with caution when applied to the reaction between
trialkylaluminiums end higher 1-alkenes.

Schematically the mechanigm is:

. A 4 1| 5 ~ It
Alist = & (ut AleCeC=lt) P = -
3+ /c c\ (latz.le cl: }t 1t) BY AL + P C\R
R [ ]
Et AMH + Neg”” ! (Bt AL=C=C=R)
: RN 270

and posgibly at high conversion,
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[ R T

o N :

wh Al=GeCeR + NC=C . Tt Al=C=CeC=C~

27T TN 2% I
R

Vhen considered as a combinstion of addition reaction (o), hydride
elimination (B) and hydride addition (Y), the mechanism decreases
in molecule number from four to three. Represented above,
dilatometry would depend on the rate of reaction Y relative to

the addition rate (u) and on the lifetime of the adduct (in
brackets and shown later to be a transient species). The method
would also depend on the state of association of all the alkyl
species present. Trien-alkylsluminiums are known to be dimerie
end di=alkylaluminium hydrides form trimers. I'inally, the

Arrhenius parameters are corrected with a AH, value calculated fram

d
vapour pressure data in the gaseous phase.12 This vepour pressure
dats is inapplicable to 1liquid phase reactions. We also believe
that methods used to estimgte equilibrium constants fram
Laubengayer and Gilliain's rew duta depend on unjustified

assumptions conoerning the wgy in which the measurements were

made (see Chapter IV).

Selection of g Kinetic Techuique

The indecision swrrounding monomer or dimer participation
in the addition step of a growth mechanism prompted a re-investigation

of this problem. To explore the uncertainty fully, we desired a
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method of studying the reaetion thet would be devoid of all
inaccuracies encountered by previous workers. The most suitable
technique is proton megnetic resonance spectroscopy. The ne.mers
tube itself can be used as the reactor and the reaction can be
followed without withdrawing samples and the inherent errors thereby
introduced are eliminated. It is a direct method providing easy
and simultaneous measurement of reactant decey and product
formation by integrated peak areas which are proportional to
the concentration of the species they characterise. In a
similar fashion, one can measure any reaction intermediste which
atteins & reasonable concentration, The method incorporates the
use of high vacuum conditionss Reaetants can be sealed in n.me.re.
tubes and therefore conditions of maximum purity oan be obteined
a8 the tubes remain sealed throughout all measurements. Complete
control of the reaction is maintained at all times. The sample
tube es a whole can be removed from the heating medium and
thermally quenched to stop the reaction where a reading is to
be taken. It also enables the reaction to be followed using small
reactant concentrationses

The main dissdventage of the p.m.r. method lies in the time
required to obtain enough samples (usually eight for a particular
kinetic run) under vacuum in n.me.r. tubes; the preparation of

glessware, dispensing vessels, celibrated breakseals and the
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purification of alkyl, 1-alkene and solvents for vacuum
distillation. At first sight, the errors associated with a
peme.r. method are dispensing errors that are always present
when operating under high vecuum (e.g. an error in distilling
or tipping to or from calibrated vessels} an instrument error,
in this case an integration error which is quoted as : 2% of
the integrated peak area and may be larger in poorly resolved
peaks.

The disadvantages can be summarised as pre-experimental
inconvenience and errors that will normally be less than those
encountered by most kinetic methods (except dilatometry, where
the measurement is precise, but the relation of the measurement
to the rate is open to ambiguity).

We oonsidered advanteges to outweigh disadvanteges and

seleoted peme.r. spectroscopy as the kinetic technique,
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CHAPTER TII - PRELININARY IXPERIMINTS
Introductian

The conjecture arising out of the work of previous authors

revolves around the true identity of the trislkyleluminium species
responsible for the addition step with 1-alkenss. Specifiically,
we require the order of reaction with respect to triethyl=-
aluminium and knowing this, the carrect mechanism of the reaction
with its definitive reaction parameters.

The addition step can be initially represented as

Alet 6 ?_I_{ 29:;CH—R CH 2—C—R
M + CH2=CHR . E‘b-‘i'kl' A '_CHZ-CHE 5 Bt
2 AlEt Et :
3 AL
N
(assume the monomer Et I H
rescts for con- Et

venience)

The most obvious structural change is the losgs of a proton from

the alkene vinyl group wiich is gained by the aluminium to give

the product molecules diethylaluminium hydride and 2-ethyl-i=octene.
In an analogous fashion to the ethylene growth reaction, the above
eddition involves the insertion of an ethyl group into the vinyl
system of the 1-alkene. However, the product moleculsr weight

is far less than the ethylene polymerisation besause aof steric

blocking of the g branched alkylaluminium sdduct which prevents



19.

further additions The C=2 vinyl proton of the olefin disappears in
the reaction and this should be easily detected by pemere
spectroscopys Using this method the rate of octene consumption
can be equated to the rate of disappearance of this single proton.
In pemere. terms the octene decay rate is equal to the rate of
decrease in peak area characteristic of this proton or to the
integrated peak area.

Jnother predicted structural change is e result of the
change in enviromment of the terminal vinyl (CH2=) protonse
Although these protons remain static in number throughout the
addition, their magnetic enviromment does change. A comprehensive
description of this effect on the pem.r. structure of 1-alkenes

)
is included in & paper by Bothner-By and Naar-Colin. -

Briefly,
within the reactant 1-octene there 1s a magnetic asymmetry in
the vinyl group; the two terminal protons are not p.mer.

equivalent and the result is & complex triplet signal pattern.

H R
C=—=¢C
P R / \ Ry = ethyl
H H
2 3
reactant olefin product olefin

In the product olefin,insertion of the bulkier group R5 in place

of the proton H3

the terminal protons and the environments ars now deacribed as

produces a similar magnetic field around each of
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megneticelly equivalent. Thus they resonate at the same applied
field frequency and their chemical shifts are identical. The
li'tera.‘cure16’,.17 shows this equivalent terminal group signal as
a possible pemer. singlet peak at 4e7 pepem., same 0,05 p.pem.
upfield fran the end of the non-equivalent terminal 01-12:: signals.

In total these structural and megnestie envirommentael changes
provide three methods of observing the reaection by pemere.
spectroscopys ‘the rate of disappearance of the reactant vinyl
terminal (CI‘Izz) pattern with time; the rate of disappearance
of the multiplet signal of the vinyl (=C=) proton with time; the
rate of formation of the product vinyl Eerminal (CH2=) singlet
pattern,

From experience, the latter two methods were rejected in
practice except when the formation rate was used as a stoichiometrie
checke The method of recording rate of disappearance of the single
proton, involves cansiderable error because of the complexity
of the multiplet pattern. It was difficult to determine the start
end finish of this gbsorption and errors in integrated peak areas
would be exaggerated. The product formation method was inaccurate
et initial conversions because of the small size of the product
peak. Jgain integration errors would be considerable. This method
only appears suitable when measuring at larger reaction times and

extrapolating e log concentration versus time plot to gero time,



21.

i.e. using extrapolated ooncentrations at smell oonversions
ingtead of attempting to measure them,

The concentration of octene at any time ¢ by the accepted
method is

(Tgy Jiet

Tomnz) =t

x [oetene] 40 ® [OCTENE] 4=t

(Tgit 40

I.Bm.f.'. t=0

ICH - 1s the integrated peak area of the vinyl CH2= triplet,
2

IBENZ is the integrated peak area of the benzene zinglet.
The explanstion of thie ratio relationship is as follows:

The internal and external conditione of an ne.mer. spectrometer
can change from day to day and integrals of a particular peak
need not be the same at different measurement times. For this reason
and because we were measuring a decreasing integral, it was neceesary
to use bengene as an integral constant. All concentrations of

1=cotene were measured relative to this congtant benzene

concentration.

urificat of Materi

(s) Iriethyleluminiun
Bulk samples were obtained in lecture bottles fram the Ethyl
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Corporation, New York. The alkyl is stored in the cylinder
under a positive pressure of nitrogen.

The previously accepted methods of handling the alkyl
were either within e nitrogen dry box or by dispensation from
an hypodermic syringe. Dry bax techniques are suseceptible to
impurity formation because of the nitrogen drying methods.
Syringes are also prone to contamination because of the
impossibility of obtaining a completely airtight seal. In brief,
both methods are vulnerable to the reaction of moisture and
oxygen traces with the allkyl, forming diethylaluminium ethoxide and
hydroxide. The resulting sample is impure before arny accurate
measurement has eommenced.

The formation of diethylaluminium hydride oecurs in small
amounts in the synthesis of triethylaluminium. Any purification
method we might consider had to ensure removal of the hydride
and prevent formation of the oxy-impurities. Use of high purity
nitrogen during the removal of the alkyl from the bulk container
and high vacuum conditions plus a distillation step in the
subsequent purificatian should eliminate the impurities.

The dry oxygen free nitraogen was obtained (see Fig. 1) by
bubbling C.I.G. nitrogen (oxy-free) through a comcentrated
sulphuric acid solution, silica gel columns and a solution of

triethylaluminium in toluene. The nitrogen stream then passed
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through a liquid nitrogen trap to remove any toluene vapours,
and finally into the purif'ication vessel.

The vacuum line was composed of an iidwards single-stage
rotary oil pump (as a backing pump) coupled to a three-stage
mercury diffusion pump and then to the manif 0ld and take=off a.
Liguid nitrogen traps were present on the manifold and between
each pump. These were an esgential part of the vacuum line for
their assistance to the pumps is obtaining the required vacue
and for their prevention of dffusion of mercury vapour and other
conteminants, either "back" into the manifold or "forward" into
the oil pump. The vacuum pressure was measured by the
combination of an Edwards Pirani gauge and a Pirani 65C-2 gauge
head.

The alkyl purification apparatus (Fig. 2) consists of a
supported lecture bottle connected via a eontrol unit and polythene
tubing to a receiving vessgel; this in tumm being comnected to a
dispensing vessel with sixteen breakseals attached.

The whole system was initially purged with dry oxy-free
nitrogen for about ten minutes. The gas was admitted via the tap
indicated in the diegram and out through the manometer reservoir.
The N2 inlet tap was closed and the apparatus evacuated to a
pressure of ¢ 10™% torr. This purging and evacustion procedure

was repeated twice until the final situation was a pure nitrogen
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etmosphere remaining within the apparatus. This pressure was then
8lightly reduced to facilitate the flow of the alkyl from the

lecture bottle. With both the N, inlet and manifold taps closed,

2
the triethylaluminium was allowed to slowly trickle into the
receiving vessel. Careful manipulation of the control nut and
valve was required in order that the volume of alkyl dispensed dld
not exceed two thirds of the total bulb volume of the receiving
vessel (& precaution necessary for the degassing procedure to
follow). The alkyl was frozen within the bulb by liquid nitrogen,
the constriction below the inlet tap sealed off and f.he lecturs
bottle and delivery tube removed for cleaning and storage.

The appaeratus containing the now frozen alkyl was pumped
out to a pressure of - 107% torr and then thawed with & warm
heptane bath. Degassing was repeated twice until a good vacuum
was present to enasble an efficient distillation. The distillation
of the alkyl was initiated by externelly heating the receiver bulb
with boiling heptane vapour. The combination of temperature and
reduced pressure foreed the alkyl to boil, the vapours passing
up and out of the receiver, and down a slanted comnecting tube to
the dispensing vessels Cooling the daspenser with liquid nitrogen
assisted the distillation. The connecting tube was alanted to
ensure that any prior condensate flowed into the dispensing vessel

(perticularly from the constriction region). The distillation was
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stopped when at least 80,0 of the distillate had been collected
and the residue started to colour (yellowish-brown). Both the
residue and distillate vessels were frozen with liquid nitrogen
and pumped out to < 10-1" torr. The dispensing vessel was sealed
off while pumping; the alkyl thawed and tipped into the sixteen
breakseals which were all sealed off in turn and stored in
vermiculites The residue remaining in the receiver was deactivated
by distilling in heptane from an extermal source and then eutting
this vessel and its contents from the manifolde The heptane
contains traces of dissolved oxygen and water which allow the
cantrolled oxidation and hydrolysis of any residual alkyl.
Because of its pyrophoric nature and for the sake of purity, the
triethylaluminium was always handled ocarefully within breakseals
under high vacuum conditions. The main disadvantage of the pur-
ification technique was the time faetor, i.es approximately one
week's work from start to finish. A minor dlsadvantage was the
usually "large" amount of alkyl per breakseals Normally, around
3540 mie. of distillate was obtained which results in over 2.0 ml.
of alkyl per breakseal. In general, (especially with pem.r. work)
smaller volumes of alkyl were required and these were obtained
uging a "breakdown" vessel (Fige 3)« The "large" breakseal was
sealed on to the trunk of the vessel as a sidearm. After pumping

out this veasel to a good vacuum, it was removed from the manifiold
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by seallng off at the constrictions The "large" alkyl breakseal
wes ruptured by forcing a magnetic stainless steel breaker
(sometimes glass-coated steel) onto the needle-like point of the
breakseals The alkyl was allowed to drain into the vessel base and
the required amount tipped into each calibrated breakseal. The
breakseals and contents were sezlad off at the take-off constriction

and stored in vermiculite.

(b) Normal 1-octens

"Purum" grade (99/%) from the Aldrich Chemical Coe UeSehe

The olefin was first dried over calcium hydride for twenty
four hours and then triply degassed on the vacuum line. The
materiel was distilled in bulk under reduced pressure on the vacuum
line and a middle cut fraction retained for further use.

Before use,the olefin was tested for purity (as were all
other ccamponsnts of kinetic mixtures) by Gas Chramatography.
The column materisl was composed of a liquid phase of silicone
DsCe 550 and a support of chromosarb W, acid washed, 60/80 meshed.
This materlial was purchased prepacked with 5% liquid phase on the
support. The column itself was e twelve foot by one quarter inch
aluminium alloy tube, turned into a coil, same twelve inches in
height by four inches in diameter. The lower end was partielly

blocked by a stainless steel sintered disc clamped into position.
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The column coil was carefully filled by slowly pouring the column
meterial into the top end, applying steady suction from a pump
connected to the lower end and meintaining a steady tapping of the
column to ensure tight packing. Once filled, the top of the column
was sealed with another stainless steel sintered disc and then
locked into position in a Perkin Flmer Vapour Fractometer (Model
15L) » "Baking" of the column in this position for twenty four
hours at 135°C eliminated any primary "bleeding" of the column
during subsequent operations.

Semples of Aldrich 1-octene were admitted to the column
in five miocrolitre volumes from a Hamilton microlitre, gas tight
syringe. The column temperature employed for analysis was 125°G
with e hydrogen carrier gas pressure of five pounds per square inch.
The resulting chramatograms showed an impurity content of

epproximately O.47e

(¢) Benzense

Univar "Anslar" Grade = Ajax Chemical Co.

This solvent was initially dried over sodium wire, degassed
and distilled on the vacuum line with a middle ocut fraction retalned
for further experiment. Because of the danger of & benzene-water
azeotrope in asccurate work (particularly with aluminium alkyls), the
retained frection was used as a solvent in the polymerisation of

styrene by n-butyllithium. The benszene was distilled, when
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required, from the brilliant orange "living" polystyrene solution.
The purity of this solvent was alweys maintained by the living
ends of the polystyrene., These purge any impurities in the
sclution and, in turn, termingte thelr growing polymer ends.

This purity was confirmed by g.c. analyais.

(d) Cyolohexane
Merek "Uvasol" spectroscopic grade.

This solvent was dried over calcium hydride for twenty four
hours, degassed and distilled on the vacuum line onto more
caleium hydride. The cyclohexane was stored under vscuum and

used when required.

(e) Tetrawmethyl gilane

Fluka "purissimim" grade.

The empoule container was carefully cracked and the contents
poured into a round-bottomed flask containing calcium hydride.
The TM.5. was degassed and dis‘b:f.]led under vacuum onto more calcium
hydride. The high vapour pressure at room temperature made it

necessary to store the T.M.S. under vacuum and refrigeration.

Preliminery Experiments
Several experiments were necessary before embarking on any
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accurate kinetic runs. A preliminary proton magnetic resonance
experiment to check the predicted structural changes between
reactant and product olefin; a dilatometric investigation of the reac-
tion (rate data obtained by this technique could possibly be used
to confirm pemer. results); some preliminary product analyses
necessary to check the mechanism of the reaction, i.e. amalysis
of an hydrolysed reaction mixture, extraction of products and
identification by gas chromatography and mass spectrometry; a
Justification that the number of moles of reactants in the vapour
phase in a sealed n.me.r. tube is insignificant when compared with
the number of moles in the liquid phase,

For the predicted structural change experiment, the apparatus
used is shown in Fig. 4(4A) and was pumped out on the vacuum line
at a pressure of < 1072 torr for twenty four hours. A small
amount of degassed tetramethylsilane (for use as an n.m.r. lock
signal) was distilled into the base of each n.mers tube.
Lpproximately equal volumes of 1=octene were distilled into
each tube on top of the T.N.3e The respective volumes of 9-octene
were calculated from cathetometer measured heights. When the

contents of each tube were re-frozen with liquid N_, the vessel

2’
was pumped out and sealed off fram the manifold. The alkyl
breakseal was smashed and the liquid allowed to flow into the vessel

base. A4liguots of alkyl were carefully tipped into each tube in
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amounts to approximately form 1:1 and 3:1 molar ratios of l=alkene
and triethylaluminium. Both tubes were sesled off from the main
vessel and the initial pemer. spectra recorded at the probe
temperature of 29.0°C. The two samples were then placed in a tube
furnace controlled by a variac at 100.0 2 2.0% far fifty hours.
On re-measuring the spectra after this pericd there was a marked
decrease in the absorption of the olefin vinyl protons and also
present was a singlet pesk growing on the up-field edge of the
original resctent (CIIZ=) triplet. This speotrum effect with time
is shown in Fige. 5« No accurate measurements were intended here;
only experimentel confirmation of the predicted struotural changes.
Confirmation was evident from the spectra of Fig. 5 and the data
for ensuing kinetic runs will be measured by the p.mer. methods of
reactant dscgy and product formation as outlined previously.

The technique of dilatometry was attempted to determine
whether this method could provide results which would substantiste
the pem.r. measurements. There were, however, several disadvantages
confranting such a technique and these have already been discussed
in detail in Chapter I.

Experimentally, the heating medium was an oil bath (pyrex glass)
filled with Ondina 33 oil and a de-oxidant 2:6-Di-tert-Butyl=para
Cresol preventing the oil from colouring. Four 200 watt heating

probes were immersed in the oil and regulated by a proportional
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control box, triggered by a Stemtel F14, 10K ohm. thermistor,
at the end of a metal probe immersed in the oil. The bath
temperature is gained by "&.alling" the temperature on the
calibrated control box scale, and maintained by the sensing
thermistar, Temperature control with this combination was
T 2 0,05°%.

The dilatometer-filling apparatus ( shown in Fige. 4(B))
was pumped out to « 10“3 torr for ten hours. The Springham
"greaseless" tep (2) was closed, the alkyl seal broken and the
liquid drained into the base bulb of the dilatameter. This
alkyl was frozen with liquid N2 and the vessel pumped out to
an acceptable vacuum. With tap (2) closed egain, n-i=octene
was distilled into the graduated tubing and finally tap (1)
closede The olefin was carefully distilled onto the alkyl in
the diletometer base and the mixture kept frozen. When the
correctly calibrated volume of 1-octene had been distilled over
and greaseless tap (2) closed, the dilatometer was sealed off
at the constriction and the contents thawed, The dilatometer
Wwas clemped on e perspex frame and immersed in the heating medium.
The contraetion was initially measured every minute, and as the
reaotion progressed, in periods of several minutes. Contractions
were measured as decrease in height increments Ah, with a

cathetometer and plotted versus time (see Fige 6). The resulting
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graph on conversion plot appears to show two kinetic phases.
It is curved initially and then the reaction appears to reach
e steady state with contraction ocecurring linearly with time.

Hay, Jones et :a.l.15 reported the contraction at 111-13100,
of 1<hexene, triethylaluminium mixtures, was linear with respect
to time up to about 10, consumption of 1=hexense. This implies a
zero internal order of reaction with respect to 1-hexene which
is not consistent with either proposed mechanism. Fig. 6 shows
a typical curve for a 1-octene, triethylaluminium mixture at
105.0°C. After en initial rapid rate the reaction settles down
to a steady state which may be zero or first order. The initial
rapid decay period appears to obey an internal second order
equation rather than first order. It is possible that the
initial phase arises from the consumption of & more reactive
impurity in the triethylaluminiume. Diethylaluminium hydride would
most likely be the substance to account for this phase as the Al=H
bond is more reactive than the 41-C bond towards addition reactions.
liowever our purified and carefully handled triethylaluminium,
when tested by produet hydrolysis, showed no evidence of any
hydride content. It seems more likely that the apparent change
in order arises from the factors described in chapter I; in
particular, it may be a reflection of volume changes due to the

different states of association of eluminium compounds present as
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reaction Intermediates in the earlier stages of reaction.
Although it would perhaps be permissible to ignore the
initial decay phase, which covers only a relatively slight
extent of reaction and use the stationary state rates, it is
far preferable to adopt a technique not open to this ambiguity.
Hydrolysis of the reaction mixtures was carried out in a
polythene "Glove-bag". The bag was purged of all air with
oxygen-free nitrogen for approximately fifteen minutes, ihils
the nitrogen flush was in progress, two beakers, one containing
distilled water and the other a polished stainless steel block,
were placed in the bag together with the reaction tube. The
glove~beg was sealed at the aperture, filled with more nitrogen
and subsequent manipulations carried out via the "re-entrant"
arms into the gas atmosphere. The reaction mixture was removed
from the tube by forcibly cracking it with the stainless steel
blocke Controlled hydrolysis occurred because of the now wet
nitrogen atmospheres On completion of the hydrolysis (i.e.
when all fuming had ceased) the agqueous solution was removed
from the glove~beg and the organiec products extracted with ary
ether by conventional means. The bulk of the ether was then
distilled from the etherate and the residue remaining was 1.0 ml.
of "octene smelling" yellow oil.

The sample was analysed on a Perkin-Elmer Model 800 Gas
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Chromatograph, with a column camposition of 5% Apiezon supported
on Chromosorb W. The "lodel 800" chromatograph has dual
columns, is temperature programmed and uses f'lame ionisation
detection. Four products were present on the resulting trece plus the
reactant 1-octene. The reactants presence was proved by "spiking"
the product sample with 1-octene, the result being an enlargement
of the first peak (in order of retention time). However, the
resolution was poor and a column material more specific far
separating olefins was required.

It was comvenient at this stage to examine the "product"
mixture by mass spectrometry. 7The instrument was a Hitachi-
Perkin~Elmer RIU-6D double focussing mass spectrometer using s
Honeywell 1508 Visicorder for the recarding of spectra. The
visicarder trace peaks were replotted on the basis of relative
sbundance versus mass on charge (%ﬂ) ratio. The most abundant
peak, termed the base peak, is arbitrarily assigned a value of
1005 abundance and all other peaks are plotted relative to the
base peake The mass spectrum of 1=octene alone campared favourably
when plotted in the ebove manner with similar velues listed in
the literature.18 The parent peak of approximately 12% abundance
occurs at an%l ratio of 11240

However, the "product" spectrum, because of its camposition of

some five compounds exhibited a complex array of peaks. The only
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salient features were possible parent peaks at% ratios of 224
and 140, corresponding to the mass numbers of 2-hexyl~i-decene and
2=ethyl=1-octene respectively. These products are to be expected
by analogy with products found by previous workers.(See Chapter I)
Cur produot enalyses show nothing contrary to eny previous work
and we have no reason to suspect any deviation in the proposed
addition mechaniam.

The one doubt gbout kinetic pe.mer. spectroscopy under vaguum
conditions is the precision of concentration determingtion.
One source of error might arise from the volatility of reaction
components. loleoules in the vapour phase would not be accounted
for in the integrated peak readout fram the spectrophotometer.
To reduce such a possibility, the volumes of reaction mixtures
in each tube were always kept as large es possible. However, a
small vepour space always existed because of the tube seal off
procedure. It was, theref'ore, necessary to prove the insignificance
of the mumber of moles present in this space when compared with
the number of moles in the liquid phaae.

For a typical example the calibreted volume was 1.80 ml. and
the estimated maximum vapour space equal to 0,30 ml.

Assuming that Reoult's Lew is cbeyed

— g o
Pr = %XaPa

(s}

and PB = XBPB
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where p Ao and pBo are the vapour pressures of pure components,
triethylaluminium and 1=octene respectively; P, end p, ere the
vapour pressures of these components above & solution of

concentrations and ., (the mole fractions of components A and
. B

X4
B) «

Assuming ideal behaviour, then P The

19

total -~ Fo ¥ Ppe
vapour pressuxe of pure 1eoctene at 100°¢ = L02,7 mm;

the vepour pressure of pure triethylaluminium gt 100% = 11.6 mm.zo

For a typicel semple mixture x, = 0458, o e P, = 058 x 11,6 = 6,7 mm

Xp % Oek2, «%s Py = 0eli2 x 40247 = 169.1 mm.

Now the ideal gas equation is pV = nRT or

P,V
n, = --I-]z-,i; where n, is the amount of n-octane in the vapour phase,

leBe n, moles,

. ';%}% X 3015 X 10-1+

"t 0.082 x 373.0

= 23 X 10-6 moles,

ané n_ << nge
The number of dispensed moles of octene is 1,90 x 10"'3 « Thus

the number of moles in the vapour phase is considered insignificant.

Attempted Detection of l-ilkene~Iriethylaluminium Complexes
Ziegler's addition step in the ariginal growth mechanism is

often said to proceed via an intermediate n complex formation

between the acceptor, or electran deficient aluminium atam and
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the donating = gystem of the olefin. This postulate is

aschenatically represented,

CH 2TCH-C 6H 13 H bt
A;—CH 2-CH 3 + CH 2=CH-»C GH 13~ Al=CH 2—CH 2 - Al =G C = GH 13
H I
)
products

The evidence for this mechanism was kinetie., If it is correct
that dimeric triethylaluminium iz unxeactive towards alkenes,
then this could be explained on the basis that in the dimer,

no site for coordination of 1=-glkene n electrons is available.
This has now been demonstrated spectroscopically in intramolecular

L-alkenylaluminium compounds. 21

The crientetion of the groups in
this compound brings the double bond into close proximity with
the eluminium atom.

Structurally, this is represented in trans-hex-e~enyldiisobutyl-

aluninium

A 7 band donatiam from the double band to the eleotron deficisnt

aluminjum atom ocours. P.M.i. studies showed the olefinie protons
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to be less shielded and appear at lcwer fields than usual. The
difference in chemical shift, when compared with a non-intra=
molecular complex forming alkyl, was O3 pepeme The explanastion
was in terms of a drainage of electron density from the vinyl
region, which was responsible f'or the proton de-shielding.
There was & corresponding upfield shift in the alkyl methylene
protons for the comverse reasoning, i.e. increase in electron
density provides inoreased shielding and hence a peak will appear
at higher fields.

we attempted to demonstrate such an effect in our system
where the complexing would be intermolecular. The pem.r. spectra
of concentration mixtures (in particular 1:1 and 1:3 molar
ratios) of triethylaluminium and 1-octene, at room temperature,
showed no significant shift in any peek resonance position
compared with that of pure reactant. The samples were then
examined at temperatures of 0, =20, =30 and -wOC using variable
temperature pe.m.r. spectroscopy to observe if the complex was
stable at low temperatures. J4gain no shift occurred in either
olefin vinyl protons or triethyleluminium methylens protons. A
series of speotre is shown in ['ig. 7. The only effect observed
was a broadening and eventual coalescence of the alkyl methylene
quartet signal as the temperature was decreased; an equilibrium

ef'fect which is discussed in Chapter IV.
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The experiments are thus inconclusive, Clearly, 1-alkenes
form no strong complexes such as those at room temperstures
between triethylaluminium and strongly eleetron donating compounds,
8o methylmethacrylate.22 Certainly any oomplex formed cannot
attain sufficient concentration to give a detectable p.m.r. response.
There appears no grosa chemical difference between the
olefinic group in 4-alkenylaluminium compounds and in a free 1-alkens.
The fact that no significant shif't occurred in the vinyl hydrogen
resonances in alkernylaluminiums, where the vinyl group was
unfavourably placed far intramolecular coordination, confirms that
an alkene group as remote as position 4 is not influenced by effects
communicated from the aluminium atom glong the chain. It would
appear then that the special stability of the intramolecular
coordination is derived purely from steric factors. The
interaction between the m system and the aluminium atom is,
in all probability, Just as strong in the intermolecular case.
However, in the absence of a favourable steric factor the stability
of the complex is lowe This, of course, in no way rules it out

as & possible reaction intermediate.

Preliminary Date Summgry
The predicted proton megnetic resonance changes during the course

of the reactlion are observed.
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Dilatcmetry as a kinetie technique produces ambiguous
results. From the gas shramstography, mases spectrometry and
complex formation investigationas, thew is no reason to smuggest
that the rate determining additicn step varies from that
Postulated,

Proton magnetic reacmanoe speotroscoyy is shomwn to be the
best kinetic technique beoause of itz ability to simultanecusly
msasure reactant deday and product formstion with time.

The oconditions of the proposed psmers kinetis experiments
are shown to be satisfactary, perticularly with respest to accwrste

consentration measurenant.
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CHAPTER IIT - KINLTICS OF THE ADDITION REACTION

Introduction

Preliminary experiments have shown the advantage of p.mere
spectroscopy as a kinetic method. The oectene concentrations at
verious reaction times are calculasted integrated peak areas
and the reaetion rate is measured from the decrease in integral
peak height with time. The area underneath a perticular pem.r.
signal is proportional, both to the concentration of the species
providing that group and to the number of protons within the
groups

Changes can occur in the external and internal spectrometer
conditions from day to day, e.g. temperature, the megnetic and
radiofrequency fields. For this reason it is fundasmental to
measwe any changing integral relative to the integral of g
reference substance which remains constant throughout the
durgtion of the experiment. Ideally, this constant integral
should be an inert solvent, of multiequivalent proton structure,
which resonates close to the set of diminishing reactant pesks.
Ixamples which are well suited for our purpose are cyclohexane, which
has twelve equivalent protons at room temperature, resonating
at 6 = 1.4 pepeme and benzene, six equivalent protons at 7.2
pepems (A1l shifts are measured relative to T.M.S. which is

arbitrarily assigned zero pepe.m.) These two solvent peaks
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appear on either side of the 1-olefin vinyl region and for
practical purposes it was convenient to use a mixture of the
two. Cyclohexane wes used as a look signal and benzene as the
constant integral.

Knowledge of the chamnge in 1=octene concentration with time
may be used to estimate:

the internal order of reaotion with respeect to triethyl=
aluminium; following standerd procedure, the reaction conversion
paremeter x, defined as

LO - (J‘t

v

where C° = l=octens concentration at zero time

Ct l=octene concentration at t = ¢

v = stoichlometric coefficient of 1=octene.

The differentisl rate equation can be asgenbled with a
knowledge of v, and the substitution of the assumed orders of
reaction with respect to each reactant. The integration of the
differential form leads to the final expression, the integrated
rate equation. If the assumed orders of reection are correot,
plots of this funmction versus time should be straight lines,
ressing through the origin; the slope of the line being equal to
the rate constant of reastion. The dependsnee of this rate

coefficient on temperature may or msy not obey the Arrhenius eguation:
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-7 E
E /RT

= & - *
k=Ae or log k 3303 RT 4+ 2,303 log A.

A linear relationship between logarithms of rate constants and
the reciprocals of absolute temperature mey be teken as an
indication of the proof that the Arrhenius law is obeyed.

The aotivation energy, L A for the reaction is proportional

to the slope, and the pre-exponential faetor A equal to the
intercept at 1/'I'°K. = 0o A non=Arrhenius dependence would imply
that the reaction mechanism is complex, but an Arrhenius
dependence does not necessaerily imply that the reaction is
simple. However, if the latter is the ease, then the calculated
activetion energy, entropy and A factor mgy be of assistance

in deociding this point.

Materigls for Kinetis Run
(a) ZIriethylaluminium: type and purity, as described in
preliminary section (Chapter II). Two large breakseals fram

the purif'ied batch were sub-divided into eight varying calibrated
volumes, in breakseals.

(b) np-l-ggtens: purified, type as before.

(c) Solyents: A solvent mixtwe was employed, consisting
mainly of oyclohexene aend a amall amount of benzene. The mixture

was chosen in preference to a one-camponent system for the following
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The constant reference peak is desirably benzene, because
it is closer to the changing olefin vinyl region than cyclo=
hexane, i.e. drift on phasing errors in the instrument will be
less prominent. The concentration of bengzene in the loaded
nemer. tube is required to be gbout one third the initial
concentration of the olefin. The benzene integral will be
approximately the same as the vinyl CI12= triplet., By adjusting
the sensitivity one can obtain large integrals and reduce
the error in concentration estimation. The concenmtration of
cyclohexane is made correspondingly laerge to provide a steady
lock slgnal for the instrument. |

Spectrograde cyclohexane was distilled on the vacuum line
from a degassed external source into a receiving vessel.
Surrounding this vessel were eight breakseals of 4 mm. internal
diemeter for convenience, as the internal diameter of an nem.re.
tube is 425 mm, The comparison allowed approximate volume
estimations beforehand, Pure benzene was distilled from its
degessed source into the same receiving vessel, on top of the
cyclohexane. The frogzen mixture was then sealed off while pumping.
On thawing, and thoroughly shaking, the mixed solvent was poured

into breakseals which were sealed off in turn and stored.
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Apparstus, Procedure and Recording of Results
The apparatus used is shown in Fig. 8. In the initial

kinetic run it waes duplicated to provide eight n.m.r. samples

for measuwrements The method was basic in the requirement of
constant 1-octene concentration, while varying the triethyl-
eluminium concentration., For this purpose, the eight n.me.re
tubes were all pre~calibrated to a volume of 1.80 ml. fach
breakseal of alkyl and solvent, with accompanying stainless steel
breakers, was sealed into position and the whole apparatus

pumped out at a pressure of ‘IO-3 torr for twenty four hours.
Normal 1-octene was distilled into the graduated base of the
vessel. The olefin was frozen with liquid nitrogen and the
apparatus sealed off et constriction (1), while pumping. A4

known volume of 1-octene (0.5 ml.) was distilled from the graduated
tubing into one of the nemer. tubes and the sidearm sealed off at
constriction (2). The same procedure occurred far the other three
sidearmse The alkyl seals were broken in each and the liquid
allowed to run down and mix with the olefin. A stainless steel
sinter was used to prevent pieces of glass fram the broken seal
entering the n.m.r. tube. Small pieces would upaset the
homogeneity of the spinning sample during measurement, causing

a loss in peak resolution, hence errors in concentration. The

concentration of dispensed alkyl was later ohecked hy burette
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caelibration. The solvent breakseal was then smashed, the solvent
tipped with the help of the U-tube, until the reactants were
dlluted to 1.80 ml. The tube was sealed off and refrigerated
until measurement.

Initially, the speetrum of each tube was examined on a
Varian .issociates DA-IL 60 nemer. spectrometer at a probe
temperature of 29.0°C. The internal lock signal used was
cyclohexane. At any one time, the integrals of benzene and
of the olefin vinyls were measured three times and an average
value of the 1=octene vinyl C112= to bengene ratio, in the same
field sweep direction, used in concemtratiocn ealculations.

The heating medium and its temperature control were the same
a8 in the dilatometry investigation ( see Chapter II). The
saumples were placed in clips on a perspex support and lowered
into the oil bath controllsd at the desired temperature. At the
end of' each heating period, the support rack was removed from
the bath, each tube dried and refrigerated until measurement.
This procedure was repeated until enough spectral data was
available for a seven point plot of concentration versus time.
Fige 9 shows e decreasing series of reactant vinyl protons and
their integrals as the reaction proceeds. The data was tabulated
as concentrations of 1-octene and product "decene" with time;

the product concentration estimated from the relation:
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3

where I.. _ (Pr) is the integral of the produst vinyl CH, = singlet.
2

A representative plot of 1e-octene decay and product decene
growth with time is ghown in Fig. 10, The results confirm the
stoichiometry of 1-octene, (= two) as the amount of produst decene
formed, tends to a value of half the amount of 1~cctene consumed,
es the reaction proceeds. Whether the stoichiometry is maintained
et all stages of the reaction, depends on the relative rates of
the various resction steps. In Fig.10 and other run plots, there
eppears to be a lag in the produst formation in the sarly stages,
l.e. the amount of product decene formed is less than half the
amount of octene consumed. If this is a real effect, it would
meen that the rate of reaction measured by product yield would
differ from that measured by reactant consumption, especially at
initial conversions. The balance between ths two rates would be
mede up of a term allowing for the concentrations of certain
intermediates. This would be an interesting obssrvation, in
view of the discrepandies in kinetiec equations derived from product

yield and reactant consumption respectively. However, we are not
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confident that the effect is real because it is only epparent
at low conversions, where the error in the product integral and
the zero error in the initial 1=ooctene integral are at e maximum.

Thus stoichlometrically the reastion is confirmed as,

1 -, \, 1, -
> Alzn.ts + 2 GH2-.CH-C 6H1 g -~ Lt5A108H17 + 2eht=i=0ctene.

If the reaction involves the assogiated form of triethyle
aluminium, the rate equation would be of the mixed second order

type, viz.

& = xlogh ] [apt]

o k[CgHy ] ‘a1,
where C Alz is the total alkyl concentration in terms of gram atoms
of eluminium per mole Jimer,

If however, the reactant is dissociated AlEts then the

mechanism beccmes

Kd
(where K a is the dimer dissociation constant)
Cellys
k2 /
AlEtB + CH,=CH=C pi# 5 o % Al~CH ,=CH (2)
c . H

25
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T6H13 Tsﬂw

EtzAlo.CHz-‘]}H L Db AL 4 CHzaT (3)
C Hg ¢ Hs

product dscene

LtzAl-H + CH_=CH=C 6H

2 13 - EtzAICHz.CHZ.'GeH” (B

There is no evidence for the state of association in the
intermediate and product alkylaluminiums. At low conversion,
they most likely form mixed associates with unreaeted monomer
AlEtB. Under our experimental conditions, the formgtion of
products beyond reaction (4) (as in the Perry and Ory mechenism)
cannot be neglected., However, our conditions were less drastic
than theirs,

Overall, reaction (2) is assumed to be rate controlling,
with the other steges following repidly. There is, in fact, no
evidence that the diethylaluminium decyl adduct, in reaction (2),
has anything other then a transient existemce, and therefore
it 1s more practical to regard reactions (2) end (3) as & single
step. Reasction (4), the eddition of 1-alkene to dliethylaluminium
hydride is considered rapid, as the addition of alkenes to Al-H
bonds is significantly faster than the same addition to an Al~C
bond. The only point of doubt about the assumption of reaction

(2) being rate controlling, is the possible stoichiometric



504
imbalance at small conversions. Again, if this is a real effect
it soon disappears, presumably as the rate of reaction (2) begins
to decresse.
The rate equation corresponding to this mechanism would be,

-% = Ky, [4184,] [OgH, ]

o 8 10, [ogiyg)

where kAPP = the apparent or observed rate constant.

To establish this rate equation we must initially estimate the
order of reaction with respect to triethylaluminium hy the method
of van't I'Io:t‘.I:‘.z3 The initiel velocity of a reaction is related

to the initiasl reaetant concentration hy

n
r, -keo or log r, = log k + n log o,e

A log=log plot of initial reaction velocity versus initial
concentration should be a straight lines The slope of this line
is n, the external order of reaction with respect to the varying
reactant. The log=-log plot can give misleading results if taken
over a limited concentration range, and should always be checked
by a plot of T, versus con; the canfirmation being a straight

line passing through the origin. In this manner, any doubt that
the log-log value of n only refers to the instantaneous value of a

varieble order is elimingted. The distinetion between the above
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mechanisms depends on the order being% or 1, corresponding to

monomer or dimer participation.

Tgble of Results
1
s i)
sample  Initial Velooity r  ~ Total [allqu], (tia1 TOtAL [allqu]’ {tial

1tre mole” B8 as dimer (C a ) as dimer (C . )

moles/litre 2 :
1 1.52 x 107 04276 04525
2 2.10 x 1072 0,546 04739
3 1426 x 1072 04194 04440
% 1.09 x 1072 0.116 0341
5 1,16 x 10”2 0,126 04355
6 8.55 x 107 0,065 04255
7 9.80 x 107 0,073 0.270

The initial velocity versus the square root of the initial alkyl
concentration is shown in Fig. 11 and the log=log plot of these
quantities in Fig. 12. The error bars for esch initiasl velocity
point are the meximum and minimum values of tangents drawn at
zero time on the decay plots. The magnitude of the error bars
indicates the difficulty in accurately drawing the exact tangent
representative of the initial velocity (unless there are a large

number of data points at small conversions) end the method must be
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regarded as suspect. Ilowever, random estimates of the initial
velocity produced a straight line relationship when plotted
in either manner described ebove. The least squares slope of

g

litre mole'“I sec-1 with a standard error of z 0,075 The dotted

the r_ versus (c ).l plot has an intercept of 0.215 x 1072

line represents a line that can be drawn through the origin,

yet still within the limiting error bars for each point. The
graph shows the order with respect to triethylaluminium to be
slightly less than one half's In additiun, the least squares slope
of the log=log plot is 043, however the errors involved allow

us to approximate the order to one half.

j
Thus, from the graphs the relationship r = k C:";l appears
2

likely. The first order dependence with respeet to l-alkens is

well established by previous workers.

Thus the rate = k.., [CBH1 6] [AlthG] ~ kK [CBH1 6]c n,
i.e. consistent with the mechanisms of reastions (1), (2), (3)

and (4) above.

Kinetic Results and Disoussion

The method of integration provides & teohnique to show the
assumed orders of reaction are correctly chosen. The data is
applied to the integrated equation, usually by graphical meens.

Proof of the equation, when the function is plotted versus time,
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is a straight line passing through the origin, the slope of the

line being equal to the rate constant (k in this case).

APP
The apparent or observed reaction has been defined as
T6H13
ALBt, + 2 (CH2=CH-C ey 3) - Et5M200tyl + CH2=(|: .
02115

If the initisl concentrations of alkyl and olsf'in are a and b
and if x is the comsentration of produet formed after time ¢,
then the concentrations of reactents are reduced to (a=x)

and (b-2x) respectively.

in
= ~4
Thus the apparent reaction rate kAPP(Alets) (0H2=CHC &y 3)

. km(.-x)%(b-u)

L kAPP(a-x)%(b-?_x)

at
dx
or k, . at = e
BE (amm)2(bm2x)

This is the differsntial form of the rate equation whioch now has

to be integrated. The complete derivatim of the integrated rate
equation is included in Appendix I. Briefly, solutions of the
integrated form are complicated by the fractional order present.
Three solutions are possible depending on the relative magnitude of

the initisl reactant concentrations.
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(a) when a -E (when triethylaluminium is in stoichiometric excsss)

“p":" u-—l
1o (=2)" 1
- 1 8= ) i 1
kpp® G BIE Lln{ a_l’.%} ln{ R ,éf]
’ 1o (z—2 1= (—2)

(b) when a =%

kppt = 2} i, .4 .
“(a)®  (a=x)®

(¢) when a <~2 (1=octene in stoichiometric excess)

1 1
SRR e TN 2.

In practice, the graphs of the right hand sides of expresgions
(2) and (e) were plotted versua time and were reasanable straight
lines passing through the origin. Values of the apparent rate
canstant were caloulated from the least squeres aslopes of these
graphs and tabulated below,

The degree of reliability one could place in these results
was expressed in the form of confidence limits. The development
of confidence limits is included in Appendix III. The "best

and worst fit" sets of data fram the total population of rate

castant measurements included in the table are shown in Fig. 13
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with their 90)) confidence limit hyperbolas.

Statistically, we are comparing the least squares straight
line represented by our data with the "true" line representing
the defined integrated rate equation, which passes through the
origin and with a slope equal to the true rate constant.

We have arbitrarily selected a 5 level of probability,
or tolerance limit. This corresponds to symmetrical 90
conf'idence limits on owr fitted line, and we assert a priori
that the true value of kt at any t is contained in these limits,
then we are making the correct statement 90% of the time. In
other words, we have placed 100 X i (where o¢ is the probability)
or symmetrical 10« tolerance limits on the fitted data with 100
(1 =>)%, or 90% confidence.

kEven in the "worst fit" case, the intercept on the least
squeres straight line is most obviously less than the standard
deviation. In statistical terms, the correlation of the data
to the integrated rate equations (&) and (o) above is significant.
These equations are specific to ths mechanism involving reactions
(2) o (4) above. The alternative mechanism implies mixed second
order kinetics. The integrated rete equation for this mechanisam
was tested by a number of data sets, and distinot curveture was
observed in plots of second order kt versus time.

It is clear therefore that the method of integretion confirms
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the order of reaction estimgted from the ven't Hof f method.

The internal and external orders are identical at 12 and 1 (1-octene).

Hach population of rate constants at a perticular temperature
exhibited a randomness about & mean value EAPP' which was tabulated

es representative of that population. 4 standard deviation in
EAPP is governed by the population verisnce from this mean values
Since the standard deviations at each temperature are reasonably

constant, there was no reason to tabulate a weighted EAPP'

"he temperature dependsnoe of the reaction was tested by the
el

© T = ——A——

Arrhenius law in the {orm log kAPP = 5.303 BT

was plotted against the reciprocal of temperature in

+ log Ae hen
log k PP
degrees absolute, a straight line was obtained (see Fige 14).

The least squeres slope of the Arrhenius plot gave an activation
energy &, = 2440 keal/mole with an S.is (L A) = Ou6 kecal/mole. The
intercept at 1/T R = zero produced a pre-exponential factor of

X = -
9:0 litre® mole “ sec T %ith an SeE. (log 4 = 043)

A =10
The superiority of the integrated rate function, with the

half order term over the completely second order integrated rate

equation, confirms the assumed external order with respect to

triethylaluminium of one half. .JAgein, the correct integrated

rate plots confirm the mechanism which stands as follows:
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Table of Rate D&Eﬁ

Run Temperature

OC -107

Concentratians
(moles/1litre)

TK l=octene Al Et

26

k:APP

se0)

o o
(1itre®/mole”

12040 24544 x 1072 1.33 0.3420.99

115.0 2577 x 10~

159

11040 2,611 x 1072 1.60

1000 2.681 x 1072  1.62

9540 2.717 x 0™  1.63

0.31"1 012

0e46~0498

0429=0.95

O048=1.4)

2,15 x
2.46 x
2476 x
2.99 x
2.98 x
2,01 x
2.03 x
2.64 x

1.70 x
1.94 x
2,21 x
1.60 x

1.19 x
1.23 x
1.00 x
8.99 x

5455 x
531 x
Le78 x
4.87 x

3430 x
2.59 x
2.86 x
2.99 x

107
107
107
1072
1072
1072
1072
107
=5

10™2
1072
107

10

1072
10
102

2.50 x 1072 t o

1.08 X 10

S to

5.43 x 1070 ¥ o

2o9l|. b.o 10

6t 0.5
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K
ALEt, & 2 A1Et (1)
2776~ 3
. (‘i6H13
. A 2 o4 A1eCH <G
AJ.m:3 + CH,=CH=C I, 5 o it ,A1-CH,; ciz (2)
C2H5
G H C H
1
| |6 13 ’ |6 3
B%,,A1=CH,=CH ~ Lt Al + CH2=C|‘. (3)
; H
Gt Colls
Bt AL-H + cnzncri-061113 - EtzAJ.CHz.CHz.CSH13 (&)

We infer that the degree of dimer dissocietion is not excessive,

5 -
hence the oversll or observed rate constant kAPP = Kd k2. The

rate constant k, of the additim or rate determining step is

2
the required quantity and to obtain it we need an estimate of
the liquid phase dimer dissociation constant within our kinetie

temperature range.
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CILAPTER IV ~ ASSOCIATION IN IRINKYLALUMINIUMS

Introduetion

The ability of trialkylaluminiums to assooiate and achieve
greater stability is a function of the unique bonding properties
of these compounds. The basic bonding configurations of the
electron deficient bridge bonds, which cause the stability,
have been explained in Chapter I. Briefly, a three-centre
bond exists between the two sluminiums end the carbon atom of
the bridging group. Two electrons are shared in an overlap
of the two aluminium atom spj orbitals with the carbm atam
sp3 orbital,

Hence, the equilibrium 2 AIR_ « A12R6 exists and the

3
dimer bonding structwre is schemstically represented as

\é /
R§AlﬂQﬁlﬂ{
) V2 5 A

/T\ R
The size and shape of the alkyl group R restriets the
abllity of the monomeris trialkyl to dimerise. Steric hindrance
prevents the approach of two monomers intoc an orientation close
enough for molecular orbital overlap.

Tri-n-alkyleluminiums, where the alkyl group renges from



€0,

methyl to n=butyl, ere known to be associated at room temperature.
Alkylaluminiums with R containing a secondary carbon atom attached
to the Al atom are essentially monomeric.

Two direct techniques utilised to esteblish the association
experimentally are X-ray crystallography and pemers spectroscopys
Assoeintion was predicted from I.R.m" and Raman spectroscopy.
Additional evidence was forwarded by molecular weight measurements
from various methods (ebulliometry ,26 cryoscopy,27’28 vapour

29’30) o
31

pressure measurement

Lewis and Rundle,” in an Xeray crystallographic analysis of
trimethylaluminium, measured the bridging band angle (Al=C-Al, 70°)
and the Al=C bond lengths for both bridged (2.24 %) and terminal
(2.00 &) bondss 4 similar study was made some years later by
Vranka and Amma..3 e They agreed with Lewis and Rundle on the shape
of the dimer molecule, but with slight differences in the bridging
bond angle (75°) and in the bridge bond length (2.14 3). It 4a
interesting to note that the distance between Al stoms is within
the accepted theory of metal-metal bond lengths, which may also
increase the dimer stability.

The presence of dimer formation has been demonstrated,
equelly as effeetively, by proton magnetic rescnance. MNuller and

35

Pritchard’” showed the room temperature peme.r. spectrum of

trimethylaluminium to cantain enly one peak. The inference from
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this spectrum was two-fold; all of the protons present were
magnetically equivalent, i.e. they all resonate at the same
pemere chemical shift; if there are two types of methyl groups
present (bridging and terminal) they must be involved in a rapid
exchange process.

Schematically the exchange equilibrium ocours possibly

by way of dissociation,

N N N N
Me/ \Mo/ \Me P *M / \M/ \Me

When the temperature of a sample of A12M06 in cyclopentane was
lowered to -75°C and the pem.r. spectrum measured, two signals
with an integrated peak aree ratio of 2:1 ere now present. The
appearance of two resonances confirmed the presence of two types
of methyl groups and the single resonance at room temperature was
due to the rapid exchange process. At the lower temperature, the
dimeric stpucture was "froszen" and the individual terminal and
bridging methyls become appaerent, i.e. the exchange rate was
drestically reduced. The authors concluded that at roam
temperature, the monomer was yrobably not formed as an intermediate,
but that the exchange process wes intramolecular by two possible

mechanisms:= the breaking of an Al-C bond or the deformation of
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the molecule into four methyl bridge bonds in the econformation

of a square.

P e ~

&
j=
i
v /o

>;‘Al —Me

“Me ™ ‘l’do’
The estimated activation energy for this process was between
6=1) keal/mole.

Ramey et al.y’ investigated the low temperature peme.re.
speotrum of triethylaluminium. The normal room temperature
methylene quartet signal broadens as the temperature is lowered
and finally (at -60°C) emerges as two groups of quartet signals
at 0.08 and 1.08 pepeme These quartet signals correspond to the
terminel and bridging methylenes respectively. An exact 2:1
integral ratio was not observed in this case as the lowest fisld
methylene signal overlapped into the methyl signal. The effective
decrease in electron density ahout the protons of the bridging
methylene causes a shift (psrsmagnetic) in this group's resonance,
to appear at lower fields.

A similar investigation’? of triethylaluminium in toluene
at low temperaturss confirmed the dimeric structure of this
compound.

We cbsgerved the begiming o«f methylene group iroadening in a

low tempersture investigation of possible camplexing between
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triethylaluminium at 1-octene ( see Chapter II and Fige 7). The
temperature on this oceasion was not low enough to observe
two distinct resonances.

Additional evidence for the dimeric character of the
tri-n=-alkylaluminium series has been obtsined from infra-red
spectroscopy and various molecular weight and vapour pressure
measurementse Ziegler36 and Coatess‘r et al. have thoroughly
reviewed the I.R. spectroscopic properties of organoaluminium

compounds. Vapour pressure maastlrementa12’29

have ylelded heats
of dissociation for the trimethylaluminium dimer, the values

9
being 20.213 a.nd,20.h."9 keal/mole of dimer.

Triphenylaluminium was reported to be largely (80%)

25 38

asgociated by ebulliometry, ™ however eryoscopic measurements
did not support sush an association. 4n X-ray erystellographic
analys:i.539 of triphenylaluminium shows the bridging phenyl groups
to be inclined et an angle to the plane of the Alzc:2 ring. The
distortion of the phenyl ring introduces the concept of « bond
danation to the electron deficient bonds which increases the
stability of the molecule even further. Schematically this is

shown
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This idea is contradicted by the Al=C bridge bond length which
is longer by 0.04 R than the correspending band length

in trimethylsluminium where no such donation can occur. The
bridge bond lengths of trimethylaluminium are longer than the
terminal bond lengths, due to the decreased electron density
within the bridge bonds In the case of triphenylaluminium,

one might have expected the bridge bond length to approach the
terminal bond length and be significantly less than the trimethyl
bridge bonde. 4pparently this is not the case.

The n bond damation effeot has been observed in pe.m.r.
measurenents on alkenyl-diisocbutylaluminium ::ompoundsz1 and
dimethy 1( phenylethynyl)uminium czompouruil.a.l'0 Here, the spsctrum
contains a signal due to aryl protons and only one other peak,
regardless of temperaturs, ghowing that bridging oceurs via
the phenylethynyl groupe This is & result of the enhanced
stabllity offered to the three eentre bond by the m orbital system

of the ethynyl group.

Me
N <
Al
~
Me

Ph

|

®

C % /Me
Al

C/ \Me

o

Fh
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The structure could be represented as shown above, although
the presence of the conjugated system could loocalise the
positive charge within each phenyl ring. More reeent.ilar,l+1
petler, studies have shown the tricyclopropgylaluminium dimer to
be an interesting example of bridge bending with enhanced
stability. In faet, the authors claim this molecule to be
the most stable of the trialkylaluminium dimers. A room
temperature spestrun shows two types of cyclopropyl groups

in the integrated peak area ratio of 2:1 corresponding to the
usual terminal to bridging group ratioe.

The structure is represented
H

G —il

H
\
H—CG

H

\/g\/
VNN
/!

H

II—C

C—Il

-,
i

It is claimed that the formation of the bridge bond ocours by the
overlap of &n upz orbital from the oyclopropyl carbon with the
aluminium spj orbitals to give a o type three-centre bonding

molecular orbital (the acoepted electran deficient bond formation),
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assisted by the overlap of a pwn type orbital from the
cyclopropyl group with this o molecular orbital.

On reising the temperature and recording the peme.r.
spectra, the exchange between terminal and bridging positians
does not commence until 70°C, implying that the activation
energy for thig process is larger than any other studied. Ilowever,
in the ebsence of the determination of a value for the
activation energy, the -author's conclusion that the enhanced
stability at lower temperature arises from energy rather than
entropy factors is premature.

Although sterically hindered trialkylaluminiums do not
assoclate to form dimers, if' they are mixed with dimeric
trialkylaluminiums then mixed dimeric trislkylaluminium speoies
are formeds This effect has been demonstrated by L.G. Ho:i‘f‘ma.r:tl*2
using mixtures of triiscbutylaluminium and trimethylelumininm and
is discussed in more detail later in this chapter.

The only reported molecular weight studies on triethyl-
aluminium are Laubengsyer and Gilliam's vapour dsnsity and
mressure studies at high temperatures, and Hoffman's "gdisbatic
ocryometry" used to establish the moleculer weight at low
temperatures.

This lack of moleculaer weight data, particularly in the

temperature range 80-125°C prompted our investigations, which follow,.



aluminium MNonomer=Dimer Louilibrium

Introduction and Choige of liethod

In 1941, vapour density and pressure messurements were used
to estgblish the apparent molecular weight of triethylasluminium
in the vapour phase satseveral high tempera‘bures.12 This date is
the ouly molecular weight investigation available (epart from a
low temperature cryoscopic de‘l:erminationzs) » The authors
conceded doubt in their highest temperature measurement, because
of sample decamposition at that temperature. 4 previous papeu:'l"3
outlined the type of vapour density and pressure measurements usede
No attempt was made to calculate an equilibrium constant from
these measurements. Unfartunately in the triethylsluminium case,
the pressure at which each vapour density measurement was carried
out, was not reporteds If equilibrium parameters are to be
calculated from this data, it is necessary to meke some assumption
about the manner in which these experiments were carried out.

Two such attempts have been made and in each case a different
aspumption was made concerning the pressure. .llison et al.“
considered that the Laubengayer and Gilliam experiments were

; 1
performed at the vapour pressure, whereas iay et al. 3 assumed

a pressure of 100 mm, 7The former assumption is almost certainly

incorrect. An alternative approach to a pure and simple guess,
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is to examine the experimental procedure reported in the previous
paper.l'j Here, vepour density and pressure messurements were
performed in the same apperatus on gellium halides and the
relevant experimentsl factors were all properly recorded.

Zven if the triethylsluminium measurements were carried out

in the same way, there are no grounds whatsoever for assuming
each experiment was carried out at the same pressure. In
addition, the pressure prevailing in the gallium halide series
varied from experiment to experiment determined apparently by
the vicissitudes of individual sempling. Thus, no dependence
can be placed on any of the attempted estimations of K d(ga.s)

from Laubengeyer and Gilliam's data. Their results are summarised

in the following table.

Temperature 2 Apparent lolecular The Antoines equation
Weight

15046 12845 log,. p (mme) = = A s
10 %

165 ¢5 125.3

18545 12345 where A = 3625 and B =
10.78L

200,0 1245

The 200°C reading was believed to be in error beecsuse of
irreversible disscciation of the compound.

Hay et al."", using & more modern vapour pressure measurement
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technique and triethylaluminium preparation, have fully examined
the monomer # dimer equilibrium in the temperaturs range 60-120°¢ .
The tabulated vapour pressures are slightly higher than those
obtained by Laubengayer and Gilliam and & comparison is shown

by their respective Antoine equations.

Laubengayer snd Gilliam: log,, p = =362 10.78L
T
Hay et al.: logyy P = =2613 + 10.85
¢ o
TK
The disscciatim constants f'or the equilibrium in t 28
heve been determined and are tabulated below.
Temperature °C Kg (moles/litre) x 107
100 L3k
9% 2.87
& 194
70 151
60 0.973
20 0.542

The caloulated dissociation constente K g vere small and showed
that the monomer was only present at high dilution. Under normal
experimental concentration conditions (> 0.2 moles/litre of AlZEtG)

the dimer was the dominant species.
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Hoffma.n28 established the apparent molecular weight of
triethylaluminium in benzene by the principle of adiabatic
cryometry. The method relies on the determination of freezing
point depression of solutions relative to solvent over a
wide concentration range. It is a colligative property method
which determines the number of solute molecules. The molecular
weight range of 229=196 was established for a corcentration range
of 042=0,005M. Hoffman queried the lowest comcentration
molecular weight (196) because of the significance of oxygen and water
impurities at such ocomcentrations. The results were expressed as
the "degree of polymerisation" or "the asscciation number" and the
author attempted to compare this plot (association number
versus concentration) with a similar curve for the benzoic acid
system. However, the scatter in the triethylaluminium results
did not permit the drewing of a smooth curve, even though there
was an obvious resemblance to the benzoic acid calibration curve.
Unfortunately, the individual molecular weights used to oalculate
the degree of polymerisation were not tabulated. We have estimated
these molecular weights fram the graph by photographic means,
and disoussed them later in this chapter. As discussed in the
previous chapter,the complete kinetie charncteriastion of the
reaction between triethylaluminium and 1-octene depends on a

knowledge of the value of K The relevant parameter is the

d.
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equilibrium constant (in concentration units) for the equilibrium
in hydrocarbon solution over the temperature of our kinetic

experiments. The difficulties in estimating even K, in the gas

d
rhase at Lgubengeyer et al. experimental temperatures have already
been discussed. Although llgy et als results are good confirmation
of the earlier vapour mressure study, we considered it essential
to our system to establish the equilibrium dissociation constant
in the liquid phase; the phase of the kinetic experiments and data
we wish to correcte The gas phase dissoeiation constant is not
relevant to the solution equilibrium where there is a nett charge
in the number of molecules in the stoichiometric process.

In practice, the apparent moleculsr weight, which is the
numbsr average molecular weight of the species of compound,
is osgtimated. The degree of dimer dissociation can then be
calculated and from this value, the dissociation constant, K a
a8 follows,

Ka is defined for the equilibrium equatiom

z’ll2i’a § = 2 f"a.lf.’at}
Number of moles of species (1 = a)n 2a.en
Concentration of each
species (1 - a)e 2. 4G

where ¢ = C Al T the total concentration of compound, in all forms,

2
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estimated as dimer = [AletG] + %[AlEts] o The square brackets
define the actual molar concentration of the molecular species

enclosed. The mole fractions of each species are

1 =g 20,
and ———————
14+a 1+a

"+ MuWe epp (epperent molecular weight) = ':—E-i‘ o 22842 "'T'?: o 1401

228
1 +a

* o o= (828e2
I (Mch app 1)

The molar concentrations of .dimar and monomer are
1 «cle 20.8
1+ ang 1+a
respectively. _
The dissocietian oomstant for the equilibrium is
[Mllts]z ala
K. = =
¢ mgt] 1-a

A table of K a with temperature can be constructed and the linear

relationship between these two paremeters tested.

d In K AH d InK OH
Now -—--——d=—d or ds___d
ar RT a(1/1) R

The slope of a graph of 10510 K a Plotted against the reciprocal of
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temperature in degrees absolute should be a straight line of
slope -AH({2.303 Re Thus this method provides e ready calculatien
of the heat of dissociation per mole dimer,

The choice of experimental methods to ecalculate the molecular
weight of triethylaluminium is limited by: the nature of the
compound itself', an extremely reactive liquid; the necessity of

establishing the liquid phase X . within our kinetic temperature

12,14

d
range, and the reported vapour pressure of triethylaluminium.

Initially, the three molecular weight estimation methods
chosen were the isopiestic method, a proposed method using pemere
speotroscopy and by boiling point elevation (ebulliometry).

The isopiestic method depends on a non=volatile solute, as
the attainment of equilibrium partial pressures is fundamental.
This method was rejected because of the reported volatility of
triethylaluminium,.

The idea of proton magnetic resonance, as a molecular weight
method, was developed from & paper by E.G. I-Iof‘:f‘m,n.l‘2 Here, the
non-associating monomeric triiscbutylaluminium and the strongly
essociating almost exclusively dimerie trimethylaluminium were
mixed. A mixed dimeric species forma, its struoture determined

by the relative concentrations of initial reesgent.
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Schematically,
ibu iBu - iBu ,M? iBu iBu P Me\ iBu
4\.1/ M N, \‘m/ 2% S \\.u/
N y N p
iBu iBu/ ué” \iBu Me "’ Me
canpletely
monomerio e e le

Ae explained previously, the repid rete of exchange at room
temperature prevents the bridging end terminal methyl groups of
trimethylaluminium from showing separate resonances end a single
peek 1s observed in an intermediate field position. The relative
intensity and position of this aslgnal depends on the ratio of
bridged to terminal methyls at any one time. The above scheme shows
this ratio to increase as the trimethylsluminium concentration in
the mixture decreesses. The nett effect obaserved is a shift
down=field of the o methyl signal and its eventual disappearance.

A similar situation might ocour with triethylaluminium. The
dimer containg six pem.r. equivalent groups, four terminal and
two bridging. Again the pem.r. equivalence is due to the rapid
rate of alkyl group exchange.

The extent of dimer dissociation incresses with temperature,

with corresponding increase in monomer concentration, until at
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some hypothetical temperature, only monomer is present in the
sample. The c¢oncentration of terminel ethyls will thus increase
at the expense of bridging ethylse. This removal of bridging ethyls
will produce a reduction in electron density at the aluminium
and will in turn cause a decrease in electron density about the
protons of the « methylens group. This electronic de-shielding
should be evident in pe.m.r. spectra as a shif't downf'ield of the
u--CH:2 quartet, towards the methyl triplet, i.e. a decrease in the
internel chemical shif't of triethylaluminium. The internal
chemical shift (=-3) is defined as the difference in chemical shifts
of the methyl and methylene group resonances. The chemical shif't
of the methyl triplet is the centre signal, and for the methylene
the calculated centre of the quartet group of signals (see Fig. 21).

In theory, the temperature may be raised to a position where
no further reduction in =f occurs. This would correspond to
complete dissociation and the integrated peak aree equivalent to
the monomer concentration. The graph of internal chemical shif't
(=5) with temperature should be sinusoidal and on extrapolation
one should obtain a value representing the monomer =5, This value
could be compared with ~¢ obtained et low temperatures (-70°C)
corresponding to terminal and bridging ethyl resonances in the
ratio 2:1.31"’35 It is highly unlikely that the complete dissociation
1limit could be attained in practice because of intervention of

irreveraible decomposition of the Al-02H5 bonds. IHowever, same



764

extrapolation procedure might be applied.
Alternatively, the equilibrium iz concentration dependent
end enhanced monomer concentration will occur in dilute solutions.
Again & plot of =5 versus alkyl concentration should also be
sinusoidal. It may be possible to extrapolate to a position where
no further reduction in =5 occurs with decrease in dimer concentration.
This extrapolated congentration should correspond to monomer alone.
Sumerising, a value of K a for the equilibrium might be
derived in simple terms by the following: the frection of dimer

molecules p (in dilute solution) is given by

(<5) = (=6,

(=bp) = (=6,)

where (=5) is the observed internal chemical shift of the alkyl
species present at a particular temperature or concentrations

(-GM) 48 the internal chemical shift of the alkyl species at
infinite tempersture or dilution, i.e. monomer; (-5D) is the
internal chemical shift of the alkyl spscies at lower temperatwres,
i.e. dimer.

The equilibrium constant at any temperatwre is then:

R ! L
1 =01

K=

Although considerable approximations, including extrapolation to
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high tempersture or dilution, would be involved in an experiment
of this type, it was considered worth trying because it was by
far the most convenient method of attempting to measure K 3
The equilibrium could be measured under conditions of high
purity and minimum handling.

The experimental apparatus designed to test the above ideas

is shown in Fig. 15 and was evacuated to < 10"3

torr for twenty
four hourss The attached solvent breakseals had been loaded
previously by distilling dry "living end" purged mesitylene into
a dispensing vessel. This vessel was sealed from the manifold
while pumping, each calibrated breakseal filled to the mark
and then sealed off from the mein vessels The apparatus was asealed
off at the constriction, the triethylaluminium breakseal ruptured
and the alkyl allowed to flow into the base of the vessel. Varying
amounts were poured into each ne.m.r. tube and the volumes present
calculated from cathetometer measured heights. Lach nem.r. tube,
with its accompanying solvent breskseel, was sealed off, the
solvent breaksesl ruptured, and the elkyl in the n.m.r. tube
dlluted to & pre-calibrated mark. After dilution esch n.m.r.
tube was sesled off and the pe.m.r. spectra recorded as follows.
The spectrum of the most dilute sample of A12Et6 was recorded

at 10°% intervals from 60°c to 1z,o°c inclusive. No apparent change

in internel chemical shift occurred at any stage.
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Bach of the eight concentrations of triethylaluminium was
meesured at 110°C. Again, no significent change in the interval
chemical shif't resulted.

The conclusion is that the method is insensitive to the possible
small change in electronegativity or a "dilution' effect. The
number of aluminium=-carbon bonds is reduced from eight to six
if’ complete dissociation oecurs. The small chenge in
electronegativity at the aluminium atom on monomer formation
is "diluted" even further Ly its distribution smongst thres
equivalent ethyl groups. Thus the change in electron density
about the metlhylene group protans appears insignificant and no
apparent change in internmal chemical shift is the result.

The equilibrium might best be studied by variable temperature
A127 broad-line n.me.r. where one would be measuring the change
in electronegativity where it should be most marked, i.e. at the
eluminium nucleus. However, sensitivity problems could also be
encountered and in addition we had no faeility for broad=line

studies.

Description of Selected Method

The technique remaining is that of ebulliometry, the
advantage here atill being the possibility of determining K a

directly and in the desired temperature range. However,there were



79

two disadvanteges. Triethylaluminium is a difficult solute to
handle in this type of experiment because of its pyrophoric nature.
iny experiment would have to be carried out in a closed system
under an inert atmosphere of dry oxygen-free nitrogen. Secondly,
the reported vapour pressure of triethylaluminium is high

enough to necessitate correction,as an experiment of this type
requires a non-volatile solute. Normal ebulliometry is performed
in an open gystem and a knowledge of the barcmmetric pressure is
required. Any deviation fram atmospheric pressure can be accounted
for with the boiling point carrection for each solvent,

A twin ebulliometer system (the ebullioscope) (see Fige 16)
with resistance matched thermistors as the two deteeting, opposed
arms of a D.C. Wheatstone bridge was assembleds VWhen used with
suitable components, this apparstus was caloculated to provide
enough senaitivity to measwre temperature differences to greater
than 0,01°C. The designs of ebulliometers are many and varied,“".”
however ours had to be modified to eliminate the above dis-
advantages.

Zach ehulliometer consists of a boiler of about 40.0 ml.
capacity with a heating finger coated with powdered glass to
provide boiling muiclei and reduce super heating effects. Heat
is supplied hy two identically resistance wound heaters which

project up into the re-entrant finger. A Cottrell pump sprays
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the boiling liquid-vapour mixture over a thermistor (Stantel G14
"beed" type), the vapour filling the dead space above the liquid
level and condensing in the sidearm condenser. The thermistors are
connected to the D.C. bridge vie tungsten-glass seals making the
apparatus an all-glass system. A mercury manometer is connected
to each ebulliometer and the solute ebulliometer connected to a
two-stage "Dynavac*® rotary oil diff'usion pumpvia liquid N2 cooled
traps. The insulation for each ebulliometer comprises an
aluminium box, packed with rockwool, with & glass viewing port cut
into the front. Small apertures for the thermistor and heater
leads are also present.

The D.C. bridge circuit (see Fig. 17) consists of a 1000 ohm.
fixed resistance, a Cambridge Instruments 0-11,000 ohm. decade
resigtor and the two mstched thermistors. Current to the circuit
is supplied by a 1.35 volt mercury lallory cell (RM=42R) with a
"spectrol" precision potentiometer (2 Kohm.) as a voltage breaker
for inoreased sensitivitye. (he circuit was designed to eliminate

48 This is a function

any self-heating effects in the thermistars.
of the current flowing through the thermistar (wettege = i°R)
which is kept at a minimum and the thermistor resistance which is
kept small compared with the other bridge components.

The galvanometer is a Leeds Northrup Electronic Null Detectoar

(Model 9834). The output signal is chart recorded via a voltage
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breaker, by a Philips PR 2500 pen recordsr. The relation between
resistance and temperature is given, to an appropriate level of

approximation, by the relation;

R = AeB/T

where R = the resistance value at an absolute temperature T.

A and B are constants for s given thermistor and e is the base

of the natural logarithm (e = 2.718). The matching of thermistors
requires that their B constants be aspproximately the same over the
measured tempereturs renge. The velue of B may be found in the
following way. The resistance value is meesured at two

temperatures, T, and T,.

2
o Ry = AoB/T1 end R, = AeB/Tz
Dividing T =e
2
. 1 1
or log Ry = log R, = B("i‘- -E?-) log e
1 2

which gives

T log e * (_1_ _ A

T1 '.I‘2

The thermistors were individually calibreted at each of the
boiling solvent temperatures using the bridge with a fixed 1000 ohm.

resistance substituted for the thermistor not being measureds The

resistance values Rq and R2 were substituted into the ebove
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relation and a reasonable agreement was obtained with the B value
quotedz"g for the G.14 thermistor of 3.4 x ‘10'5 k.
Again, the relationship between the ratio of thermistor

resistances and temperature is:

R 1. _1
(o] o

where R = ratio of solvent thermistor resistance to that of
solution thermistor; Ro the same ratio as R, but with both
thermistors measuring boiling solvent only; To = the boiling point
of pure solvent in degrees X3 T = the elevated boiling point of
solution in degrees K.

Now the activity of the solvent (i) in solution is equal to

This relation applies in the case of a non-volatile golute.

AHV is the molar latent heat of vapourisation of the solvent
i

and is assumed independsnt of tempersture over the smell range of

boiling point elevation. R, is the gas constant.

G
Thus AHv
L e e 1 B
In & = RE l“no

Thermodynamically, one has to assume the solutions are ideal and

dilute. The R = R, + AR and expanding logarithms, an expression
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for the molecular weight of solute (j) is obtained.
) I;GJE I.-'.iIL n
J f._H‘rimi AR

M

where m, is the solvent mass; m j

the solvent molecular weight,.

Stokes and Pu5h5o were responsible for this derivation

is the solute mass; Mi is

which shows e direct relatianship between resistance change

and solute molecular weight. It is nsoessary to test both the
relationship and the efficiency of our apparatus in a preliminary
experiment before attenmpting any triethylaluminium molecular

weight studies.

Preliminery Experiment
The twin ebulliometer apparatus wes initially used as an

open gystem (open to the stmosphere) in an attempt to measure
the molecular weight of para-toluidine.

The materials used were n-heptane "Unilab" reegent grade,
p~toluldine BDH "enalar" grade. Eerlier experiments had shown
that solvent bolling was most efficient when a volume of 35.0 ml.
of solvent was present in ths boiler. By efficient, we infer
that a steady liquid vapour stream was passing over the thermistor

head and the vapour was condensing only in the sidearm condenser.
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Thus 35 ml. of solvent was pipetted into the boiler of eash
ebulliometer via the condenser and the heaters tummed on.

The problem of solvent super heating was reduced by the small
pieces of ground glass attached to the boiler finger; these
providing boiling nuclei. Once a steady bridge resistance balance
was obtained after approximately an hour at the correet heater
input voltage, a known weight of para=-toluidine was admitted to
the solute ebulliometer through the eondenser. <Some thirty
minutes was allowed to elapse (to ensure renewed equilibrium
conditions) before a new bridge null was establishedo’ The
resistance increment attributed to the mass of solute admitted
was then tabulated. Repeated sdditions were perfarmed until a
four-point graph of resistance increments versus soluts weights
could be drawn. The plot was found to be approximately linear
and the dats sceepted and subatituted into the molecular weight

equation as total resistance charge with total mass of' solute added.

Date Sumery

Initial bridge null reaistance = Ro = 981.2 ohm, After
addition of 0,51 gms of p~toluidine, a new bridge null was obtained
at R, = 996.6 ohm.



Addition of 0041 gle ..\2 = 1010.8 ohme
Addition of O.A6 gm. R3 = 1026.7 ohm.
Addition of 0.37 gme R, = 1040.6 ohme.

By definition AR =R, = Ro = 5944 ohme and M, = 1.75 gm.

L 2

.'. lolecular weight apparent

7575 x 25.8 x 594

"
g

= 110.0
There are several corrections to be made to this value and are
outlined as follows.

A boiling point correction must be applied to the total
resistance change AR ( proportional to temperature). For n-heptane,

the correction is O.OOO?OC 21

for each milliametre varietion in
the barometrie pressure from 760.0 mm. The precision we required
for this experiment deemed the correction negligible., A more
important correction is that for solvent-holdup in the vapour
spece above the boiling liquide Calibration of each ebulliometer
showed this vapour space to be approximately 100 ml. By assuming
idsal condltions and hence one mole cccupies 22.4 litres, one ecan
calculate the mass of solvent hold=up and subtract it from the
mass of solvent dispensed. The holdup mass was calculated as 0.5
gme and the corrected molecular weight of p-toluidine is 111.4.

Under the conditions employed, this value compared favourably

with the theoreticel molecular weight of 107.12. Errors are to be
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expected from the method of transferring the solute from the

welghing balance into the ebulliometer, i.e. errors from the

dispensed solute mass compared with measured solute mass.
However, the preliminery experiment showed that the assembly

of ebullioscope and bridge circuit and detection worked satisfactorily.

liolecular Weight Determinations of Iriethylaluminium

The preliminary experiment with petoluidine showed that,

with care, moleculer weights could be obtained using ouwr method
and apparatus. However, in addition to the two molecular weight
corrections outlined previously, the vapour pressure of triethyl-
eluminium haa to be accounted far. Hay et al.“" have quoted

the A and B constants for the Antoine equation which reletes

vapour pressure to temperaturs.

log10 P = - -1%'3 + 10.85

T
Hence the vapour pressures of triethylaluminium et our intended

reaction temperature are tabulated below.

Zempersture °C Vepour presgure (mm.)

125.6 61.60
110.6 25.70
98.4 12.70

81.0 Le15
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A esorresticn factar must be applied to the observed moleonlar
wolght to allew for the solute volstility. .
The pressure differenge between solvent and selution is

0 ‘
AP = Py = Pyolution

‘m;:amvwwmﬁmu}sm.
If Racult's law is obayed, for an involatile solute, the total
pressure over the solution ia

0
P ol |m-p*-x1p1(z1=mhtmt!wnofm%)

9 L4 L i
o Py =Pyt X3P =Py (1 -x) = xp

'whmAPmsthoinmmm preasure change .ndxzamls
fraotion of solute. However, for a volatile solute P

ﬂ&*yz'

solution

o °
"o Proiution (1= X0y + xp, -

o
Again, froam above AP' 1Py -P' urks

MAPW = the volatils @essurs change

1
g < - 0= s+ xad

o ]
= %,(py = B,).



A s
%Py %Py = ¥p)
o PO - pO
%% 1 (—1—-5 ) 8P, 4 or AP = 2 &P,
- B, r,

The obsargad molecular weights will all be decreased by the
factor (______2) o The equilibrium vapour pressure of solvent

at its boi].ing point is 760 mm. Hence, the following correction
Tactors for the molecular weight determined in a particular

solvent will have to be employed.

Solvent ggmggmm Correotion Fagtar

n-octane 12546 0,919

toluene 11046 0.966

n=heptane 984 0.983

cyclohexane 8140 0.990
Liaterials

Triethylaluminium, obtained and purified es described in
Chapter II, was reduced into ecalibrated breakseals in approximate
volumes of 0.25 mle Five breakseals were sealed into position an

the solute ebulliometer as shown in Fig. 16,
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solvents

(a) cyclohexane, lierck "UVASUL" grade

(b) n=heptane, 1" t ]
(6) toluene, Univar "Analar" grade
(@) n-octane, llerek "UVAZOL™

Lach of the solvents was predried over calcium hydride,
degassed and distilled into a receiving vessel with two
large breakseals‘preealibrated to 35.0 ml., attached as
sidearms. This vessel was sealed off while pumping,
the solvent tipped to the mark and each breakseal removed.
(nce the two solvent bregkseals and breakers were sealed into
pasition, the whole apparatus and insulation was assembled
and evaecuated for ten hours. With the main tap to the pump
closed, dry oxygen=free nitrogen was allowed to flow in (via
the inlet tap) at a pressure to cause it to bubble out through
the manometers. This nitrogen was purified in the same manner as
described in Chapter II. After several minutes,the inlet tap
was closed and the gas removed by the diffusion pump until a
reasonable vacuum was obtained again. Repetition of this purging
procedure occurred several times until the final situation was
the apparatus filled with a nitrogen atmosphere. The solvent
breakseals were then ruptured and the liquid allowed to run

into the boilers, with a reasonable time lgpse allowed for drainage.
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The heater voltage was turned (slowly) to the precalibrated
boiling point value and after allowing some time for equilibrium
conditions to be obtained, the null detector and pen recorder
were turned one. A pressure of approximately one atmosphere

was aelways maintalned, as the expanding nitrogen escaped via the
manometer blowout. The pressure in each vessel was always
equelised by turning the connecting tap before any resistance
readings were recorded.

A bridge null position was determined by turming the decads
box to the balancing resistence as indicated hy the mull detestor
and pen recorder. Thig resistance ratio is designated RO. An
adjusted working semsitivity was a combination of null deteotor
sensitivity, potentiometer controlled bridge current and the
millivolt range of the pen recorder. Once the mull resistance was
recorded, the first breakseal of itriethylaluminium was shattered
and the alkyl allowed to run down into the condensing solvent. A
lorge time lapse of one hour was allowed befcre measuring the

new bridge null resistance R Approximately a half hour was

q°
allowed for solute drainage and en additianal half hour for
equilibrium conditions to be established befare adjusting the
galvanometer assenmbly to the balancing resistance, The resistance
change was attributed to the amount of solute in the breskseale.

This smount was estimaeted on completion of the experiment by
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volume calibration of the breaksesl to the origingl filled level,
Usually, four further admissions of solute occurred, with the
sbove measurement procedurs repeated in each case, until a five~
point plot of resistance increment versus solute mass oould be
constructed. In easch experiment, for a particular solvent used,
this plot was reasocnably linear.

The apperent molecular weight of the species present (M.W. APP)
wes caloulated from the previously desoribed equation, hence o,

K.  end an estimation of the hegt of dimer dissociation AH _,

d d
Tgble of Results
o 1 3 2 %M
Tempe C =3 x 10 MeWe .. a c K, x10
TYA APP Alz a
* sk (moles/litre) (moles/litre)
81,0 2.82 1873 19644 0,224, 0,142 3452
98.4 2.69 181.,6 178.5 0,278 0,152 6.60
110.6 2.61 1775 170.3 0.339 0,204 4.3
125.6 251 1768 162.,5 0,402 0,205 21.90

* ocorrected for solvent holdup

*% corrected for solvent holdup and solute volatility

The relationship between the equilibrium dissociation constant
and temperature is expressed by the relation

&Hd 1

10810Kd=-*2-:§63-i .';o—A + const.
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A graph of log10 K g versus the reciprocal of temperature in

&Hd

2,303 R °
The least squares slope of this line produced a heast of dmer

degrees absolute should be a straight line with a slope = -

dissociation = =12.6 keal/mole with a standard error of
0 kcael/mole., The temperature dependence plot is shown in

Figo 18.

Digcussion of Results
Before the publication of Hay's recent paper, there appeared

to be some doubt on the validity of Laubengayer and Gilliam's
results, with particular reference to errors in technique and
errors in assumptions made using their data. However, confirmation
of these original vapour density and pressure results is apparent.
There seems no doubt that triethylaluminium is volatile, although
the extent claimed is still questionable on the grounds of a large
difference in boiling point estimation between the above authors
(186°C) and Texas Alkyls (207°) , Wwho prepare bulk samples of
triethylaluminium. Ve have corrected our results for solute
volatility using Hay's data.

At a given temperature, there is g large difference between
the K | (gas) calculated from vapour density measurements and our
Ky ( molution) calculated from ebulliometry. It is interesting
to note that if we calculate the apparent molecular weight we can

expect from thelr K. estimate at our maximum coneentration of

d
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triethylaluminium, then a result little different than the dimer

formal molecular weight arises. If we assume K. ( solution) to

be 10~ moles/litre at our concentration of 0.205 moles/litre,

2
then since K, = ho o , the substitution of the sbove values into this
1=a
2

relation yields a degree of dimer dissociation of 3.49 x 10"
and an apparent molecular weight of 220.5. Our initial calibration
results with p=toluidine leave us confident that such a value
lies well outside the likely error of our determinstion.

It is as well at this stage to consider the possible errors
in the two methods.

llay's method and his assumptions as desoribed appear solid.
A minor consideration which should be taken into account when
examining the results is the possible adsorption of a mono-molecular
lgyer of water on the inner surface of their experimental vessel.
Thig would consume g small amount of triethyleluminium which is
calculated as follows.

We assume thelr vessel to be a sphere of capacity 100 ml.
In gddition we assume g water molecule to ocecupy a discrete area
of surface of O.454 square Angstroms, this area calculated assuming

the water molecule is a triangle of the dimensionsa,
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Knowing the total surface area and Avogedro's number, we can caloulate
the weight of a mono-molecular water layer and hence the weight
of triethylaluminium consumed, which is 4.12 x 10-1" gram. This
might significently affect their lower temperature data .

The total errors in our method are quoted as an error of

2 1 xcal/mole in AH.. These are desoribed as follows:

d

(a) An error of = 0.1 ohms. in all resistance readings; the
limitation here is the extreme sensitivity exhibited by the
galvanometear and the smallest resistance inerement of the decade
reaistor being 0.1 ohms,

(b) 4n error of I 0.02 ml. in the burette calibration of the alkyl
concentrations.

There seems no doubt, unless there is a concealed systematic
error and we have checked for this, that we have no alternative
but to accept our results.

It is possible to make an approximate comparison of our

28 the only other condensed

molecular weight date with Hoffman's,
rhase data availeble, By choosing the lowest molecular weight of

his range (196) and plotting the corresponding equilibrium constant
on a graph of our log Kc versus 1/'1‘°K, we find the Hoffmen point lies

below our extrapolated least squares straight line. Again,



2
K =-'1&§ e o’ +Ka% =K
=g, c c
, K _ kK, 3
e at =i e w = lggiy)
l..c+K° [+

Now Hoffman's "Degree of Folymerisatien" or "Association Number"
is equal to
molesular weight observed 2

= | o
X )

AN« P
1+(L.0+K°)

moleocular weight monomer

We define the varianse in our results to be = the difference

in our extrapolated Kq from Hoffman's Ko' By substituting both

X 8K, into the ebove relation we obtain two limiting curves

of "Degree of Polymerisation" versus concentration. An estimate
of Hoffman's points was then obtained by photographically enlarging
the published graph and using a travelling microscope to obtain
the relative position of each point to scale. A combined plot of
Hoffman "Degrees of Polymerisation" and our limiting curves is
shown in Fig. 19. It can be seen that our limits are slightly
incorreot, especially at high ommcentrations. A smgll alteration
in the numerical value of % AKX would include all of the Hoffman
data, however, the graph suffices to show the agreement between the

two moleoular weight determinaticns.
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When comparing Hay's results end our own, there is a
fundamental difference in the experimentel conditions used,

i.e. gas phase versus liquid phase estimetions of K The

a*
irrelevence of K, (gas) when applied to our kinetic results

mist be emphasiseds The ratio of solution and gas phase
equilibrium constants KS/KG can be shown ' to be directly
proportional to an entropy term, actually a volume ratio (V O/V f,) .

Vo is the volume per mole of solution; V_ is presumably the

£
molar volume less the volume oocupied by the molecules themselves.
Summarising, our kinetic experiments(Chapter III) were
performed in the liquid phase and hence we require Kd ( solution)
to correet for the dimer dissociation postulated by the
mechanism« When comparing dissociation constent estimates from
gas and liquid phases, one must consider entropy effects in
solution. e have no reason to doubt our results at this stage.
The ebulliometric determination was performed "illegally" in a
thermodynamic sense, with respect to solute volatility, but
corrected to idegl behaviour of componentae.
The only course of action open is another independent

investigation of K a (solution) by e different teschnique if possible,

which may or mgy not confirm our efforts.
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CIAPTER V_= A KINWTTC INVESTIGATION OF THE REACTIONS OF TRIALKYL=

ALUMINTUM ETTIRATES WITH ne=1-0CTENE

Introduction

Uver the last few years, Ziegler Natta catalysts have become
the most widely applied catalyst in industrial polymerisation.
Although meny patents have been issued, the eatalyst structure
retains the basic combination of organometallic-transition metal
halide. The orgasnometallic has usually been one of the trialkyl-
aluminivm series and often triethylaluminium. These catalysts
are remarkable for their efficiency and the stereorsgularity of
the product polymer. Iowever, the mechanism of the polymer formation
is not yet fully understood, and because of industrial and academiec
interest, many investigations on the mode of action of Liegler-latta
catalysts are in progresses At least four mechanisms, each with
their supporting experimental evidence, have been put forward.

The common unknown involves the identity of the active site or
the poeition from which the polymer grows. Excellent review35 2,55
on the present Ziegler-Natta catalyst mechanims are aveilable.

One particular theory, the bimetallic theory, favours the
formation of a bimetallic complex between aluminium and titanium,
Joined by bridging carbon bondss There are two electron deficient
Al=C~Ti bonds, and the metsl-carban band is postulated as the active

gite.
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Another theory with outstanding electron mierograph evidence
favours the titanium atom in the titanium helide lattice as
the active site,

Because of the number of theoretical and experimental
varigbles involved in a rate study of such a gystem, it appeared
logical to us for a preliminary investigation to choose a siupler
system, yet similar in composition to the Ziegler-Natta catalyst.
By similar, we assume the catalyst to be & complexed trialkyl-
aluminium and postulate that rate data from this combination mgy
throw some light on the mechenism of Ziegler-Nstta polymerisstion.
The Arrhenius parameters themselves could be a useful comparisone.

Aluminium alkyl etherates are known to be stable complexes
and were the catalyst combination chosen. The bonding is a
drect result of the electron deficiency of the aluminium atom
which attracts eleotrons from the oxygen in an attempt to gain
the desired octet configuration. Brownstein et al.s'!+ demon strated
this complexing by pemer. studies on the triethylaluminiume
diethylether sgystem. They concluded that the electron withdrawing
power of eluminium in pure gluminium alkyls is decreased when
coordinated to the ether. The electron donation inecreases the
electron density sbout the metal and decreases its tendency to

55

share electrons of the metal-carbon bonde Takashi,”” in a study

of the roles of electron donor compounds in three component
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Ziegler type catalysts, used pemer. measurement to investigate

the complex formation between triethylaeluminium and various donors.
Zach donor prodiuced only one type of complex within which the
electronegativity of the aluminium atom was lowered. The electrical
conductivity of these complexes indicated ionic structures.

Hatads and Tu.ki56

in a similar investigetion developed a
"basicity" oconstant for each donor; the numerically more positive
the basicity constant, the stronger the complex formed.
Due to the efforts of the above workera it is apparent that
the ease of complexing is due to the following f'actors.
(a) The electron donating ability of the donor, e.g. the presence
of lone pairs of electrons or the sass of charge localisation at
a particular vulnergble position in the donor.
(b) sSteric hindrance, or the ease of orientation of both donor
and an acceptor into a position in which complexing is feasibla.
Such factors are illustrated in the heats of f'ormation of these

57

complexes. Tetralyy drof'uran reedily complexes because of the
presence of an exposed oxygen atom and its lone pairs. The complex
between triethylaluminium gnd anisole is weeker because of the
bulky phenyl and methyl groups surrounding the donor atam which
restrict olose approach of the oxygen and aluminium atoms.

58

Weleh” observed the sddition of small mmounts of such powerful

solvating sgents as tetrahydrofuran on tertiary amines scceleretes
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polymerisation catelysed by n-butyllithium. Several author559

reported the addition of eleetron donating compounds to Ziegler
type mixed catalysts, increased the rate of polymerisation and
improved the stereospecificity in the polymerisation of « olefins
and dienes.

As previougly argued, because of the complex series of
reactions in Ziegler-Natta catalysts, it is necessary to obtain
kinetic information of the reactions between trialkylaluminiums
and electran donors as well as transition metal halides and
electron donors. \le chose to attempt the former of these two
possibilities. Allison,éo invesgtigated the reaction system
triethylaluminium/tetraly drofuren/41=-hexene, with T.l.F. as the
coordinating solvent ether. Kinetic deta was calculated from
results of product analysis by gas chromatography. Briefly, the
reaction mixtures of known reactant concentrations were heated for
periods of time, hydrolysed and the products V.P.C. analysed. Low
product octene conversion exaggerated any measurement errorse
Ixperimental conditions and particularly the measurement technique
dictated the choice of T.l«'s as the coordinand. The author
admitted some difficulty in obtaining an alkyl=-ether adduet of
true 1:1 mole ratio. To ensure all the triethylaluminium was
complexed, an approximate 2:1 excess of donor was employed in
reaction mixtures. Allison concluded that some revision in

experimental technique was imperative in order to further the
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accuracy of the megsurement.
e considered proton magnetic resonance spectroscopy to be
an acourate technique from previcus work and chose to kinetically

investigate coordinated alkyl/1-octene system by this method.

Prelimin Exper t
Introduction

Initially, we decided to reinvestigate Allison's gystem as
closely as possible, if only for the sgke of comparison. However,
p-dioxan was used instead of tetrehydrofwen as the coordinand,
the former being s more easily handled liquid by our intended
method.

The calculated electronegativity of the aluminium ea;l;om,5 5
by the Narashimhem method61 is the same in both complexes
(1.33 units). There was a marked difference in the specific
conductance, the Tell.Fs complex being 13.3 )/om. and the dioxan
complex 041 10/cm.®2 This @ifrerence in electrical conduetivity
indicates the dioxan complex is certainly less ionic. PelleRe
measurementss 5 showed & 2:1 mole ratio camplex forms between
triethyleluninium and p-dioxan compered with a 1:1 ratio for T.H.F.
complexes. In addition, the heat of complex formation is =10.7 keal/-
mole compared with the T.He.Fe. complex formetion value of =14.0

kcal/mole.57 If we compare the structure of the dioxan complex
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with that of free triethylaluminium, the steric hindrance of
the dioxan on the all-important Al-C bond may not be as large
as first thought. A erystal structure of the trimethylaluminium

€3 shows the A1=0 bond length to be longer (2.02 %)

p-dioxan complex
than the Al-C bond (1.96 ). Also, the hybridisation about the
Al atom appears to show more trigonal charsoter than tetrahedrale.
The C=Al=C bond angles have been increased beyond tetrsghedral
to 117.0°.

Summarising, from the gbove comparisons, it would appear that

our system should exhibit a rate faster than Allison's and a

rate not too removed from the pure system.

Materigls

(a) Triethylaluminium, 1=-octene and benzene were obtained and
purifiied as previously deseribed.

(b) p-Dioxan: Univar "Analar" grade dioxan was initially daried
over calcium hydride and distilled on the vacwum line into a
receiving veasel containing sodium wire and some fluorenone.

The solution adopted a deep yellow colour due to the formation

of the ion pair species Na' (fluorenone) by charge trensfer. The
ion pair is solveted by the dioxan and the presence of the colour
indicated that the solvent purity was maintgined., A more detailed

account of this purification is by Tk, Hogen-lkach and J. Smid.sh
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Preparation of the Triethylgluminium Dioxgn Complex

P.M.Ro measurements55 had shown the acceptor-donor ratio

of the complex to be 2:1., I'or a preliminary experiment it was
declded to prepare a complex of this stoichiometry within an

ne.mer. tube and then distil in the 1-olefin and relevant pemers
marker.e The nem.r. tube was initiglly calibrated to a volume

of 1.80 ml. as a concentration check. The apparatus shown in

Fig. 20A was pumped out at < 1072 torr for ten hours. With the
greaseless taep to the manifold closed, the alkyl breakseal was
smgshed and the liquid allowed to run into the base 6f the n.mer.
tube. The initiel concentration of triethylaluminium was known
because of the use of precalibrated breekseals. The dispensed
alkyl concentration was re=checked from the height in the precision
bore nemer. tube. The correct volume of &oxan was distilled into
the tube to a ealculated height. Because of the difficulty of
distilling accurstely, a very slight excess of donor was allowed
to ensure all the alkyl was complexed. Thawing of the mixture

was slowly controlled because of the reported heat of complexing.

4 clear solution resulted with no sign of any erystal formation.
(Atwood et zaJ..63 had observed crystal formation in their preparation
of the trimethylaluminium dioxan complex.) Amounts of n=1-octene
and benzene as an neMer. marker were distilled in, diluting the

mixture to the ealibrated volume of 18 ml. The tube was sealed
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off at the constriction and the initial tims p.m.r. spectrum
recorded (Fige 21)« The important features of the spectrum are:

(a) The lock signal was the benzene singlet = off'set to 8¢33 pepeme
(500 cepese)e

(b) The olefin vinyl region was clearly recorded with all pesaks

in thelr normal resanance positionse

(6) The large dioxan pesk at 3.7 Depeme Was devoid of arny fine
structure, which might have indiceted the presence of both free and
complexed forms of dioxane This is unlikely however, as Taekashi
had shown the ligand exchange between free and complexed forus

as rapid. Only one type of signal should be observed, corresponding

to the weighted mean of § (The chemical shifts

complex and b prres®
of free and complexed dioxan.)
(@) The internal chemical shift (=5) between the triethylaluminium
methyl end methylene signals was increased to 1.20 pe.peme compared
with pure alkyl in benzene (=5 = 0¢77 pepels). This complexed
shift compared favourably with values obtained by other workera
29, 56

(Takashi =1.23 pepelle; latada et ale”  =1.21 pepeme).

The sample tube was heated for a total of fifty hours in a
thermostatted oil bath at 105°C. Spectra were recorded at the probe
temperature (29.0°C) on several occasions. However, no change

ocecurred in the appearance of the speetrum and the olefin vinyl

integral was numerically comparsble with its initial time value.
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The conclusion of no observable reaction is contrary to
Allison's results, where a measurable rate for the T.H.F. gystem
was recordeds On this basls, we did expect same reaotion. TFor
the olefin to approach close enough to the Al=C bond (one
mechanism) to allow addition, it mgy be necessary to overcome
the energy associated with the heat of complex formation before
an addition reaction can occur. The faet that no reasetion
occurred with dioxan whereas an observable rate was reported flor
TolleFe is surprising as the dioxan example should be more favoured
thermochemically than Tel.Fs The inhibiting factor here could be
steric, but thi;s seems unlikely and in fact the dioxan complex
appears sterically more vulnersble to the sgpproach of an octene
molecule than the T.Il.['s complex.

In other words, if the complexed addition mechanism requires
the replacement of coordinand by the olefin (ligand exchange), o
considerable increase in the activation energy should result.

It mgy be in our case, that the complex is strong enough to
resist the experimentsal conditions, 1.e. the reaction fails to
clear the kinetic hurdle. On this assumption, it was decided to
select a coordinating ether with a considerably lower hegt of

complex farmation with triethylsluminium.
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Prepayation of the Triethylaluminiumdiphenylether Comple

Diphenylether appears suiteble, with a AH complexing of
“247 lccal/mole?7 Diphenylether, Be.D.lls analar grade, a solid with a
melting point of 28.0°C was purified by distillation under reduced
pressure, the vapour condensing as glassy needle-like crystals.
ilost ethers are prone to the formatian of dangerous peroxide
impurities. The organic mechanism of peroxide formation requires
the presence of s hydrogen on the carbon atom u to the oxygen.

With diphenylether, no such hydrogen exists. The purified sample
was stored in vacuo over silica gel.

Stoichiometricelly, this complex was assumed to have a donor-
acceptor ratio of 1:1, this ratio being proved later in the chapter.
The apparatus used in this preparation is shown in KFig. 20B and
contains as & sidearm a calibrated breskseal of triethylaluminium.
Initially, & calculated mass of diphenylether that would result in
a slight equimolar excess to the alkyl concentration, was weighed
into the vessel base. 0(n sealing the vessel back onto the manifold,
it was pumped out to a pressure of - 10"'3 torr, while simulteneously
degassing the ether. The alkyl breskseal was ruptured and the
solid ether in the base slowly dissolved. Degassed 1-octene was
distilled from an external source into the graduated sidearm. With
the main tap to the manifold closed, 0.5 mle. of olefin was distilled

onto the complex. The sidearm tap was closed, the contents of the
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vessel base frozen with liquid nitrogen and the epparatus again
pumped out to a ressonable vacuum. A small amount of cyclohexane,
88 nem.r. marker, was distilled into the mixture and the vessel
finally sealed off while pumpinge On thawing, the contents were
thoroughly mixed and tipped into the n.m.r. tube, which was,

in turn, sealed off at the constristion.

The zero-time p.mere. spectrum was recorded with cyclohexane
as the lock signal at 1¢40 pepems (Fige 21). The method of
recording the spectrum was to scan in both up and down-field
directions from cyclohexane. Downfield were the ususl 1=-olefin
vinyl peaks with a complex diphenylether signal at 7.20 pepeme
Upfield, the triethylaluminium internal chemical shift (-8)
was found to have increased from 0.77 pe.pem. (pure alkyl) to
0.93 pepelle Again, this value was in agreement with the literature
reported Valu536for the same complex.

The sample tube was heated in an oil bath controlled at
100.0°C for thirty hours and the pemer. spestrum re-measured on
coolings The presence of the fomiliar "product clefin" singlet
peak growing alongside the decreased reactant 1-octene triplet,
indicated immediately that some reaction had occurred. By

comparing the integrel ratios
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et zero-time and thirty hours it was apparent that sbout 307
of the 1-cctene had been consumeds. The p.m.r. changes agreed
in svery way with the structural changes accounted for in the
reaction in hydrocarbon solution alone (Chapter III).
Summarising the preliminary experiments, diphenylether
appeals as a "workable" coordinand. The reaction, either by
direct ligand substitution of the coordinend by 1=-alkene, or
prior dissociation of the camplex is by no means so thermochemically
unf'avourable a8 in the case of dioxan and T.H.F. In addition,

the lowest kinetie run temperature should be 10040°C.

Lgtgblishment of Complex Stoichiome
Introduetion

The reported stoichiometry of complexes of trialkylaluminiums
with monofunctional ethers is 1:1,55 except p-dioxen (a di-
functionel ether) which forms 2:1 complexes. It was felt
necessary to establish the stoichiometry of the triethylaluminium-
diphenylether camplex before proceeding with any kinetic work.
The novel pem.r. spectroscopic method developed involves the
internal chemical shift (=56) which is used as a convenient parameter
for the identif'ication of complex formation. In the reaction of
triethylaluminium with various donating ethers, the internal

chemicel shift decresses as the molar ratio

LDoner]
[M.I*lt}]
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inereases. By deorease, we infer a numerical decreaze, as & is
elweys negative in this sense. The negativity is explained in

terms of the Narashimham r'ela:t:ion61
Electronegativity = 0462 & + 2.07 &

In trialkyleluminiums, the eleetronegativity of the sluminium atom
is always < 2.07 and hence § is negative. This explains the
inverse order of methyl and methylene group resonances in
triethylaluminium. That is, the methylene protons are more
shielded than the methyl protons and therefore they resonate at
higher fields. The decrease in § will cease and become constant
at the molar ratio which corresponds to the complex ratio. In

ell examples, the constancy of =5 after an initial decreass,
indicates the quantitative formation of only one type of complex.
An interesting situation arises when methylmethacrylate is used

65

as the donating species. ‘forkers - have found evidence for the
presence of both 1:1 and 2:1 alkyl to donor complexes present,

depending on the molar ratio.

Ixperimentgl
The method was designed to obtain a varying donor escceptor

mole ratio by keeping the alkyl concentration approximately constant

and altering the diphenylether concentration above and below
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equimolar. The desired ratio range was from O.7 to something
in excess of 2.
| The spparatus contains takeoffs to eight n.m.r, tubes,

each with their accompanying solvent breskseals as U=tube
sidearmss Each n.m.r. tube was calibrated to 1,80 ml. and a
known, but verying, weight of diphenylether added to each tube.
After sealing each tube back into its respective takeoff , the
apperatus was pumped out and the ether samples degassed several
times. Once a reasonable vacuum was attained, the apparatus was
sealed off from the manifold. The alkyl breakseal was ruptured
in the usual manner and the liquid allowed to pour into the vessel
base, By carefully tipping the calculated volume into each tube,
one could obtain the desired donor-acceptor ratio., To clarify
the term "ecalculeted volume", an estimate of the height of
diphenylether in each tube was obtained auring the degassing
operation. Knowing the bore of the n.m.r. tube, one can ocaloulate
the volume of alkyl required for a particular ratio. Natwally,
the tipping operation was not elwgys correct, but mixtures were
obteined near enough to those desired. An estimate of the final
stolchiometry was made from the integral ratios of the alkyl and
ether.

After sealing each tube and solvent breakseal off from the

main vessel, the tube mixture was diluted to 1.80 ml. by admission
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of cyclohexane from the ruptured breakssal. Each filled nemer.
tube was sealed off and the relative p.mer. spectra recorded st
the probe temperature.

In general, the spectra of samples with a donor-acceptor
retic < 1 were complicated, however a reasonsble estimate of (-8)

could still be made. The error in =6 was accepted as ¥ o0.01 DPeDole

Table of Results

Sample No. Mole Ratio ~5 internal (Gepess) O internal (pepem.)
D.P.E./AlEt5
1 0uih 4740 0,78
2 0.23 4840 ~0480
5 Q.45 50.5 =0, 8l
L 0465 5240 =0,87
5 0.7 5340 =0,88
7 1elidy 57.0 ~0.95
8 1.7 575 =0.96
pure ALkt 46.0 0,77

The speetra of several of the above ratios are shown in Fig. 22.
The graph of internsl chemicel shift (in pepe.m.) versus 1).1).1»'./@31-.3
molar ratio is shown in Fig. 235. The graph changes slope markedly

at gbout s mole ratio of 1,0, In faot, the two intersecting dotted
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lines show the approximate theoretical curve for the formation of

e 1:1 complex with a limiting high stability constant Kc' In

addition, our value of (=5) at the equimolar ratio agrees almost

exactly with the value obtained by latada and Yuki (=0.92 pepems).
In conclusion, the stoichiometry of the complex is undoubtedly

1:1 over this donoreacceptor ratio, elthough Kc is obviously n«.:;t

very large.

The Egtimation of the Tguilibrium Consgtant for the Complex

Formation Kc-l
Introduction

Proton megnetic resonance spectroscopy and the subsequent
treatment of results has often been used to evaluate equilibrium
constents of complex formation. The prerequisite for the
successful implementation of the technique is that some spectral
parameter of one of the reactant species should be modified as a
direect result of complex formation. The most successful application
has been in studies of hydrogen bonding or very weak complexing.
llowever, each individual methematical derivation of Kc is a function
of the conditions of the experiment. That is, most derivations
assune equilibrium ideal dilute solutions usually with the donor
present in large excess.

Hence for a donor-acceptor equilibrium
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A + D [ A...D

where K :M = however [D] -> [4]
¢ [al[p]

hemeKo =M and s0 one.
(4]
Unfortunately, our experimental conditions were such that
no excess donor asgumption would be valid. Hence both donor and
acceptor equilibrium concentrations had to be taken into account.

Stoichiometrically, the complex formation model is

A12Et6 + 2 Ph20 = 2 AlBt,.Ph 0O

3 72
initial concentrations are [A] = a [E] = e [c] =¢
equilibrium concentrations

are (a=x) (o=2x%) 2x
2 2
."o K is defined as ——iik = Lel”

(a=x)(e=202  ([a]-%[c])([E]-[c])?

Now the obaerved chemical shift of the alkyl ethyl group is a
funetion of the protons of that group present either as free alkyl
or complexed alkyl,

ie6s b, = f(fres alkyl protons + cemplexed alkyl protons)

n 5 n 6
e

ob n +n a +11
° a © Ba 6
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where -60 - the observed intermal chemical shift of a particular

sample
n_ = the number of protons present as A12Et6 ethyl protona

n_ = the number of protons present as complex ethyl protons

]
- -659 - 0 = the internal chemical shift of the pure A12Et6
ethyl group
- -2-9 — » = the extrapolated internal chemical shift of the complex
ethyl group.

Again, the number of protons of a particular ethyl group

species will be equivalent to the concemtration of that species.

Hence,
6 b = 6"&1 e 0 +—2&]_ o & 1
b8 gra] + 3[c] PV g[a] + 3[c]  OomRlex
) b

(

respectively)

: - __! - J
bpure and Gcomplex are equivalent to ral 0 and .

2 [C
s . [A] 8 upg * €]

She 2(a] + [c]

6&%&1&

or 2[a] 6, + [c] o, = 2[a] 8 ure * [€] %0 onni ey

o 2[a)eg = o) = [O1( )

complex - oo'bs.

. _F.}c Scbe " Spure  _ 4
2l 16compl¢x - 5obaJ
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In terms of equilibrium consemtratiocns

ixz:ﬁ
&~

P La = bx = x or 1:“‘

The oomplex concentratian is now a function of internal chemical
ahift ratio and initial alkyl coneentration.

At the equimolar concentrations of dphenylether and
triethyleluminium as monomer, i,e., when e = 2a

!2 2
K = ‘ -

¢ (e=x/{2020)2 i (arx)”

now from gbove xuﬁfzy

2
A
ALY
... 1(_1‘ k-1 £
N
{a- 5%
2
1.6, K =4LUish)
a
(*h,0]
then © £ 28 1ot T & emmalianl
28 ant]
*3l0
[ 2
. h = !E = 32 and osain X = .

®  (e=x)(e=20)° (&=x)(ar-x)? ik
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22
A 4§ 2
=/ (- e - )

1282 1 1), 2
- () (EAe=1)a

B 23(a41)
a(e + (r-1)A)2

.

a .K

Agein A is defined as a ratio incorporating an extrapolated value
of the complex internal chemical ghift. The calculated value

of is ~=0.972 pepems Substitution of the eorresponding

6c:tam;plo:«:
values for A, & and r for each (-6)0.“ recorded in the above
relation for K prodused o mean value I'Ee = 32.7 £ 12,0 1itre mole ',
The rether large standard error was attributed to two data points
out of a total of seven. If one ¢considers s less variant
populgtion of five points, the new Kc = 33.9 £ 6,0 litre mole-1.

The significant variance can be further reduced by the
inclusion of more data. However, one is limited by the total
change in (=6) of 0.15 pep.m. from free alkyl to totally complexed
alkyl. A systematic error is possibly present in the estimation
of the limiting value of (=5) complex, this value being fundamental
to the estimation of Kc'
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Kinetic Rung
The kinetic run epparatus used in Chapter III (Fig. 8)

provided a convenient and accurate method of filling the n.m.r.
tubes with reactants. This apparatus was again used in the complex
Tun geries, the only difference being the use of breakseals of
triethylaluminivm=-diphenylether complex in place of pure
triethylaluminium,

Batches of complex were prepared in the apparatus of Fige
23A. The vessel has two colibrated breakseals of triethylaluminium
a8 sidearms. A calculated weight of diphenylether (for an equi-
molar complex concentration) was weighed into the vessel base,
the vessel then sealed onto the menifold. After initially
degassing the ether, the apparatus was sealed off from the line
while pumping. The two alkyl breckseals were ruptured, the complex
formed, mixed and varying smounts tipped into each of the eight
breakseals. Each breakseal was sealed off in turn and stored
until use.

With each of its attached n.me.r. tubes pre-calibrated to
1,80 ml., the kinetic run apparatus was pumped out on the line
at a pressure of < 10™3 torr for twenty four hours. Degassed
n=1=octene was distilled from an external source into the
graduated tubing attached to the base, The olefin was frozen

with 1iquid nitrogen and the vessel sealed off while pumping.
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Carefully, 0.5 ml. of the olefin was distilled into one of the
Nellers tubes which was then removed, together with its accompanying
breakseals, by sealing off at the sidearm constriction. The complex
breskseal was ruptured and the viscous liquid allowed to mix with
the olefin in the n.m.r. tube base. This mixture was diluted to
1480 ml. with eyclohexane from the solvent breakseal and finally,
the nemer. tube and contents sealed off and refrigerated until use.
This procedure was repeated until all four tubes were filled with
a canstant 1=-octene concentration but varying complex concentration.

In the kinetic runs of Chapter III, the concertration of
tristhyleluminium as dimer was calculeted from a post-calibration
of the alkyl breakseal. Because of the possibility of two
conflicting mechenisms here, it was necessary to know the initial
concentration of triethylaluminium, estimated as monomer CAl’
in the complex series samples. However, once the complex mixture
is formed it is impossible to measure the alkyl cancentration by
any direct burette calibration. There are two possible methods
for the determination of the initial triethyleluminium
concentration.

(a) Speetrophotometric anslysiss

Several metho dses »66,67

utilise the formation of highly
coloured complexes of triethylaluminium with nitrogen bases such

a8 isoquinoline, phenagine and pyrazine. With the phenazine
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complex, if it is titrated with pyridine, the triethyleluminium
is displaced and there are several colour chenges as each
molecule of alkyl is removed from its coordination site.66

It would be possible to determine the triethylaluminium
concentration present as monomer by this method.

(b) & more convenient method for our purposes is to determine
the alkyl concentration directly from the initial time pemer.
spectrum of the reaction mixture.

The concentration of 1=octene is known accurately in each

sample. The integral of the vinyl CH,= triplet pesek caen be directly

2
equated to the triethylaluminium methylene quartet (both having
the same proton number) and the concentration as totel alkyl

determined as monomer (G .),

Al
' INT(CH, ) alkyl [1=octene]
ioeo [MEtj]init = CAJ- = —L x _%
‘ INT( cn2=) ootene 3
The alkyl CH, integral has to be divided by 3 because of the

2
presence of three equivalent methylene groups that contribute.

iny error in the concentration estimation is & function of an
instrument or integration error as well as a dispensing error

(of 1-octene). The former eould be kept at & minimum by adjusting
the spectrometer conditions to provide large integrals and

therefore more accurate readings.
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The sequence of recording the initlgl time speetra was as
follows. Diphenylether was first used as the p.mer. lock signal
(offset £0 500 Gepese Or 8433 pepems) end the spectrum seanned
upfield recording both the spectrum and integrals of the 1-alkene
vinyl region. As the intense cyclohexene peak was approached on
scanning further, the power was reduced by a factor of 100 to
avoid "throwing" the lock signale. On passing through the
tyclohexane peak, the normal power level was reinstated in time
to record both the spectrum and integral of the triethylaluminium
methylene quartet resonance.

The lock signal was changed to cyclohexane at 1.37 pepeme and
by seanning downf'ield, the spectra and integrals of the 1~alkene
vinyl region and the phenylic proton signel (of diphenylether)
were recorded, The zero-time concentration of 1=octene was

checked by equating the integral ratio of the vinyl CH = triplet

2
to the total diphenylether integral. As the concentration of
dphenylether remains constant throughout the reaction, the

cancentration of 1-octens at any time can be determined from a

ratio of integral ratios, viz.

INT( CH 2:)

e |
TINT o lie - L=t :
[ oc’ceno]tzt = x [1-octenejt h

YT DoPoEo 'g'-:O



121,

Lach sample ne.mer. tube was heated in g thermoatatted oil bath

for a preseribed time period. The temperatures designated for

the five series were 100, 105, 110, 115 and 120%. Upon removal

of the samples fram the bath and temperature quenching the reaction,
the pemer. spectra were again recorded with cyclohexane as the

lock signel and measuring the integral ratico of vinyl CIIz= protons
to total diphenylether protons. The product olefin with time

was also recorded in a similer fashion to the method employed

in Chapter III, viz.

e ] =
= Dot 2 [1-cotene],

LINT D.P,

[produst olefin], .
]
E, £=0

where INT CH= (pr) = the integral of the product olefin singlet
peaks

The kinetie run results were recorded and tebulated in
& similar menner to those of Chapter III. Rew dats was collected
until at least a seven~point plot was evailable. Typical
reactant decgy and product growth curves were plotted, the result
being similar to those of Fig. 10, From these plots it was
apparent that the amount of reactant 1=cotene consumed was
sppraximastely twice the amount of produet formed at any time.
This indicated a stoichiometrie factor of two which will have
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to be gccounted far in the mechanism and in any integrated rate
equations.

The order with respeet to triethylaluminium was sttempted
by the two methods previously described, i.e. the relationship
between the initial velocity r  and the initial conoentration
of triethylaluminium as monomer, and the log=log plot of this
relationship. A large amount of error wes encountered in
estimating the limiting slope of the decay plot at t = O. This
error is reflected in the error bars of esch particular initial
velocity estimation. The log=log plot produced an approximate
straight line of least squares slope = 0.82. The graph of r,
versus C a is a straight 1lins passing through the origin, both
results indicating a first order dependence in triethylaluminium
concentration. The graphs are shown in Fig. 24 and the initial
velocities tabulated below with their corresponding initial

triethylaluminium concentrations.

Sample Initigl Regetion Velocity S (a8 moncmer)

(1itre/mole ses) x 107 (moles/litre)
1 2.30 1.92
2 2,96 2,18
L 2467 1,94
5 1,84 1,26
6 174 1.30
7 1430 0.89
8 1els7 1.02
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Agein, the preliminary results appear to indicate a first order
dependsnce in triethylaluminium concentration calculated as monomer.
The order with respect to 1=octene is assumed to be one from a
comperison with the decey curves of the kinetiec runs of Chapter
ITI, i.e. for the same reasons offered in Chapter III.

We assume the overall reaction to be simply

k

ALtzoDePolie + CH,=CH=CH, % proaucts.

Thus the reaction rete = k_ [ALEt. oDuPoE. ] [CH2=GH-06H13].

3
Now we can assume that the complex concentration is approximastely

equal to C the concentration of triethyleluminium estimated as

Al’
mnonomer e

o"e Rate =k C[Cl,=CH~C 6H13]

Now if the initisl concentrations of triethylaluminium and
1-octene are e and b and x is the amount of kinetiec product formed
in time t, then the reduced reactant concentrations according to
the stoichiometry will be (a-x) and (b=2x). Thus the rate of
reaotion & = k (a=x)(b-2x) or k at “(E:%?—'z'x? Tntegration

of this differential rate equation leads to two solutions of the
integrated rate equation, depending on which of the reactants

is5 in stoichiometric excess.
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When a > -]22
knt = é2é.-bs log a.i b-2x5
b
When E > a

l;nt = i"b-zas log bé s,-x;

The kinetic product is again determined from the relation

L [1~oo‘bene]t=0 - [1-octeno]t=t

v

where v is the stoichiometric coeffisient. Substitution of g,

b and x into the rightehend side of the above two integrated rate
equations produced straight lines passing approximately through the
origine The "best and worst" fit dsta were selected from the
total set measured and are shown in Fige 25 with their confidsnoce
limit hyperbolas, the limit of confidence being arbitrarily
eelected as 90%. The straight lines shown are the least squares
lines, the slopes of which are the apparent rate econstants of
reaction k o Each population of k , at a partiocular temperature,
exhibited s randommess about a mean value l'c'n, which wes
congidered representative of that data set. A complete table of
rate constants obtained at five different temperatures is shown

a8 follows.
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Table of Complexed System Rate Data

Concentrations % kn x 106 En x 106 SeDe in

AlE‘b3 1=p0tene kn

3C

1C

26

LC

56

101641,92 1458 120 .0 1443
1746 holy
1342
11.6

4

0«21

0.899.2.18 175 11540 9e31
6s57
7.72
842 Be16
753
Beli3
9.09

1+

0.82

04781-3. 14 160 11040 7459
3061 6e21
8.17
5448

1+

1.80

0.648-1.60 1461 10540 5.36
5.13 L .80
391
4490

1+

0459

0. 7471459 1e62 100.0 2.98
3406 2459
2438
2.94

"

0436




0.6

0.5

0.4

kt
0.3

0.2

0.1

_ Integrated rate
equation

Best fit results
with 90°%,
confidence limits

—

Worst fif results

confidence limits

Integrated rate equation

with 90°%

|
12 0

TIME (hours)



126,

The Arrhenius plot of log l'cn versus the reciprocal of tempersture
in degrees absolute is shown in Fig. 26. The graph shows a linear
dependence of the resotion rate with temperature, the least
squares slope of this straight line realising an aotiveation
enargy E of 23.0 ¥ 1,5 keal/mole. The pre-exponential factor
A s equal to the interespt was caleulated as 107'9 2 1.0 litre

mole” ! 695-1.

Conclusion Digeussion

An estimation of the extent of complexing at the kinetie
resotion temperasture, based on the extrapolation of K, (29.0%)
using the heat of ecomplex formation (2.70 kea],/mole57), suggests
that et the resotion temperature the molar concentratiom of
AlEtj.D.P.E. complex is significantly in excess of free
triethylaluminium dimer. If then, the reaction observed is due
to complex participation, then the observed kineties should

correspond to a second order rate equation as is obaserved.

k

ALBt.D.P.E. + 1-octene -2 produsts

Rate = kn[ecmplex] [1=octene]

=k ©

2 Ca1 [1=oetene]

However, it must be stated that the complexed form of triethyl-

sluminium is by no means overwhelmingly predominant and we would
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not expeet this approximate rate law to hold rigidly over a
wide concentration range.

If the mechanism applies, then the observed reection
rate is to a reasonable approximation at the concentrations
and temperatures used, the rate of a simple bimoleculer reaction.
he A factar of 107°7 1.0 lies within the range commonly observed
for reactions of this type.68

4n alternative mechaniam gssumes that the complex is
unreactive, the observed reaction being due to the equilibrium
concentration of uncomplexed monomers. The following equilibria

illustrate the possibility of the two meohanisms:

2 EtsAl + 2 DePolis
]
Kd B K
K

T A . a1 =y
Et6A12 + 2 DePeEe = 2 Et34u0D0P0EO

A

A detailed kinetic analysis of the favoured mechanism is
exceedingly complex. No simple general rate equation applies
and analysis would heve 4o be made by numerieal methcds and

would require precise values of Kc and K Our detas to hend is

d.
ingufficient to warrant such an anslysis. Although the mechanism
does not give a simple closed form solution for s rate equation,
we cannot rule out the possibility that en approximate second

order relationship might arise over the limited concentration
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range. Thus the approximate agreement between the observed

rete equation and the mechanism involving the reaction
A]-Et;.DoPoEo + 1-001:3119 - prodllcta

does not uniquely establish this mechenism. There is no doubt
that our results need refinement befare the mechanism can be
confirmed. The evidence for the first mechaniam seems quite
strong, but it cannot be entirely accepted until more precise

measwrements enable the glternative mechanism to be evalusted.
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CHAPTER VI - CONCIUSION

The reesction betwesn triethylaluminium end 1=octene has been
examined kinetieally in two environments; in inert hydrecerben
solution only and in the presence of a coordinating ether.

The rate data for the hydrocarbon aystem, as tabulated in
Chapter II1, applies to the postulated overall mechanism and is

defined by an apparent rate coefficient

k Il
MLt + 2,1-cctens A A1 Etg.00tyl + 2-Et-1-octene

However, we wish to characterise the addition step itself, by
the caloulstion of individual Arrhenius parameters and the derived
activation parameters for the rate determining step

k

AIL‘Et3 + {=cectene -.2

adduet,

The mechanism of reactions 1l (Chapter III) shows that the

apparent rate constant k is related to the addition rate

APP
constant k2 as follows:
1 k
F] = -tk
kpp =k, K" or Kk, %
d

Thus the initial dimer dissociation has to be taken into

account when caleulating rate constants for the gddition reaotion

Onl}' .



130,

Hence

App® = Ay

/R e ® . d
AH
i E =B --?i

The heat of dimer dissociation was estimated from the
molecular weight measurements of Chepter IV and recorded as
-12.6 ¥ 1,0 koal/mole., The apparent activetion energy measured
in Chapter IIT was 24.0 ¥ 0,6 koal/mole. Henoe the activation

energy for the rate determining step is

E, = 240 = 6.3 = 17.7 = 1.6 keal/mole

Tgble of t Rgte Dat

Tempe °C K op % 108 Kf* k, x 10°
(1itre/mole sec,) (moles/1litre) (litrez/molezuo.)

9% 2,92 0426 1,14

100 5.13 0.29 1.78

110 10.8 0.35 3.05

115 18.6 0.39 Le78

120 25.0 Oolly 9.67

.,‘
* X dﬁ at ths gbove temperatures calculated from the lsast squares

slope of the log K. versus 1/T° K plot (Fig. 18).

d
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The determination of the intercept of the least squares slope

versus 1/T° K produced a pre-exponential
509 - 6.9

of the graph of log EZ

factor for the addition reaetion of A = 10

-1
sec .

litre mole-1

In general, the errors associsted with the agbove rate data
are the sums of errors from reaectant and solvent dispensing,
triethylaluminium concentration determinations, pe.m.r. spectraneter
instrument errors (more specifically integration errors). These
are possibly the canse of the random variance in each set of rate
constants measured at a particular temperature.

Comparing our results with those of previous workers;

Hay et al. 2’ examined the reactions between trietiylsluminium
and 1=glkenes ranging in caerbon number from 03-06' If one
expects an "homologous series" of activation energies with carbon
number increase, then our results do not quite fit the patiern
established by Hagy et al., elthough there is some sgreement with
their value for the triethylaluminium/1-hexene system.

24e3 £ 0.5 keal/mole

24s0 £ 0.6 keal/mole.

Hay=Jones: EAPP

Ours: B AP

For the addition step sbove, the difference iz increased.

I

i

Hay-Jones: L, = 1842 ¥ 2.0 kcal/mole; Ay = 10Be5=T5

litre mole-'1 sec-1

Ours: B

17,7 £ 1.6 1wal/mole; 4, = 10776

litre mole'1 seo'1
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The discrepancy is due, no doubt, to the different estimations
(and methods therein) of K g ®Q AH, for dimer dissooiation.

If we use the Hey=Hooper K a and AH a estimates in the calculation
of Arrhenius paerameters from our date, then the values obtained
are:

-1

E2 = 18,9 koal/mole Az = 1O7°l" litre mole-1sec N

Thus, our Arrhenius parameters for the addition reaction emclose
Hay et al. data, depending on the dimer 4dissociation data
chosen and we have already discussed the merits of gas or liquid
phase estimations and their application to our kinetics.

In a comparison with Allison's results, our overall parameters
are even more removed. However, the mechanism used by this
euthor has now been shown to be incorrect.

Our results can be further utilised to celculate the entropy
of activation AS:’ which presents us with an indication of the
transition state structure. The knowledge of this strueture is
fundemental in describing the reactivity and the reaction path
through the activated complexe The entropy of activation can be
related, by the theory of Absolute Reaetion Rates, to the ‘frequency
factor A which, in turn, can be quoted in several ways; as a
temperature independent factor, a steric factor or formally as
an entropy of activation. o o
. "@h eAS+/R e-AH_/RT

Now the rate constant k =



153,

where K = the transmission coefficient ~ 1

k = Boltzmann's constant = 1,38 x 10"16 erg/gK

h = Planck's constant = 6.625 x 10'27 erg/se0.

Approximating and substituting the sbove constants at 25°C

[=)

AS A
—d. =
eR 1012.
0
oYy AS+ = 20303 R (10510 A= 12.8).

Substitution of the relevant A faoctoars produces the corresponding

entropies of aotivation at the standard state of one mole/litre.

(»]

AS+ &P ° =16.0 cal. xnole"1 deg. K-1 (our apparent entropy of

ectivation),

Asi 9 = ~29.3 cal. mol-1 deg . I<.""| (our addition reaction entropy
of activation),
AS: 0= =24..7 cale. mole'1 dege K'1 (our addition reaction entropy

of ectivation from our apparent frequency faotor corrected
by Hey-Hooper's dimer dissociation results),
As® = -22.4 cal. mole” ' dege. K~ (our apparent entropy of
aotivation for the complexed alkyl system).
Both AS_?_ APP and AS: " place a numerleal estimate on the
overall or apparent reaction rate in each particular system studied.
The rate in the complexed alkyl system is slower, as indicated by the

more negative entropy of activetion.
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Our data is a good example of the ingengitivity of
activation energy as a eriterion for reaotivity comperison.
The apparent activation energies & PP and EI-1 are very similar,
yet the entropies of activation are quite different and make sense
if we initially assume the reactivity between triethylaluminium
and 1=octene is a function of the electranic content of the Al=C
bond and a steric factor., The agreement in apparent astivation
energies possibly exhibits s similarity in the mode of resctant
interaction. However, we emphasise only a possible inference as the
sole accurate data available is for the addition step in hydro-
carbon solution.

dbsolute estimates of the frequency factor provide more
religble information on transition state struecture. The so-called
"normal" fréquaney factor for a gas phase bimolecular resction of

i litre mole'1 550: U and is

rigid elastic spherical moleculés is 10
observed for & number of resctions in solution. It could be
suggested that our lower than "normal" frequency factors might
involve e forbiddem transition by quantum mechanical selection
ruless However, it seems more likely that the low frequency factors
are a consequence of large entropy decreases that ocour in
associgtion-type reactions. MNore specifically, the numericel value

of the frequency factor can be related to the molecule like

transition state which varies little in strusture fram the



135
resulting product molecule., Frost and Pearson69 have tabulated
empirical expressions and values of bimolecular rate constants of

different types of reactants and the complexes they form.

llere a frequency fastor formula defined as

T £x?

for g model of two reactant atoms has a steric factor of unity
(fr is a partition function for one degree of rotational freedanm,
having & value typical of a typical melecular rotation; fr3 is
three degrees of trenslational freedom). For a model of two
non=linear molecules interacting to form a non-linear complex

(the model for both of our gystems), the frequenocy faectar formula

is now
- H
R
i -5
the steric factor formula now being 5 and calculated as 10 7;
fr

(f\r5 is five degrees of vibrational freedom). This sterie

factor is a multiplier and when gpplied to the "normsl" frequency
factor, it produces a new estimate for our model of A = 106

litre mole™ ' sec™'. Initially, the decrease in A factors is due

to the fact that "typical" fr values exceed "typical" fv values

by a factor of 10. Thus the lower A factors obtained experimentally
could be attributed largely to the lose of rotations of reactants

on forming the transition state. However, this anslysis fails to
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account for certain specific factors concerned with the liquid state,
€e8e the free volume effect and solvation effects. Frequeney
factors of this megnitude (. 106) are observed in the addition
regetions of vinyl compounds with radicals, nucleophiles and
electrophiles.

The nucleophilic addition of l4=substituted 2-nitro benzene

sulphonyl halides to cyclohexene disubstituted styrenes70’71

640 to 107*°

produces 4 factors in the range 10 ° « The electrophilic

addition of bromine to substituted styrenes in anhydrous

acetic acid72 produces a range of frequency factars of 10.6'O to

10 % 73

» Radical addition to vaerious unseturates’'” shows an A

factor range of 10°°° to 101 1°7,

Again, comparing the two systems we have examined, the complexed
alkyl/1-ootene transition state is a more loosely held unit
which is illustreted as a more negative entropy of activation
and infers the formation of the transition state is less
probable and the rate is correspondingly slower.

The mechaniam of interaction between triethylaluminium and
1=octene is broadly classified by two alternatives; the electro=
philic attack through the aluminium etom via an electron rich
carbon atam (1) or a x system (4); the nucleophilic ettack through

the alkyl group attached to the aluminium atam (2).



1370

\54- b= \5+ O
/?l -C = CH3 /Al i CH5
C =0C=R C =C=R
b= b+ &= O+
(1 (2)
S+  Ow
\Al---c - CH \Al - C =CH
e 3 / 3
(I:---é - R C = (C e R
(3) (1)

The above two alternatives are extremes and the situation is probably
best desoribed by ocase (3) in which both nucleophilic and
electrophilic attecks occur simultenecualy to form a four-centre
transition state complex. In gddition,there are modes of attack
which are intermediate between these, for instance, the nuelecphilic
attack of the alkyl group on the subatrate olefin (2) assisted by
the coordination of the substrate olefin to the metal ((1) and (4)).
With this mechanism the relative reactivities may be a function

of the abillty of the gluminium atom to complex with the substrate.
Wie have attempted to observe such complexing by pem.r. spectroscopy,
however, even at low temperatures (=40°C) no shifts in eny likely
aff ected peaks were apparent. Possible evidence is obtained

from Hata's woz‘k%1 where intremolecular complexing between the =
bond system and the Al atom was observed by p.m.r. apectroscopy in
L-alkenyl-aluminium dialkylse
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The kinetic evidence for the coordinated sanionie mechanism
depends on an assumption that the mechanism cases (2) and (3)
above should proceed with both monomer and dimer of triethyl-
aluminium., However, the coordinated mechanism is supposed
to be a reaction invelving monower participation only, because
of the availability of the vacant sps orbital for coordination
purposess. No such vulnerable site is present in the dimer,
where bridge bonds effectively incorporate these empty orbitals
into three-centre bonds. The combination of our observed heat
of dimer dissociation and the non-observance of any i=alkeng/=
triethylaluminium complexing shows that if any complexing is to
be assumed, the equilibrium constent must be very small, the
complex having an equally reduced lifetime and hence is unlikely
to affect the monomer-dimer equilibrium. This coordinated anionic
mechanism is confirmed by our determination of monomer only
participation in the addition step.

A further distinetion between nuclsephilic and eleetrophilic
attack may come to light in reactions of triethylaluminium with
1-alkenes, substituted in the 2 position.

If the addition mechanisn ocours by eleetrophilic atteck
then the rate of reaction should be advanced over that involving
the non-gubstituted 1-alkene. Conversely if the nucleophilic

mechanism applies, the reaction rate should be reduced. This is
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a result of the inductive effect of the alkyl substituent whiech
tends to increase the electron content of the double bonde In
fact & comparison of the relative yields of the products of
substituted ethylenes ™ has lead to the conclusion that alkyl
groups desctivate the double bond towards nucleophilic attack.
e have shown that the rate of reaction is reduced in the
presence of coordinating solvents, specifically diphenylether,
even though we have proved that the monomer exists as an integral
part of the 1:1 complex with the ether, This is further support
for the coordinated mechanism, as the orbital normally available
for coordination with the 1-olefin substrste is now occupied in
bond formation with the ether oxygen. In addition, it confirms
that no diserete allyl carbanion formation and participation in

Sk 25

the addition step occurs. Drownstein et al.” " and Takashi,
using pem.re. measurements on triethylaluminium etherates, calculated
the reduced electrmegativity of the complexed sluminium atom and
its effectively reduced electron withdrawing power. The donstion

of electrons by the oxygen atam increases the electron density

about the Al atom and reduces its tendency to share electrons of

the Al-C bonde This in itself is experimental proof of the

reduced carbanionic character of the alkyl group. Apparently the

reverse effect is observed in the reactiona of alkyl lithiums with

1=alkenes. However, there is considerable disegreement about the
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association number of the lithium alkyl initiating species.
bvidence far carbanionic character has been tendered in the
form of a measured residual canductivity of triethylaluminium
alone and the measured specific conduetance of triethylaluminium
etherates. The former effeet is explained as the ability of
tristhylaluninium to self-ionise

- . L -
Alzz.'l:s = AlE.t2 +A1Et‘+ .

llowever, the caonductivity has also been attributed to impurities
present with the alkyl. The conductivities of complexed triethyl=

aluniniums are remarkably high. Takaah15 5

concludes that their
ionic properties and the polarised nature of the Al=C bond might
"significently affect the reactivity". Again there is still no
absolute evidence that any aluminium compounds produce
carbanions in solution. The coordinated mechanism predomingtes
on the evidence gvailable at present.

In the above diseussion, we have attempted to outline
the correet mechanism for reasctions between triethylaluminium
and 1=octene by; initially measuring the rate parameters of a
particular reaction and tabulating them as characteristic indeces;
discussing the difference in these indeces by comparing the mode

of reagent attack and the alkyleluminium environment in each example;

finally, by postulating a mechanism which supports the experimental
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data which justifiies it against a carbanionic alternative.

All the evidence confirms the participation of monomer only,

in the reaction in hydrocarbon solution alone. The activation
parameters celculated for this reaction are eminently reasonable,
irrespestive of any dubt about the position of ths monomer—dimer
equilibrium under kinetic temperature conditions. Iowever, this
latter question is obviously one which requires urgent investigation
by different methods to those employed to date. The other point
which requires clarifiecation is the distinction between twe
possible mechanisms in etherated solvents. e think that this
problem can be solved by a more extensive investigation along the
lines of our preliminary experiments.

In conclusion, it must be emphasised that the kmowledge of the
path of & chemical reaction in terms of the Transition State Theory
is still not secure. Niany theoretically derived models have been
put forward in an attempt to correlate empirieism with experimental
observetion., A4s La,idletr?5 states: "A large number of calculations
have been made with the object of comparing calculeted and
experimental rate constants, activation energies and frequency
factors". The remarkable feature (after all this time) of each
empirical theory is that while one particular chemical system can
be predicted by a model, in all likelihood, the next gystem chosen
cannot. Unfortunately, the discrepancies are usually attributed

to steric or poler effects.
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APPENDIX I = DERTVATION OF THE INTREGRATED

e

Stoichiometrically the observed reaction is defined as

f63
Alets + 2 CI~12=-r(:I_i-'06H13 - E'hsAlzoctyl + CH2.=(':
b

The initial conoentrations of alkyl and olefin are a and b. If
x is defined as the amount of kinetic product formed in time t,
then the reduwed reactant cancemtrations are (e-x) and (b-2x).

The rate of reaction can he defined as

p oo Jmtel 1 alostene]
at 2 at

= Kop [AletG] [CH2=CH-CSH13] (kAPP, C,, andk, are

defined in Chapter III)
or

& - kK f‘(c M)“’;'? [cH=cH-C 1, 5]

= kX d%(a-x)%(‘b-Zx)

]
° dx
’e K KZ,8t or k, Gt = we————p "
2'a AP (a=x)%(b=2x)

This is the differentizl form of the rate equation whish now

has to be integrated.



148,
For conveniense, let -g. M(vﬂi(bzﬂ
and let n = (v-x)i
Y 1

P
SRR S

'..‘ dx = ~2u,8,

quauvxw-xiuz-uorb-&az(ﬁzuc) + D

o+ Substituting expressions for x in terms ¢f u into the
differential squation

-‘[tk o8 " Dol

AFF f o u[ﬁ(uzoa) + 3]

ek b m [ ——t
o K, ob {[‘onzn*% €)]

This géneral expression (1) san now be integrated dspending om the
relative magnitudes of e ana-g.

(o) whem ;>-§ expression (1) becomes

=i of = ﬂ
w [ ul . '(u-'g)

Integrating by partial frastions
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1 . A . B

uz-(a-g) ) u+(a—;3)§ u?(a-'g)%

Yo 1= Mu-(a -%)-‘%) + B(u + (a -%)i)

' = (a<D7 byt _ 1
» » wWhen u = (a 2),23(&,-2) =1 ..BB———b);
2

2a -2

and when u = =(a -k).é-, «2A(a -'b')'é' = 1 o'e Az - ] .
2 2 byz
2(a —E)

o o Substituting for A and B

1 1

- 2a -_'22:- .2(9.-"2)"3
tﬁr oﬂU'l‘ir -b—'roal

=k

App° = | by T
u + (a 2) u (3 2)
or
1 Ll
kK__t = [ 3 - - [ du _._J

Because of the shape of such a function, graphically the limits
1 a1 1 1

exist between =(a-x)% to =(2)° and from (a=x)? to (8)%. As these

areas are the same, this is modified to twice the integrated area

from (apx)% to (a)%

~
r

P
&
[N
VY
&,
(Ve

~(8)% = ax)?
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wodp
U+ (a==)“
. kAPPt = "—i-jj; [ln:—z:':g'); ]
Y _ by T (e DyE
Skt = ! — i x); sl El- % (a)_’s = 2)--
(a =9° (0 = (a=D* ()% + (a = D?
T, (a By Yoy (g e 2)Z
RN B (a-x)j. (a —‘%2?:'.) - (a)'l (2 =) )}
(2= (em)* = (a=D  (&)F - (a=DF
: et :) s
orkA?Pt-(a,l?.)?a [_lmL a___,,J'ln{ k_-.I]
¢ () 1e?)’
&= x
When & = b Kyppt = [ f—é‘
(a)¥
1
= 2
L‘_‘](a-x)*
1 1
32(: e )
(2% (0f
or
R e (3
e OF  (a)? )
when a<'123
kppt =
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This integral is a standard form of the integral

2 2
X + 8
.*. Converting
1
g
1 x (&)
Q- (2 - 2)
2 (a=x)

2

e kppt= —;- [erctan (-J—)e - arctan(u) ]
oo e G el

(&)
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APPENDIX _IT - DEVELOPMENT OF INUEGRATED RATE ECUATION ¥OR COMPLEXED

We assume the resotion to be (in brief)

k

A']EtB.D.P.E. + 2 1=octene = products

+’e Rate = k. [complex] [1=octene]

However the experimental conditions are such that [eomplex] init & %17

the total triethylaluminium concentretion expressed as monomer.
L]
+ « Rate = knGAlﬁ-octene]

If the initial concentrations of alkyl and olefin are a and b and
x is the kinetie product formed af'ter time t, then the reduced
conoentration of reactants are (a-x) and (b-2x).

Thus the differential form of the rate equation is

gf = k (a=x) (b-2x) .

Integrating with respect to x

and integrating by partial fractions one obtains two solutions
for the integreted rate equation, depending on whiech reactant

is in stoichiometric excess.
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APPENDIX IIT - CONFIDENCE LIMITS AS AN ESTIMATE OF RESULT RELTI/BILITY

Before commeneing a discussion of the practical application
of confidence limits as a statistical tool, one must initiaelly
def'ine the basis of result significance, which in twrn, leads
to a definition of confidence limits. The application of these
limits to type examples can then be illustrated.
If one considers two separate populations, both derived from
the same measurement source, the purposs of significance tests
is to separate chance differences from those which could not easily
ococur by chance.
Statistical significance ini'ers the difference which could
not easily have ocourred by chance.
initielly, a hypothesis is made that no difference ocecurs,
and then the probability that an observed difference could be
equalled or exceeded by chance if the hypothesis is true.
Once the level of signif'icance is decided, the results can
then be rejeoted or accepteds The accepted divisions of
probability are (probability range O — 1):
P> 0s1 = not & significant difference - hypothesis accepted
Ot » p s 0405 = poseibly significant = hypothesis suspset
P < 005 = a gignificant difference - hypothesis rejected

It is convenient to define degrees of freedom here, a term used

to express the relisbility of any caloculated statistic. Xach
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parameter from a group of data conmsumes one degree of freedom.
Thus for n observations, one has n degrees of freedom. If a
total or mean value is calculated, then a degree of freedom is
lost and any varlance is based on (n-1) degrees of freedom.

In regression analysis, another degree of freedom would be lost
in calculating the slope; hence any variance of slope utilising

mean values will be subjeet to (n=2) degrees of freedom.

Levelopment of Confidence Limitg
The development will first be confined to populations of

y at measured x. Once confidence limits are defined in these
terms, the formuls can then be applied to regression analysis.
Let us assume a population vy with a mean value S;i and a

standard deviation Si'

n -2
Ay =y
SeDs defined as 2. _i_

i=1 n

Aspume elso a slmilarly measured population y‘j with mean S'rj.

Cur semple Vi with meen frk is drewn from the y 3 measured
population. Summarising, we have two populations; known y‘j is
coincideat with known ¥ge

The alternative hypothesis to test for any difference, and
if s0, in & particular direction. Consider a real increase where

original hypothesis ho = yj =y

i
alternative hypothesis H1 = yj >V
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where the populetion mean _:y"j is determined by the sample mean

Ii* |

Now beoause of the experimental variance, ;k will not always
be equel to ;‘ri. The original hypothesis implies that indefinite
sampling (e large amount of data) must ocour before these two
values approach equality and therefore ¥ 5= §ic

To determine if the observed value is consistent with the
hypothesis, the probability that a semple with a mean as great as
s;k. could have been drawn from a population with a mean Ty» is
calculateds'

Any essumed normal distribution of y's can be tranaformed to

the standard form by a suitable change in unit.

‘ool e = 75
J  (gtandara arrorinyk)

The probability of exceeding Yy is found from standard normel tables,
i.e. the probability of exceeding (i'rk - ii) and hence the
probebility of the ordginal hypothesis being true.

Sinee v, and its error are known, one can caloulete the limits
within whiech the trus value of ¥y is expected to be. These limits
are termed Confidence Limits.

Assuming e risk, s, that the true value of §J is outside

these limits, and this risk is divided i.nto-;' a above the upper
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Mudt ond 3 & bolow tbe lower limit, m.udmia(g) %o be
mvmwi:mnm-ucuummyg.

If & sample is &ran fyom a normal &lstridbution with o
mij.mmwmneyu-lz,mmm“uu
emeed Yy , whore y_ is given By

% kT . iy
’E ""

LS (v

or §k1 = ;J * ;J(% .;:.:;.(yk)
cimilarly ;kz = ;J - 33(@ oboiﬁa(!k)

shomn on the digtridution curve

-§.E.(y,))

\
V7
-/4\: o

. | |
I

"he probability that y lies cutslde the limits is
L 2 _
Ty T Tyt %

where SeE, y, * O /A

w'“’k ie knowny #nd used o m;a. then there i
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a probability that y j will be outside the limits
T = V(8 +5eLe ¥
k-~ V3(E) k

These limits ere the 100 (1-p) % confidence limite.

Conf'idence Limit R n s

Our experimental results(rate canstants, Arrhenius parameters
etc.) rely on slopes of graphs of y population data at measured
% values, It is important to know the significance of sush results,
a significance readily illustreted by confidance limits.

Initially, we are interested in the relationship between 3
and x, espeoially from the mathematical model and tested with the
date available. The slope b (the regression coefficient) is usually
determined by the method of Least Squares. However, the least
squares method by itself gives no indiocation of the data..
reliability.

Now assuming a normel distribution of messured y values, and
without prior knowledge of the regression equation, s sample of
n values is drawn from the y population. The best estimate of any
further y value drawn at random is ¥« The error in this predisted y

value is the sum of

- 2
squares = 5(y; = ¥) .
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Briefly, onoe the regression equation of y or x is known end

having measured x

» the best estimate of any ¥y is

-~

Y3

=¥, + b(xi -X).
The error in any ¥y is given a minimum value equal to

(x, - D - )12
(sum of’ gquares) U = Z(yi . 5)2 _ [8:1 1).5’% Y)]
Z‘.(xi - Xx)

The difference between the sum of squares above represents

L, the sum of squares sccounted for by the regression

Gy - 96y - »1?

. - 2
.e,(xi - X)

The parameter evolved by the linear regression equation will be

subject to variance in the measured y population. This error variance

will be given by the mean square about the regression line, Soz.
Now the regression coefficient b can be ashown to be
n
» X, = X -
- 351( y )(ﬁ y)
N - 2
Z(xi - X)

Rewriting this equation and knowing

(8) % (x, =% =0
PR S

(v) $? = experimental error variance in the observed y value,
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one can then show 2
g

O

the variance in b = b
12105

- 32

and the standard error in b

The 100 (1 = p) ¢ confidence limits in b will be

ot
©

+ ., 8 )

b-t;_(n-z). = ;s
Z(xi-x-)
i=1

The line of hest flt between estimated ¥y for megsured xy is

~

Ty o+ b(xi - X)eo

The variance in this line is

= variance (g-ri) + variance (b) °(xi - %2
g2 » 5 2
=n+(xi-x).n '-2
R (xi - X)
i=

«’+ stendard error in ?i = So(':':l1 + '_nL—'——'—)
» (xi e ;t)
i=1

The standard error will be g minimum when x, = X and increases
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as (JcjL - SE)?' increases.

The confidence limits on y will be

)
- (xi*X)z 2
YouL. =94

)

i -e' - 3 {1
t 2(n 2).s°\n+ =

z (xi - ;:)2
iz

Experimentelly, the following steps were mads:

A celoculation of the least squares slope b; the drawing
of the line of best fit, substituting known x values into the
equation for the line of best fit; the calculation of the
stendard deviation between y fitted (i.e. y least squares fitted)
and y mempsured values; the calculetion and drewing of the
conf'idence limit hyperbolas about the least squares line;
finally a plot of the measured y data about the least squsares

line and within the confidence limit curves.

Ref'erences uged in the above discussion were;
"The Handling of Chemicel Data"
by PeDe Lark, B,Re Craven and R.C.L. Bosworth = Pergamon
"The Analysis of Straight Line Data"
by FeSe. Acton = Wiley Publicatlon in Statistics
"Mathemgtics and Stetistics for Chemists"

by Cede Brookes, I.G. Betteley and S.lie Loxston = Wiley





