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Abstz,act

The literaLure concernÍng the physícal and thermodynamic propertíes

of tríalkylaluminiums and the reactlon of tríeËhylaluminium with terminal

alko-nes has been críticall-y reviewed.

A detaíled kineËic study of the reaction of triethyl-a1-umíníum wíth

styrene and 2-methyl-1--hepËene has been performed using a P.m.r. techni-

que. The kinetic parameters obtained have been compared wíth others

avaílabl-e for l--allcenes and a co-ordínated mechanism ínvolvlng tIÀto rate

determj-níng sËeps to account for the observed parameters is postul-ated.

Previols studies of the reactions beËween tríethyLalumínÍum and

alkynes have been revíewed and a kÍnetic sËudy of the reaction of Èrie-

thylalurníníum wiÈh phenyJ-acetylene performed, usi-ng p.m.r. and" rnanometric

techniques. The exj-sÈence of a clonor conplex between alk1'nes aird Ërie-

thylalumínÍum has been establíshed. Previousl-y this had on1-y be'en

postulated. Finally the kínetícs of the reactíon of two amine complexes

of trÍethylaI-umínium u.Íth phenylaceËylene have been ínvestígated and a

mechanísm proposed to explaín Ëhe observed kinetíe pal:ameters.
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SECT]ON I

TRIALKYLALUM]NIUMS



1.

Synopsis

GeneraL - The hístorical- background and industríal uses of organoaluminiums

are briefly reviewed and Ëheir relaËÍonshíps to Ziegler-Natta caËalyst,,

systems are discussed.

Prepaz'ation - A very brief ouÈl-íne of the nethods of preparation of
trfal-kylal-umíniums is given.

Stzaett¿re and Bondíng - Sorne aspects of the x-ray crystallographic,
p.m.r., and mass spectroscopíc evídence for assocÍation are clÍscussed.
As a result, two orbital descríptíons of the three-centre, eleetron
deficíent bond have been proposed.

Ther,nodynanic Pz,operties - The meríts of the varíous values put forwarcl

for the enthalpíes and entropies of dissocíation of. LLTEIU and AlrlIeU

in the J-iquíd and vapour phase are díscussed.

ChemicaL Propez,ties - A very bríef outl-íne of the more ímportant chemical
propertles of trialkylaluminiums Ís gíven.
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1. gEII.RAL-

Although an organoalumínium compound was synthesized by Ha1-1-iuachs

I
and Schafarik ín 1859, the study of the chemistry of these compounds

remaíned statÍc untÍ1 about 1950. At this time Professor KaxL ZiegLer

and hís co-workers utílized aLky1a1umíniums to greatly increase the
2

rate of polymerizaËÍon of eËhylene, whiLe simul-taneousl-y.developi.ng a

cheap synthesis for alkylak:miniums dÍrectly from al-umíníum, olefins
a
J

and hydrogen.

As a result, the scope of usefulness of crganoaluminirrns in ger:.eral ,

and alkylal-r:mínir¡ms specífically, has broadened considerably, wíth the

conseguenL dramatic increase in the quantíties used in industry and

research.

Most organoalurniniums are used as components in the various Zieg-

ler-NatËa polyrnerízatíon catalysts. These catalysts, formed by combin-

íng aluminium with a transition metal eorçcundr are used in preparíng

nearly aLl of the comn¡ercial- polyclefin prodt'.ced in Lhe world today.

TheÍr maín advant.ages over other polymerLzatJ-,on catalysts are the sËereo-

regularity of the resul-Èing poJ-yner - which can be reaclil-y changeC - and

the íncreased raËe of reaction r,rhen compared to other catalysts. Organo-

al-uminigms, alone, are usecl extensively for the o1-igerm.ization and 1,o1y-

merÍzaÊion of the sÍrnpler olefíns. Tríalkylaluminium catalysts, fot

example, are used for the dimerization of propylene t-o 2-urethylpent-J--ece.

This la-uter compound ís often used as a precursor for isoprene, which ís

e:rterisi¡¡ely used in the synthetic rubber industry.

46
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In spíte of this vast use, comParatÍvely l-ittle ís known of the

chemist,ry of Èhe organoaluminíums, ín part due to their reactÍve natlrre'

The explanation for sl-ereoregular polymer-izaËíon by ziegl'er-NaÈta catalysts

has been particularly confused, as rrany theorLes have been proposed over

4-6 7

the lasÈ decade, but recently a clearer Picture seems to be emergÍng'

Many patenËs concernlng olefín polymerization appear each year, but as yet

there does not seem to be any correlatíon between the nyríad of catalysËs

and conditions used, with the resultíng polymer. Thus an understandíng

of the basíc reactívíty factors and the mechanísms that are oPeratíng when

organoal-umÍniums react wíth unsaËuraËed hydrocarbons coul-d conceívably

throw sorne líghÉ on the situatÍon.

The purpose of thís thesis is to provide some ínfo:rnatíon towards

thís end. TrÍal-kylal-umíníums are one of tlre simplest classes of organo-

aluníni-ums, and the resuits deríved from Ëhese compounds have, up to the

present, been inteïpreted with less aurbíguity than other organoaluminíums'

For this reason, they have been used in thís study. The particular

trialkylalumíníum used- triethylaluminíum - was selected mainly on íts

ready availabílity and widesiread use as a catalyst and a co-catalysË '

Before examlníng the detaíled kinetics of the reactions of tríethyl--

alunínir:m wíth unsaturatecl hyclrocar:bons' hogever, it ís necessary to

revÍew the structure ancl properti.es of Erialkyl-al-uurinfums, so Ëhat the

subsequent kíneËic results can, be correcÈl-y ínterpreted.
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2. PREPAXATION OF TRIATKYLAI,IIMINIUMS

'Tría1-ky1-aluminiums can be prepared fron olefíns by dlrecÈ synthe-
a

sís, dísplacement or by a growËh reaction. They can also be prepared

fro¡ alkyl halides, dialkyl nercury compounds, Grignards, organollthíums,

tríalkyl boranes, tetraalkyLal-r:mlnates, anð díazornethane. Sul¡stantial-
B

liËeraËure ís avail-able on these meth.ods and so further elaborat,íon

seems unnecessary.

3. STRUCTURE AND ECNDING I\] TRIAIISI,AIIIMINII]MS

Trialkyl-al-uminíums are unltsual in the fact that all- of the lower

homologues are associated to a greater or lesser extent in solution

(A1Et3, AlÍnur) or even in the vâpor phase (4.1-Ì4et) . This discovery

caused confusíon in the early days of the valence Èheory (l-940s) ' as

association 1n these conpcunds necessitates the postulate of an elecËron

deflcíent bond. llowever, since Ëhen many other compounds have been

prepared that also requíre an electron deficient bond as part of theír

structure, ancl thus thís concept, no louger unique to ttie alkylaLuminÍurns,

is now widely accepted.

In all- cases, the bri.dgíng has been f ound to be Èhrough a ca-rbon

9
aton, although recently Byram et aL attempted to re-inÈerPret the x-ray

1t,l

crystallcgraphic data on trímethylalumínium collected by Vranlca and Amma

in Ëerms of a hydrogen bridger'but thÍs has been refuted recently by

Huffman anil Striebl 
9*ho 

determÍned, unequívoca.lly, the s,tructure of
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trírnethylaluminium (Fig.I.l-.) at 443K. It can be seen ËhaË the hydrogen

atoms are ín no posl-tion to bond strongly to the alunriníurn atom.

The presence of dimer formaÈion has also been demonstrated by p.n.r.

spectroscopy. At 230K, the p.m.r. specËrrrm of triethyaluminium ín tol-u-

ence or cyclopentane shows Ëwo sharp resonances havíng area tatÍos of
26.27

Lz2. These peaks are respectívely assigned to the six mutually

equívalent proËons of the two methyl bridgíng groups and the twelve proËons

of the terminal me-thyl groups. Thís observation can be Ínterpreted ín

terms of a hydrogen bridge only íf there ís rapÍd inËranolecul-ar rearrarlge-

ment of the bridgíng group aË 203K.

cH2-H H- cHz

AlMe -)
<-MerAl Me^41

\
AlMe

2

cHz clF.r-n;
2

H-

No such rearrangement ís necessary if carbon atoms bridge. As the

temperature is íncreased, the two peaks coalesce; this is ascribed to the

rate of exchange between b::Ídiing and. termÍnal meLhyls beccming faster,

because the single peak appears at the weighted average of the two at l-ow

47
temperature.

tr{ílliams and Bror¡n22 "t.rdí.d the coal-esence Ín trímethylaLumlnlum

and trÍmeËhy1a-J-umíniun/ trímeÈhyJgallíum mixËures and concluded that

bridge-terninal equílíbratÍon Ëakes place by a first order dissociatíon of

Éhe dirner to trímethylal-umíníum monomer, followed by fasË reconbination of
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the monomer l-eading to scrambling of the methyl groups. They also

determined a value for the enthalpy of acËívation in cyclopentane whích

wi1l be díscussed later. The díssocÍatíon was observed to Proceed about

ten times faster j.n tol-uene than in cyclopentarie.

Ramey et aL29 found a símí1ar sítuaËíon to exist when they lnvesti-

gated the low Èemperatuïe p.m.r. spectrtun of tríethyla1-umínium ín cyclo-

pentane. The meËhylene quaïtet (Fig. II.5) broadens as the temPerature

ís lowered, fínally eme-rgíng al 223K as tI^Io qualtets at 0.08 and 1.08

p.p.m., corresponclíng to termÍnal and bridgíng methyl-ene groups respectÍve-

l-y. An exact ratío of 221 was not observed due to resonance overlap, but

the result is neve.rLheless defínitíve. A sírnilar lnvestígation ín
30

toluene confirmed thís resulÈ.

The ínfra-red and Raman specÉra of trírnethylalunrinium have also been

31
ínterpreted in tenns of a carbon bridged dÍmer. Hoffman díd the

oríginaL work on the I.R. spectra of trlallcylalumíníums and díalkylalumÍnir:¡o

chlorídes, eí.ther as Pure líquíds or ín cyclohe-xane. His assignments of

carbon-al-umíninm víbratíons a¡d rockíng modes of the methyl groups uTere

32 33
questíoned in 1963"- and Lg64r"" but later they were shown, by complete

20
analysis of Ëhe spectrar to be correct.

Two peaks at 1255 "*-1 "rd 1200-l- cn-l (r.R. and R.aman) have been

assigned to meLhyl symmetrícal benclj-ng modes in Èhe brÍdgíng and terminal

positíons respectívely, whíle three peaks (768 cm-l , 697 cm-l, 608 cm-l

-r.R. 3 725 cm-l, 683 cm-l , 632 
"rn-1 -*r*"n) have been assigned to three

rneÈhy1- rockíng modes: briclge Ín plane, terminal, and brÍdge out of plane
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respectively.MosËofthe].ot¿frequencypeakscanbeasslgnedto

skeletal vibratíons of the LLrl[eU molecule'

Mass specËroscopíc data is lnconclusíve. Trímethylaluminíum

Mer+ peak, but all other peaks apPear to be derived from

28
Èhe A1l,fe, monomer. Tríethylalumínium, however, shows no peaks deríved

from a dirneríc specíes, Presumably because the dimer ís not sËal¡le, and

thís Ís supporËed by the facË that more strongly assocíated organoalumínium

corn¡ounds such as dimethylaluninj.um hydride (Èrímer) and díethylaluminíum

ethoxíde (dÍurer) show evídence of association ín theÍr mass sPecat"''u-tu

Other related organoahuliníums have been demonsÈrated to be

assocíated. For example, an x-ray crystallographic study of triphenyl--

alumínium reported brÍdgíng by two phenyl- grouPs, ínclíned at an angle to

the A1-C-4,1 plane, presumably because of steric hírrdt"t.".36 The p'm'r'

spectrum of dímethyl(phenylethynyl)aluminiuu shows only one methyl peak

at al,l temperatut.".tt As ebullíometry has shown Ëhe compound to exist

asadj:ner,thebridginggrorrpsmusÈbephenyleÈlrynyl.Thisconfigura-

tion probably results from the stabílity of the Ëhree centred bond beíng

enhanced by the n orbítal syåt.ot of the phenylethynyl group'

Branching at the q or ß carbon atom of the alkyl group usually causes

the trialkyl-aluninium Ëo be monomeríc. Cryoscopic measurements show

38 39,40 4l
triísopropylalurninírr*, 

-- triísobutylalurnínir:m ,- 
- ) tri-t-butyaluminium

ancl tríbenzylaluminí,*4' to be,mopomeric. Thermochemícal measurements,

on the other hand, indÍcate that triisobutyLalgminium is signifícantl'y

assocíated in pure liquid a.nd ín n-tetradecane'43 bnt I.R. data also
3l

dispute thís.
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TrLcycl-opropylaluminir:m ís so strongly associaËed that íts p.rn.r.

spectrum clearI.y shorn's two cyclopropyl resonânce sets even at room

temperaËure and not unÈi1 the temperature has been íncreased to 343K

does coalesence occur to gíve a síngle cyclopropyl patËern. Sanders and

44
Ol-íver proposed that the stability of the tricyclopropyl-alumÍnium

dÍmer is due to Ëhe facÍle transfer of electrons from the brídgíng cyclo-

propyl group inÈo a non-bondíng three centred orbital thaÈ is suggested to

forrn the electron defÍcíenË br:idge. This is most readíly understood

usíng the Walsh model for cyclopropane, ín wtrich the cyclopropane skeleton

ls deríved from spz 
^nd 

p orbLtaL overlap. The brídgíng carbon aËom of

the cyclopropyl group has a p orbítal of the correct symmetry to overlap

wíÈh the non-bondíng molecular orbitaL of the A1-C-41 brldge, as shown.

AI

Bonding in Tricycl-opropylalurninium

This concept- can be exËended t-o include bonding Ín trialkyl-

aluminíums; the brídge is formed from overl-ap of the vacant aluminiun p
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orbitals and the sp3 orbital of the a1-kyl g:îoup . sp2 hybri-dízation on

the aluminír¡m also leaves open the posslbílity of a sÍgma bond beËween

the alumíníums. Thfs 1s noË possible in a second explanation which

proposes that the bridge ís derived from overlap of. sp3 orbitals of

al-uml-nÍum and carbon to give two three centre bonds. These Ëhree orbit-

als (two aluminíum, one carbon) combine to form a bonding, a non-bonding'

and an antí-bonding orbital, analagous to the accepted orbftal descrlp-

tÍon for diborane. The forrner view is supported by the fact that in
TO

trlmethylaluminLum there ís a s1íght distortion from Drh to Crh, and

the value of the A1-Al- streËching constant suggests slgnificanL A1-41

20
bonding.
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4 PROPBRTIES OF T RT. AI.KYIIüI]MIN TIIMS

4.L. Thermodynamic Properties

The basíc physícal pïopertíes of trial-kylalurnínlums are r,rell
2l

documentecl elsewhere and wíll noL be glven here, but some thermodynamíc

properÈÍes, especíally those of trieËhyl-altrninium are the subject of

corrËroversy at present, and, as these properËies have an ímportant bearÍng

on conclusions derived Later, they wíll be díscussed here in some detaÍl.

The main areas of contentíon are Ëhe enthal-píes and enÈropíes of

dlssocíation and vapoti-zation. Under 1-iquíd-vapor equílíbrium, the

fo1-lowing equílíbria exÍsË :

Àäod(e)

Vapour (g) 1,1-rRU (e)

++^I/ovD

Líquid (1) Al-2R6 (1) Ì

->
+.

zlln, (s)

++A¡/ovM

2A1R (1)
3

^I10 d (1)

.17
Laubengayer and Gílllam determíned the vapouÏ phase dissociation

parameters for both triethylalurniníum e.nd trímethyl-aluminíum from satur-

ated vapour density measurements. However, ít can be seen (Fíg. T.2) that

Ëhe temperaÈuïes of measurement foi: ¿ríethylaltuuíníum were generally Ëoo

hÍgh because t-.he change of AHo.ar, wfth teilperature 1s probably due to
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decomposiËion. Thus only the l-ower values are of any use. Hay, Hooper

fl
and Robb-frerformed saturated vapour densiËy ueasurements on trÍethyl-

aluminír¡n between 313K and 373K. They also detennined the Antoíne
13

equaLion for trÍeËhylalumfnium. Smfth, ín L967, deËermíned values

for KU(l), ah. equilíbri-um constant for liquÍd phase dissociatlon, over

the temperature range 333K-423K, by a calorimetric technÍque, r'¡híle
14

A1len and Byers determÍned values of the same parameter over the range

354K-399K by an ebullioscopic meËhod. vanrt Hoff p1-ots of the equili-

brium constants, as determined by each worker are shown in FÍg. T'2'

It should be emphasízed at this stage that these are the only values

that have been deËerrnined dírectly for triethyl-alumÍnium. In the case

of trj.methylaluníníum, parameters for dissoc-iation in the vapour phase

16.l7
have been determined by vapor densíty measuremenËs ' and those for

22
the liquíd phase by p.m.r. measurements' al-though the latter are treld

23 16)18
by some to be in error. The Antoíne equation is also knor+n.

It can be seen from the liquid-vapor equilibrlum relationships

detaÍl-ed above that if ideal mixing between monomer and dímer is assumed,

various derived values can be deterrnined. Thus using Ëhe observed heat

of vaporizatiotz

Ml,ou" = 
^¡/il 

n or.*å<r> - ol.*åCrl/(l+ar)

= t2ulu - 1r-arl.*iCrl + (1.-or).ouåCrl/(1+a*)

. .. . (5)

where o, = degree of dissoclation of dímer in the f-iquid phase

and a, = degree of dissociation of dírner in the vapor phase.
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In practíce, 01 r 0 so the equatíons are somer¡hat símplifÍed.
I

Hay, Hooper: a,rrd Robb êsËímated Ehe heat of vaporízaLion of the

triaLkyl-ah:mínium morromer (^ãfu) by assr:mr'.ng it ¡¿as the medlan of the

heats of vaporízaEion of the monomeríc trlalkyl compounds of the e1e-

ments above and below ah:mínium in Group IIIb. They then derÍved a

value tor aË!,r, from theír aa!,rr. smith,tu oo ttre othel hand,

derÍved the difference in díssociaÈion enthalpies from the estimated

difference ín vaporizatíon enÈhalpj-es. Thus:

o"=*å(e)-oråcr> z^¡/fu - 
^äil

cHz

r¡as used to determíne ô* and the corresponclíng eniropy term ôr, for

trímethyi-aLuminium. Val-ues for tríethylaluminíum r+ere esËímated from

the effects of chain lengtheníng and branchíng on the compounds used

for trímettrylalumÍnir:m. Table I.1. shot¡s the determined, derived and

estímated enthal-pies and entropíes foï trimethylaluminíum and trie'thyl-

..".(6)

A slmilar argument obviously applies to other exËensíve propertíes.

The a1-iphatic saturaÈed and olefiníc hydrocarbons vrere chosen as ana-

logues of the Ëríal-kylalumÍnj.urn monomer-dimer systems " An average of

36 simulaËed processes of the tYPe

T.4.

Me Me Me

lll
Me - C = CH - C -Me + 2 l*Ie - C =

I

Me

alumíníum.
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TABLE I.1. The:modynamic properties of Trial-kylaluninir:ms

FooËnotes: Standard states: gas: 101325 Nm-2 (1 atn) : li.quíd: Pure subsÈance aË 1 atm excepÈ when
specified

tss.

det: Determined dÍrect1-y from experi-mental- results : est: Estimated by analogy with

der: Derived frorn directly deËermíned and estimated values elated compounds'

a: Calculated by Snithls from Ëhe l{ay, Hooper and Robbll ,tapor densÍÈy daËa.
b: Derived by Srnithl5 fro. the McCullough8 vapor pressure data.
c: Derived by Smithls from the Henrickson .nd Eyemanl6_vapor Pressure daËa.

d: Derived by Smithl5 fror the Laubengayer antl Gí11-i"ttl7.t"por pressure data.
e: DerÍved by Smith from the IIay, Hooper and R.obbll vapor pïessure data.
fz Calculated on a l- molar standard state.
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' In the case of trÍmethylalumínium, SmiËh

value derlved by Hay at aL72 is too 1ow as Èhey

val-ue for Af/o*, because, usíng theír À//oy¡1, a normal lÍquíd obeyíng

Troutonrs rule (the pure monomer or dimer can be classiffed as such)

would have a boíling poínt of abouË 306K. SmiËh separated the observed

vapqr pressure data from varíous sources into two component eguatíons of

the form

lnP=A-B/f ... .(7)

usíng a computer besË fit program and determined the boilÍng poÍnt of pure

trimethyl-al-r¡minium monomer as 281'K. fhe Mlo.(l) ttlt" that he calculated

from tríethylalumínÍr¡m-ËrÍmethylaluminíum heaL of urixing experíments is

consístenË rvíth the series of vapor pïessuïe daÈa avaíIable and trjmethyl-

aluminium being a normal Trouton l-íquid. Ilowever, the value obtaÍned

from the n.m.r. study of the a1kyl group ínterchange is closer Èo Hay

22
et aL ts figure.

The díscrepency between smith and ilay et aL ís more marked for

triethylaluminiurn. Snith has recalculated the díssocíaËíon consËants

from the raÌrt vapor densíty data displayed ín Hay et AL 's paper ancl obtained

substantía1-ly different resul-ts. It apPears that these recal-culated

results aglee reasonably well v¡Íth those obtaíned by Smith from heaË of

dilution experÍments modífied for dissociation ín the gas ph."..tU

15"qt*rr." that the oäo¿(f)

have used an unrealÍstic
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The degree of dfssocíatíon ct, sp
of tríethylalunriníum at saturation Pressure

appears to decrease wi-th temperature if Ít is calculatecl from an. UU(r)

t1
given by Hay et aL. This ís unusual sínce, even if the pressure has not

remalned constant, íË neans thaË triethylal-uminium is more assocÍated,aË

hÍgher Ëemperatures.
11

et aL, the value of

Using Smítht" 
"U(*) 

calculaLed from the data of Hay

CX does increase with temperature.
sp

In derÍving the value 
^äo

-1 12
= 52.3 kJ mol dímer -, Hay et aLd(1)

used an estimated enÈhapy of vaporí zatíon of monomet (¡Ao*) of 39 .7 kJ

-1 Is
mo1 dimer -. Smith argues that this is too high, as a Trouton

líquid \,¡ith this AI/oU woul-d have a boilíng poínt of 415K, whÍch i-s higher

than thaË of the trÍmethylaluminium dímer. The derived value for AHo*,

the enthapy of vaporízation of pure tríethylal-uminium dimer as calculated

by Hay et aL ís B9.l- kJ mol dimer-l. This is surely Ëoo hígh as a

Trouton 1Íquíd with this enËhalpy of vaporizatíon wÍll have a boíling

poÍnt of 608K. The AãoUO derÍved from SmiËhts estÍmaÈe of Äão¿(g) is

64.2 kJ mol dímer-l. This corresponds to a more reasonable 53BK for the
15

boilíng poínt of the pure dÍ:ner. Smittr also demonstraLes that vapor-

izatíon parameters derived fdom his vapor dissociatí.on parameters are
1l

compatíb1-e wÍth those obtained from both the Hay et aL and the
17

Laubengayer and Gíll-iarn vapor pressure da{:a.

Sníth deËerminecl the thermodynamic prcperties for tríethy1a1-uminíum
t3

díssociatíon in the lÍquíd phase by a heat of dÍl-ution met-hod, covering

a rvÍde temperature raïl.ge, obtaining substantíally larger values
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(of.(l) = 70.7 lcJ mol dimer-l, l,So¿11) = 134.7 J mo1-1*-1) than those

derived by Hay et aL, whose values do agree with Lhose present-ed by Allen
t4

and Byers. Allen and Byers do, however, admit that the values whích they

obtairied for the enthalpies and entropíes of dissocíatíon;¡¡/o¿(l) = 51.0 k.I

mo1 dimer-l, aso¿(l) = 102 J *u1-1r-1 (when converted from a 1 ntolar stan-

dard state to a pure substance (mole fraction = 1)) by an ebull-íoscopÍc

method are not refu'-abJ-e. Thís ís because

a) apparent molecular weight measurement is not reliable,

b) only four data points were obtaíned, and these were ín the

narro\^r teinperaËure range 354K--399K, and

c) one of these poinËs was deterrnined uslng toluene as the solvent.

Thís has been f ouncl to complex wÍth tríe.thy1a1uminí,rn.24

In summary, Èhe parameters determÍ.ned by Hay et aL for t"he trie-

thylaluminium vapor are miscalculated, and those calculated from the cl¿ta

presented by Laubengayer and GíLlíaü are noË valÍcl due to decomposÍtion.

The 1ÍquÍd phase val-ues as deÈermíned by Snith are to be preferred to those

of Allen and Byers on the grounds of method rel-íabílity and tenrperatuïe

range covered. The use of hydrocarbon analogues by Sníth to determine

enthalpy and entropy díffer:ences betweerr l.Íquíd and vapor clissocj-aü:í-ons

also appears Ëo h¿rve a sounder base than the perí-odÍc trend method used by

Hay el; aL, as demonslrated by the compata.bÍlj-ty of deríved and exper:Í.mental

parameters. ionseqne-ntly, the lí<r-uí<l phase díssociation parameters used

1n future discussion iir thi-s treat:ise rrtfll 'be those of Smlth. The co'¿-rect

values for the gas phase, of ruhjch we fortrrnateLy have no cause to use' are

sËí11- open to conjectuie.
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4.2, CTÌF,}{I CAL ?ROPERTT.ES

The aluninir¡m-carbon bond is a highly reactive co-valent one' as

expecLed from the Paulíng elecLronegatlvity of the alumfnium atom (1'50)'

Hor,¡ever, the reactivity ís not as high as thaL of the alkali metal aikyls

(elecËronegatively about 0.8) and Lhus the reactions of trial-kylalumin-

íums and alkyl compounds of elements of slmilar electronegaLÍvíËy (Sí'

Be, Mg) are able to be controlled to some degree by manípulating solvents

and Ëemperatures. This proPerLy of the AI-C bond - hígh reactivíÈy'

together with an element of control - is the reason for the wídespread

use of organoaltrminíums throughout al-l- fiel,ds of chemistry.

The chemical reactions of tría1-kylah:miniurns may be grouped ín

the followíng way:

a) Reaction to form conplexes wiËh electron donors not containing

acfdic hydrogen.

b) Reaction to form compl-exes with electron donor compoullds con-

taíning acidic hydrogen.

c) Reaction to form anioníc compLexes'

d) Therural- teaxrangement and decomposítion'

f) Addition-ElÍmínation reactÍons'

(í) with al-kenes

(iÍ) wÍth alkynes

(íii) wÍth níËriles

(iv) with oxygen containing compounds
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A ful-1 descrípÈion of the chemícal propertíes noË studied here

(brc,dre,f(íii) and f(iv)) are avaílabLe ín any one of several orcellenË
8. 21. 25

texts ' ' and so r¿Í11 not be discussed furÈher.

The reactÍons of trÍalkylaluminÍrims wiËh alkenes and alkynes is

by far the mosÈ ÍmporËant and these wíl-l be discussed fuJ-1y Ín Sections

II and III respeetively. In Section IV, the reactions of two co-ordín-

ation complexes (Et3Ak-NEt, and EtrAk-NBur) wiff be díscussed and so the

ful-l- descrÍpËíon of these Ëypes of compounds will be l-eft until then.

Suffice it to say aË this sËage that trialkyl-aluminiums are strong Lewís

acids conplexíng w:ith el-ectron donors to form, ín most cases, thermally

stable compounds.

llith electron donor colnpounds containíng acidic hydrogen, the

trialkylal-umíniums agaín complex, but usually the complexation ís accom-

panÍed by the e;volution of alkane (the al-r¡rnÍnium carbon bond reacts with

the acídic proton), and association to dímers or trímers of the complex

45
resuLts.

For example:

ALMea * NlIMe, + MeaAk-NHMe,

2MerÀk-NIIMe, + (MerAL-NMe r), + ZCÉO
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SICTION II

THE REACTTON OE TRTETHYLALUTLINTUM þITTH ALKENES
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Synopsís

Introduction - Ethylene und.ergoes grosrth and CÍsplacement reacËíons,

but only dímerlzation ís observed v¡ith n-al-k-1-enes. Kínetíc evídence

shows that rate determíning sLep for displacemenË is alkene elimínatÍon

and that Ëhe monomer is reactíve in additíon to alken.es. To date,

kíneËícs have been explained ín Ëerms of one or thto of the Dessy mechan-

isms.

IÞaction uyith 2-methyLhept-L-ene - No vínyl n conplex could be found by

p.m.r. spectroscopy. Kinetíc parameteÏs üIeÏe evaluated between 39BK

and 423K, usÍng p.m.r. spectroscopy and were found to be hígh when com-

pared with other alkenes.

Reactíon Uith stytene - An aromatíc n complex was found and confirmed by

showing complexing in oËher aromaËíc solvenÈs. KíneÈics of aildítion

were evaluated at lovr converslon due to simultaneous polymerizatíon'

Kínetic parameËers $7ere deÈermined for the preferred mechanism, which

does not Ínclude an aïomaËÍc n complex as an íntermediate'

Discussion of meehanism - All- kinetic parameÈers are explaíned in terms

of two alËernative ïate determíning steps - fornatÍon of a vinylîr complex

or a four-centre transiËíon state. Entropy cal-culatj-ons show this to be

p1-ausibl-e.
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1 INTRODUCTION

1.1. General
l^2

ZíegLetrs original growth or "aufbau" ïeactíon ' fnvolves the

conblnation of Lriethylaluminíum wl-th ethylene under c.omparativel-y rnild

conditions. (373K, 100 atm) '

A1R3 + 3nCrHO ? (R(c2tl4)n)3À1 ....(1)

Thís reastion, however, is l-n competition wÍËh tl're displ-acement or

ttverdrangung" reactíon.

Rå41-cH2-cH2R ?

R;41-Il * CH'=CH,
2ZL

RåAI-E+ffi2=ffi2R

? RåAlc2II5

....(2)

....(3)

(4)

If a second allcene is present Èhe additional equÍlíbríum

RåAI-(CH2)rR "1L ClIr=CR'rRr I t ? R;AlCIl2CIlRrrRr I I * CHr=CHrR

is also present. Straight chaín alkylalumínÍums are more stablþ than

branched alkylaluminír:ms so the equilibriun positíon of reaction (/r)

l_ies on the l-eft hand side. In general, the ease of displacement of

an alkyl group from an alky]-a]-umínium compound decreases ín the series

RRf CH-CH2- > RCII2-CIiZ- > cH, Cþ:
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The equiLibriun constants

[n-a1ky1"-41] [içoalkene]

[ísoallcyI-41] [c-alkene]

(= [ethy1-41] ln-alkene]

In-a1ky1-4L] [ethylene]

" 
= [ethY1-41] lisoalkene]

" [1soaIkyl-Àl] [ethy1-ene]

3t 4
have been estimated as apProxímately 4Ar40 and 1600 respectively'

In spite of this displacenenË, however, the growth reactíon ís

capablerunder suitable condítlonsrof producíng tríalkylaluminíums con-

tainíng 4-30 carbon atoms. There aîe a number of technicaL diffícuItíes.

At l-ow tenperatures. the growth ís slor¿, whíle aË higher temperatures

unwanted side reactions predomínaÈe. Growth ís exothermic to the exËent

of 84 kJ per mol- of ethylene uptake and the reactíon consequently b,ecomes

5

explosíve at high pressures'and temperãLures. ZoseL solved Ëhese

problems by conducting the reacËion Ín thín heated coPper tubes, whereby

the resídence time ís shortened permítËíng an increased temperature of

reactíon (4¡¡f) and el-íminatíng síde reactions such as double bond

ísomerizaËion and dlmerization. A narrow range of al-kene chaín'J-engths

is obtaíned usíng Zoselts techníque, if a snaller amount of ethylene is
6

ïe¿cted first, Èo produce small alkenes, whích are Èhen recycled'

K
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trÍhen tri.alkylaluminiums react wtth alkenes other than ethylene,

the reactíon rarely proceeds beyond the fírst adduct before dfsplacementT

reactíon (2), resultÍng in the fomatíon of 2-a1ky1a1k-1-enes

AlR3 + IlrC=CHRr Ì RTAICHTCHRRf ->

R2A1H * H,C=GIIR| ¿

R2A1H * HrC=CRR!

R2A1CII2CH2RT . . ..(s)

An Ímportant exampl-e of thís reactíon ís the additÍon of Ëripropyl-

ah:minlum to propene ellminating 2-methylpent-1-ene ruhich is Ín turn

lsomerÍzed to 2-methylpent-2-ene. fu pyrolysis thÍs yields isoprene

and methane.
7

Perry and Ory did force the reactÍon of Ëriethyl-al-umínír:m and

n-l-ocËene beyond the flrst adducÈ stage, but even under theír extreme

condítÍons they only managed to dÍmerize ocÈene to give 2-ho<yJ-dec-l--ene

in addition Èo the fÍrst adduct.
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L.2. Prenious Kinetic SÈudies

L.2.I. Displacement

Evidence suggests thaÈ the rate deterrnining sËep for alkene

dÍsplacement from trÍalkyJ-ah¡miniums Ís the decompositíon to díalþJ--

al-uminlum hydride and alkene. FÍrstly, the rates of addítion of dial-

kyJ-al-umíníum hydrÍdes to alkenes are in the same order as rates of
I

al-kene displacement, i. e.

CH'=CH, > RCHr=CH, R,C=CH, > RCH=CHR

Secondly, hThen tridecylaluminÍr.rm reacts with ethylene, the growth re-

actj-on appears dependent on ethylene pressure, whÍle the displacement

reactfon does noË.I Thirdly, the nature of the alkyl group ín n-al-k-

l-enes does noÈ affect the raÈe of dísplacement of propene from t'rÍ-
4

propylal-uminÍum.

Unfortunately the kínetic studíes were performed at eÍther hígh

concentraËíons ín the líquid phase or high temperaËures in the gas

phase, and so íÈ is Ímpossible to decíde wheÊher the monomer or dimer
,9

is reactive. Mole and Jeffery have proposed that the order of re-
10

actívity observed

A1-íBu, A1n-a1ky1 Al-8r.3
3

índlcates that the monomer is reactíng. This lrnplies that the reactiv-

ítíes of each monomer are either the s¿tme or ín the reverse order to Ëhat
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above, and thaË the varying concentrations of each monomer determÍne

the reactivity order. (TrlisobutylalumÍnium is the least associaÈed.)

This is not so. The ease of elíminatíon from each alkyl is determined

by the 1_abi1-ity of the g hydrogen on the alkyl group, and observed

reacÈíviLies can be accounted for on Ëhis basis, because the hydrogen

labilíty is Íncreased in more subsËítuted alkyls. A reactive monomer

does, of course, accenËuaËe Ëhe reactívíty differences beËween the

alkylalurníníums due to the varying concentratÍons, but thls fact can in

no way be used as an apríorí reason to accotmt for the observed order'

Egger has determined the kÍnetícs of gas phase alkene elimínatÍon

from several EríaLkyl compounds of Group III metals íncludíng alumínium'

and has inÈerpreted hís data ín terms of a four-cenÈre, po1-ar, transition
11-13.21

st.ate as the rate determiníng sÈep for alkene elímination. '

A four-cenËre transition sËaËe l,fas Postulated for alkene addÍtions by

l4
triethyl-aluminíum by Al-len, A11ison, Majer and Robb ín 1-963 and has

since gained wide accePtance. Eggerrs resul-ts reinforce some of the

poínts made l-aËer ín thís treatise, and a ful1 discussíon of his kinetíc

data ís ín Sectíon II.4.

L.2.2.Addition

The fírst kineÈic detennínaËion of the addítíon reacËfon appears

ro be rhar of NaËta at aLlTno'st,r¿ied the trÍethy1-a1*miníum/ethylene

system, but their results were ínconclusive'
1, 16

ZLegLer et aL' al-so

stutlied the triethylaluminíum/eLhylene system, but under their conditions
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(383i(, decalin solvent), the displacement reaction to gíve but'-2-ene

was suppressed and only the addítíon reaction occured. They found Ëhat

the raËe of ethylene upËake was proportíonaL to the square rooL of the

tríethylaluminíum concentration, thereby ímp1-ying the monomer to be

reacËive, as the dímer ís predominant in solutíon at 383K.

"¿(r)
LL|BE6 ->

<-
2À1Er

3 (6)

Allen, Allíson, Majer and Robbl4 ínvestígated the reactÍon betr¡een

tríethylaluminíum and hex-l-ene by foll-owing the forrnatíon of products

usíng gas chronatography. Theír data seeme¿l to indicate dimerlc trie-

thyla1-uminíum as the reacting specíes. Hor¡ever, their experimental

technÍque is suspect on two grounds. A sampling method, unsuitable

for such air-sensitíve reagents as triethylalumínium was used to follor¿

the reactíon, and secondly, quantítatír'e extraction from such a complex

reactÍon mixËure ís a long and tedious procedure. Both of these reasons

could explain ín part the l-ow precision of their work. In additÍon,

their quoted Arrhenius parâmeters (whích aqpeat to rule out monomer

parËícipation) are not valid as Laubengayer and GÍlliamts data were used

(see Section I.4).
77

A conseguent re-invesËí$ation by A1-1-en, Hay, Jones and Robb of

the reaction of triethylal-umínÍum with prop-l-ene, but-l-ene' pent-l-ene
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as rÀrell- as hex-l-ene, usíng gas absorpÈion Ëechníques for the fírst

three and dílatometry for the laÈter, resulted in the conclusÍon that

the monomer only was reacting; The Arrheníus parameters quoÈed do

Ëake into account the heaÈ of díssocíation of the dimer, and thus

theír relaËive rate parameters should be correct, but the absolute

values are still íncórrect because the díssociation parameters used ÍIere

agaÍn Ëhose of Laubengayer and Gilliam. In addition, dilatometry is not

a very sensitive method for fol-l-owing these reactions, and ít is also

poËentíally arnbiguous because col-umn changes may arÍse from shift,s ín

the posítion of associaËlon equí1-ibría duríng the course of the reactíon,

as r.rell- as from the addítion reacËion.

More recently, Hay et aLhave extended their díl-atomeËric study

to fnclude 4-nethylpent-1-ene, 3-meÈhylpent-1--ene, 2-meËhylpent-1-ene,

3 
n 
3-dímethyl-but-1-ene, n-ocË-l-ene and cyclohexene, as well as restudy-

t8
ing hex-l-ene. In spíte of the availabilíÈy of dissocíation parameters

calculated for the liquíd phase, Èhey persisÉed in using the uncorrected

vapour phase values to determine Arrheníus parameters.

Allen and Byers studiéd ín detaíl the kinetics of the tríethyl-

aluminium/n-oct-1-ene system by the superior experímental techníque of
L9

p.m.r. spectroscopy. This 1s a direct method whereby the acËual

concentratíon of each specíes ín the reactíon níxture ís followed, and

ís Èo be preferred to blínd methods such as dilatometry which d.perrd on

a bulk properËy. In theír resulÈs, the slope of the 1og-1og plot of

ínítial rate against toÈal tríethylalumínium concentratíon was 0.5t0.1
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and Ëhe ínËegraËed rate plots Bave Ét:raight lines for the integrated

form of equatíon (7)

L
D = -dIocË-l-enel dt = kCorloct-l--enel ....(7)

The reactÍon order Ís thus agaín índicative Ëhat monomeríc A1Et3 ís the

reactive species. Allen and Byers and Lough confirmed thÍs result

whi,l-st establishing Ëhe mechanísn of the triethylalu¡níníum/n-oct-1-ene
20

systern in diphenyl ether solutíons.

A study of the kinetics of the gas phase addítion of eËhylene to
t2 11

trÍethylal-uminiun and Ërímethyl"aluminium and the addítion of propene

22
to the laËter has been recently publ-ished by Egger. The sÈudy was

made at temperaËures ranging from 478.LK to 587.2K and at these tempera-

tuïes the Ërimethylah:mÍnium was asstmed to be exclusívely monomeric.
23

From the accepËed dissociatíon parameters

togro K¿(e) = 9.4395 - 4457.91r

the dissocÍation constanË at 47BK is l-.3 atm.and 70.3 atn. at 578K.

Most of the determínations appear Ëo have been carried ouË aË approxí-

mately 0.3 atm. Àt thís pressure, Èrimethyi-aluminíum has a degree of

associatÍon of 0.28 at 478K, and thus Èhe assumpLíon 1s unjustifíed,

especially at Èhe lower temperatures. The quoLed kíneËic coeffícients

are therefore only a fíist order approxímatÍon, but this wil-l have lÍttle
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effect on the ïaÈe equation e:<cepË aÈ high pressures, and so the mech-

anÍstic conclusÍons remain.

In sumnary, 1t can be stated Lhat present evídence ís overwhelm-

ingly in favour of a reactíve triaLkylahmrínium monomer ín additíon Ëo

alkenes. The low / factors deËermíned have consistenË1-y been ínÈerpreted

in terms of a four-cenËre transitíon state, and most workers postulate

a n complex between the unsaturated bond and the aluminíum to precede Èhe

transÍtíon sËaËe.

Only Arrhenius parameters for the adtlítion to al-kenes of Ëhe type

RCH=CH^ are avaílable. The one kÍneËlc study of addÍtion with an alkene
z

of the type RrC*CH, attempted was 2-nethylpent-2-ene/triethylaluminÍum

and thÍs \,ias ïeported not to ,"."t.18 ThÍs seems síngularly unusual

because internal ol-efins have been sho¡nm to dímerize with triethyL-

aluminÍum aE 473K, al-though the resulËing product aPpears to have been

produced from an olefin not Present in Èhe original solution, buË one

24
formed from doubl-e bond migration. hlhen the reactívitíes of n-al-k-l--

enes and al-k-2-enes wiËh diethylaluminium hydríde are comPared with the

reactÍvity of n-a1-k-1-enes with triethylalurniniums, it appears that al-k-

2-enes should react r¿ith Ëriethylal-umÍnium, a1-though at a reduced raËe.

Possible mechanisms for the nucleophilíc addition of covalent
25

organomeËall-íc comPonents r,rrere first proposed by Dessey. The crucÍal

factor is Lhe role of the metal atom. Specifíca1-ly for aluminium, Ëhe

nechanisms are
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ô+ ô-
Al- R

6+ ô-
Al- R

1 1
^--rt--(-
6- ô+

c-c

D

Extreme cases are Èhe nucl-eophílic atÈack of an electron rích

carbon on the metal (À), a nucleophílíc attack of a carbaníoníc líke

a1kyl group Lo an electropo.sítive atom (g), and the formatíon of a

complex (l). The intermedíate case (C) Ínvolves concerted nucl-eophÍlic

attacks and ís usually postul-ated as a transítion state.

As mentÍoned prevíously, low á factor:s for the addítíon of ttie-

thyl-aluminíum to n-al-k-l--enes have, sínce 1963 ' been i.nterpreËed in

terms of a four-centre transition staËe (C), preceded by a n comPlex (n).

Reasons for prefeming the formation of D to mechanism B are based on the

effect of complexíng solvents and wi-Il be discussed ín Section V. The

formation of D Ín preference to the reaction proceedÍng via mechanism

A ís based on the fact that, in alkenes, no significant charge Localiza-

tion occurs in the double bond. i^lith compounds such as nitriles, whích

have significanË charge separaËion along the unsaturated bond, mechanísm

A Ís much nrore lílce1-y.
26

In L968, llata reported evidence of an intramolecular complex

formed between an olefíníc double bond and alumínium. Infra-red and

p.m.ï. determinations índicated thaÈ such an lnteraction is present ín

cBA
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alk-4-enyldiÍsobutyl-aluminiums, but absent in the corresponding a1k-6-enyi-

and alk-7-enyl compounds. Intramolecular compl-exing was claÍmed because

Ëhe observed spectroscopÍc changes were independenÈ of concentration.

They also dÍ.sappeared Ín díeËhylether solution.

cH^
/'\

A1
+

H - C-Ç-
I

R

cH^
l"
cHz

ftøo poÍnts about this work need to be made. Firstly, a1-1 P.m.r.

spectra appear to be determÍned ín benzene. Thís is known Èo complex

wíth trialkylaluminiums, therefore some spectroscoplc changes could be

due Ëo thís complex rather than íntramolecular complexing. Secondly,

rnodels shorn¡ thaË alk-5-enylaluminium compounds should form a more stable

Íntramolecular complex than alk-4-enylalurrinium compounds, due to ühe

formatÍon of a six nembered.ri"g. The conclusíons Presented would be

more colvíncing if the specËroscopic changes had also been demonsËrated

to be present ín alk-5-eny1 but abserrt Ín a1k-3-eny1 alumíníum compounds.

I.lhíle the overall mechanísn for alkene addítion Ís generally accepted

as a î complex, followecl by a four-centre transiËíon sLaËe, several re-

actívíty facËors affectíng thÍs mechanism renain obscure. SpecíÍ.íeaLLy'

daËa on Ëhe effect of steric and eleetroníc factors are very slíght.
18

Hay et aL'- have reporËed kinetíc results on the addltíon of 3,3dímethyl--

but-l-ene v¡íth trÍethyla1-umínium, but their ÍnterPretation of the high



35.

II.1.

kin,et-ic parameËers observed (Tabl-e II.4) ín terms of a methyl shift Ís

unatËractíve because me.thyl shifts in hydr:ocarbons are rare at 400K.

1n order to try and evaluate some of the sÈeric and electronic

facÈors, ft was decided to investigate the kínetics of the addltion of

trieÈhylal¡nínium to 2-methylhept-1--ene (bul-ky, slíghtly e]-ectron dona-

tÍng) and styrene (bulky, electron withdrawing), and at the same tíme,

try and establ-Ísh the presence of the n complex.
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2. REACTION OF TRIETHYI,ALUHTNIII"I Ì¡ITTH 2 -METIIYLHEPT-1-ENB

2.L. Ilaterial Handlins

The extreme reactivity of triethylalumi"níum with air and moisture

necessitates specíal handl-ing and dispenslng techníques. In thÍs study

a vacuum line technique hras rrsed, but other workers have successful-ly

performed experíments using an inert-gas purged glove box. This can

be clumsy, however, when physical measurements need Ëo be taken, and is

always suscepËible to conËa¡rination due to the practícal impossibil-ity

of obtaining a completely air:tÍþht seal. Evacuatíon, and sealíng wíth

g1-ass el-jmínaËes all of Èhese disadvantages, but has íts ow'n disadvan-

tage ín being tedj.ous. Some workers also claim Êhat, under hígh vacuum,
27

triethyl-aluminium reacts with the glass wal.ls to evolve ethane, but

this has never been a problem in this laboratory. Before describíng

in detail- the purÍfícatÍon Ëechniques, a brief descriptíon of ti¡e vacuum

Líne used will be given.

The vacuuur apparatus employed ín thÍs work, shown schematically in

Fig. II.l-, consists of Èwo separate l-ínes that can be interconnected in

order to optimize tlne available pumpíng eapacity. An Edwards single

stage rotar-y oiL pump rn'âs usêd as the backing pump, and Èhis was connecterl

to tl^/o three stage mercury diffusion pumps, which ín turn led into Ëhe

Èr¿o manífolds. One manifol-d was resei:ved exclusively for evacuating

vessels that contained no frozen solvent. Springham ViËon rrArr greasel-ess

taps rrere used throughouË this ttexclusfve" manlfold to eliminate any grease
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contaminatíon and to rninÍmíze Leaks from grease streaks. The other

rnanifold contaÍned greased taps (Dow Corning IIígh Vacuum grease), and

was used for general purposes such as distillaËion of solvents and evac-

uating vessels contaÍníng solvents Èhat were lÍable t,o contaminate the

lLne. Às can be seen from Fíg. II.1, the diffusíon pumps can pump each

lÍne separately, or both can be connecLed to a singl-e manifol-d, either

in parallel, or in series if hígh capaciEy pumping was needed.

Evacuation \Àras asslsËed by usíng electrical he.ating tape to heat

the nanífolds and líberal use of llquid nitrogen traps. Pressures vlere

general-1y measured wÍth Edwards Pirani gauges, but for a hígh vacuum in

the excl-usive lÍne a G.E.C. IonizaËion gauge r,ras used. By these methods,

the average evacuatlon time of a vessel was reduced l¡y up to 50% when

compared to less elaboraËe apparaËus.

Puni ficati on o f Tríethy L aT.unirt ium

TríeËhylalurnínium r.¡as obtained from Ethyl- corporation, Texas,

U.S.A., in leeture boÈtles containing 200 gms of the alkyl under about

5 psi of nitrogen, frorn which it has to be removed, pu::ífícd and sealed

ín glass breakseals before it can be used further. The triethylaluminiur¡i

purífÍcation apparaËus is shor¿n in Fig. TI.2. The lecture boltle¡ suP-

porEed in an uprighL posÍtioD, \^tas connected Ëo a l-00 ml ' receivÍng

vessel by a length of high de.nsíty po1-yethylene tubing. ThÍs vessel was

Ín turn connected to a dÍspenser for eiËher nine or Len brealcseals. the
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vacuum takeoff was provideil wíth a safeti ilÂnomeÈer for anergencÍes.

Àf ter one hour of evacuatíon (10-1nt*-2) , the LaP to Ëhe líne rn¡as shuË

and the control- valve of the lecÈure bottle opened uery sJowly and care-

ful-ly, allowíng about 75 ml. of tríethylaluninium to run ÍnÈo Ëhe receiv-

ing vessel. The lecture bottle valve was then closed and the constríc-

tion aÈ A sealed Ëo form a complete glass apparatus. Thís was done as

molÈen glass seals are infÍnitely more reliable than po1-ythene/glass,

neËal/polythene or netal/meÈal seals.

The najor impurÍËy formed during the commercial s)'nËhesis of tri-
28

eÈhy1-aL:nÍníum is diethylaLuminium hydride. Since thís has a

higher boiling point than ÉriethylalumÍnÍun (¡JntrH exísts as a triater),

íÈ was felt that distíl1-atLon under reduced pressure would purify the

triethylak:minir:m sufficÍently for our Purpose. In order to accomplísh

thi-s, heptane vapour (b.p. 371K) was inËroduced ínto the ouËer jackeÈ,

after first outgassing the alkyl- by openíng the vessel to Ëhe líne for

about hal-f an hour. (The vapour pressure of triethylalumíniurn at room

Ëemperature ís negligÍbLe.) To assíst ín distÍllation the dispenser

was frozen with lÍquíil nitrogen (b.p. 77K). The disËi.llation r+as

stopped rqhen the residue started f.o clj-scolour (appr:oxinateLy 807" dís-

tilled) and the dÍ.spenser was sealed at constriction B. The distílled

a1ky1- was Lhen thawed and típped ínto breakseals which vrere Ëhen sealed

from the main dispenser.

The average amount ín each breakseal (7-10 mls.) vlas general-ly far

too rnuch as Ëhe kínetíc experÍmenÊs requíreil usually l mi-. or less per

run, and so iÈ \üas necessary to dÍvide each prepare<1 triethyl-aluminiun
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breakseal into smaller quantitíes. Thís !ùas accomplishecl using Ëhe

-1 -t
apparatus in Ïig. II.3. After evacuation (lhr, '10 "Nm "), the con-

strictÍon at A r¿as sealed and the 1-arge breakseal broicen by moving the

nickel steel- b::eaker agalnst the capí1Lary wíth a magnet' The Ëriethyl-

aluminíum was then tippe-d to the mark in the precalíbrated breakseal-s'

whích were then sealed from Ëhe díspenser. up to 20 cal-il¡rated break-

seals could be fíl1-ed usíng ttrÍs Ëype of apparatus. As triethylalumÍn-

íum ís rather a víscous liquid wich a J-ong drain time, the fíllíng proced"

ure could be very tedious, buË thÍs was overcome by slíghtly overfilling

the brealcseal ancl baclc dístilling the excess, usÍng a ver]¡ small' very

cool flame. The extreme reactivity of tríethylal-uminium with afr and

moÍsture necessíEated severaL specíal safety precautíons that r'r'ere

observed duríng íts manÍpulation' These ÌJere:

(1) Sealing of breakseals was never carrj-ed out with the contenËs

at 77K, as volatíle compounds, whÍch may be formed during Ëhe procedure,

wí11- be condensed and on thawing wí-11- subject Ëhe breakseal to a danger--

ously hÍgh pressure. such volatí1-e compouncls are ethyl-ene, from Lhe

pyrolysj,s of trieLhylalumj.nir:m (formed if seal-ing Ís carríeci out whÍlst

there ís stil-l a Lrace of a1-ky1- on the glass wall-s) , and ethane (formed

if traces of moístuïe are- sÈílI in the apparatus or in the lecture bottle) '

(2) l^Iater r¡7as never' used for thawhrg any solution contaíning trie-

thylaltrmínium and a ttdry chemíca]tt Ëypu of f ire extínguisher rvas always

standing by r^ilren manipulating large quantitj-es of reagent.
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(3) Large scale (10 rn1s.) manlpulaËíon of triethylalurninium \\ras

never carríed out I^liÈh6ut the plesence of at leasË one other person ín

the laboratory.

(4) DeacËívatíon of unwanted triethylaLr:miniuur solutlons was

achieved by dílution with cornmercial petroleum spíriË (b.p. 413-433K)

and left ín a fume hood for slow reaction r¡íth the atmosphere'

(5) Breakseals of Ëriethylah.rmínium r¿ere stored in vermiculj"te ín

a sealed, norr-ínflaur¡nabl-e plastic container fn a fume hood. The

l-ecture bottl-es l^Iere stored ln contaíners in a fire-proof room'

Purifieatíon of other conrpounds

(a) 2-MethyLhept-L-ene ("Purtrm" grade, Aldrích. Chern. Co. U.S"A')

The alkene r¡ras dríed over fresh calcÍum hydrÍde for 48 hours,

degassed (freeze, pumpr thaw) four times and vacuum dísüilled into

breakseals usíng the apparntus in Fig. II.4. Sampl-es of the purifíed

alkene, checked by gas chrcmatography, were shown to conËain l-ess than

0.3% Í.npuríÈy.

(b) PhenyLcycLoheæane (4.R. grade , PÍ.aLXz and Baur, N.Y" U.S.A.)

A similar proce.dure to Èhat used for 2-neËhylhePt-l--ene was used,

except thaË l¡ecause phenyl-cyclohexane adheres strongly to glass, the

freezíng mixture was <lry ice/aceËone (196i(). Due to contractíon'

coolíng to 77K invariabl-y fïactuïed the f1ask. The purifíed compound

r.r7as st-.ored ín gl-ass ampoules.
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(c) CyoLoheæøte ("Spectroscopícf' grade, Ilulca, Swtzld.)

The solvent was drfed oveu calclum hydrfde, degassed five tÍmes,

and vacuum dfstílled on to more calcir:n hydride. It t¿as stored under

vacuum over calcíum hydrlde, and vacuum disttl-led ínto breakseals when

necessary, using Ëhe apparatus ín Fig. II.4.
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2.2. P.m.r. MêâsúremeriÈs

P.m.r. specËroscopy is by far the best experimental techníque

available to follow reactíons such as the addítíon of triethylaluminíum

to alkenes. The dísadvantages of a gas chromatographíc samplÍng method

and dÍlatometry have been outlined before. Tnf.ra-red spectroscopy is

possible buL cannot be preferred Ëo,p.m.r. spectroscopy because resolu-

tíon of each conponent ín Èhe system is much better in the latter.

PracËical difficul-tíes assocíated wíth obtaíning a cell- consisting of

an Ínert materíal also aïe pïesent. P.m.r. is preferred to LL27 n m.ï.

because the line widths tn tL27 n.m.ï . a:.:e so much wider (1.5 g. for

Al-Et3 in 
^L27 

n.m.r. compared with tO-3-to-4 g. for p.m.r.), due to the

alurniníum nuclear spín of 512 and the attendant large electric dipole

moment.

trüe used p.m.r. spectroscopy very successfully in studyÍng the

reaction of tríethylalumíníum j.n hydrocarbon and dÍphenyl-ether soluÈíon.

P.m.r. specl-roscopy can also be used in the ínve.st.igatj-on of the cornplex

because there is a specËroscopíc parameter that change.s with the ma¡¡neËÍc,

and hence chemícal , envÍronment of Ëhe al-r:mj.nium aËom.

2,2.L. Tríethylalumínfum-Alk-1-ene fi Cory:l,ex

The p.m.r. spectrum of triethylaluniníum in cyclohexane ís shown

in Tig. II.5. Formatíon of a complex such âs â n complex will- have the

effect of decieasÍng Ëhe electronegatjvity of the alur,Ínium atc-ur e.rtd

thus alteríng the ínternal shíft (dirra) between the meËhylene quart'et and

the methyl trípleË.
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ínt

The dependence between elecÉronegatlvíty ancl inÈernal proton shift's of

ethyl derfvatir¡es r^ras fírst recognízed ín a quantiËíve manner by

29 30
Shoolery" and modified by Narashimhan to give the relaË1on

ElectronegativítY 0.62 ô + 2.07int

As the electronegatívíty of aluminium ís less than 2.O7, ôírrt tt"a b.

negative, inferrÍng thaË the methyl protons are less shielded than the

meÈhylene proËons, as observed. 0n conplexing, the group electroneg-

atlvíËy of alumÍníum ís decreased, therefore the absolute value of this

ínternal shift will íncrease. Thus the experíment consisted of measur-

lng ôint ín a l-:l- ratío of alkene to tríethylalumínium aË various con-

centrations ín cyclohexane.

The n.m.r. sarnples I¡/ere Prepared usíng the apparatus shown ín Fig.

II.6, whích íncorporated three ínput sídearns and three ouput sídearms

(two n,m.r., one "dump"). After evacrraËíon (1 hr, < 10-11¡o'-2) the

apparatus was seal-ed from the líne and the alkene and trieËhylaluminíum

breakseals, each contaíníng 0.007 mol v¡ere broken. The mixture was

típped to a predetermíned heíght in each n.m.r. tube and the residue

tlpped ínto the'ldurnpr'Èube, after whÍch the eycl-ohexane was dispenseci

ín a símilar fashíon to give a total volrrme in each n.m.r. tube of l-'6 nl'

ô 6ctt ôcn
2
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Vapour pressure calcul-ations show that a negligibl-e annount of reactant

and sol-vent are present in the vapour space above the lÍquid. The n.m.r.

tubes were then sealed off very careful-l-y to gÍve a s)rnmetrical head ín

order to avoíd precessÍon and subsequent shatterÍng when spun in t,he

p.m.r. probe. After rnixing, the Ëubes vüere stored at 253K, to suppress

any reaction, until they were requíred. The two tubes so prepared

contained triethylalumÍnÍum and alkene at 2.3M and l-.Llvf .

Values of ðirrt r"t. recorded for the Èwo tubes at Ëemperatures

rangíng fron 302K to 2l3K on a VarÍan Assocíates DA-IL 6Ol{Hz.N.M.R.

spectrometer. If the formatíon of Ëhe complex Ís exothermic, the con-

centratíon of the compl-ex wÍ11- increase wíth decreasing temperature.

No sígnificant change tt ôíoa, however, couLd be detected over Ëhe Ëem-

perat,ure range covered. As the Èemperature decreased, the on1-y effect

observed r¡as the broadeníng, folJ-owed by coalescence of the methyLene

quartet, due Ëo the fact Ëhat the life-ËÍme of the alkyl groups ín the

brídgíng and terminal posÍËíons was beconíng longer. The sËudy proved

inconclusive because, whíle no significant concentratíon of T complex

was found, it could stil-l- be preseni as a reactíon intermediate, at very

mall concentratíon.

2.2.2. Addítion of TrÍethylalurniriirin Ëo 2-I[éthVl-hêpË-1-ene

The reaction to be followed is;
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AlEr3*HrC=C -> Eí|LL - CHz - cH3

11
....(8)

Trans-eljminaËion of dÍethylalumínium hydriile to gíve a product alkene,

as is observed i¡ n-a1k-l--enes, ís not possible in this case.

The disappearance of the peak due to the vinyl proton resonance

of 2-methyl-hept-1-ene, Ìfas selected as the means of foll-owing the

reaction. A high resolution p.rn.r. spectrum shows the vinyl- peak to

be split, due to the fact that the carbon-carbon double bond is rigíd'

and that there are ÈÍro dífferent a1kyl groups aËtached, Ëhus creatíng

slíghtly dÍfferent magnetlc environments for the two proËons.

The main advantage of usíng the vinyl peak to foll-or¿ the reaction

is that Íts resonance is well away (ô = 5.1-) from other peaks in an

al-kene specËrum (ô = 1-2), and is Ëhus easil-y dísËínguished and íntegrated.

Its maín di.sadvanËage líes Ín the fact thaË the ratío of vinyL Protons

to other types of protons in the systen J-s sxnall-, and thus only a sma1l

resonance ís observed.

To obtain meaningful integral-s, the integrator gain on the instru-

ment has to be high, resulting in a less accurate value Ëhan woul-d be Ëhe

case with other protons, but this was partLy overcome by carefuJ- tunÍng

of the ínstrrment and averagíng several integral determinatíons. To

cH3 Ë

sHttH
5

c

E
I

c
I

c
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ïelate one íntegral- to another at a differeriÉ time, it Ís necessary to

have an integral standard Ín the n.m.r. tube whose concenËration does

not change with time. Iühil-e the peaks of ehe sLandard and reactant

must noË overlap 1t is advÍsable ËhaË theír ctremical shifLs shall be

as close as pclssible Ín order to reduce phasing errors in Ëhe insÈrumenÈ.

Aromatíc pïoËons are ideal- for this purpose, but aromatíc solvents geil-

eral-l-y complex wiËh the Èriethylaluminir:m alteríng the posítíon of the

monomer-dimer equíl-tbríum. .An ínvesËigatíon (Section II.3.3.1.)

reveal-ed that the aromatic compounds containíng lar:ge substítuenÈs com-

pLexed to a lesser degree than small or no substítuents, and ít was

found that phenylcyclohexane altered the value of ôirrt the least of the

aromatics investígated. The srnal-l change io 6írra that díd occur'

índícated that Ëhe monomer-dímer equiLíbrir¡rn of trÍethylal-uminir:m is

not changed to a neasureable extenË in Ëhe presence of a small concen-

tration of phenylcycl-ohexane. Therefore the aromatÍc proton resonances

of phenyl-cyclohexane 1l7ere chosen as the inËegratÍon standard.

Preparation of tubes

N.m.r. tubes (five for each temperature) each had a set amount of

phenyl-cyclohe:<ane weíghed into them prior to seal-íng on to the outlet

arms of an apparatus símÍ14ï Lo Tig. T'I.6. Triethylalumínium and 2-

methylhept-l--ene were contaÍned ín breakseaJ-s on the Ínput arms.
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Triple de-gassíng of the phenylcycl-ohexane fol-l-owed, using a dry

ice/acetone f.reezíng mixÈure for the reasons mentioned previously'

(II.2.1.) The apparatus \47as then'sealecl off from the vacuum 1íne, the

phenylcyclohexane thawed and the t.ríethylal-uminium breakseal l¡rolcen.

Fo1-lowi-ng thís the allcyl was díspensed ínto each n.m.r. tube to a pre-

determíned height, with the residue beíng tipped into a "dump" tube.

This lras an n.m.r. tube if a triethylalumínÍum purÍty check r^las Decess-

âxy, (e.g. first batch of a new l-ecture bottle) and sealed off from the

apparatus. The alkene breakseal- was then broken and the alkene dís-

pensed to a pl:edetermined heíght. Each n,m.r. tube contaíned dífferent

volumes of alkyJ- and alkene, buL the total volume remaíned constant

(1.4 mf.). tr{hen draíuíng was complete, the tubes were sealed carefully'

aLl-owed Ëo cool, mixed, and stored at 253K untÍ1 measured.

Kine't íe me q,sur. ement s

P.m.r. spectra were determíned for each tube using a varía[

Àssociates DA-IL 60 UHåspectrometeT at a probe tempeTature of 302K.

The initiaL (zexo time) spectrtun r,ras recorded wj-th the centre resonance

of the triethyl-al-r¡mínium rnethyl- Ëïiplet oT one of the non-aromatíc

resonances of the phenyl.cyclohexane as the internal lock, offset L05Hz

downfíel-d. A 5O0Ii¿sr,rreep Ëhus scanned from 395H'clownfield of the l-ock

to 105H'upfíe1d. À composíte spectrum, Í.e. two spectra combÍned Eo

elímíriace the lock sígnal, is shown in tr'ig. TT.7. At least three

Íntegral sv¡eeps in the same direcLíon ¡^rere made over the aromatic, vínyl ,
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and triethyLal-r:ninÍurn methylene resoruinces and the Ínitíal conceritratíons

calculated from the relationships;

alkene vínyL integral
[alkene]o = lphenylcyclohexane]

phen, cycl-. inËegral

Al nethylene ÍnËegral
[A]-2Et6lo = [phenylcyclohexane]

phen. cyel-. Íntegral

The n.m.r. tubes were Èhen pl-aced Ín an oí1 bath (voluta 45) at

the requíred temperature for a seÈ tíme, depending on the ËenperaËure'

cool-ed, and stored at 253K unËi1 measured. As it was not necessary to

measuïe the concentratÍon of tríethylaluniníum throughout the reaction,

subsequent spectra were recorded slightly differenËly. The internal

lock (central Al- rnethyl- or phenycycl-ohexane alkyl) was offset' L5O Hz

upfield and a 250 Hz scan recorded. ThÍs resulted ín the aromaÈic and

vÍny1 resonances beíng spaced further apart with the integrals more

sharply defined. The tubes i.t" then replaced ín Ëhe oil- bath and the

procedure repeaËed until a satisfacËory kínetíc curve of lalkene] vs time

was obÈained. At l-ow [alkene], the vinyl íntegral lías too sma1l to

provide accurate integrals when run on the same gain as that used.to

determine Èhe aromatic ínËegrals, and so the gaín v¡as íncreased by a

supposed factor of L0. AccuraËe calibratÍon of the decade switch with

5

2

5

L2
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the aromatic resonances revealed, however, thaË the acÈual factor rvas

1I.42. A Ëypical, gradatíon of the specËruD wÍÈh tÍme is shown in

Fíg. II.B and a representative plot of the alkene deeay Ís shown in

Fig. TT.9.

2.3. Result,s

In the case of alk-l-enes, the producE of reacËíon (B) undergoes

alkene elimination and the dial-kylal-uminir¡n hydride formed rapÍdly adds

a second molecule of reactant alkene. The rate of reaction ín Ëhese

cases can be fol-l-owed by observÍng the appearance of the vinyl reson-

ances of the product alkene or the disappearance of the reactant alkene

ones. In the laÈter case, a st.oichíometric co-effícient of t\À7o musË

be al-lowed for. \^Iith 2-methyl-hept-1-ene, no vinyl resonances of an

unsaturated producË appeared at any stage aud thus reaction (B) repres-

ents the total- reactíon. After very long reactíon tímes at 423K (one

week), the vinyl resonances could no longer be observed. This was taken

as indícatJ-ng that the reaction goes effeetively Èo completíon under the

conditíons used. The absence of vínyl resonarlces, other than those of

the reacËanË, Índicates that no ísomeriza.Líon occurred during the

course of the reaction. IsomerízaËíon of 2-methyl-pent-1-ene has been
18

reported ín both the presence and absence of tríethylaluminÍum at 406K'

This is unusual because, although such reactions are welL known, Èhey

normally occur on1-y at temperatures much hígher than 400K-450I(' or ín

the presence of specifÍc catalysts. Sampl-es of 2-methylhept-l--ene
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¡,,rere held at 423K for three days in l¡oth the presence and absence of

trieËhy1-aluminír:m. After hydrolysÍs, the samples were analysed by

gas chromatography but no ísomerizaËíon products could be detected,

thus confirming the evÍdence of the p.n.r. specËra that 2-methylhept-1-

ene does noË ísomerize under our eondítíons.

In Ëhe absence of sÍde, subsequent, or back reactíons, the rate

equaËion where the extent of tríethylal-umínÍum díssociaËíon is slight'

may be taken Ëo be:

u = -fl [a]-kenel ldt = Or.4
L

lAl2Er6l Ialkene]

where {¿ ís the equíl-Íbríum constant for the dissocíatíon of dímeric

triethyl-aluminíum (UU(r) ín Sectíon I) . ThÍs rate equaËíon Tilas con-

firmed by Ëhe external order of reacËion wiÈh respecÈ to Ëotal triethyl-

aluminium concentration. The plot of 1og uo/lalkene] against 1og
o

[A]-2Et6l o at 423K had a slope of 0.581 (s.e')0.1 (Fíg. II.10).

The stoíchiometric relationships are:
L

Kå

->
<- A]-ET

3
+ c8Eto

t-0 a, b

t=t a,-æ 12 bn-A

k

Lttruru
1

+ Product

m o

u

and the kinetic equatfon is:

m-a
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dyldt = -dlc'q.l ldt = kr(b+æ-y)(m-a)

The rel-ationship bet-ween æ and / is given by:

2
Kd = (b+*-y¡ /(a-æ12) (e)

The varÍabl-es in equatÍon (9) cannot be separaËed to give æ = .1"(Y),

so the foIl-owfng procedure rnra.s used. For each experimental value of y

the cubíc 1n ¡â was solved using SnÍËtrts vaLue of KU (see Section I),

resultíng in a series of poínËs (ænAo ). Cursory examínation showed

that whíle the s1-ope of a pl-ot of ø vs A wa.s approxin'.ately unity uP Ëo

1OZ conversion, after this, sÍgnificant deviation occurred, prevenÈlng

any símplíficaLion of the calculatlons obtained by assuming æ = A. Up

to 60% conversíon Èhe poínts could satísfactoril-y be described as a para-

boLa and were fitted Èo a second clegree polynomial, usÍng an o::thogonal

Íteratíon technique (Appendix I) on a CDC 6400 computer to give

2æ=pa +qA+T

The ki-netic equatíon Ëhus becomes:

-dlc*Hr6l ldt = ðyldt = kr(a+py2+(q-L)y+t')(m-g)
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which on rearrangement becomes a standard Íntegral of the type:

au /(fa+ù @y2+by+c) = kat

A computer progra¡mne rras wrítËen in Fortran IV to accoroplÍsh the inte-

gration (Appendix II), yieldÍng pJ-oEs of whfch Fig. II.11 is a typical

exanpl-e. The 1ine, which Ís weíghËed to pass Ëhrough the orígin' is

shown vriÈh Íts 907. eonf.idence limits. For all runs, the rlata fj-tted

wel-1 with few poinÈs outsíde tlne 901l confide;nce 1ímíts. These l-1míts

were computed from the relatíon"hipr37

L

1
+

n

(æ -æ)
r_

zn (û,-ã)z
1=1 r 

-l
....(10)

UcL = values of the confídence limiËs at point æiyí

ã=r."ttævalue

so = standard error of y, from the linear regression 1ine.

t=EtestparameËer

a = probabillty par:a,meter (ín thís case 0.9)

Cal-culaËed values of the rate co-efficients determíned at five tempera-

tures between 398K and 423K are shown in Table II.1. As can be seen, the

ucr= uittLu(n-2)'.So
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TABLE II.1.
2,-ì'fethylhe.pt-1-*ene rate data

.28ß ! .047

.2520

.2059

.3370

.3474

.274t+

0 .658

0.91_0

L.440

L.276

1- .631

4.L90

3.473

3.661

2.932

2.L69

423

,I7zt t .o22

.L278

.1893

.L92L

L.zLO

L.220

1_.991

3.9L6

3.3L2

1.875

418

.L2s6 ! .030

.LV92

.0964

.1134

.1558

.1033

L.567

L,923

1 .609

2.026

2 .000

3.BBO

3.591

3.483

2.O48

3 .020

4r3

.10a3 1.009

.1-1_68

.1133

.104.3

.0802.

.t067

1.315

0.94L

0.898

1.990

L.706

3.L74

3 .t+7 8

2,264

2.393

1.586

403

.032+ t .007

.0284

.o283

.0515

.0368

.041-8

1 .500

L.428

L.235

L.824

L.529

4.O92

3.062

2.L89

2.923

1.849

398

twe k,? -1 -1kr/drn-rnol ^hr -
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Tenp/K
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the raËe co-efficients shor"¡ onLy a smal1 random scaÈter r¡hile the con'-

cenËraËion ratÍo varíed from 0.5 to 2.0.

The Arrhenius p1-oË is shown in FÍg. (II.L2), and the determined

kinetic parameters are

A. = LO7 '610'2(s'e')dr3 orol

'E = 95.011-.3(s"e.)kJ rnol-l

-L -1
S
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3. .REACTION OF TRIETI-iYLAI, IIMINIIM tr'rTTI STYRENE

3.1. Preparat ion of N.M.R. Tubes

Tríethylaluminir:m and cyclohexane were purified as ntentioned pre-

viousl_y. SËyrene (4.R. grarle, B.D.H. (Aust.) Ltd. r) was puríf ied

using a símilar technique to thaL used for 2-urethylhept-1-ene. The

n.m.r. tubes trsecl for kj.netic runs T¡Iere al-so pre.pared usÍng a simil'ar

technÍque to that usecl for 2-methylhept-1-ene, except thaf the amount

of styrene Ín each tube was knowrl accurately by tippÍ-ng the sËy:r:ene in

first and measuring the height in each n.rn.r. tube w:ith a caËhetometer'

Tríethyl-aluminium and cyclohexane (if neede-d) were then dispensed and

the tubes sealed off from the maín díspenser. The actual volurne of

líquid ín each tube was cal-culaÈed frou the total- height of 1'íquÍd and

the díameËer of then.m.r. tube.

Duríng preparatÍon of the tubes for deÈermining the characËerÍstÍcs

of the triethylal-r:mínium-styrene complexes, the volumes added v/ere riot

accuraËely measured, as Èhe on1-y conientratíon parameËer reqtlired -

lstyrene]/[A]-Ilt3] - hras determíned direcÈly from the p.n.r. spectTa.

3.2.

3.2.L,

P.m, r. measurernents

TrieÈhy l¿iLumíníum-S Èvr érie Cotop l-ex

Ten tubes were prepared containing Istyrene]/tAl] ratios ranging_

fron 0 .LlL to 73.5|L and their p.m.r. spectra measured. The triethyl--

al-uminium rnethyl tríplet, offseË 105Hzwas used as the Ínternal- lock, and



's6.

rr.3.

a 500Hzscan recorded. InÈegration over the styrene aromaËíc resonances

and tríeËhylaluminium methylene resonances yÍelde<l Èhe concentratíon

rati.o:

[Styrene] styrene aromati'c lntegral-

lal_Er3l A1 urethylene j.nÈegral

When this had þe-en recorded, the inÈernal lock was shífËecl Èo the

aromaÈic sÈyrene resonances, offset 500Hb and the triethylaluminium

rnethyl- and methylene resonances recorded on a 25OHzsvleep, gíving values

for the Ínternal chemícaL shift, ðíot (see Fig. II.5')

3.2.2. AddiËion of Triethvlal.uminium to Stvrene

In most of the kineÈÍc runs, only the reacl-anLs (styrene and trÍ-

eËhylal-uminíun) Ìüere Present in the tube and Lheír volumes were known

accurately from height. measurements. The only exceptíon was the run

at 40BK r+hich needed Ëhe styrene concentratÍon constant to determine the

order with respect to trietliylaluroÍníum, anrl so cyclohexane was used Ëo

bring the vol-ume of each tube Èo 1.6 nrl-. It I{as assumed by analogy

with the triethylal-uminium/díphenylether/n-oct-1-ene system, thaË cyelo-

hexane rvoul-d have no effect on the rate of reaction and thís seemed Ëo be

justÍfíed in retrospect when the Arrhenius plot was examined.

6

5
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During ttre course of the reaction the numbe.r of aromatic protons

ín the sysËem does not change, and so their íntegral provided a conven-

ient reference. The kínetíc run rnras performed ín a símí1ar fashÍon to

that aLready descríbed for 2-urethylhept-1-ene' excePË Lhat' in thls

case, a product vínyl ïesonance appeared (!'íg. II.13). Thís resonance

was consistent wíth the product beíng B-ethylstyre-ne. At higher con-

verSions a second product resonance very close Ëo Ëhe first, be-eame

apparent. this was assigned to the other $-ethylstyrene stereoísoner.

From the chemical shífËs of the t\^ro resonances Ít was inferred that the

major product was cis$-ethy1-styrene. ThÍs cannoË be confirmed by

measuring the couplíng constants between components of each resonancet

as by the stage of the seeond peak ís aPparent, the reactíon has pro-

ceeded Èo such a degree that Èhe reactÍon mixËure Ís s1-ightly víscous

and p.n.r. resolution Ís low (see bel-ow).

ConcentraÈions throughout the reaction r,rere obÈained using the

f olIowíng relatíonships :

Istyrene], = [stYreneJo
react- vinyl- integral

aromatic íntegral

l$:ethylstyrene], = [stYreneJo
product vinyl íntegral

aromatic inËegral-

Only the rrpfj-eld quarteL of víny1 resonances (terminal protons) was used

to calculaÈe the concentraÈion of styrene. Plots of reacta-nt decay and

:
2

5

2
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product apPearance are sho!,tn on Fig. II.l-4. If the mechanj-sm presenÈed

above ís the only one operatíng, the ratio of reactant decay to product

appearance should apptoaeh 2. an examination of Fíg. II.14 shows'

however, that this ratio ís greater than 2. ThÍs fact, as we1-1- as the

lncreased viscosity noted earlier, ís because styrene undergoes thermal-

pol-ymeriza.tion at the Ëemperatures of reaction, (373K-408K). ReactauË

decay, therefore, ís not a re1íabl-e indicator of the rate of additíon

and consequently product coficentral-íons were used ín calculating kÍnetic

results. In addition, to míníníze the effect of polymexization, aLL

kLnetic daËa were calculated fro¡r reacËion daËa col-le.cËed beLow 20"/.

conversion.
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3.3. Results

3.3.1. TrÍethy lalumirt ium-S tyrene ComPl-ex

Fíg. 1I.15 shows the plot of the internal shifË of trÍethylaluminium

proton resonances (nrrra) vers¡rs the concentra.tion ratío Istyrene]/[A1Et3i

at 302K and at 323I( before any reacËÍon occurred. IË ís apparenË that

a 1:l- complex between triethylalurnínj-um and styrr-..ne is formed, alÈhotrgh

the equí.librium constant for íts formation (¡r) is probably not large

at any partÍcular ratio. The magnitrrde of 6Írr, is determÍ.necl not only

from the value of KS, but also from the chauge of t;he e-lectronegatíviÈy

of the aluminíum that complexí-ng bríngs al¡out. The latter can be found

by deËerminíng the l-i.mítíng internal chemical- shift at hÍgh [clonor]/

[41-Et3] ratíos (see Sectí.on III). UnfortunaÈely, ín this case' the

magnÍtude of ôirra ís very small, magnifyíng any ínstrrrmental measuring

errors, and ít ís ÍmpossÍble Ëo <letermine if the hígh [styrene]/[A1"Et3]

ratíos measured, approach 6oo or are stil,l ínc::easing due to a low.Kr.

In any case, the method developed for cleterurinj-ng KS from ôo (fr:ee

LLZETì, ôirrt, anrl ôo, (as descríbed in Section III) ís not accurate

elough with i.nternal chenical shÍfË changes of the maguít-ude presented

here, because srnall erïofs ít ôirra are greal-l-y exaggerated. A prelirn'-

ínary cal-culaLion shor¡ed that a K, val-ue estirnated using ô.rra values

-2
coul-d noË be ðeténnirrecl closer than 2 orders of rnagnittde, viz' 1-0 1.

A beÈter estímate of .Kr, Ancl at a reaetí.on tempelature' Iüas made

frorn the observed. order rvith respect to total- tr:i-ethylaluninitun concert-

tration aL 408K. The equi.líbrium c.oncentration of uncornplexe<l mononer,

lAlEtrl , is very srnall, and so the cquilíbriuÍn concentra.tíons of AItËtU
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and complex (AlEËr:CUH*) may be taken as

åar EU
2

ls

6+c'Hg Ì AlEË3:CrH*

alT e*a" d,-ct

where ø Ís the total concen,tratíon c¡f triethylaluminj-um compounds cal-

culated as monoltrer, and ¿ is the concenLration of styrene ín excess of

a,. The equilil-¡riunr constant is gíven by

d,-d,
Ks

(a/z¡' (e+a) ...'(n¡

The external order of reaction wíth respect to total Ërí.ethyIalumínium

concentratÍon was estimaÈed from a p1-oL of log inítjal rate (Uo)

agaÍnsË cl at constant sËyïene concentration. The inítíal" rate rnras

found to be gíven by

0.73
aPp

As the reactíon proceeds via the compl-ex or the unassociated

monomer, (a reactive dimer car¡ be discounted ímmedíate1-y), the order

wíth respect to total conce'ntration of triethylah:minium, depends on fhe

relaLive concenLrations of monomerfc and dímeric forms" llhen a+o,, ttre

o,ü =K
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reactíon is half order, with respect to total tríethylah¡ninÍum

concentration. The símplest of the famíly of phenomenologícal

eguaÈions represenÈíng this behavíour is

oå + (a-o)
7

. . . .(12)n
o.

EquaÈíons (11) and (12) were solved nnrnerically for n = 0.73 by

-2
ËesËíng 100 values of K, beuween 10 and 1 rvÍËh the data obtaÍned

at. 408K. The best fiL was obtained w1Ëh .I1, = o.L7 ¿*å *orå. The

sensítívlty of lhe kinetÍc parameters ultÍmately calculated to the

value of K, r.ras also tested. It was f ound that a tenf old change

in K, índuced only a L2i4 change ín the rate co-efficíerrt of Ëhe rate

determining sÈep. The rate parameËers are obviously wel-l screened

from uncertaj-ntíes and errors in the value of Kr. As Ís the case

with other weak n complexes (Sectíon IIT-.2)r 1(, Ís relatívely Ínsens-

ítíve Èo temperature changes (Irig. II.15). Con.sequently, the value
al

of 0. L7 dll,l *oi2 r"" used in calculatfng trhe rate parameLers over Ëhe

temperaËure range ernployed (373K-408K).

Two possíbil-itíes as to the structure of the compl-ex exísË. It

may be eíther an aromatic n' compi-ex (I) or a vinyl- n compl-ex (II)
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Et EtEt Et

\î/
AI

1

Ët

I

A

1

H =Ct{Z
HrC: C H -C6

5

Ttr
ülhen compared wlth Ëhe same concentraËion of pure sËyrene, Ehe

vinyl resonances of a 0.1-/1 raËío of [styrøre] [41] shifte-d 2.Bllz down-

field and graduall-y moved upfield as the ratio of styrene increased,

í.e. percent of styrene complexed decreased whí1st the aromatíc protoirs

shifted 5.9 Hz downfield and gradual-ly moved up as the raÈio of styrene

lncreased. It tirus appears thaË the compLex ls of type I. If this

is the case, other aromatÍc compounds should also fo:m donor complexes

with tríeLhy1al-unfníum.

Five n.m.r. Èubes !üere prepared usÍng the same appara.Lus shclwn in

1íg. II.6, each tube contaÍning L0% triethylal-urnínir:m ín benzene, phenyl-

cycl-oho<ane,tol-uene, o-xylene, and mesítylene respecËívely. Phenyl--

cyclohexane, being so1íd, was weíghed i-nto the tube before sealÍng on

to the dfspense.r. A1-1 of the other solvents were added vía a breakseal-.

The internal- chemlcal shif t of the Èri-eËhylahminíum (ô.rrr) was

measured for all- tubes aX 302K. Table II.2 shows Ëhe values of ôiot

obtained.

H
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TABLE TT.2.

Aromati.c complexes

4A.3

42.9

4L.0

43.6

42.4

42.s

cyclohexane

benzene

phenylcyclohexane

toluene

o-xylene

mesítylene

-ô ttt,intsolvenË

Thus aromatic compounds f orm complexes wíth trÍethylaltrmÍnium, atrcl

iÈ appears that two effects Ínfluence the degree of compl-exíng. A1ky1

subsËíËuents íncrease the electron density of ttre benzene ring, and so

fncrease Èhe degree of compl-exing. Opposing this is the fact that

alkyl subsËítuents increase steric hindrance arou,nd the aromatic rÍng.

A slngl-e a1kyl group appears to be the opÈÍrnum degree of subsËítuËion.

A recent calorimetríc study.of triethylalurnírríun in. rnesitylene has con-
31

fírmed the presence of a donor complex in Èhis solvenË.

The postulated aromatic n eomplex with styrene ís thus shown to be

a reasonable assígnment. Thís is supported by Ëhe fact that, in spÍte

of many efforËs, no apprecíable conceriÈrations of a vínyl n cornplex have

ever be-en de-rnonsËrated (e .g. Z-methyl-hept-l-ene) .
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3.3 .2. Kinetí.cs of the additÍon reaction

Two hypotheses were tested: thaÈ the reaction proceeded predom-

ÍnateLy from the unassocÍated monomer' or predominately through the

compLex I. A reactive AlrEtU diner is negtected as also ís the hypoËh-

esÍs of concurrenË mechanisms. Thís latter rejectÍon wí11- be jusÈÍfied

later. The stoÍchiometric relatíonshíps are

t=0

t=0
t=t

\a1wu + cBHB ¿

kz

I + produets

e0

products

0

u

a b

l(s

kt
->

L_J.
l/-l/ a-æ12 b-A-æ c-A+æ A

2
K -++d

A1Er3 + CSHB

mb

m b-A-æ

At sma1l extents of reactiotL, m nay be assumed to be constant and the

two alternative rate equations are thus:

=d[cBH8] llt = dyldt = k{ (b-a-æ)

and

=dlCgIIBl ldt = dyldt = k, (c-y+æ)

The relatÍonship between y ard r Ís obtaÍned from the equÍlibríurn
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(e-A+æ)

K,
L(a-æ/2) (b-u-s)

ín a sÍmilar fashíon to thaË al-ready descrÍbed for 2-meËhylhept-1-ene,

to gfve

6 = pyz+gy+x

The rate equatí.ons are thus

dyldt, = k{ (b-o-pa2-(s+L)a) ....(1-4)

and

dyldt = k, (c+py2 +(g-L)y+r')

which are both stándard integrals of the forrr

,
dal(aa'+bY+c) = 7r¿¡

The compuËer prograrn used to calculate the inËegrated values hras very

simil-ar to Appenclíx II and a typícal p1oÈ for the íntegrated form of

equation (14) is shown Ín Fig. IX16. Calculated rate co-efficients

beËween 373K and 408K for both mechan,Ísns are gÍven in Table II.3. and

Arrhenius plots in Fig" II.17. Least squares regressÍon yields the

kÍnetic parameters

k i E = 66 .7 !0.6 (s.e. )kJ rnol-L
1

A = Lo4.5 to.1(s.e.)¿*3,o1-1"-1

E = t09.3t4(s.e.) kJ mol

.4 = 109.510.7(s.e.) s-l-

k2 -1
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TAtsLE IT.3.
St¡rr:ene rate data

.l+72çt.0/'o

L.620
L.370
0. 990
0.920
0.690
0.460
0.280

4.370
4.370
4.370
4.370
4.370
4.370
4.370

408 .4446
.4320
.4734
.4092
.4{+04
.3630
.325.8

.L7 s!.049.L976!.O46

0 .298
0 .551-
1.061
L.99L
0.327

8.032
7.492
6.2L4
3.998
9.626

403 .L77
.263
.202

'or1

.1436

.2637

.247L

.1_930

.1401_

.097+..025.L62L!.046

0.362
0.362
0.362
o.362
0.362

1.48L
2.592
2.963
4.886
5.926

398 .0t+7
.LL6
.084
.1_11_

.L27

.2332

.2tL7

.L466

.1_189

.1104

.06 71 .015,L365!.022

0.707
0.542
o.747
1.1_86

0.466

7 .Q67
7.4sr
6.963
5.9L7
6.082

393 .073
.033
.067
.07 4
.097

.1354

.0472

.09r"6

.1686

.1507

.020r .006.'0855t.002

1 . r_68

i_.382
1".250
2.032
L.294

5.959
s.449
5.765
3.902
5.7L5

383 .023
.018
,o29
.008
.o22

.0870

.0851_

.0857

.0798

.0905

.01_31.005.05 1 7t .016

o.275
0.507
0.947
t_.850
3 .078

8.08_5
7.532
6.48s
4.335
L.41-2

373 .020
.01-1
.020
.007
.009

.0735

.0305
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.0591

.031-7
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4, DISCUS SION OF'}ÍEC}IANISM

The results presented in SecLion II.3. show that the addítion of

trÍethyl-aluminlum Ëo sÈyrene leads Èo ethylaÈíon of the l-east substituted

olefinic ca¡:bon a¡orn. In thís ïespecË sÈyrene differs from the oËher

alkenes, but thÍs is not surprisj-ng as sÈyrene has an electron-wíÈhdraw-

Íng phenyl. substituent whil-e saturatecl a1-ky1- groups are electron-donating-

Thís behavi.our is consisËent w1Ëh Èhat of phenyl substítuted ethylenes
32" 33

wíth most other reactÍve organomeLallic reagents. ' 0n1y in the case

of dj.a1-kyl-aluminirun hydrides have both modes of an aclcliUi.on been report-

"d.'U 
ÀlËhough a reaction path invol-ving the aromaÈíc n coinplex (I)

cannoÈ be entírely excl-uded on kÍnetic grounds, ÍL seems unlík'e1"y' As

it is ao aronatíc n compLex, a non-dissocíaËíve reacËion path to any

hypothetícal transítion state would involve very extensí.ve rearrangemenf.

The putatíve enthalpy of activaËíon for the reactÍon of I- directly by

f irst order lcinetics is very nieln (caLlo kJ to1-1) , and it is unl-ikeJ-y

to be coarpe¡Í-Live wíth a díssociation mechanism proceeding via Lhe trí-

ethyl-a1-r:míni.r¡n monomer. The possibilíty that the t¡'ro mechanísms are

concurrent can also be discounted from the observaËÍon that, althougil

the two mechanisms must surel.y have quite large differences Ín thej-r

enthalpy and errtropy of aetivation, the calculated par:ameÈers obey the

Arrhenius equation. We are thus led to the conclusion that the kinetics

of the reactíon are best e:rplai.ned in ter:ns of a mechanísm involving

A1Et3 as the sole reagent ancf the. aromatÍc n conplex (I) is not an

ínterme<1iate.
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Às discussed prevíously (Section II.1-.2) the kinetíc parameters

for trÍethyla1-urníníun addition to allcenes are usually interpreted Ín

Èeïms of a reactlon path proceeding through a vÍn¡rf n complex (III) to

a four-centre transitíon state (IV)

I
J.

cHzEr3Al- {- RCII = ->
<-

3t
Surith) the val-ues of 1"og

19

d are used (ÀLl-en and Byers instead of

are Íncreased by ca. 1.1 and E by 10 kJ

RCH

À18

+
+cHz

t3
TY

CIlRET

IV

zLL Crz

III
+

Er2A1CH2CHRIr

The extant data f.or k, in liquid solution are gÍven in Table II.4.

If the aLternaËive values of K

A
L0-"

-1moI

I^lhen the daËa deLermined here are combined wiËh the other values

for the ki.neLíc parameters for addítion that are avallable in the liUer-

ature, the trends in the Arrhenius parameters are apparent and the pro-

posed mechanism can be subjected to crítical examinaLíon. It is known

from earlier data thaÈ both Arrheníus parameters lncrease with ínc::easiug

size of the alkene. ExamÍnation of Table II.4 sho¡vs that the factor is

steric: the Arrhenius parameters are hígliest for the 1r1 - disubstítuËed

ethyl-enes and the alkene that is branched at C3. It ís unusual fol sterÍc
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TABLE TT..4.

Al-lcene Arrhenius Parameters

ai Recalcul-ated from the data or:iginally presenËed using /(U values

appropriate to the l-iquid state.

Note: 1-ogr'zl values íncrease by ca l-.1 Íf val.ues from ref . (1-9) are

L7a

L7a

L7a

:-7a

lga

1ga

lga

18a

]-9,20

this work

this work

1Ba

50. 6

54.8

63.1

62.3

66

60

94.7

65 .5

68.6

95.0

66.7

63.3

3.3

3.6

4.6

4.8

4.s

3.8

7.4

4,6

5.3

7.6

4.5

2.6

Propene

but-l--ene

pent-1-ene

hex-1-ene

3-meËhylpenË-1-ene

4-rnethylpenL-1-ene

3, 3-dinethylbut -1--ene

oct-1-ene

2-rnethylhep t-1-ene

sËyrene

cyclohexene

ref.-1E/kJ mol-
A

1o810
3 -1

dm mo1

used ínstead of ref. (31) .
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effects to lead to an increase ín the Arrheníus A factor because ít ls

generally assumed that Lhey lorver an already negatÍve entropy of aetiva-

tíon due to a decrease ín the contributíons of some group rot,ations j.n

the Ëransítíon "t-"t".35 The hígh ArrhenÍus parameters observed with

alkenes vrith eíther trvo subsËituents atLached to the <loubl-e- bond or one

bulky substituenË can be account,ed for íf ÍË is assumed there is a change

1n the rate conLrolling step of the reactíor-r path. In ttie case of n-

alk-l-enes and alk-l--enes branched on carbon atoms remote from the doubl-e

bond, the slow step ís the passage of the n cornpl-ex (II| through a four-

centre transitÍon sËate (IV) (FÍg. II.18a). The l-ow ,4 facËors can be

explaÍned qualÍtativel-y by attrj-butíng them to the loss of translational

and rotatÍonal degrees of freedom in the four-cenËre Ëransítíon sËate.

AttempËs to malce a semiquantitatÍve assessment of the absolute magnitude

of .4 using this rnodel- sugge-sË that the values ln Tal¡le II.4 are too l-ow,

ancl the hígher values that ¡¿ould arise íf Allen and Byers'l9 'ntln. of

.I(, was used in the calculations, ate furËher ínÈo the predicLed range.
d

Thís ís not, however, in ítself a su fficíenÊ reason for ínfl-uencíng Ëhe

clroice of values f.ot KU, Ëhe reasons for which are given ín Sectrl-on I.

Value.s of. A f.acxors predicLed from consideraËíons of models for the trarrs-

íÈÍon sÈate cannoË be reliable wÍthín less than an order of magnitude, and

ín the case of solutíon reacËions, too littl-e ís known about chauges ín

sol-vent sLructure Ín the envírorunent of the reacËÍng specíes for allowance

to be made for their effects. Absolute values notr,rrithstanding, Ëhe trend
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fn Arrhenlus parameters of fhe n-a11c-1"-enes and those allsenes branched

remote from the double bond, although small, is real. This effect is

also seen when alkene elímlnaËions from alkylaluminíums in the gas phase

are consídered" (fatte II"5.)

TAßLE II;5.

1l_

13

2L

111 .3

\L6.3

L25.9

tL.2

10.6

1,0 .5

Tr ii s obu üy1-a1-umÍníum

D ime thyl-n *bu ty 1-al-uminÍum

Triethyl-aluminíum

refE 4<J moI-11oe1o @ls'L)

For Ëhese elíminatíons a four-centre transÍtion sËate anal-agous Ëo thaË

proposed for the addition of HI to ísopropyl iodide has been postuLated

and índeed seems the on1-y vüay to explaín the relatívely l-ow uniruolecular
36

.4 f actors. The trend in the Àrrlienius parametel:s f or bottr the addítion

and the el-imínaÈíon can thus be ra.Ëionalized on the basls of steric

repul-sions uraking the four-centre transitÍon state somewhat t'loosert' Ín

l-he case of aLkenes wíth large sr:bstítuents, thus lncreasj-ng the '4

factor. These same sËeric repulsions would also reguire a hÍ'gher thermal

barrier to be overcome ín forming the transítj-on state, and therefore

ínc.reasilg the enthal-py of'acËívati-on, but Ëhis wilL be parËly offset by

the greater el-ectronic sÈabilízatÍon that larger a1-kyl groups provide'
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For 2-methylhept-1-ene and 3r3-dimethylbut-1-eue the ¿ factors

"lLare 10--10'hÍgher than for the other alkenes. Thís suggesËs a change

ín mechanísm and v,re propose that bulky subsËituents in the viciniËy of

the double bond increase the energy barrier for formation of the n

complex(fff)and that, j-n the Èwo cases under consideration this is suf-

ficient to make the formatÍon of III raÈe determining, with a reaction

profile sÍmilar to Fig. II.1B(b). The transition state for the rate

controlling step (fff*¡ can be visualízed as a sËructure similar Ëo III

but with looser int.eractions between the alu¡ninium äËom and alkene n

system. The observed differences in the ¡1 factors can be explaíned in

terms of group roËatíons per:nitted i.n III but blocked in (IV). These

rotatíons conÈribut,e about 64 J mol'1 ,o the entropy difference between

the two states.

4.1. Galculation of the Entropv difference IV -III
¿

Ior Ëhe calctrlaËíon, a símpJ-e equilj-briurÌr can be assumed to exíst

between the two states

Hz \Rt rrzq --- ç \R'

Erzlll 

- 

cHZ

RR

C=C

I
K

1-

A1_

ET

ET

IÏI

Et

IV

cH3
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In terms of statistícal thermodynarnic par:æteters, the equíllbrium

constant .K, is

o lB.r-E
ôrv e

K

ftrt

where Q is the molecular parËÍtion function for each molecule and Eo

ls the dífference Ín zero point energy beËween the Èi¡o states. To a

firsL approxj:natíon the zero poirrË energy Eo can be identÍ.fíed wíth the

sËandard enËhalpy difference AI/o and thus:

A,9O/R = órv/+rrre

Tlre molecular partítlon function can be factotized into several comPon-

ents:

0 iln fi
i=1

covering translation, vÍbration, rotatÍ.on, electroníc Ëransitions and

electronic and nuclear spín.

In Ëhe case under considerat-ion, the onty changes are ín tnå inter-

nal rotations of the molecule and, to a very small. exËent, in Ëhe vibra*

tional cha.racteristÍcs of the molecule. Thís latter can be discounted, as a
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four-cenËre strucËure has l.Íttle scope for índependent bond vibration, and

so r¡í11 contríbuËe a negligible amount to the enÈropy dffference, the

whol-e of which can be aËtrÍbuted Èo changes ín the ínternal rotations of

the mol-ecul-e.

ôrv firr, . rot (rv)

orn firrr. rot (III) ,

The single major group rotatÍon lost on goÍng III+-¡s the xotâ-

tion about the C3 axls of Èhe Al-Et' rotor. Its contribution to the

entropy r¡as de.termined as follor,¡s

The moment of ÍnertÍa of the rotor was cal-cul-aËed usíng an Al-C

boncl of 2.0 I and a c-c bond lengËh of 1.54 8. The ethyls were assumed

to be a point mass residing along the project.ion of the Al-C bond at Ëheír

centre of gravíty.

Et

tr



75.

II.4.

The partition functíon is given bY:

nLt krr
ac-I-

where k = BoLxzmann constant

? = absolute temPerature

h = Plankts constant

o = s)¡nmetry factor (ín this case 3)

This reduces Ëo

r =T rn.z,? = 3(29 . z.BLz . 
"ír,270.5) 

= 610 amu 82
t..l-l-l-=I

-2h:r
L

L

a
3.6 T

100

Tr fot f, in amu gz

Í.
d

For the A1EL3 rotor at 300Ki Q' = 5L.7 and Èhis corresponds to an ent-ropy

change of. 32.7 J no1-1. 0n goíng frorn III to IV an ethyl- roËation is

losË, but this Ís partly compensated for by the gaining of a rnethyl

rotation. Entropies for these rotors ale tabulated (S.W. Benson,

Thermochemical Kinetics, I,üíley, l-968r Tabl-e 410) and the nett chänge 1s

:1

10 J mol-'. Other rotations lost or partly 1osË are some of th.e
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alkyl group rotations

76.

that become more híndered as the carbon hybrid_

izatÍon changes fto^ spz to sp3, ruíth the corresponding ¿ecrease in the

angl-e beËween subsËÍtuents from r.20o dor.n to 109.5o. From some anal-
agous compounds listed by Bensonr'u 

"r estimaf-e of the contrÍbution to
the entropy dífference froln these hindered roÈatÍons is zl J mo1-1.

Another possible contrÍbution to the entropy dífference aríses from the

solvent medium, as even Ín a non-polar hydrocarbon medium, a change ín
polaríËy of the molecule on going from rrr-rv wÍl1 change the sol,¡ent

sheLl a líttl-e- The struct-ures do appear to Índicate that some polarity
change does occur but, as mentioned previously, too lítt1e ís known Ëo

ascribe a seË val-ue for the enËropy change. rn thÍs case, Ít is suggestec

thaË the effect ís surall-. The total estimated entropy change ís Lhus:

32.7 + l-O.O + 2I = 64 J mo1-l

As Lo9 ,oA vatí,es asñ/2.303.R, these entropy changes correspond. ,co

a change ín 1og 
rO,4 of 3.3. ThÍs ¡rust be regarded as a lower l-írnit due

to the intangÍb1e solvent environment effect.

The difference- Ín .4 . 
factors betr,¡een the lor,¡er alkene homologues and,

the híndered alkenes lies betr,ireen 103 aud J-04, so the agreemenË is quÍte
goocl ' For the liigher homologues (n-oct-l-ene for: exampl.e) the diff erence.

is not so great as the four-centre transitj.on state can be expected to be

looserr as staËed prevj-ously. Therefore not all of Ëhe calculatecl roEatÍons

wÍl-1 be lost.
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In conclusion, it, Ís apparent that the hÍ.gh A lactor for.3r3-

dirnethyl-but-1-ene ís neiËher unique nor anomal-ous as previously suggestud,tt

I^Ihen KU values obtaíned i.n liquid solution are used, the high á values

found with alkenes steríca1-J-y encumbered ín Èhe vicínity of the double

bond are quÍte consisËenË r¡ÍËh a plausíble reacÈion path (Fíg. II.18(lr).)
The kínetíc paramete-rs for styrene are sÍmilar to those of n-a1k-1--enes,

and i.t c.an be assumed that a reactÍon path similar to Fig. rr.lg(a) is
followed. If this ís the case, the absence of any sígnificant aromaËÍc

subsÈÍtuent effect is noË surprísÍngr ês the el-ectron wj-thdraviing phenyl-

group will have less ínfLuence on the foraation of the four-cent.re trans-

itíon'sËate IV than on the tTansit,íon state that Ís similar to the vinyl
rr conplex III. The only apparent anomaly in Table II.4 ís cyclohexe-ne,

where the very l-orv ,4 factor has been atÈril¡uted to íncreased rÍng straÍ,1

in Ëhe sj:r-menrbered ríng when the four-centre transítion staËe js form.¿.tt

Thís is not plausÍble as overcoming ríng strain rn'oul-d increase the ttrermal-

barrier for four-centre fo::mation consíderably, but would be expected to

have only a mLnor effect on tþe entropy of activation. The rate measut.e-

ments were obtaÍned in thiq case by proCucÈ analysis usíng gas-J-iquíd. chrom-

atography. Thj-s technique. j-s not such an accurate kineËj.c mothod as

those use,d for the other substrates - gas absorpÈion, dílatometry and.

p.m.r. spectroscopy, and thís couLd explain Èhe apparent anomaly.'
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Synopsis

Introduction - Metal-lation üras first observed ín L962. Before LhÍs

only addÍtíon was thought to occuï. Additíon Èo alkynes is more facile

than to alkenes. The first additÍon mechanism proposed was "alk¡me

ÍnserË1ontt, but on the basís of further observations ¡ 4 T complex lnter:-

medíate was subsequently postulated.

AlTt"-PhenyLaeetylene CompLeæ - P.m.r. shífts show ÈhaË the conplex ís

an alky:re-Al ncomplex of 1:1 stoichloletry. Calculatj-ons o11 p.m.r.

data give a K-- for complex formatíon of 0.064 dm2 mol-ä."eq
kLnetics - IIetallation was foll-owed from Lhe release of ethane, usíng an

automalíc recor<líng manometer. AddíLíon was fol-l-owed usÍng P.n.r'
spectroscopy. BoËh kinetics ¡rere determíned using the same reaction

soluÈion.

ResuLts - The LLZEI' dimer j-s the reactLve alumínium specíes for netall-

ation. Addition proceeds from a monomeric A1 species. RaËe constanfs

were calculated for all- possible reacÈion pa-uhs usÍng a compl-Ícat-ed best

fít computer prograûtrne.

Disanssion of Mee?wnism - Arrhenlus paraüeters indícate that additíon

occuïs via the n complex and a four-ce.ntte tr:apezoídal transitÍon sEate.

Hígh .4 factors are accounted for by 1-íttle change in the number of degrees

of freedom between the two states.
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1 INTRODUCTION

As ín aLkenes, the ploneeríng raork in studying the reactions of
I

a1ky1-alumíniums to alklmes r¡/as done by ZtegLer, vrho reacted tríeuhy1-

alumÍníum wíth aceËy1-ene at 423K, This work was followed closely by

2
tha¿ of ltílke and Muller Ín 1958-9, who esËablíshed that the reacti.on

was addÍtÍon of ËrÍethylalumÍnium across the tríp1-e bcnd

EL|/.L-C 
2Í1., 

+ HC=CH + Et2Al--CH=CH-Cr1l,

....(1)

thus dÍscoverj.ng the fÍrst vÍny1-a1-umj.níum compouncl. In this early rvorlc

no report was nrade of the reactíon of the acidic acetyl-eníc proton with

tríeÈhy1-a1-unÍnium, Prompting ZÍ:egl-er in his 1960 surmrary' to say:

t'...as a rule, the acidic hydrogen atoms of acetylene ítself and of the

mono*substítuted acetyl-enes do not react.rt This was shown to be an

3,4 12)13
over-generaLízatíon by Mole and SurÈees ' and Eísch and Kaská who

reported the reaction:

-41R2 + RIT

....(2.)

where R can be ruethyl-, ethyl, propy1., isobutyl or phenyl-. 1-napthyl-ace-

tylene also undergoes the meËal-Latíon reactíon quite readily. 
U Mot.

recently, Rienacher and Schwenger"'nu.r" shor,m that Lhe metal-l-atj.on re-

acLion Ís al.so predominant when the monoacetylene substituent is

c6I.I5-c=cH + R3A1 I c6ur-c=C
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C4Hg, Cs"'t, C6H13tod CBII'7. They al-so observed tiraË addÍti'on occurred

to gÍve both Ëhe Markownj-kof f and anti-Marlcownilcoff acldítion producÈ 
'

and, as Mole had prevíous1-y observed, the vinylalumínÍr.m compound formed

exehanges wÍth unreacted a1k5me to give disubstítuted alkene and an

alkynylal-uminÍum compound above 313K:

R^41.
Z\

ALR3 + HC=CR|

/ \*

\Rz
\

(a)

(3)

R

C=C

H

H

H

=CR.>
HC

R

H

R

HR

+
H

C=C

RI

Al_ R
HC=CRf

C=C C=C

RI

The ratÍo of addítion/rneta]-lation Íncreased wíth íncreasíng temp-

erarure (90/10 aE 293K, 65/35 at 373K), Lhus indicatíng that the addÍtj-on

reaction has the higher energy of activatíon. It was also four'd that

the ratio of Markownikoff/antí-Markownikoff did not alter wíËh tempera-

l-ure.

The addítÍon of triai-kylal-uminiums to alkynes ís a much ttror:e facíl-e

addítion than that to alkenes, as unl-ike alkenes, trieËhyl"aluminium adcis

to the unsaturated bond of 1r2 clísubstítrrted alkynes quite. rapiclly above

373K. At this temperaËllre a second molecul-e of alkyne may be added to

the al-kenylal-urnÍníum produceC, and a dienyl-aluminium compound ís formed'

(b)
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EË EI C4ET
->

EI
I

-C=C-C=C
I

EI

Et
ET

+

AlET
2

-elut

3 . ... (4)

II

An atldítional step Iea<l1ng to cyclotrimerizatÍon ís also possible, givíng

III

Et

Et

Er-C=C-Er .> -C=CEz \¿,1ut 2
2

I

t

III

tilll-ke and Mull-et' "r-,r*."ted 
that ff tti".u from I simpl-y by Ëhe

insertion of the alkyne into Èhe r'ínylaluminiml boncl. In turn, 4

Diels-.Alder addítion of alkyne to II, wíth subsequent l-oss of A1EÈ2H

was thoughË to result Ín III.

TríphenyJ-aLumÍnium ad<ls to díphenyl-acetylene and the addition

product is transformed at 473K with loss of benzene into trí-phenyi-benz-'
.I1

aluminole.

c
6

c
6Its

+ fl(c6H5)j

cH-
5

H

C=C

I

t6Hs

c6H5c=c-c6H5

(c6H5) 
2AL

6
H

5

.> c6"5
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To try and gaÍn ínsight Ínto el-ectronlc fact,ors governíng additíon,

Eísch and llordÍs ínvestlgated the addítion of triphenylalumínium Ëo

7
various p substítuÊed phenylacetylenes. It vras found thar

a) al-rnost exclusively cls additíon Ëo the C=C lí-nk-aget

b) the ratio of geometrfc isomers (eqn. (3)) correlated strongly

witlr the Hanmett o values of Lhe para substituents (p=-O.7L3) '
c) sígnífieant rate retar<lation in eËhers,

d) the re-actíon was first order Ín the alkyne and half order in

AlPh^, and
J

e) the rate deereased as the para substituenL changed from methyl

to hydrogen to chlorine. It was inferred frorn these results ËhaË the

reactíon involved a dímer dissoclation of tri-phenylaluminium, followed

by an electrophilic aËtack of the triphenyl-alumÍnium on the alkyne.

Eisch, Amtmann and Foxtor.t durorr"trated Èhe importanee of steric

factors Ín addiËíon rvhen, on sËudyíng the addítíon of clíísobutyl-

aluminiumhydride and tríphe.nylaluminium to t-butyl (phenyl-) acetylene,

they found tlìaL ín the former case the al-uminium finished up geminal Ëo

the phenyl group (5(b)), whilst j-n the latter case ít ended geminal to

the t-butyl group (5(a)).

Thus:
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H

Al_ (c6Hs) 
3 /

s-c{-c (cH3) 
3

(c4H9)2A1H\

c (cH3)3

A1 (c6H5) 
2

c(cH3)3

@e') z

c6H5

CFC

C=C

(a)

c ....(s)

(b)

6

(c4P.s) 
zAL

H

rn attempting to ra tÍonal-íze theÍr resul-ts, Eisch et aL rejected the

"alkyne Ínsertíon" puË forward by tlilke and Muller, ancl ínstead postul-

ated a n complex similar to that already proposed for alkenes

R"-c=c-R I

+

A1

/l\

Thus the greater reactivíty towards additÍon of alkynes over allcenes

can be explaíned by the greaËer n donor nature of the former. The

sel-ectivity in the dÍrection of C-41 b<¡nd additíons to allcynes can also

be explaíned as being due to the electronic and sËeric factors that

influence the disruption of the n complex. rf Èhis complex exísts, and

p1-ays a sígnifícant role ín the mechanj-sns of addition and elimÍnaËion,

RRR
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t he kínetíc parameters for each reactÍon should show such, and so we

decided to investigate the reaction of trlethylal-umÍníum hrlËh an a1k-1-

yne that undergoes metal-lation and addltíon fairly readily at accessíble

temperafures.

Such an alk-i--yne is phenylaceËylene. Ìùíth thís compound, the

uretal-lation reactíon is enhanced due Ëo Ëhe elecÈron withdrawiirg phenyl

group accentuating the acídic nature of the acetylenic proton. An added

advanËage is that the products of the reaction between trieÈhylaluminium

and phenylacetylene have been eompletely characterízed by IR and p.m.¡:.

spectroscopy. Only additíon (3b) occurs thus:

Al-Er
3

* HC=C-CUH, c
6Hs

c
(b)

EEzAL

(a) +k -EIH + HC=C-C6H5
1

EË241-C=C-C6HS +

H

ET

kz

-> H

ET

t'nt 
a.

C=C

H ....(6)

The allcene hras shown to be trans ß-ethylstyrene by the presence
' 

-1of a peak aË 960cm ' Ín the IR and a sharp ol-efínic proËon resonance in

the p.m.r. simÍlar to trans B-methyl-styrene. An inËerestíng point Ís
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that, due Ëo the íncreased electron clensÍty of the alkyne bond, the n

complex should be more stabl-e than the corresponding alkene complex.

rt was lnitíall-y decided, therefore, to try to fínd evídence for the

exÍstence of an a1-kyne I complex.
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2 TRI ETHYLALI]MITIII]M.PHENYLAC ETYLENE C OMPLBX

2.I. Nature of Complex

The method used Èo detect the tríethylir.l.umfnium-phenylacetylene

complex was the same as thaË used ln the attempt to find a vi.ny1-tríetlryl-

ah:minium n compl-ex: Í. e. a p .m. r . method .

Purification of mateviaLs

a) TriethyLaLuniniun

Breakseals of this compound rirere prepared as descrlbed earlier.

b) Phenylacety\ene (4.R. grade, Pf.aLtz and Baur, N.Y., U.S.A.) '

Àfter beíng dried over calcíun hydride for forËy eight hours, the

alkyne was vacurm distj.l-led into large breakseals. These were subse-

quently broken down ínto smaller breakseals usÍng an aPparatus símÍlar

to Tíg. II.3. Phenylacetylene undergoes an auto-oxídation react,íon at

room Lemperature, and so Èhe breakseals hlere stored at 253K.

Prepanation of n.m,T. tubes

Due to Èhe facÈ that, even aË 3O2K, the netallation reaction

occurs to a liuíted exLent, it was not considered safe Èo prepare n.m.r.

tubes exacÈly as before, as the gas evolved woul-d increase the pressure

in the limÍted vapour spâce above the liquid to a dangerous level.

ConsequenLly, the n.m.ï. tubes were modlfied by having them atËached to

100 rnl-" cyLínclrical- fl.asks. The cyl-indrical- naËure hras neces$ary as



PREPARATION OF NMR TUBES

vocuu m

phenytocetytene

100 rnl bot tqst

nmr tube

AtEt3

FIG. Itr 1



89.

TÍT.2

the gap between the magnet poles in the n.m.r. probe ls only 1] Ínches.

The n.m.r. tubes rvere fil-led Ín a sÍmilar fashíon to that descril¡ed

prevíously (Sectíon II.2), using Ëhe apparatus shor¡n in Fig. III.1.

The prepared tubes were sËored aË 253K until- measured, to suppress any

reactíon.

P.m.r. spectra

Any s1-ighË asymmetry of Ëhe n.m.r. rube/flask woul-d create a l-arge

moment if spun fn the n.m.r. probe, which would probably resul-t in frac-

ture, and so the p.m.r. spectra vrere recorded wíthout the sample spin-

níng. This has the effect of reducing the resoluËíon of the spectruü,

whích was ruostl-y offset by earefully tuiing the instrunenL before each

determination.

The aromatíc phenylaeetylene protons, offset 4L9.tItz, provided a

conveníent l-ock for the determínation of the ínternal chemical- shift

betv¡een the methyl and rnethylene groups of triethylaluminírr 6irrt (see

Fig. II.5). A prel.Ímínary experiment, showed that for one sample of

ICBH.I/IAll=.9/L, the value of ô.rr, was -42.0H2, compared with -t¡O.\Hz

for pu::e triethylel-uminium" A further eleven tube/fl-aslcs were prepared

having ratíos ranging from 0.L7/1. to L3/1, (CBH6/41) and ô.rra was recorded

for each Éube at 300K, usíng the cyclohexane resonaÍrce, offset 105.0 Hz,

as the ínËernal- 1ock. Fíg. III.2 shows the plot of 6io, againsË molar

ratio CBH6/41, and ít can be seen that a compl-ex of 1:l- stoíchiometry is
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f ormed. Two possíble complexes could resuh from inËeracLion between

the phenylaceËylene and the trlethylaluminium;, an alkyne n compl-ex (I)

or an aromatic n complex (II), anal-agous Ëo the two posslble situatÍons

arising when styrene vlas considered.

I r ^- ^H-r 

-1

r I Ve- V t{-c - 
Ç

A¡
I

Et

Et

II

The composite spectrum for the phenylacetyl-ene/tríethyl-al-uminíum

system wíth a cyclohexane marker, is shorvn J.n Fig. III.3. A"s with the

alkenes, this was ol-:tained by recording t1fo spectra: one rrith an aro-

maËic 1ock, and the oËher with a cycl-ohexane l-ock, foll-ov¡ed by super-

imposition to remove the l-ock signals. At a reagent ratio of crHrr/A1

=1, the aromatíc resonances rì/ere 0.023 p.p.n" upfiel-d of those of pure

phenylacetylene ât Ëhe s¿tme concentratíon in cycl-ohexaDe, and ilid nc¡t

shift to any measurabl-e extent between 243K and 313I(' whí1e the acetyl'enic

resonances r¡rere 0.L27 p.p.m. downfiel-d of those of the pure substance at

conceïrtratíon, and moved 0.027 p.p.m. downfiel-d as the temPelaÈure

decreased from 313K dov¡n Éo 243K. In Ëhe cas¿ of acetylenic pToton

shÍfts, it is of prímary ímporËance Ëo obtain the same concentral-íons for

comparíson, as, of all the proton resonances, the aceËylenic are probably

c6Hs

I
AI

EtEtEt

I
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the most prone to "solvent shíft". In acetyl-enesr thís Ís due to weak

self associaËion by for:uation of hydrogen bonds invol-vi-ng the acidíc
9

hydrogen atom and Ëhe alk1me system. DÍlution of phenyl-acetylene with

cyclohexane wlll- disrupt the self associaÈion and thus alter Ëhe

observed chenical shift of the aceÈyleníc Proton. Consequently' any

measure of the complexi-ng tc aluminÍum must be measurecl against a back-

ground of complexing that ís already present. Iience idenËical- concen-

trati.ons are necessary.

Thê. rel-ative magniËudes of Ëhe shifts of ühe aromatic and acety-

lenic protnn resonances on formatíon of the complex índícaËe thaË it j-s

an; 4lþ*. complex (I) and not aromatic (II) . Some support for thj-s is

offered by Ëhe fact that propagyl chloríde (HC=C-CH2Cl) assocÍaÈes
10

through alkyne n bonds, even ín benzene solutíon. The evÍdence for

thfs is that the shift for -CH, and the aceËylenic proton are Ídentic.al-

when the sol-vent Ís changed from carbon tetrachl-oride to benzene.

The exí.stence of an alkyne akrminÍum interacÈion \^7as proved by

studying the p.m.f . spe.ctra of the system hex-3-yrre/tríethylalumínium

in eyclohexane. In this syste.m any change Í.n 6.rra can only arise from

alkynyla1-uminium íntera.ctions. Eíght n.m.r. tubes containing hex-3-yne/

aluuínium concentratÍon ratÍos varying frorn 0/1- to 7 lL wexe prepared by

the method a1-ready descríbed for the alkenes (Sectíon TT.2), and their

p.m.r. spectïa measurecl , using cycl-ohexane of,fseË downfíel.d l05Lz as the

1ock.
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UnforËunaÈel-v the alkyl proton resonarlces of hex-3-yne overlap

the Èriethylalumínium Ëríplet resonancesr rnakíng a dÍrect measurement

of ôÍo, ímpossible. Ilowever, the Ërend tt ôrrr.,' was obtained by observ-

ing the shift of the rethylene resonances. Thls ls not as accurate as

measuring ôirra diructly as the meËhylene resonances move only approxi-

mately hal-f of the chang. it ðÍr,a that occurs when Èhe molar ratio is

altered

The absolute chemical shift of the rnethylene quarËeË as a ftmctíon

of molar ratio at 302K is strown Ín Fig. TTT"4and ít can be seen that a

compl-ex between hex-3-1me and tríeLhyla1-umilrium exisËs, and that it has

a 1:L stoíchiometry' as exPected.

once ühe exisËence and nature of the phenyl-acetylene/triethyl-

aluminir:m complex has been establf shed, Ít foLlows thaË a t'hree stage

equilibrium ís present ín sol-uLion prior to eddítion or uretal-latíon'

K
c

{'arrutu + HC=C-C.H, Ì Et3Al-.HC=C-c6H5 . ... (7)

N,r7- Z
,tL ro

AlBt3 + HC=C-C6H5

In orcler to undersËand the kí.netic païameters relatíng to addÍtion

and metallaËÍon, it ls first necessary to charaet¿etí:ze Ëhis equíiibriunt'

Iu is already krror-n and so a val-ue for Jl" wj-11- complete the character-

ízaÈi<¡n.
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2.2. EstínatÍon of K"

' Several methods are avaí1able to measuïe the eqtri-lÍbríutn para-

meËers of a donor-.acceptor equílibrium such as the cuHu:AlEt, c.omplex.

Ebulliometry is to be avoided if possÍbl-e, as apparenË molecu]-ar

weight determj.nations by this rnethod suffer many experimer:.taI errors

(see sectlon rv.5.1). A method baserl on Lhe heat of solutíon Ís

possíble but requires a coarpLícated and expensÍve apparaËus whlch was

not avail-able to this laboratory. As the technígue for lookjng aË

the sysËem by p.rn.r. spectroscopy has alrearJy been establÍshed, ancl

a sPectroscopÍc para'oeter (ôrrrr) to characEerize Èhe equÍ1íbriun ís

avaílable, iL rvas decíded to use this mef:hod to obtaÍn the equílibrj-uur

parameters.

The eleverr tube/f.laslcs used in dete-rmini-ng the stoÍchíometry

were agaÍn used to eval_uate the equil_ibrium consËant. ôÍrrt ,r"
recorded for each at three otTrer temperatures (268R, 280K, 290K) in

addÍti.on to the deter:mination at 300K. Table rrr.1. shows the

ô,-- values for each sample.anf
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TABI.E III.]..

ôr,,a fot A1Et3:CUHU conPlex

The concentration of ËUí.ethylal-umíníuJir nonomer is very smalL com-

pared to Lhe other species in sol-ution and so the sËoichiometry for

compl-ex formatÍon ís:

A B

b

b-2æ

ínítÍ-a11-y

equÍ1í.bríunt

d,

d,-æ

K:
ÃL2E1tr6 + 2ILC=C-C 

øHs I 2EL3AL.HC=C-C6H5

tJ

0

anð. Kz = ¿,*21@-c^) þ-zs)z

41.05

41.15

42.20

4L.70

42.L0

43.25

43 .00

43 .05

43.7s

43. 85

44.65

41 .00

41. .50

4L.4s

4t.90

42.25

42.80

42.85

42.9s

43.75

43.70

44 "70

4L.40

41. s0

4r.70

42 "L0

42.30

42.35

42.85

42.80

43.60

43.75

44.20

4L.35

4L.L5

4L.35

4L.90

42,20

42.t0

43 .00

42.75

43.s0

43.7s

44.20

0 . r_69

0 .561

0.865

0.901

L.370

2.486

3 .097

3.236

7.300

7 .695

l_3 .01s

-ô int /Ez

Molar ratío
cBH6/A1

300K290K2BOK26BK

c

2ß

....(B)
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The absolute value of the observed internal chemÍca1 shift ís a weíghted

average of the shift of those protons in free trieihylal-umínitm and

those Ín Ëhe complex. Thus:

ô
obs

a

n*nac
6o

n
c

+_- 6-cn+nac

where ô obs

n
a c

c

This latter value trìras assumed to be 49.7 Hz, the internal shift

observed when C.H. /tt=ZO!/L at 268K. At thÍs ratio, the límits oföo
detectabílity of the ÍnsËrument were reached.

The mole fractions of each type of proton can be ide.ntified with

the concenÈratÍon of each species:

6(a-æ) s(2n)

, n

o obsewed internal chemical shlft

= no of protons Ín the sample present in AlrEtU
and complex

= internal- chemícal- shifË for pur-e Ll2El-6 (40.0 Hz)

= Ínternal chemical- shÍft for the pure ccmplex

o
ô

ô

co
ôo

therefore

ô
obs 6(a-æ) + 3(2:t)

+
6(a-æ) -r 3(2æ)
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rearrangíng

Def l"ne

Define

and substltuting

substitutfng fot *,'

2
K

c

96.

2h-æ\ 6 *2æ. ôoc- ,<o-*) + 2æ
ôobe

2(a-ø)/(ôou"- ôo) = zr(ôc-ôobs)

(ô
obs -6)o 2

^ (ô*-ôouu)

û = Aal(l+^)

, = þl2a

2,= æ2l(a-æ)' (ar-æ)Z

2@'a)

Kc

Ladr

It
t2o2

ffiz 1- La

1+^ 1+^

2

¡2 (¡+r)

afu*@-t) ,$ ....(g)
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I,rlhen the components A are examíned, lt can be seen that urhen

ô . is verv close to eÍËher ô or ô any e1ror ís quite exaggeratetl.-obs -- ---r - o c '
ConsequenËJ-y, the low CBII6/AL concentration ratios (0.1-7' 0.56) were

from theomÍtËed in the cal-culatÍon of ?(-.
c

remaining nine samples by subsËítuË1ng f:he coTresponding values ín

equation (9) are shown ín Table TT1.2: the standard devíatíons afe

high due to Ëhe facL that the resolution of the spectromeËer amounted

to about I0"/" of the observed change ín ô.rra.

TABLE T'LT.z.

Equílíbrium consta.nÈ for EtrAl: c H

The Vantt Hoff plot of Èhe data is shov'n ín Fíg. III.5 and gíves a value

LHo = 3.1 t (s.e.) 0.8 kJ mol-l

Because of the errors lnvol-ved and the narro$7 temperature ranget

no reliance can be placed on tl-re exËrapolatic¡n to obtain A^9o. The

Aão value dete::mi-ned íncludes the heat of dissociation of the dirner an<l

sho¡us Ëhat the formation of the A12EL6 rlfmer is Ëirermal1-y favoured.

Report-ed LHo.,". for dimer dÍssoeiatíon vary (Seeuion I), but the better. d(r)
value shorvs that the bond strength beËween A1 and phenl'lacetylene ís

32 kJ *o1-1.

Values obtained for K"

/
8

s

logro

roTldmK/
1

d.

K
c

?.103 3.73

.05 s,*

.a44

-L.256

3.4s

.060t,

,046

-L.2r9

3.57

.o5os

.044

-r.248

3 .33

'06+z
.049

-L.L92

268K 2BOK 300K290K
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3. DETERMINATION OF REACTION RÀTES

3.1. PrelimÍ.narY

Brealcseals of tri.ethylal-uuriníum and phenyl-acetylene were prepared

as prevÍously outlíned. Cyclohexane breakseals were díspensed under:

vacuum í.nto burettes which ha<l Ëheir normal greased taps replaced v¡ith

a 4run. SprÍngham "Víton A" greaselees tap. (Fig. III.6.) These r,rere

sligtrtLy displaced from the. lÍne of the burette Ín order to assist the

fl-ow of the líquíd through the tap rshen the burette is upright.

Reactíon (6a) ínvolves the release of ethane gas, so the most con-

venient way Of n:easuríng the rate of thís reactíon ís Ëo manonret::ícai-1y

fol[ow the relea,se of ethane-. To do this Ít ís necessary to establish

that, under the condítlons used, no elÍminatíon of ethyLene- or release

of any oÈher gaseous product from side reacLions takes place. This was

accomplíshed usíng the apparatus ín Fig. TII.7 and mass spectrometry'

After evacuaËíon for one hour (<10-1Nm-2) the greaseless tap (A)

v¡as closed ancl the breakseals of tríeËhylaJ-umj-niurn (l- ml.) arrd pheny-

lacetylene (1.76 mL.) were l¡roken. Usíng the 4mm. greasel-ess tap (B) 
'

5.21+ nL. of cyclol.rexane were e.dnitÈed to the reactíon a-pparatus. The

150 ml. re-acti-on flask was coolecl r^rith 1-íquid nítrogen and the rest of

the apparatus heated wíth a hairdryer in order to get all cornponenf's

ínto the reaction flask. A smal-l-, cool flarne was used to dÍstill the

last few d.-ops of triet-hyl-alumirríum into the fl-ask. The appâratus Idas

then sealerl at constri.cÈion (l) and the reactant solution Ëhawed' Tap

D on the mass spectlomeLer gas fil-|er I.Ias lhen. opened at the same Ëíme
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as the ïeaction flask was heated to 50oC in an oil bath. After approx-

ímate1-y three hours , aLL reactlon appea::ed to have ceased wíth the

manometeï indícatfng about 25 cm, Hg pressure Ín the apparatus' The

constrfctíon (2) was sealed r,rlth Tap D closed, and the rnass spectro-

meÈïy gas fill-er removed to be ïun on the nass spectrometer. The mass

spectïuûr obtaíned with the e"volved 8as 'u7as consistent wtth íts being

so1e1-y ethane (Fíg. III. B) .

Thís prel-imínary run, therefore, established that Èhe onLy gas

evolved was ethane, and that 1.0 mLs. of triethylaluminiurn' ín excess

phenylacetylene, provided a satísfactory amounÈ of ethane for kínetíc

evaluati.on.

3.2. Manometry

It seemed Èo us that, for a consistenL rate deËermínation for boËh

(6a) and (6b), the kineÉics of each reaction at the same reactant con-

centrations should be obtained from Ëhe sarne reaction roÍxture' This

ís quite easíl-y accompl:'sheä usíng the nodífied form of the manomeËry

apparatus shor,¡n ín Fíg. III. 9 .

After evacuatlon for one hour (<tO-ltm-2), ,h" Tap A was closed,

the tïíethylalumínium and phenylacetyLene brea-kseals broken, and a set

amount of cyclohexane rel-easecl into the apparaËus through Tap ß. The

components ù/ere collecEed in the small (50 nl.) flask uslng liqui<l

rritroge.n, a hair dryer and a small ,cool fl-ame as before. The apparalus

was then sealed from the naÍn líne at constricti.on (1) and the reactior:

mixture thawed. À small- amounË of the'reaction míxture v¡as l'hen dis*'
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pensed inËo the n.1n.r. tube by carefull-y ti.lting arrd tippíng, followed

by sealing at constriction (2). The n.m.r. tube was Ëhen sËored at

253K unÈíl measured, to prevent any reacËion occurring. After removal

of the n.m.r. t-ub,e, the two interconnected reaction flaslcs rve::e placed

fn an oí1 bath aL desired ËernperaÈure and the evolutj.on of gas Ìüas

followed, The atÈached manomeËer had a heavy based rvooden sta.nd to

which j.t was se-curely fí:ied, nakirrg the whole apparatus free standing,

so no special fÍtting qras necessary to hold the flask ín the oí1 baÈh.

I{hen preparíng the reactíon apparaEus, ít r¡as necessary to make the

tubing connecting the manometer v¡í.th the reaction flasks L,ong enough

to ensure that the top crîossover to the manometer rvas hígh enough, and

therefore cool enough, to prevent disûíllation of the cycJ-ohexane into

the manometer.

Gas evoluËion was follorvecl by monítoring the height of the mercury

ín the rnanometer. This was performed automaÉJ-cally, usírrg a níchrome

resístance probe (ftig. III.10) consistíng of a .L25i' sËainless steel

rod, 90 cms. 1-ong, with e.ach end brazed to assíst el-ectrj"cal- connectíono

and on to whích p.v.c. tubí.ng had been sweated, and the upper end was

joined to a junction box. Al-ongside the stainl-ess steel xod ta¡ a 9

mil- níchrome ruíre, held ar¡ay abotrt 2 mn. froru the p.v.c. coat.ed rod by

nichrome rvíre. loops, spaced 5 cms. apart along the length of the rod.

Electrical- connection betr¡een the sLeel and the nichrome v¡as uade at Ëhe

l-orver end. The output leads from the juncËíon box at the upper end

were hel-d rigid ín a brass hol-der to ensure Èhat no smal-l changes in the
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probe l:esistance resulted from a connection rnovemenÈ.

The probe formed part of Èhe constant currenÈ'circuit, shown Ín

Fíg. III.ll-. Voltage output to the recorder from this circuiË Ís

thus dÍ,rectly proportional to the resistance of the probe setup. ThÍs

resistance wil-l- decrease when the mercury level j-n the open arm of the

manome.ter rises, progressively shorting out more of the nichrotne wire.

Voltage from the círcuiÈ \^ras measurerl usíng a lleathkit Recorder modi.fied

to give a l0 mV ful1 scale deflectfon.

A 60 cm. steei- rule was glued to the supportíng stand, aÈ the back

of each manomete.r on the evacuated síde, and used to determÍne the total

pressure change thrclughout the rea.ctÍon, thus calibratíng the recorder

output. The only najor assurrrption ín this meËhod of determining the

pressure ís that the diameter of the manometer, on both sides, ís ínvar-

iant and idenÈícal. Thís is diffícult with the length.s and díameter

(llmm 0D) ,cf the glass tubing used, as Èhe commercial- prodrrct varies

considerabl-y. It. rvas Ëhus necessary, for each of the three manometers

made, to examíne many lengths of tubing Lo obtain two lengths of the

same díameter.

Commercial- ni-ehrome wire cloes noË make a rel.iable el.ectri-cal con-

nect.íon wíth mercury, due to a thin film of grease on Ëhe surface, nec-

essÍÈating cleaning Èhe níchronre before use" Afterr many attempts, r'le

found the most efficient cleaníng fl-uid to be lJnib'raze SLainless Steel-

Cleaner: a nj-Ëric acid based gel rvhich reftoves the smooËh surfaee of the

níchrome, leaving a clean, rough finish, ítleal for an electr:lcal connec-

tíon.
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Contact with mercury or the atmosphere for any length of tíme destroyed

the electrlcal surface, and so each nichrome wíre was prepared immed-

íately prior Ëo use, and replaced after every fjwe runs. A facsímile

of a typical recorder outptrt is shown in FÍg. TTT.LZ" Calibration

fÍgures \¡rere necessary for each run because the diameter of each mano-

meËer varied and, as the. cleaner retnoves sorne of the nÍchroue, the

resistance/unit l-ength depended on the length of ËÍrne th.e cleaning gel

was fn contact with the níchrome.

The kinetic curve, as dispLayed, is actuaLLy a recording of ethane

pressure against, time. In order to become a Ërue kinetíc curve Ëhe

pressure val-ues have to be converËed to mols of ethane released per

litre of solutíon. Thís is siurply done by asstrmÍ.ng ethane is ideal-

and applyÍng BoyleÌs Law.

where p=

v-
(=

m-

yL=

PV = nNI

pressure of ethane

Volume that gas occupj-es

gas constant

absolrrte ternperatut:e

nr:mber of :nols.

The gas vol-ume is subJect Èo a correcËíon Èo account for that part of

the apparaÈus that, is outside fhe oí1 bath, ancl hence is at a room

lempeïature. AgainrBoyl-ets Lau, was applied to ol:taín thís correctíon'
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3.3. P.rn.r. SpectroscoPV

The same LÍmítatíons whÍch appl-íed to the recording of the spectra

to determine the A1Et3:CUHU crrrnpLex, al*so applíe<l to the kinetlc runs.

Before any reacLion has taken pJ-ace, the p.m.r. spectrum of the reaction

mixture was recorded (Fig. III.3) to checlc for ímpurÍties. tr'oll-owing

the addÍtion reactíon can be achíeved in tldo ways: monítoring the

decrease in the peak area of Lhe alkynyl proton or nonítoring Èhe íncrease

in the peak area of the product vinyl protons. It was decíded to trse

the latter, as, for a given conversíon, the change in peak at:ea r^rill be

double, dUe to Ëhe fact that there are two vÍnyl proLons buÈ onl-y one

alkynyl . Consequently, for Lhe lcinetíc runs, the cyclohexane lock r,sas

offset 150 Hz upfíeld and a 250 Hz scan recorded. The integral of the

aromatic protons served as Ëhe refe::ence rvhile the Íntegral of the

appearing vinyl proton resonances v.ras recorded. A typíeal gradatíon of

the specËrum wíth tíme ís shown ín Fíg. III.13. ConcenËratíons of each

component aË the be¿:ÍnnÍng of the reacÈfon rvere calculated fron the set

volumes used Èo rnake up the reactÍon mixture, so no preli-nÍnary integral

scan Ëo obËain ínÍtial c:o-ricentraÈions vras necessary. At any Ëj:ne

duríng the reaction

lvínyl product.l a ICBH.Io, vinyl integral

aromaÈic íntegral 2

A typícal kineËíc curve obtaÍned from p.m.r. spectra is shor¡n ín Fig.

III. 14.

5





P ETHYL STYRENE GROWÏH

313 K

40
timø / min

(I)
tE
If,

o
E

o
C
Ct

o

-c
Ot
Iq_

0.

0.1

0.4

30

0.2

0 20 60

FIG.III.I4



104.

III.4 .

4. KINETIç RF]SIII.TS

4.L. External Order's of Reaction

Síx kínetÍc determinatíons were performed, with triethylaluminÍum

conceRtratíons, rangfng from L .224M down to 0.229\1" i'uhil-st the phenyl-

acetylene conce¡lËratíon renained constant aÈ 2.005M. The ki.netíc runs

were deiermÍned at 313K.

Using Ëhe auLomatíc recordíng manometer, the initi.al rates for

the reaction, as determinecl by the release of eËtrane' vtrelie easiJ.y and

accurateiy deÈerrnined. l,ilith the p.m.r. kínetic runs' Èhe inherent

accuracy vTas noË as great, buL a very reasonable estimate of the initial

rate 1ras determined by íncreasing Ëhe number of data points at lovr con-

version. External reactíon orders ¡,rith respecË to total trÍethyl.al:m-

lnium specÍes (tEr6A12l + f tAlEt3tcgHol + ¿ tAl-EË31 = cI) aË 313K

obtained were

Metal-lation;

logt_. u"u,rrr/tc'H6lo = 1.23 x (s.e.) 0.09 l-og10 a * c

Additíon;

1og10 ,"rtnytl [cgH6]o = 0.75 ! (s"e.) 0.06 1og10 a'F D

Log-Log plots that gave these reaction orders are shor'¡m on tr'ig..III'15'

These non-inËegral orclers of reaction, with respect Èo a índicate

that only some of the molecular forms of the reagent are re-sponsÍble

for each reaction. IniÈial concentraËions'of each componenÊ of a wete
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calculaËed usíng the Van r t HoÍL p]-ot deterruined for the dimer-cor¡rplex

equilibrÍuar (K") , ancl the parameters of the trÍ-ethy1-alum-inÍum mono¡rer-

dÍmer equí1-ibrium (/{U) . These calcul.aËj-ons shor,¡ that- ¿rt 3l-3K all of

the trietl.rylalurníníun can be regarC,ed as exi-sting eÍtlier as dimer or

compl-ex; the- monomer conce.ntration being so smal-l- as Ëo be insignífi-

cant.

The overall order wíLh r:espect to a, Í.cout ethane release suggest-'s

that the A1-2Et6 díner and phenyLacefylene are reacti-ng. A pl-ot of

to*l-O r"urn/lcSH6lo - [r]o againsl- 1og10 [AI2-Et6]o confirns LhÍs, as the

ploÈ has a sJ-ope of 1.1t0.2. Thís orde:: ís subsi:antj-ated by the facÈ

tl-rat a plot of ,i."/tc'H.6lo - [r]o against 1o*1.0 [A12Et6] is a st'ra'íght

lÍne passÍng Ëhrou.gh the origin rvj-rh 90% conf :Ldenee. Fíg. III.I-6

shows borh plois. Error bars inclícaËe lag (s.d. {u!arr)) ancl the hyper-

l-ola shows Ëhe 90% cc,nfídence línríts of the l-east squares regression líne

of the data poínts (see Section II.2.3). They âre n.oL symmeËrí-cal abcut

the straighL J-íne as the latt-er ís r,reÍghted to pass through the orígin'

For the adclitír¡n rea.ctíonr.it se'emerl to us thaL an exterflal orde'r wj'th

respect to a of 0.75 j.nclical-es thaL a monomerj.c tríethylaluniniurn species;

is reacting" This can of course mean either a reactíve cornplex (f) or

monomer. A plot of loe ,lirryl/IcsH'lo - [r]o against 1-og [412[t6

a slope of 0.7010.05 v¡hj-le a ploË of 1o8r' rÏir,"f against 1og [I]o

lo has

1--^ ^rfdÞ É

slope of 0.910.1. A dÍ.rect plot of the latter passed through the or:igin'

\,riÈh 90% confíclence (ttÍ.g. I:[t -:L7).
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Trom this preJ-imlnary look at the kínetícs usÍng external reactíon

orders, it seerns clear that the m€tallatÍoa occurs at the dÍmer and the

addition reacËíon by way of cornplex [I], aLthorrgh addition ínvolving

free ËríeLhylaltlninium monomer and. phenylacetyi-ene has not been ruled

out. An assumption made ËhroughouË alL of the above work was that Lhe

order wíth respect Èo excess phenyJ-acetylene J-s unity, because' if the

reactíon cc¡nsisËs of sÍ"rnple steps, it is díffÍcult to ímagine Ít being

different. Itrowever, it was felt that ín order to be- conclusíve, the

uniËy order wittr respecË to phenylacetylene should be demonstrated.

It was impossíble t.o obtain an orcler u-ith respect to excess pheny-

l-acetylene by varying íts concenËratíon, whíl-e keepíng that of triethyl*

alumínium consËant, using the brealcse.als of reactj-on compotlnds avail-¿ble-

at Ëhe tíme of the determínation, and so the following procedure r,ras

adopted. Initj-al rates from ethane release and vinyl appearance were

determínerl wj-th varying total triethylaluminium (o;) and varying concen-

Ëratíons of excess phenyl-acetylene. IË was found Lhat pl-ots of

loglo ,2o¡¡CUn.U)o against 1og1' 4 at 313K ancl 333K had identÍcal. slopes

(wíthin the standard enor) to those detemÍrre-d previously. Unit orcler

wlth respect to phenylacetylene ís ttrus confirned.

4.2. Kinetíc ParameÈers

are;

The postulated niechanísm, stoíchi-ome.trfc ancl rate relationships
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t=0
t=t

t=O

t = t c+z-U

t=0
t=t

c

u

r.07.

\nrwu + HC=c-cuH,

a-c b-a

a-(c*z+æ) /Z b-c-z-ø-y

++K
c

(r)

c

k

+. Et2A1-C=C-C6H5 + ErH

0

Er2A1-C=CHEt

* EC=C-CUH,

2

0

w
kt

->

Et2AL-C=C-C6115

0

(e+z-y)

+ CrHrCIi=CIIEt

0

uatu

K
....(e)

dß

dt

dA

dt

'¡,til
= kr(a-lc-\z-læ) (b-c-z-æ-A)

"...(10)

vlnyl = kr(c+z-A) . . ". (11)

(a-|c-lz-lu) ù (b-e-z-A-æ)

As wlth the alkenes, equatíon (9) has no closed form solutíon of the

formu= Í.@rA) but as bothæ arrdy are funcËlons of ú, a must be.
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The equil-Íbrium equatj-on was solved f or z for every æ, A experimenËal

determinaËion, ancl the u values so determínecl were fitted to a sixth

degree po1-ynoníal- ín t, to give z=ft ('b). A síxth degree pol-ynoniaL

was found tc be the sirnple.st capebl-e of descríbing the experimental

varÍatíon of Z with tíme accurately. The rate eguatíon (11-) ' now in

the form

dyldt = k, (c4-f t (t)-U) ....(12)

v/as programned into a non-J-Ínear least squares package whích had incor-
14

porated ín Ít a Runge-Kutta numerical- ÍntegraÈion prografirne. The non-

línear least squeres package fitüed a líne to the experfmental y deta,

usíng k1,. ut Ëhe only adjusËab1-e parameter (Appe.ndíx III).

A simílar procedure was fol-l-orved ín determírríng values of kr, but

here an added complicaËion Ís the presence of anoLher independenË var:i-'

al>Le, y. This was fitted to a sixth degree polynoroiaL ín t to give

!l=f.tt (ú) , and the rate equáLion thus becomes

dældt = þrfa-c/2-ft (-b)12-n/2J lb-c-f" (t)*æ-f-l (¿) l
....(13)

Nunerical integration ancl non-l.inear least squares f íËtíng then follolved,

From the above procedure ít can be appreciated that the errors

lnvolved in deter:mínj-ng rate. co^effícíents by this method must be

greaÈer than those derived by the nonnal method of exact integraLs.
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An alternative procedure to obËain the rate co-effÍcÍents is to fír

tlre first clerivatives of the kinetic curve dA/at, Aß/d'b to the actual-

rate e.quatÍc¡ns. Howevex, dg/db and ðsldt vary over a much smaller

r.ange than y or ø and consequently rvould be strbjecË to much larger

fíttíng errors.

Identic¿rl- concerrtrations Eo Ëhose used ín the external order

determínation were used in the ki-netÍc runs to find the rate co-effic-

íents at five teriperaËures beËween 3l-3K and 333I(. The ca-l-culaËed rate

co-effÍcienËs krr k, axe dísplaye.d in Table III.3

TABLE IIT.3.
Rate Co-Effi-cients for Ëf: +

28 .s38.sL2.7_29.6s3.Bg

23.7

24.4

30 .5

30.4

28.3

49.72

43 .0s

39.84

43.23

29 "23
25.76

1.2- "08

13.95

L]- "45

L3.92

9.\.9

LL.93

10.41_

7 .94

B .65

7.42

11- .51-

3.79L

4.232

3.937

3.265

3.524

4.2L3

L.224

.91-8

.6L2

.4s9

.306

.229

Ave.

Ðkt

L2.275.7e 21.03L7 .42 27 .8s

6.L73

6.766

s .61_0

5 .301-

4.100

5 "9r7

L.224

.918

.61-2

.4s9

.306

.229

u) kz

2

Ave.

Total Al-

/v

26.27

22.59

79.77

L6,96

25.97

27 .59

19.92

1.4.&2

9.08

ls "89

18 .40

1_3 .87

L4.t4
7 .07

8.80

r.0. 99

4¿¡.L3

25.L8

24.38

?-3.23

2l-.50

Ternp/tt 318313 33332832:J

-1-1-1?k/u-'mr'.n-'(a) or min *(b)x]-o-
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Arrhenius plots for both k, and k, ate shown in Fíg. III.1B.

Error bars índicaÈe 1og (s.d. (k)). Calcul-ated parameteTs are

Merall-a.tÍon (kr) E = 64!2.9 kJ mo1 -1

A = Lo6.Btl.5 
(s.e.)d*3,o1-1"-1

Addíti.on (kr) E = 94t2.5 kJ *o1-1

.4 - l_011.6J0 
.9 (s. e. ) 

"-1

The errors in the kÍnetic daËa arise from the multípIe fitting proced-

ures used. llowever, they are probably exceeded by the uncerÈaÍntíe.s

in the equiLibrilrm parameters whích are of instrumental o::igin.

Irom Ëhe external orde.r of reactíon with respecL Ëo total triethyl--

ai-umíníum as cleLermined by vinyJ- appearance, it ís possible that the

addltion reactíon proce.eds through the AlBt, monomer.

Kc

<.)ttrwu +

a-e/2

a,-c /2-zl2-æ12-y l2
I

++K;

HC=C-C 
;ËI5

b-c

b-c-z-æ-2y

kt

HC=C-C6H5 ->

b-c

b-e-z-æ-2y

c*z

vínyl products

0

u

ï

ct=0
t=t'

t=0
t=-b

AlET +

m

3

m

r,¡here ø Ís agaÍn the amount lost to me-tallation.
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The eguilibrir¡m concentrâË1orr of trÍeÈhy1-al-trninitnn monomer, m is

so small that j-t rnay be asstrmed to remaÍn consËant throughout the re-

action. As before, Ëhe equl.lÍbríum relationshíp links u, y and z-

(c+z)

@-$c-|.2-L*-Lu) (b-c-a'æ-?-y) ....(1"4)

and

a1

vr-nyr
du

dt
kln (b-c-z-n-Zy) ."..(1"s)

Using Ëhe predetermÍned polynornÍa1. z=f(ú) and fiËLÍng s to a sÍxth

degree polynorniaL in t, .æf I I I (ú) yíelds the r:ate ecluation

dy
. . . .(16)-- = klm lb-'c-f.(t)-f "

dtr
'(t)-2yl

2SÍnce I{U = m l(a-c/z), Lhe raËe equation now becomes

L l

K
c t

dy

-=
ki K La-cl2J Ib-e'f.ft)-r"' (t)-2a) ....(17)

dt d

ThÍs was then program¡ned to obtain kl, usíne numerícal íntegraËion

and non-1íne.ar least squares ::egre.ssíon as outlÍned abnve. taù1e

III.4 shows the resul-ting rate co-efficienÈs calculated using Smíthrs

value of. KU.

15
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TA}LE T.TT.4.

Rate Co-effÍcíents for ÀlEt
Addition vía Monomer

Va}res of ki extrae.ted obvi.ously depend on the value of. I(U tahen.

l{iren the preferred values of Srnith ar-e used, the Arrhe.nÍus parameters

fox kl arc-

dm mo1
-1 -1_

Þ

E = B0+3 kJ mol--1
1

If other \ralues are usedlotn" A factor d.ecreases by an orc1.e-r of magnÍ-

tude and t,he enthalpy of activation decreases by approximately 10 kJ

- -1_moI

g + cBH6

Al = 
'09'st'

3

.289.489.L77.L26082

Total- A1

Itn,

2
L.224

.918

.6L2

,4s9

.306

.229

Ave.

.233

.249

.3L7

.358

.654

.558

.510

.558

.363

.316

.L75

.206

. r_65

. r_35

.ts4

.13s

.103

.l_13

.098

.156

.083

.092

.086

.072

.078

3333283233183l_3Tenp/i(

kilrr-1 -1s
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5. DISCUS SION OF MECHANISM

Metallatíon is a second orcler reaction between dírneríc t'rÍethyl-

alu¡ríníum and phenylacetylene. The .4 factor l-ies within the range to

be expêcted for a simpl-e bÍmolecular liquid phase reaction. observed

orders of reactíon excJ-ude Èhe possíbílíLy of a sígnificant contributj'orr

from the complexed rnonömer (I) r¿hÍl-e the equilibríun concentratíon of

uncomplexecl monomer (41-Etr) ís too small for any conËríbution Èo be

detected.

The addíLion reaction probabl-y proceeds by way of the intermerlíate

complex (I) with the raËe controlling steP being t-'he unírnolecul-ar re-

arrangement of I. By analogy wíth alkenes, it ís suggestec that a

four-centTe tralÌezoídal tïansiLÍon state ís j-nvolved'

#
H-C=C-C

+

A1

6Hs
H

\
H

C=C->->

c
6Hs

Ç=c.

Er___41/\/\
ET ET

EI A,IEI

c
oHs

2
t

+HC=C_C

products
6
II

. . . .(rs¡

This ís f:he obvíous concl,usion from both the structure' of the

complex and the dependence of the rate on íts concentra¿íon' Apart from

the exte::na1 orders indicating that the addition reactÍon does noË pro-

ceed from a bímol-ecul-ar reactíon between monomeric AlEta and phenylace-

ty1-enes, Ëhe A factox calculatecl for thís mechanism aPpears to be too

5
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high to account for the loss of transitíonal and rotatíonal degrees of

freedom ín formj.ng the four-centre transitÍon sËate dÍrecÈl-y from mono-

mer and alkyne.

The .4 factor calculated for the raÈe deËeruríning ste-ps of equatíon

(18) is consist.ent with the postulated mechanísm. The entropy of actj-v-

atÍon is -23 J rnol--l. This is accounted for on the same basis as the

al-kenes, narrrely the loss bond rotat-íonal entropÍeo on going through the

rate deËermin:Lng step. rn this case, however, the n complex is nuch

stronger than for alkenes, and is presumabLy tighter. Models shovr that,

as it is in the same plane as the n bond, the phenyl group hínders the

rotatíon of the Al-Et bond and the Al--al-kyne bond, and so thaü on going

to the transÍtion st.aËe, onl-y some of the rotation terms are l-ost.

Thís is partÍally compensatecl by the freeing of the hindered =C-CUH,

entÍty as the hybrídization changes fron sp to spz. Thus the main con-

tributíons Éo Â,S aríse from partial interruptions Ëo mínor complex ro-

tatíonal and vibrational modes.

In order to compare the allcene and the allryne n complexes absolute-

1y, ít ís necessary to assume Ëhat the entropi.es of the four-centre trans-

j-Ëion states ín both the al-kene and al-kyne adríícions are identical-.

Thís is certaínly nc¡t the case. Nevertheless they should be. sinílar, and

ín ËhÍs light it is difficult to see how the- entropy dÍfference between

the alkyne and alkene n complexes c.an contribute as much as 104 to the .4

factor. As prevíously urentioned, the effect of sol.venÈ on transiÈion

staLes Ís l-ittle knowrr and thus any detail-ed explanatíon must wait urrtíl

al-J- the solvent facËors are underst.ood.
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Synopsis

Ir iaLky Lalumi.níum - donot, e orrrp Leæe s . The se comp lexe s have ímp or Ë anÈ

effects on rate and stereospecifícÍty of Zlegler-NatÈa catal-ysts.
Many complexes have been studied. The stabí1Íty of each complex

depends on e-Lectronie and st.eric effecLs. These are díscussed.

Reaet"Jon of f'rì.ethyLaLwtíniu¡n conrpl.eæes uLth Unsal;urated Hydnocairbons -
Rate retardatíon of the addition react.íon i.s due to donor molecule

occupying the accepËor síËe on the al"umínium. Reactions studíed to
date show that the donor compl-ex ís unreâcti.ve. MetallaËion of
alkynes ís the on1-y reacËÍon where donor conplexes are lcnown to be the

reactÍve species.

Re act ion o f Tz,ietTty LaLuní'niwrt -tz,i al.ky Lc.nine contpL e æ e s uith Pheny L ac ety -
l.ene - Prelj.minary re"su1-ts shov¡ that not onLy the Ai-EË3.NR, specíes is
present. P.m.r. studies on A1-Etr.NR, d"írners and AIEI3NR3CUHU eomplexes

are l.nconclusive, but indicate the IatËer to be possible. Ebullíometric
results shor¿r thai no AlEt3NR, dimeric specíes are predominant. The

kíneÈics of the metallation reacËion are determined using marrometry,

and the rate parameters calculated by assuming two simultaneous reactÍons

- one ínvolvíng a AlEt3NR, bÍmolecular reacËion and one involving a

ternary compl-ex. Arrheniu,t parameters are also cal-culated and different
mechanisms are proposed to account for the Large difference ín / factors
observed betrveen the triethylamine and tri-n-butylamine complex r¿ith

triethylal-umínÍum.
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1. TITTAL]ffI,AT,TJMII{IU},I DO}TOI{ CO}MLBXTS

Än inporcarlt property cl¡ a.l-l the trÍal.liyl- derÍvaf:íves of the ele-

me.nts of Groups I, II and III is their ability to form donor complexes.

Of the elernents of Group IIIlr, the trialkylai-umÍniurns show thê gïeaÈest

tendency to complex formatíon, mainly formíng four co*ordinate contpJ-exes

where the alumínítur ha-s a stable octet of electrons. Fi.ve cr¡-ordinate
1

complexes of tríalirylalurniniums ale a.1so knc'r+n, but the onl-y six co-

or:dí¡ate aluminium compotrnds are one-s wi.Ëh '¡ery electronegative 1-igands:

?-
e. B. Àl-il.--, A1(H2O) 

6 
. Trl alkylalumj-nir¡rns are knovflr to f o:m sttlble,

dj-stillah1.e complexes wiËh ethars r2-Gt-lrÍ.*thers2 "'ttti,r.u r'' 
uphou-

2,6,7,9 10,11 72,73 14
phirres ,- '-' 'phosphine oxÍ-<les, ' nítrj-J-es ' anrl sukrhoxieles, amíne

1l 9 15
oxídes, phospbítes and trífluorosilanes. It has al-so bee"n shotun

i¡ thÍs treaËise that l-ess stabl-e compl-exes are formed -betrqeen trj.alkyl.*

alumíníums and a.romatic ar:rd a1-1cynyl contpr:unds.

To understanrl the un<lerlyíng princ:iples of complex formatíon ancl

stabÍlity to reactive substrates is especÍa1ly ímportant Ín the case of

tría1ky1-a1.umÍníuns, as they (the conrplexes) are ofLen used to form

Zj-egler and Ziegler'-Natta catal.yst,s for ínikistríal poLymcrrizatj-on.

Er¡en i-f a co-ordílrating conplex is not par:t of the reaction mixtttre,

of ten the ti:ía1trcy_1_aluruinium appears to end up Ín a compl.exed state.

For exanple, ín a typical Zíegler-NaËta catnlysts, tr:iethylal-r-r.m:Lníum and

a titanÍrrm chlorÍcle are cornbinecl . The rnost generally accepteci rnechanisnr,

.16
that of Cosse-e, proposc¡s thaf- polymeri-zaÈion talces pl-ace at a vâcant

síËe on the tiÈanium atom. The almnínj-um compound, whíle noÈ talcj.ng arr)'
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dLrect part ín the poJ-ynerízation, musÈ assíst ít by either compl-exíng,

or acËing as a reducíng agent, as the polyletizaLlorr rate is very much

faster ín a Ziegl.er-NaËta catalyst. than wÍth tÍtaníum chloride aloue.

Tí cl

C1

AlEI
3

The exact nature of thís complexíng and íts role ín the polymetiza.tion

is, at present, conjectural.
17

IÍost other postulated mechanísms f.or ZíegLer-Natta catalysís

invol-ve coruplexed alumj-niun in one form or another, and this premise

is subsEantiated partly by Èhe observation Ëhat strongly solvat,Íng so1--

venËs such as tetrahydrofuran and trÍmethylarnines have quite marke.d

t 8-2r
effects on raLe and form of polymerization in several- systems.

Any ínterpretation of increased raÊe in donor solvents must be based on

an íncrease in the number of acLive siÈes on the catalyst, because

neither the Al-C bond nor the Ti-C bond is po1-ar enough for donol sol-

vents to aíil the formatj.on of íon pairs to any degree.

R

cl-

c1
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An explanation in t.erms of the Cossee meehanÍsm is thi¡t compl.exíng

facÍl-itates the rege.neration of ürfethyl-ak¡mÍnium af-ter site formaËion:

si-te-Cl + AlEË

EtIÃLCL

3+síte-Et+Bt2Ä1C1
Ì larcr, + tnrnr,

Donor comple:<es of AlC1, are stronger Êhán those of ELZA1C1' thus driv-'

Íng the second reactÍon Èo the rÍght. Therefore more A1.Et3 ís regener-

ated, with the consequent íncrease Ín the n.umber t¡f new sites that can

be formed because Al-Et3 ís a better allcylaËÍng agent than Bt2AlCi torvards

Ëítanium chloride, and hence the observed reaction rate Ís faster. The

change Ín stereospecificity that is observed when donor solvents are

added to certain po1-yrne::ízaEÍon catalysÈs cannot, however, be ratíona1-

ízed in these sjmple terms. Many other assumptions concernÍng the ro1-e

of the clonor solvent in forming the active site need to be made in order

1-o account for the observed changes.

The alumíniumtríethyl-:díethylether cornplex was fírst recognized in
224

Ig23 btrt j-ts r:eactions were not sLudied untÍl L953. In 1955, the

first cluantÍËative ruork \üas repo-!-ted when s'EoÍchiometry and heats of

formaÈír:n of se,¡eral EtrA1"<- Don,or complexes r,-ete det-ermlned by a calorÍ-
2-3

meËrÍc technigue: mosL complexes were fountl to be of a l-:1 stolchÍo-
24

metry. Brownsteít et aL fírst studied Ëhe p.m.r. of Lhe EË3Ak-08t2

compl-ex, correctly interpretÍng theír claLa ín terms of fhe reducecl

el-ectronegatívity of the al-umíniurn. This rsork was foll-owed up by Hatada
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and rurri2' rod r"Lashi26 who looked at p'm'r' spectra of triethyla¡:min-

Ír:m wlËh a varlety of donors. on the basis of their I¡7ork' Lhe latter

establisherl a "basícity consLarrtrt for each donor which appeared to re-

flect the proton basicíty, but wtrich' in fact' contains contributions

from ol-her: eff ec'ts as well (see l-ater) '
2.7 28 .3r

A1- n.n.r. of EtrAl<Ðonot complexes has been reported ' and

these studíes show the exístence of the ottrer main spectroscopic palameter

that índical-es conplexation, the nucl-ear quadrupol-e coupling consLant'
27

an excellent revíew is avairabl-e covering al-l- a.l- n"m.r. wouk on ÈriaL-
27

kylaluminíums and the.ír complexes '

Letuulcuhl and Kobs2' nu.ru sËudíed the dlsproportíonatíon of several
30

complexes by conductorueLric techniques anil recently Smíth has completed

a charact e.rLzation of the equÍi-ibrium of the sysËem AlEtr/mesiËy1'ene

(see Section II.2). This is the fírsË quantitative worlc reported for a

complex involvÍng a triaf-kylalumi.nj-um and an arornatic n sysËem' ?'m'r'

spectra of the phosphine complexes of triaÍ-lcylaluminírrms have also been

32
sLudíed.

À].1oftheal¡ovewolkreportedonËhestructureofAlEt.<-Donoa

cornplexesÍsconsistentrvithast"oichÍometryofoneacceptoratompeÏ

donor a.tom, and the exÍstence of a defíniÈe donor-acceptor bond' Durj-ng

the last few years, this has been shown to be Íncleed the case by x-ray

and elect::on diffraction studir;s. Thus ffiitL reported that the crys';a]-

structure of the trimethylaluminíum-quínuclídíne complex has a stoíchío-

^ JJ

metry and an Al-N bond length of.2..06 R."" The structure of the
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Me.A1-<.di.oxan compLex has been shoçrr to be 221-, an.d has an À1-0 bond
J

lengt.h of 2.02 8.34 rn both of these, and other repor:tecl cases of

teÈraco-o::dÍnate triethyl-alumínirrm, such as the normai- dimer, the bond

angles of the atoms aÈtached to alrrmj-nium have been found to be a

sliglitly distortecl tetrahedron.

The stability of each donor complex with tríalhyla1-uroiniums depends

on both donor and Al allcyl grolrp. Most, Íf not al-l- of the facËors whích

determíne this stabÍlity can be dívíiled into elecËronÍc and steric

effecLs.

As ís Lo be expected, the síngle most importanË property decíding

the stabil-íty of the complex is Lhe avaílability of the electron pair

from the donor atom, as exemplified ln the proton basícj-ty. This is

shown by Ëhe fact that, even Èhough MerAk-NMe, and l4erAk-PMe3 are not

dissociate<l t,o a.ny great extent in the vapour phase, the equilÍbrj-um

r(eaAk-r}'b3 * r"3
3 3 3
AÏ-NMe * Plvle

35- B

1íes rvholly on the ríght. ' Thís díssociation equÍ1j-brr'-um has been

studÍed r,¡íth several dono::s. The stabíLity of trimeÈhylaluminium com-

p1-exes declines ín Ëhe sequelrce NMer>P}íer>01ter>SMer>SeMer>TeMe, "

Steric effec.ts are also very important. Tetrahydrofuran Ís a

23
better complexÍrlg ager.t than diethyl-ether and, as the ínductive effects

are about Ëhe same, the differenc-e ís usually expLaíned ín terms of the

greater sterÍc hindrance of diethylether. Brown distj-nguished two

->
N<-Me
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types of híndrances that occur duríng co-ordination, whi-ch he caLled

B and, F "ttrÍrr".36 B straÍn Ís the sËrain arising from a branchíng

substituent close to the donor atom, while F straín ís hindrance by

Ínteract,ion of two solvent molecul-es on the same acceptor atom. In a

1":1 compl-ex, ihe usual case r¡ith trial-kylaluniníums, on1-y the former

applies. An e><ample of this B stra"ín is shor+n by the fact that the

heaË of formatíon of the trirnethylaluminium complex of Ëri-methylamine

ís about L2"5 lçJ rol-1 less(more negatÍve) than ÈhaË of the trímeÈhyl-
6

aluminium-tríeÊhy1amíne complex. In general, however, sterlc straiu
37

fs not nearly as marked as Ín Lría.lkylboron adducts owing Lo Ëhe

larger co-valent radius of aluminium, and seens t-o be more marked fc¡::
38

the trlaryl-a1-umlni-ums than for the tría1"ky1a.h:miniums.

A second steric factor ínfluencíng comple:< stabÍ:l-iËy, apparent in

multidentate lígands, is that the formatíon of fÍve and síx membered

ríngs Ëend to enhance stabil-ity. For example, Ëhe chelates I and II
39

are stable up to 513I(

Al_

,2

,2

C

I

C

Hz

Hz
/"",

A1-

C

I

C

CH.

l"
\",
NET^

/z
NET

/
2

íBu ÍBu

iBu ißn

I IÏ

whil-e regular iBurAl-<-NR, compl-e.xes breakdor,m l'rel- bel-ow thls temper¿iture.
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Ofher tha.n prol-on Llasjcít.y, the major electronic effect Ínf-l-uenc-

ing sËability ís the ínductíve effect of sul¡sËituents adjaceriË to the

donor and accepÈor atoms. The feebl-e donor prerperties of dipbenylether

can be attril:uted Èo the interac.tÍon of the shared elecËron pai:: of Ëhe

oxygen with the n elecËrons of the phenyl group. Conversely, aryl

lígands on the metal sborrlcl facil-ítate stronger compl.exes rvilh donor

sol-'r¡ents than al.iphatic o1ìes, although this i.s not aJ.w:rys thr¿ case.

ConsÍderíng solely inductive effecËsn the replacement of hyclrogerr

by me-thyl adja-cenË to the clonor atorn shoul-d airi corç1exíng. Holvever,

the heats of for:matÍon of M.erAl-<-OMeZ. unrd MerAk-OBi:, are-79,5 a'nd46 kJ

-1 40
respectíveLy. The d.isc.repancy ís ci.ue to the steric ef fecis

being clominant over ínductive ef f ec.Ës. Tliis is furthe.r conf irmed b5'

the fact that dimethoxyethane ís preferred ûs a complexing solver't to

diethoxyethane 
"

Another el.ectroníc factor thaü needs Ls tre- mentioned is the reorg-

anízati-ona1 energy. 0n c.cu,pJ.ex:i-ng, the shirpe- of the A1-R, molecule

changes from planar to basically t,et::¿rhedra-1. In Lhe plana.r form the

al.urrÍnÍuru atom nåy be regarCred as spz hybxiElÍzed with Ëhe unbonded p

orbital contríl'rutÍng sorne Tr naËure to the three Al*R bon<ls. Compl.exa-

tícn removes this, and thus the reactívity of the Al--R bond Ís enhance.cl,

but the ef f ecË ís sli-gtrt. This ch,ange may also occur in the donor

atom, but ís unusrral sÍnce j-t ís noË likely Lhat the donor nrolecule l¡-ill

undergo a majo:: conformatiorral ctrange on corplexation, althougt¡ some

restrÍctíon rnay be made on bu.lky groups.
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2. RE^.CT].ON 01t TRIETIIYLAT,U}IIN ],I]I'Í CO}IIPIJÐG S I,TITÉI' IIN SA.TURATED

HYI)ROC1ùtBO}IS

Àpa.rt fron Lhe observatíon tl-rat'. co-ordínaLing solvents alter Ëhe

rate of polynerization of several- Ziegler-'Natta catalyst systeme, 1itt1-e

has been repor:ted Ín the fÍel"c1 of reactíons of dono-r: compl-exe.s of trÍ-
4I

ethytal-uminium. Tn L963, AllÍ.son studfed the system t.rj.ethylalun-

inj.um/tetrahydrofuran (ttt¡') /trex-l-ene 1-:y producL arralysis usÍrig gas

chrom,atog::aphy. lle observed acldj.tion, bttt at a reduced rate comparecl

to slmilaï conce.ntratíons of reactants ín the absence of TIIF. All'ison

¿ldmits, holveve.r, thaË the results may be:in error due to the dj-fficulty

he had in ol¡taÍning a l-:l mol ratío of AtEtriTHl', and Lhe ínherertt j.n-.

accuracies incorporated in usin.g gas chromatography as a kínetic Ëoo1,

especf ally at l-oru conversíons. Byers looked aü the s)'sten tr:iethyl--

alumíníum/p-dioxan/oct*1-ene by p.m.r. speceroscopy but could find no

42
evÍdence üo indicate reactíon. If Allisonts results are corj:ecË'

this ís unexpectecl because TIIF co*ordinates more strongly Ëo trj-ethyl-
23

aluminium than p-dioxan.

The srrppressj.on or retardation of addition in co-ordinatíng sol.

vents can be explaíned as beirrg clue to Lhe donor molectlLe occtlp)'ing the

acceptor site on the ah¡mj-nÍum atom and thr.rs tiris s:i-te is nclt available

Èo form a r cornplex wiLh eiLher an al-kerre or an alkyne. I.üe recently

found that, evel wj-tl: a weak ccl-ordinand such as dÍphenylettrer, the

compl.ex is completely unreac.tive- towards oct-l-ene arrd th¿rt Ín the tri-

ethyl-aLumÍnium/díphenyl-ether/oct-l-*ene sy-ctelrr, reacti-on prcceeds from
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Èhe sma11 con¿entration of unc.orapl-eriecl mon<¡meríc AlEt, j-n equ:ll-íbrírun

\,,/ith the compl-exed species. This was concl-'usivel-y shor'rn frorn integrated

rate plots and the fact that the s1:ecifj.e rate constanÊs for additiou
43

were the sarne in botir ether and hydroca::bon solutíons.

In the case of alk-l*ynes, a simílar sÍf-uaLj-on tcr,rards acl.ditÍ.on

proltably exj-s;Ls. For metallafion, however:, differences al:e appaÏent'

TrleÈhyl-alurniníurn etherates do not react wj-tl¡ al-k-l -ynes to metall-ate
44

the alk5me e.nd release ethane to any measurable exÈent, even aL 4231('

However, triethyl-al-unirrium'*Ërj.al-kylamÍne complexes react' clrrantitatively

r,rtth al-k-l.-ynes ¿rt 373K-393K to release ethane and gíve the diethyl'-
l+ l+

alkynylaluminium*tr::lalkylamíne complex. ?his latter is the only

rear:t,Ío¡ where a tIietl'ty1.a1umírr.ium donor cornplex is known to be reacfing'

because the ecluíl-ibríurn c'onstanl- for the formation of the complex is ve::y

hÍ.gh, and therefore a.ny contri.T¡uLion from uncomplexed triethylarluminium

mononer ntlst be rninimal..

In tryj-ng to evaluate irow cornplexing affects the niode of reacLion

of Ziegler*NaLta catal-ysts, it seemed to us that the kj-netíc paranrret'ers

of the only reactíon vhere a donor compl-ex, of triethyl.al-umirrÍu'm isknown

to react cotrl-d help. Such a study shou|d re-veal sorue¡hing about tire

nature of the alumirríum-clonor boncl lrtrích rnay be used ín the Ínterpreta-

tlon of polYmerizati.on dat'a.

As nentíone-cl j-n TV.l-rtwo of the major fact-ors affecting the nature

of ttre clonor-aluminium bo¡cl are the protoil basicít¡r of the donor atom

(in this case nj-trogen) and the sËeríc hindrance of the substitrrents

of the donor atom. It ís clifÍicul-t l-o er¡al.uate Ehe for:mer wtiile



L26.

IV.2.

keeplng the l-atter constanË, as those substituents whích affect ttre

basicf ty of nfË::ogen al-so have a prof ound ste-::íc ef f eci: (e. g. phenyl-) .

Chl-orine or oxygen substítuted phenyJ-s cannot be used as the substíËuent

ís llabl-e to reacË rvith trÍethylaluninir:m.

Gatrging the effecË of steríc hinclranee on the metalla.t.ion reactj-on

1s a much easier task as the homologorls series of trÍalkylamines have

essential-ly the same proton basicíËy. It rrras thus decided to concen-

trate on l-rying to evaluate the kinettc parameters of the t"t"rion

between phenylacetyle-ne and twc¡ trÍ.ethy1-a1umínium-Ëríalky1-amíne complexes.
45

TríeÉhylamine and tri-n-buËyl.arnine have ídenËícal PK" values and are

easy compounds to obEain anrl J:andLe; conseqtrently they vrere the amj-nes

used
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3. EXPERIMENTAL

3.l_.

(a)

Purifíc¿rtion öf materíals

'Iríethy LaLwnint)wn and pheny Lae ety Lene,

These reagents were purified and dj.spe.nsed as prevíously

described.

(b) Tríet\tyLøníne, tri-n-butyLønine. (4.R. grade, Pfaltz and Bau::,
F1-ushing, N.Y., U.S.A.)

These compounds were dried over calcíum hydríde f.or 24 hours,

degassed and Lhen vacuum distiLled Ínto 50 mL. breakseals. The large

breakseals r,üere broken down into srnaller, calÍbrated ones, or vacuuln

buretËes as previously descríbed.

(c) DecaLin. (4.R" grade, Uni1"ab., N.S.trd. Aust.).

This solvent r,üas purified by the same process as the arnines

except for a mÍnor alteration. SubsËantial frothíng occurred when

vacuum dístill-ation of the solvent off calcium hydride was aLtempted,

due to the suspensÍon of solid particles irr the f airly vísc.ous f-iquÍd.

Therefore, the solvent was decanLe.d off calcium hydride before degassiirg

ancl subsequent. vacuum distillaÈion.

3.2. Kínetíc measurements

The reaction to be follor,¡ed is

EraAl<-NR, + HC=C-C6H5-r ErrAl-C=C-C6H5 + EtII

Mg
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Si.nce this ís anal-ogous to the uretall.atíon in Ëhe absence of amj-ne Ëhe

kinetj-cs of the system were f oll-clwed ín a sirnÍlar uanner.

The manometríc apparatus used to follow Lhe rel-ease of ethane is

that shoun in Fíg. III.7, wj-thout the lnass sPect-roue-Ër:y gas fill-er.

Reactants vrere inÈroduced into this apparatus j-n a similar fashion to

thaf a]-ready descr:j-bed (Sectíern III.3), the main d.Lffere-nces bej-rrg the

presence of an extra brealcseal contaíning the amine and the sr-ibs¡-i-t,ution

of decalin for c,vc1-ohe-xane. This srrbstÍturtion trdas necessary since. it

was found that rnetall.ation by the ELrAk-aruine complexes \ilas much slor,¡er

than meËal-l-atíon by ALTEtU alone, and therefore kinetic runs irad Èo be

made at higher: f.emperature..s than prevÍ-ousJ-y, At íncrease.d teuperature

ÍÈ was found that cyclohexane tended to <iisi:ilI over i-nto tLre itranometer

,, r'lecessítat.Íng the clunge to a higher boíl-ing solvent" It ¡^¡as

also founcl necessary Ëo al-lor¡ for the fact that aL these increased terup-

eratures the vapour pressllre of pheny-Lacetylene trecontes appreciable.

In order to provicle corr:elation between the meLal-J ation reac'.tíon

arísÍ.ng from both Lri.eLhyf-aluminÍum a,rrd its amine complex, ít is necessår'y

to change to a solvent with essent:Lal1.y Ëhe same associ¿rËive ancJ solvaÊ-

íng properties as cyclohexane. These prope.rtÍ-es at:e reflectecl in the

solubilíty parâmeEer of the soh,'enÈ. This ís a thermod-ynarnic cluanijty

defi.ned as the-,. square root the t'inter:nal pressurett or cohesive energy

density of the solvent, rvhi-ch ís, íu turn, <lefined a.s the energy of

vaporrízation/ml "



L29 
"

IV.3.
L

s (^E ln

ÁE ís easíly cal-culal¡l.e from the Cl-ausius-Clapeyron equation and the

first larv of thermodynamics.

It seemed 1-Íkely thaË a símiLar, but 1-arger molecule than cyc.l-o-

hexane woul-d be suitable. Such a compound is dec.alín, (decahydronaph

thalene). From Èhe lat-ent heat of vapourizaÈíon, molecular weíght and

densíty, the soh¡bí1-Íty parameter of decal-in was calcul-aËed to be 8.78

cal-s/rnl, Thís compares favou::ably w:ith the vaLtre for cyc.1-ohe:ra,ne (B.B);

consequentl-y decalin (b.p. 467.6K) was Ëhe solvent chose-n.

The evoluLíon of the prodrrct ethane \^/as again fol-lowed usirrg the

automatÍc pressure reeorded described i-n Section III.3. By varyÍ-ng the

concenËration of t he trÍethy1-amine complex whil-e keeping the phenyl-ac.e-

tyl-ene concentra.tíon constant at 2.005M, the exte::nal reaction order

with respect to complex was establ-istied . T,og/Log p1-ots of. uo against

compl-ex concentration for EtrAk-NBu, arrd Et3Ak-NEt, åt f+ff< ¿rre shown

in Fig. IV.1" The leasË squares regression sl-opes of tl-re liues are 1.51

and 1.52 respecËível-y. Símilar experÍnents \¡/ere performed to deËernine

the order w:lth respecË to phenyl-acetylene and excess Érialkylarníne.

The order with respec.Ê to phenylaceÈy1ene was found to be unity at 3/+3K

and 373I( and the order with respect to exccss Ëríalkylamine rn¡as found t'.o

be zero at the sâme te-mpelf å.tures. An average of nine kinetic ruos \ùas

performed aÈ each of fíve t-enperatures wÍthj-n the range 333K-378K, usi-ng
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tríeËhylarnÍne arid trí*n-buty1-arnÍne as the complexing reagent. Sírr

kínetic runs, at 353K using NrN-dJ-ethylanilÍne as the complexing reagent

were also performed" Two k:i-netíe det-erminatÍons aË 353K using pyrid-

ine and TH!'as donors rn¡ere also attempLed, but no reacËÍon. eoulcl be

obserrred ín eítller case.
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4. POSSIBLE }TECHÂN]SMS

The non Íntegral exËernal order of reacËion wÍth respect to

AlEÈ3:amine suggests Èhat more than one ËrÍethyJ-al-umínÍum species Ís

present in Ëhe reaction medíun. 0f Èhe avaíJ-abl-e possibiliLies there

are two l-ílcely candÍdates; firstly, Èhat Ëhe A1Et3:amine associates

and both the monomeríc and clíneric specÍes ïeact. Thus

Kt
E2EË341+NR3

2Ex
3

-à
(ntrAL<-NRr), ....(1)

HC=CYC6H5 \ /n"
urr.lt---c=cîc6H5 + BrH ....(2)

To obÈaín an order of betr^reen 1 and 2 , ,;,, r,rould have to be about L,

Se.condl-y, ít 1s possible thaL phenyl-acetylene complexes wittr two mol-e-

cules of IltrAk-NR, and the reacËion can then go eíther so1ely throu.gh

the. cornplex or be two simultaneous steps, Ëhus

ñs

C *c6H5

IIC=C-C H

Kn

Ak-nn, + Hc=c-c6n' ? {nrrAl<-NR3)2

\/
Er2Al-C=C:C6I{5 + Eilr

Rg

6 5 ....(3)

(4)

Both dinerlc specíes ínvolve penta co-ordinate al-trmÍnÍum, but. thÍs is

not unknown.
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The f:Lrst *;tep í-rr dj-st,-i.¡ltr,rjsìrÍüg betrr'c+en t-hese lnechair.ism.s; :i s the

ide-nti.f icat.icn of the val:i.ou..i complexes.
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5. ASSOCIATION COI4PLEXNS

5.1-. TrÍcrthyLalumin:t.u¡n--amine D:Lruer

5.1.1-. P.n.r. Stuclies

Al-though the trÍalIiyl.ami-ne complexes of tr:íetirylaluminirln are

rea,sonabl-y well documented as stable, and their p.m.T. specfra recolded,

we felt that, j-n the 1Íght of Ëhe lcínetic studies, the 1:l- stoi.chiometry

and stabrl-I.ity of the compJ.ex shouLd be verÍfied. In addition, íË may

be possÍ-bl-e to detect a change in some spec.troscopic parameter l,rÍth

concenüratj-on. If ËhÍs paråmet.er can be shor¡n to l¡e normally c:oncen-

tration independent, thís r¿ould ÍndÍcaÈe the e-xistence of the d:'.mer.

Fj-fteen n.m.r. Ëubes \^rere prepared contair.ring N-llt3/Al.Et, molar

raËios varying from 0.09 to 6 and a sruall. constant amount of naphLhal--.

ene, using the method ancl apparatus outLíned in SecËíon TT"2.2" P.m.r.

spectra f.or each Èube v¡ere recorded aË 303I( and 378K, usÍng the naph-

thal.ene resor-lances offset 500 Hz'as tTre internal- lock." As c.an be seen

from the spe-ctlum (Fj.g, IV"2), the al.kyl resonarìces of the aurírre and the

triethyl-al"umínium methyl over1.ap, makíng a <li-rect detc'.rm1naLj-orr of the

inte::nal- mef:hylene-rnethyl- shif t of trielthylalurnínírr (ðÍrra) , the spec-

troscopÍ-c par.ïre-ter incij-ca.t-j-ng complexing, ímpossible. The nLerEhod-

used to obtain an Ínclj-cation of 6irrt-. tou" that used in deternin:ing Ëhe

trie.thyLaluminium-.hex-3-1'¡s complex; i.e. Ëhe chemj.cal shift of the

mel-hylene quartet relative t-.o the locJ.c. A ploL of ô^., aga:LnsË mo1-e
utt2

r¿ltio for the tri-ethylamí,rre. complex is shor¡n -Ln Tig. IV.3. A similar

p1-ot ruas obtained for the trí*n*butyl.amine complex.
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fn Èhe. Bt3Al.<-f:lEL3 system, a second pararneter to inclícate the

extent of corrpl-exÍ.ug Ís avail-able and easily measured: Ëhe chemícal

shift of the arn:ine rnethylene l:esonance. I-t appears thaË thís methyl'-

ene group is affected by the change in electronegativíty of the níl-ro-

gen, and a pJ-r:t of th:Ls paraneter agaÍnsË mol ratío íg shown ín Fig.

IV.4. UnfortunaÈely, the alky1 proton Tesonances \.,r'ere not so e-asily

distí.nguisired ín the EtrAl-<-NBu, complex'

Fj-ve, n.m.r. tubes $¡ere pr€)pared containing the same mol ::atíos

as five of Ëhe a!¡ove tutres. (N/Al- = 0.1, A,2, 0.5, 1.0, 2.0) but aL 102

of the prevÍ-ous cotlcentratÍon. No dífference in the spectroscopíc para*

meters coul.d be detected. This is not conelirsive of the absence of

the Et3Ak-N\ dimer, however, as the paläme.t-eTs of both species nr.ay be

very sínita,r and Ëheir differencec cannot be cletecËed.

A¡ a mol rati.o of N/41 = 2lL, at 302K, the amine meÈhyl.ene of the

EË3Al-<-ItrEt3 resonalìces coalesce to form a broad peak. Thj-s has been.

attrj-buted to i:he fact thaÈ, at t-his Lempeïat-ure and concenLration, the

rate of e-xchange of amin.e groups on trieËhylal"uminíum is sj-mÍlar to Lhe

26
resonallce lif eti-rue. On coolirrg, tvro quartrtt,s appear' corresponcling i:o

complexed ancl fre-e tri.ethylamÍ-ne, rvhile on hentÍng, the broad pe-ak

obtaj-ns the fine structulîe of a sÍngle quartet, as expected. At maxi-

mum irrsLrume.rrt power, thj-c high ternperature- (343K) sPectrum tuas scanned

approxÍ.rnately 1.00 llz downfield from the N-GI{, quârtet. (Fie. IV"5.)

As can be seen, 1-wo smal.J- quaftets aïe. apparent, centLed approximatel-y

36 Hz and 66 Hz dorvnfÍel-d frorn the maín qualtet. They see-med to
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dísappear on coolíng, buÈ the instrunent wouLd probabl-y not have dete-cted

then íf they coalesced to a very small, broad pealc'

These- srnal.J- quartets (<1% of total N-CHZ peak area) are due to the

amíne being ín Ëwo different magnetic environments from the major com-

plexed or free amine. It appears reasonable to us that these reson-

a.nces aríse fron amÍnes Ëhat form a b:cidge across a dirner or are terruinal-.

The possibilities a.re

EI
-) ET NEË

3
,/A1--

I

N \orl
,/ 

\-\
_\ ,/_- A1-

\
-ìar

A1--

,/\

\./
N

I

Et3

N
I

EË
3

Et

EI
,/\

\ ,,/
ET

3

It is possible thaË one of these ís j-n equílibrÍum with t-'he mononer,

exchangÍng rap:i.dl-y, whíle the other tìûlo are in very smal-l concentratínn

but do noË exchange raPidlY.

These p.m.r. sttrdies, therefore, indícate but do not prove the

abse.nce of any signifi-canË concentration of a dímeríc species in. a solu-

tíon of triethylaluminium-triallcyl-amine compleix. [{e fel-t it necessary

to try and prove thís abserrce by deËe::ruining the apparent mol-ecular

rr'eÍght of the amine complex in hydrocar'bon so]-utíon.

A1

3N
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5.L.2. EbulliomeÈry

0f the two major apparerrt molecular weight deterrninatíon nrethods,

cryoscopy and ebul.1:'-ometry, the laLter is preferred in this case,

because the mole"cul.ar rnreight can be determined at a Ëemperature cl.oee

to that of the kinetic rltns" FurLher$nre, cfyoscopíc üeasiurenìents can

be diffj-cu1t to pe-rform wÍ.Èh compourrds that may tencl to phase sepa::atÍon.

Quíte a large amount of data, daling fuom L946 ' Are âvaj.l.ab1e on
1r6,47

ebullÍoscopic rneasurenìen.ts of tríaltrcy1alumíniums, ' and tire rnethoris

of ebul-l-íome-try applÍ.ed in these câses can be applied to the t.riethytr--

alumírrÍum-donor complex. The maín deparl-tire from classical- ebullio-

metry ís the ne.cessity lo't a closecl sysËem, due to the leactivÍ-cy of

tr5-ethylal-urnj.ni-um and related compounds r¿íth aj.r: and moisture.

As a result of having to worlc rrrith a cl-osed systern, ít was dec.idc'.d

t.o adapt the apparatus to operate a.t variabl,-e pressures, thus rleterníníng

apparent molecular weights aÈ differen.t temperatures withorr+; having Ëo

resorL Èo changíng the solvent. Tl-ris ís especíally desir:abJ-e in tri-

a1-kylalurnj-nium systems as iÈ has been shol¡n that partÍcular sr:lvenLs

(e.g. aromatics) afl:ect associat.icln"

Thc ebull-íonete-r used í-n this determínatíon ís based on a conuûerci-e.l

48
ebul-líometric sysl-em rnarketed by Gallenkamp, which ís in turn based orr

49, 50
a systeur clevel-oped by Heitl-er j-n 1958 It consists of tr,¡o borosil-

ícat.e glass ebulliorneter vessels, j-nLerconnected wíLh varj-ous' takeoffs,

and a resisËance nreasuring brÍdge incorporatíng a nul-l- detector:. Eacil
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ebullíoneLer vessel consísts of a rnodifr'-ed Cott-rell purnp wíth a Êungs-

ten rvíre fuse-d ínto the base to coilduct heat Lo the solution' Heat is

suppl-íedtotTrisw-írebyplacirr8jtínaheatingblocklocatedína

heatj-ng st-and. Effj.cienL boiling procluces rapid cí::culatÍon of a,n

intimate foam of soluti-on ancl vapour, provÍclÍ-ng corrdítions unrl-er r+hích

the boilíng poi-nt is prec-ísely measured. Boil-ing Èemperâtu.re ís sensed

by a thermist-or probe ín the foam. h doub-le surface condense:: wíth

both inlet ancl outlet at Lhë lop \üas attaclr.ecl to each vessel. Às the

vapour condertses, the conclensate returns steaclíly Ëo the solution, arr<l

j.n th:Ls hïay a state of dyr-reunic equílíbrium i.s evoh.'ed. The sLand coin-

prised a base r^¡ith heal-ing elernent and contTol, and j-ncJ-uded a plastÍ.c

shielcl l-o protect the ebulliomei:eï vessel from draughts. A schema'tíc

of the ebulliometric system Ís shov¡n ín Flg. IV.6. A.Éop each dcui:l-e

surface conclenser vras a fl-ask used to introduce li-quids j-nto e.ech ehul'l-

ioniet-er vessel-. The trieÈtrylal-umj-níun comple:< was ÍnËroclucecl via a

bre¿.kseal , whii-e sol-r¡ents were i¡jecl-ecl into the- apParatus through a

Vj_Lon tAr sepËum inl-et. In norpratr ebuLliometríc deterniínatíonsn che"nges

ín the boÍ-líng point are engineerecl by progressivel-y aclcl:Lng solute- and

thus changíng the conceïll-ration. Irr this case' r¿ith a reacÈive solute,

Lhis is inconvení-ent, ancl íË was decí¡Jecl Ëo a1-ter the coricentration hy

adclíng sol-vent. Injectíng progressively krrown amounts thr:ough the

sept111n inl-c.-t ís an ea.sy ernd effe-ctr'-ve- wäy Gf accomplíshing this.

Along the connecÈírrg glass 1:trbe were placed f ou.r t,',rlce of f s:

ballasL, Íacuum, nitrogen ancl a manolùeter. A ballast (20 títre aspira-

tor) was necessary to al-le-viai-e the snall fl-uct-uations in prerlsllTÉ-'' uirich
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occur when boj-ling ís performed l-n a srnaLl- cl-osed system.

EbuLLíometrie Theony

The temperaËlrre dependence of vapour pressure is gl-ven by the

Clausius-Clapeyr:on equat ion

dLn PldT = IJI lwz' vap

CombÍníng this wif-h Raoultrs La\d, according to whíc.h Ëhe addÍtíon of

solute l.owers the vapour pressuree the foll-owing re1-atíonship Ís estab-

lishtad.

LT= M f,l - /14.1^/a b Da

w2,'o

AITvap

LT=

ñ-
¡L-

Ín!-
o

LH=vap

IUI =

w=

Difference :'-n boílíng poínt between

Gas constant

Boil:'-ng temperature of the solvent

Latent heaÈ of vapourizatÍon of the

Molecula:: weighË of solvent (a) and

I,,leight (gms.) of sol-vent and solute

solvent and solutíon

solvent

sol-ute (b)

ín system

Ior standard bead the::nístors

(s)Resístance (r) =ae b/r
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Thus

-139.

lnx,=qt+b/T

oL = o"b/'r T =eeblr
o

-lv, .r r"lbI O OI

o

LT=I T =l.nr
1 o

Defining;

?L

Ln v, /rL

and substítutJ.ng for L?;

Mb
R.b . r'o M

a
wa

AH Lt,vap W

ln rr/no = bLL/To=1,lrLl

L o
T2=]-:ny, /r, /b

=T +Lr
o

o = 1n(J-+Lz,lro) = Lnlro

o

....(6)
a

Thís procedure qras fÍrst used by Stokes and Pugh tn l-963.51 l'rom

equatíon (6) ít can be seen that ín order to obtain a val-ue for MO, the

b coeffí.cient of the therinistor nust be known, and so, before embarkÍ.ng

on mol-ecular weíght measuremenÈs, it ís necessary to determine t-hÍs
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parameter for the solution thermistor. InÍtially the apparatus uras

pumped ouË using a rotary oi-I prunp to approximately 10 Nrn-2. The tap

to the vacuum punp was then closed and hÍgh purity nitrogen (C.I.G.

specíficatíons <0L7" 02/Hr0) bled Ín until h¿Lf atnospheríc pressure

in the sysËem was attaíned. Cyclohexane ü7as then íntroduced by ínjec-,

tion into the lefthand (so1-utíon) ebulliometer vessel, and heated to

boíling by passíng current through Ëhe heating wíre. The resistance

of tlie the.rmÍsËor r^ras then meastrred..

Resi-stance hTas measured using a Wheatstone bridge círcuiL fncor-

porating two standard mica card resístors (! 05"/", t-emp coeff 5p.p.m.),

and a Cambridge Instruments 0-1.1r000Q clecacle resÍstarrce box (míni.rrrun

0.10) in additÍon to the the:rmisËor Ëo form the four secËions of the

bridge (Fig. IV.7). D.C. was supplied to the circuít by a 1.35 volt

Mercury Mallory cel-l- (RM-42-R) vi.a a 1:recision potentiometer to enabl"e

the currenÈ passíng 1lhrough the brídge, and hence the sensitíviÈy, Eo be.

varÍed. Curreut across the brÍdge hTas cletectecl wíÈh a Leeds and North-

rup ElecËroníc Nul-l- Detector. (Model 9834). At maxímum sensítivity, a

full scale defl-ection on this insËrunenÈ corr:esponds to a volËage of

0.61V. At the null poinL the resÍ.stanc.e of the thermístor is given by

r" = decade box resistance x 69993 oluns

4999

On compJ-etlon of each resÍstance- readÍng,

increase the pressure by a.bout 1- cm I{g.

enough nitrogen was tled ín to

After the solvent had reacheC
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equilíbrlum at íts new boíling point (approximately 2 mlns"), the new

pressure was noted, and the resistance agaín taken. ThÍs procedure

lras repeated unËj-l- Ëhe pressure in the sysËem ï¡ras approxj.mately 1] atmos-

pheres. The data for cycl-ohexane can be represenLed to a good apPIox-
52

imation by an Antoj-ne equation

ln P = L7 "256'3889.2/'I

P = pressure ln rnm IIg

l'= Temp fn degrees K

Combining this r,rÍuh the equation (5)

In r = -b/3889.2 Ln P * consi.

A p1-ot of logr0r against logroPr Ëherefore, has a slope oÍ. -b/(2.303"

3889"2K) (Fie. IV"B). The b coef'Lícient for the solutíon theïmist,or

was caleulated to be 4L24K. In sorne Èhennist-ors this co-efficient can

be alt-erecl due to the occurrence of the so caI.led. ttsel-f heatÍng effectt',

which arÍses frorn the fact Èhat the thentistor Ís a resistance, and so

uses up povüer according to the equatÍon U = i2r. Use of th:Ls v;attage

wiLl- cr:ntribute hea,Ë to the ttre:mistor and thus decrease. ífs apparenf

resísÉance. This was overcoue here by using pre-aged therrnistors. Pr:e-

agÍng, as its name implíes, consists of heaÈíng and cool-Íng the thermístor

a nrmrber (-25) of times, after whj-ch the resisLance is stable for 1-ong
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perÍods of tirne unde:: normal vol.tages.

It is theorel-j-caJ-J-y possítrl,e to use Éhe 1og10r vs 1o8',OP p1-ot to

de¡ermíne r'_ (e.quatÍon (6)) for nolecular r,reighË cal-culatÍ.ons, necessí'-o'
tati.ng the use of only one ebullj.ometer vessel . In pracLice, however,

this t-echnique is not possible because the manomete:: is not accurate

enough: a change in pre,ssure of 0.1- mm changes the- z'val.ue by about

1-2CI, and values of r neecl to be knor'm to 0.2CI to gíve reproducibl-e

resulËs. To produce the accuracy required i.s Ëhe reason for j-nco-r-por'-

aËing Ëhe solvent (righthancl) ebul1iomeier vesseJ-.

Cyclohexane rüas Íntroduced ínto each vessel and t-.he resÍstance.s

of both tht:rmj.sLo-rs measured at various pïessuïes t-o Ll. atmos¡:he::es"

Ttre tr^ro thermístors used \^7ere a matched paír (very simílar b co-eT.f.Lc-

íents) and so Ëhe rel-ationship T.¡etrueen ths¡ can be expresse.d as a sËraight.

l.ine

oL=^r,r*e

During a mo.lecuLar r+eíght detei:m:inatÍon, therefore, ro fclr sr4uatíoiÌ

(6) v¡as obtaíned by measrrrÍng the resisLance of thc; scl-verrt the-r:mistor

(2), a¡d the solutíon thermistor (1) at the sarne pre,çsurer and applyíng

the above rel.atinushíp Lo obtain no 
"

In thís apparatus a known mass of solvent ís íirjected, but unfort-

unatel-y noL al-1 of it is ín solution during Lhe measulenerlts; some ís

present as vapoutl arrd s¡ome as a fj-l:u of lic¡r5-d on the wal.ls of the

ebull-iorneter vessel and conclensor . 'Lt is therefc,re necessary to deter^'
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mine Ëhe mass of solveDt ín the líquícl phase by calibraÈj-on. For this

purpose pure naphthalene was used as a solute.

The apparent molecular r,lei.ght of naphthalene. \,{as <ietermj-ned at

pressures bet¡,¡een ) and 1| atrnospheres. Since naphthalene is not

sl-rictly involatíle aË the temperature of boiling cyclohexane, (Ít has

a vapour pressure of 6.6 m¡r at StoC) rU' .qrrtaíon (6) \¡/as co'rrectecl by

nruLlÍp1yÍng the ríght hand síde by (|-pr/Po), where ¡:, is the vapour

pressure of naphthalene and po Ís the vapour pressure of cyclohexane

(760 rnm). From equation (6) ít can be seen that

Mhl. APP
IrIt. solvent added

M,/true lùt.solvent in líquid phase

Resul-Ës from four different naphthalene ccncentrations show thaE Éhe

solvent hol-clup at 0.5 atm. = 0.59 gms.rrlsing 1-inear1.y to 0.72 gns. at

1.5 atm.

Slnce no vapour pressure data. Ís avaíl-ahle for Lhe tno trÍ-ethyi.-.

aluminítrn-arniue complexes, a preli:nirrary experiment Tüas necessary to see

if equation (6) need be rnodifíed for solute l¡apour pressure in these

systems. For Lhis purpose, the apparatus shornm in Fig. IV.9 was con-

structed. After evacuatÍon for 1 hr aË l-O-1 Nn-2, the taps to the

vacuum syÍitern were closed, the breakseaLs contaínÍng ecluímolar quantitÍes

of each coarponent (lrn1 AlrlLOr 1-"02 rnl- NEta or L"L7 mL ntlur) were broke-n,
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ancl the liquicl lxozen ín the flaslc using liquicl nitroge:r, before Ëhe

consÈ::ictions were sealed. llhe v¡hole appar¿ltus was plac.ed ín a glass

oí1 bath conËaínj-ng silÍcone 200 oj"l at 293K end the height of the

inlrer column of mercury r:ead on a cathetometer. The temperaËtlre of

the oiJ- bath was raÍsecl in progressive steps to 410K, measuring l-he

mercury herÍ-ght each tr'-rte. In the case of BtrÄl<-NBur, no r:.liange in

heíght of the mercury could be de.t"ectecl over: this tcrnperature range, and

Íl- wa-s concluded that, under these condiÈions, the vapour pressure of

this complex was neglj-gible. A rise in pressure could, however:, be

detected for E1-.41<'l{Et. " As onJ-y a srnall- chartge j-n mercury height
JJ

could. be obse::ved on heati-ng the complex frou 7lK to 294K' e.ncl Èhis can

be accotrntcd for by degassing, it rvas assuinecl that uhe vapour presstlre

of the eompl-ex was negligibl-e at 29/+K., and Èire Antoine equatÍon rvas

calculaLecl on this basis. The observed pressures between 294'K and 4J-0I(

can be represented by the equatíon

lcrBlOP = 5.501 ^ L738.6/I'

The apparent mol-ec:ular rrei-ght determinati,on of the. triethylalumin-

íum--anÍ,ne conpl-exes r{as collducÈe.cl under an inert atmosphere of nil--::o¡¡en.

This r,¡as ob1;aÍnecl by erracu.ating the etrullíometer to l-0 Nm-2 usÍ-ng Lhe

rol-âïy oil pump, cI-,rsing the v¿tcutun Lap (Fig. IV.6), and bleedÍng in

hígh purl-t)' nitrogen until aûnospheric p::essrrre hras legained. Thís

fl'¿shing process ¡'ras ïÊDeatecl thr:eie t-irues to ensure the rernovai of all

aÍr. After the pressure rùa.a r:ecluced tcl 0.5 atrr. a brealçgeetl. cclntaírríng
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2.0 mls. of compl.ex Ín 7 ml-s. of cyclohexane was l¡roken. All lÍqui.d

was forced i"nto Lhe so-l-utÍon ebrrll-i.oiueLe.r vessel by coolj-ng the botton

of the condenser with lÍ-quÍ-d rritroge.n soaked coËton t'rool, while hea-Èing

the rest of the g1-ass apparaËus \^7Íth a haír dryer. 10 mls . of cyclo-.

l"a.,ona ttoro inia.gfsd into the sol-¡¡ent, ebrrl-1i.ome.te.r vessel, using sepËuuì
llç^a¡ ¡ç lv e r ç ¿r.r,J L

inlet (2),

In order to ¡rssj-st ín boiling and to PÏevent excessive frothirtg

in the sol-ution, 0.2 gms. of coarse powclered glass rvere placed in the

vessel. T¡efore assenrbly. Thermistor re.sísta.nc.e.s oÍ the boil-ing srolution

and solvent v¡ere recorded at se.veral pressures ín the range 0'5-1''5 atm'

The vacuum tap r.¡as then opened tcl ena.l¡le the pl:essure tr¡ drop lrack to I

afm. and Èhis was foll-orn'ed 'oy the ínjecüiorr of. 2.0 rnL.s. of cyclohe:iane

through 1-he sepf.rrm Ínl-et (I) . Therrnístor r-.esistances \'üere agaín meas-

urecl fc¡r the hoíling soluLi-ons bettveen l.O-1-.5 atm. Preseiures less Lhan

one atmosphere eould not be used Ín these subsequenË deËerrnínatíons

because obt-ainÍng the r:educed pressure youful take an apprecial¡J-e amount

of cyclohexane from solutíon. The cleterrninations l{ere rePe'a1[ed with

two srrbsequr-:rrt 2.0 rnls. c',/clohexane a<lditíons. Apparent rcrc¡lecular

weÍghts lue.re calculated from equatÍon (6), mocljfietl for sol-ute vaPour-'

pressure ín lhe case- of the trj-e'Ehyl-alurniníurn*triethylamine complex,

rvÍth the result displayed ín FÍgs. IVloa&b. ExaminatÍon of these

fígur:es ÍndicaLes that boËh compl.ez.es exíst -[n cycJ-ohexane sc¡l-uLÍon aE:

nonolneï over the teilìpeIáEtlïe range covered. The slight sJ-ope j's pr:o*

bably due to errors j-n Lhe solvent holdup detenrinatioD.
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The monomerj-c nature of boi:h conpl-exes ín solution r¡7as confirned

by deterrninÍng the apparent rnolecular weÍght of each in boí1íng n'-heptane

(b.p. 367K cornparecl vrj.th 354K for eycl.ohexane-). Molecular vieÍ-ghts

obtainecl jn boËh solvents $rere, withÍn experímenial error, Ídentieal.

As a result of these p.m.l:. and ebull.iometríc ínvest.ígaLíons, Ít

was concluded. Êha.t no appl:eciabl.e concenËration of Èr:leth¡'lal-umirrium-

amine dirner exísts in tl¡e reaction medíum riri.th phenyl-acef:ylene, rulí-ng

out mechani.sm (2) .

5.2. TrieLhvlal-uminíum- t. r 1 a lkv I ar,ríne-p henyl ac e- ty l- ene c onp 1- ex .

If such a ternary compl.ex exísÈs, the p.n.r. spect.ra of phenylace-

tylene. shoulri change in Lhe Presence of the Et3Al-<-NR3 complex. Tr,¡o

rt.m.r. Ëube/fl-aslcs were prepare.d r.rsfng the nethod ouÈl-j-ned ¡i-n Sectj-c¡n

TIT.2.1 arrd the apparatus shown ín Fíg. III.1, containíng At.N/CgHO rnolar

ratíos of. L/L5 and L5/1- in cyclohexåne. The recordecl spec-trum is shor,¡n

ín Fig. I\¡.11. At 3O3I(, the acetyl.enj.c peak was 83.3 H.z dot'rnfíel-d fr-on

cyclohexane í¡ Èhe presence of tr:Íethyi-al.umín:iun--tríet1-ry1-arníne, but only

80.2 lIz do¡n'nfiel-cl from cyclohexane when phenyla.cetylenc rvås the only

sol.ute píe-sent,. The collcentrabion of phenylacetyl-ene was iclentj-cal

in both sa-mpl-es Eo eliurinal-e solver.rt shif L (see Section III .2-.L). The

corresponclíng shíft values for the phenylacetylene aromatíc protcns rvere

346.7 a:nd 344.4 LIz.
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These results índícate that there Ís anr ínteractj-on bet-ween phenyl-

acetyleue and the trÍethy1-amine compl.ex of t::íethylalumini.um, but the

síze of the shifts, when compared to those noted for the trÍeÈhylalumj.n-

ítun-phenyl-acetyl-ene complex (7.6 Hz) show that f:he equíLíbritrm constant

for formatÍon of the ternary c,onplex is small. (i.e. <.064 ¡l-2) - If

only a smal-l concentration of ternary compl-ex is present, the observed

orders of reactíon r.líth respect to EtaAl+'NR, can only tre. explained as tÌ'ro

sfmulÈaneous ïeactíon steps, (mechanisn (4)) Í.nvolvíng re"ciioo of the

EË3Al- complex with phenyl-aceËylene i.n additíon Lo the ternary compiex

dlssociatfng.
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6. KINETIC RESULTS

The presence of simulËaneous reactÍons in mechanism (4) can be

confirmed to a cerLain exLent by showing Ëhat Lhe ternary c'omplex is

noË the sole reactant.

2Er-3Ak-NRg + CgH6 ....(7)
2a b+a d.-s'

+

produets

If thfs is the sole reaction path, c can be estímated from Lhe observed

order of rea.ctÍo¡ wíLh respect to ti:íethy1-alumÍnÍum complex using the

meÈhod deveLoped for styrene (Section II.3). Thus

aî=çza)z*a-a ....(7a)

where n is the observed order of reactÍon. Iol-1-owing Ëhe proeedure

laid down ín SecEÍon II .3 values f or a f or each lcínetic run 'hrere calcrul--

ated. According to mechanísn (7),

o ", .ü = K\d,"s.)

and Èhus a plot of Uo againsE a-o should be a straight lÍne passíng

th::ough Lhe origín. fig. IV.12 shows such a p1-ot for EtrA!-NBu, at

343K, and ít ís obvíous thaË the producl- is not formed sol-eJ-y by mech-

anÍsm (7).

I turrai**s) z 
.cgn6



INITIAL RATf, V [TTRNARY COMPITX]
MECHANISM (7 )

25

20

o

o

' 1.6

(Ð
o
X

r.E

E
(Ð
rE
E
o
E

o

15

01

5

0.4 0.8 1,2
0

0
flTernory Comptex] / mot. ¿.3

FIG-E 12



L49.

rv.6 .

The sLrnultarieous reaction paËh mecbarrism (4) gives a rate equation

of the form

ao = dlEutüþt = krlrtrlt<-llR3l olcBH6l o

+ k zKElßËjAk-NR3l 3 
tr8o6, 

o . .. .(B)

and rhus a p1-or of uolptrAl+l[R3lo[CgnO]o againsË [Et3Ak-NRrJo should be

a straíght line of sl.ope kr inËereeqt krKr. Fí.gs.IV"l-3a&b show ttrese

plots for the Ëríethylamine and trj.-n-hutylainine complexes respectj.vely.

Values of k, and krKU are tabul-ated in Tabl.e IV"l.

TABLE IV.]-.
Rate Co-effÍcíenus

no reacËion353Er3A1<-THF

no reaction353EtrAk pyridine
.0r-75.0021353Er3Ak-N (COHS ) EÈZ

.0121

.0319

.0628

.1035

.L207

,00293

" 
00450

.0L62

.0462

.0642

343

353

363

373

378

EtrAl*-NBua

.00278

.0118

.0204

.0660

.L24

.00102

.00r_99

.00477

.00528

"01,"25

333

343

353

363

373

EË3Ak-NEr3

_.) -tkrxu/vt " mín -krl\r-1 ml_n-1temp/t<

NoËe: The l-inear leasÈ squares regressÍon error is in the last signif'i.cant:
fígure for each value.
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Arrhenius p1-oÈs for each tríal-kylarnine complex are shown in Flg. IV.14

and the derÍved Arrhenius par:ameLers are shou¡n in Table IV.z.

TABLE fV .2.

Arrhenius Parameters

6L.

101.

4.9

11.1_

Er3Aß-NEr3

Et3A1<-NBu3

E /lçJ moL-1._1
1-ogr.z4./S '

It is pointl-ess to try and calcul-ate Arrhenius parameters for the

ternary cornplex because any determined paraure.ter depends on KU, lrhose

value is unknor¡n. The value calculated usÍng a single reactiorr paËh

(mechanism (7)) is not valÍd as equation (7a) Ís not val-id if a rnul-tipl-e

reaction ís oc curríng.
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7 DISCUSSION OF MECI]ANTSM

Fírstly, it can be seen. that the overall reaction ::ate Íncreases

as Ëhe proËon basícity of the amine Íncre.ases in the order; pyridine

<NrNrDiethylanilin*.M3, thus confirming ÈhaË the proton exchange raËe-

Ís a function of the polariÈy of the aLumÍnÍ.un-a1-ky1 bond. How thís

correlates rvit-h the facu thaÈ addftions are lnhibited wfll be discussed

Ín Section V.2. Secondly, the very large e.hange in,4 factor and the

subsLantíal change in the energy of activation of the bímolecular re-

actíon on changing from a trÍethylamine to a trí-n-butylamíne donor

suggesL to us thaL the increased sterj.c híndrance of the buÉy1- group

around the nÍtrogen forces a change Ín mechanisn of the proton exchange.

It is srrggested that for the bÍ-molecular triethylal-umínÍum-tríe--

thylamine reactíon with phenyl-acetyl-ene a tight transition state ís

formed:

*

"S"
Et3AL-NEË, ';"(rNE'[3

-f

C_CHC

->

Et-

-> Er2A1-C=C-C6n5

NEt3
H

6 5

Thís is anal-ogous to the four centre transition state postulated to

exist for the lower alkene homologues r,¡hen Ëhey react wíth Ërlethylal.urn-

inÍum, and the simílaríty J-n the A factors j-s thereby accounl'-ed feir.
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Energles of actÍvation are also of comparable values.

The hígh A factor for the EtrAk-NBu, bÍmo1-ecular reacLÍon with

phenylacetylene is much harder to explain. Very !ítt1e data are

availao-le on proËon exchange reactions ín ncn aqueous soluËíons, makíng

direct comparisons impossíbl.e. It Ís neverthel-ess suggesÈe-d thaË in

non-interacÈing solvents, the proton exchange reactÍon between truo mole-

cules can be dírectly compared rdíth hytlroget atom exehange. The l.atter

are reasonably well documenÈed, and while most hydrogen aËom abstrac-

tÍons appear_ to have .á facËors around 108-9, Benson has estj-mated some

to have á factors around 1011. Such a reaction is the hydrogen ex-

change beÉween eÈhane and ethylene:

CZH6*CZH4*2CZH5'

53
RecenËly Pacey has also determined that the reaction

neoCrHr, + Ctt5 + CHO {- C5H11'

lras an Arrhenius A factox of t010'5. the high.A facÈor in these

hydrogen aËom excharìges is explair.ed by postulatíng a loose l-ong range

transition sËate ínvolvíng change separation in whích few, íf any,

degrees of fre.edou are lost. It is suggestecl that. Ín the Et3Ak-NBu3

bj:nolecular reacLion wj-th phenylacetylene e sÍmilar situation exísts.



153.

IV.7.

t

EtrAk-ItIBu,

Fo

Al*N R

N

.... H_c =-c-%Hs+

HC=C-C
6

H

Et

Et2A1-C=C-C6H.5 + ETH

The steric híndrance assocÍated with the íncreased size of the buËyl

group is suggesÈed to account for the non-formation of Ëhe Ëight Ërans-

ItLon state.

Not very much can be deduced about the reacËion proce-e<lÍng through

the Ëerrrary complex from thís kínetíc study. A possÍbílity for the

structure of the complex is based on the fact that phenylacetyl-ene has

two electron donaËíng areas.

5

+

Et¡

H--C
3

3
Et AtrN R3
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Thís agaln postulates penËaco-ordÍnaËe aluminium, and whÍle thís is not

entirely unknornrnr,ít ís fairl-y rare. However, it seems ímpossible to

vísualize a complex containing both amíne and alkyne r.rithouü invoking

a co-ordination number for al-uminiurn of more than four.
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Geneval surunayA - a suûtrnary of the data deËennÍned and mechanísËíc

conclusions formed in the Ëreatise.

Effeet of conrpLaning on the reactiuity of organometaLLíes uiLh w,sat-

twated conryounds - The effect 1s dífferent dependÍng on whích nucleo-

phílíc attack is rate deteruriníng. I{Íth lithíum, the rate detennÍning

sËep is R attack on substrate. Vüith altrminlums some rate detennining

steps appear to be the attack of subsLrate on Al-. A publ-ished me-chan-

ism for Ëhe reaction of LíBu with ethylene ín TMEDA ls shown to be

fncorrecË.

ConcLusion - the reliabflity of data detemined 1s discussed and several

suggesËions for further work are proposed.
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1. GENERAL SII}IMARY

In thís treaLise, Ëhe kinetícs of reactions occuirÍng beËvreen

trLethylalurnínium and al-kenyl and alkyayl hydrocarbons have been exam-

íned, and mechanÍsms proposed. The reacÈíon study of tríeËhy1-aluminíun

wiÈh al-kynes has been extended to lnclude triaLkylamíne complexes of

triethyl-aluminiurn.

In hydrocarbon soluÈion it has been shown ËhaË alkynes and allcenes

with an aromatíc subsËÍtuent form donor complexes witi: tríethyl.aluminitun.

The complex has been characLexized for phenylacetylene, arrcl has been

establ-ished as a ri-donation from the alkimyl bond ín both hex-J-1me and

phenylacetylene. This previously unestablished posLulate Ís thus
20

confirmed. The compl-ex ruíth styrer'¡e has been shown to be an aromaLíc:

n donatíon, whlch proved to be a general effect in míxtures of aromatíc

compounds and tríethylaluminÍum. UnforËunatel-y the experimental tech-

nique use<l to detect Ëhese complexes (p.m.r. spectroscopy) Ís not very

sensltÍve. IL was possibl-e to estímate the enthalpy of formatícn for

the phenylaceËylelre/trÍethylaluminium compLex (32 lcJ ro1-1), buË it has

not been possible Lo perform the extrapolatÍon necessary to caleulate

the entropy with any de-grge of confÍdence. In the case of the styrene-

Ëríethylal.r,rminium complex, noË even the equi"líbríum constanË cor¡ld be

determined from p.m.r. spect::oscopí-c daÈa, and i-t \¡/as necessary to eval-

uate it from deviations of kinetíc relationships from simple 1-írnitíng

forms.
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The exístence of a conplex in the reacËion solution ínËroduces

a three stage equÍlíbríum prÍor to any possible reactj-on.

reactíon <- A+B
1\

Ì c + reactíon
z

D+B
+

reaction

The detailed kínetics of this type of system are quite complÍcated.

Ìüe bel-íeve that ttre method developed to deal- wiÈh this and other cornpLí-

cated sysËems ínvol-ving multíp1e equil-ibrium calculatíons and numerÍ.cal

integration Èechníques on a large scíentific computer, ís the most com-
i

prehensive so far developed. A method proposed by Ball aad Groenweghe

ls superficially simil-ar, but deËailed examinaÈíon reveals Ëhat theír

meËhod uses numerir:al fntegration of each rate equaÈion wíth approximate

raËe co-efficíents as a fÍrst step, followed by a minímízatÍon procedure

to obtain the least difference in the various cal-culated and experimenËal

concentrat-ions. Our rnethod combines these Èhlo steps, and has the adtled

advantage that complex equilibrÍa, which have variables Èhat cannot be

separated, are easíl-y accounted for.

RaËe parameters for the addítíon of triethyl-a1-uminíum to Ëhe sub-

strates fnvesËígated here are
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66.7

95 .0

94

10
4.5i0 .3

7 .6t0.6

-3
ctm mol-1 -1s

-3
dm mo1

-1 -110 s

1011.610.9 s-l

styrene

2-methyl-hept-1--ene

phenvlacetylene

ElkJ moL-1_
A

These and oËher publ-ished daLa on alkenes have been lnterpreted in terms

of a n complex precedfng a four-centre transitlon state. Formation of

either can form the raËe determíníng sËeP.

AlEI
3

EI ET

It shoui-d be mentloned at thís time that the chemÍcal reactiorr

paths have alL been ratíonalízed ín ter:ns of the Transítion Staí:e Theory.

I,llril-e this is by f.ar the best of the theories proposed, ít is stil.l not

whol-ly se-cure. Many transitíon state models proposed to expJ-aín certaj'n

reaction systems cannoË be extended to other, relaüed, systems. tr'or

example, several- a1-ky1 radical reacËions' presumably proceeding by

similar mechanisms, have / factors differíng by as much as 103.2 Differ-

ences ate usually explaíned as pol.dr or sterÍc ef f ects. All- kinetj'c

daËa presented here, Lherefore, should be viewed in thj.s light, and are

* unsat-R -' uusat-R
+

A1-

.>

[^,-"flc--cl

.> products

I

EI
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thus subject to review should a more aceeptable versfon of transítíon

state theory aPPear. .

These críticÍsms notwfthstandíng, we belleve Lhat Ëhe explanation

presented here for the observed reacÈ1on rates for addÍtion to alkenes

antl alkynes satisfactorÍIy correl.ates the experlmental parameters of

each systen.
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E rqE$ ll_gglPlplgllgI_ q{_T!å_+I4qr rvëJ_O }'_W4I9MEI4!!I9 I h' i r E
I]NSATI]RATBD COI"ÍPOUT{D S

The effect of co-ordinating solvents on the reactions of tríethyJ--

al-uminium r,rere examÍned in Sectiorr IV, and ít was shovrn that compl-exa-

tíon effect,irrely prevenËs Lhe normal additÍon reactíons occurring. Only

ín amines is the donatíng effect. of the donor rnolecule stl:ong enough to

poLaxíze the Al--Et bond to an exten¿ large enough Ëo offset the increase-d

sterÍc hÍndrance, and al-l-ow proton exchange to take p1-ace. 0n the

other hand, complexatj.on retards the addition. No evidence has been

obtained ËhaË donc¡r complexes of trieËhylaltrminíum react to add to un-

saturaËed hyclrocarbons, Ëhe reduced reactíon rates ín these systems

arísíng frorn the smal-l- corrcenËTation of uncomplexed triethylaluminj.trnr

present.

This mechanisrn for Lhe react,ions of tríethyl.alu¡niniums with unsat-

urates hydrocarbons ín co-ordínatíng solvents has been use.d as ari analogy

for the reaction of n*butyll-ithium with ethylene in the presence of
3

NrNrNt rNt r-Ëetra-methylethylenedíamine (mmnA). In order to erarnj-ne.

the merits of Ëhis claim, ít is necessary to first exa¡nine Ëha general

effect of solvatíorr on reactíons of metal allcy1. compounds.

Al-1 reacËíons of the r¡retals alkyl-s of groups I, II ancl III can be

regarded as the fu11 or parËial heterolyÈfc dissocíation of the metaL

c.arbon bon,d, eÍther: as parË of the reaction step or as a ¡rreliminary

formaËíon of j-on pai.rs prÍor to reactíon. Fo-r: example, rearrangem€:lìt

of the t::iethylal.umÍnium r compl-ex to the four-centre contplex can t:e
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regarded as a supplementary atËack of a uucleophí1-ic ethyl group to the

carbon of the unsaLurated molecule.

The energy of díssocíation of the metal-carbon bond into íËs

respeetÍve ions decreases wÍth ilcreasfng polarity of the bond, and on

Ëhis basis it can be seen Ëhat, íf co-orclinatíng solvents lncrease the

polaríty of the metal--carbon bond, all reactions involving Ëhe dissocÍa-

tfon of this bond as the rate determining step wÍ11- have an Íncreased

rate in co-ordinatÍng solvents. An Ínereased polarity on solvatÍon Ís,
4

however, by no means a full-y proven poiat. Rochow et aL sËate

'tNormally the effect of solvatíon is to rfecrease bond polari-ty by con-

Ëríbution of electrons from the electronegative donor atom of the sol-

venÈ to the metal, but solvoLytÍc dissocÍaËíon into ion paÍrs may occur.rl

However, Ít, now appears that on solvation an increase in bond poi-arity

occurs. Paulirr*u ,orro,rlated this effect and stated thaË on specífic

solvati-on of the positive end of a dipole (netal) there Ís a change ín

valence of the metal atom, which is accompani.ed by a change in Èhe epat-

íal confíguratíon of the molecule, ínËeratomic distances, angles etc.t

Ëhe net result being tn irr.tutse in the length of the metal--carbon bond,

accompanied by the correspondíng í¡rcrease íu bond pol-arity. ?aulingrs

physical- data relate Lo inorganic l-attiees, buË the argumenL can stil-l

be appl-ied to o::ganomeËallic courpounds. The second, and more de.fínite

effect of solvatíon on a neLal-.carbon bnnd, ís thaÈ co-ordi-nation favours

the formatíon of Íon paírs, and free Íons.
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6+ ô-
M *R

K.

+
+.

Solvation of the free 1on stabilizes the charged species wÍth respect

to the poJ-ar bond, thus increaslng the concentrations of ion'pairs and

free Íons. lt may a1-so lead lo charge separaËíon Ín Èhe transÍtion

state so that Èhe ent-ropy of acËlvation in polar solvents Ís l-ess îegÉl=

6
tive.

Thus, where the reaction involves the nucleophíLic attack of a

carbanj.on or alkyl group of the organometal-líc cornpound, the rate will

be íncreased in complexing solvents. trIhen the rate determiníng step is noi

a carbanionic atÈack, but a nucleophilic êËtãck by the n electrons of

the substate on the metal, the same argumeot does not apply. As men-

tioned previously, the donor moLecule blocks the acceptor site on the

meÈal and reactíon vÍa this mechanism ís ínhÍbÍted.

Líthium is J.ess electronegative than aluurinir.m or magnesium, and

so covalenË carbon-metal- bonds wtll- be mor:e polar with liËhítun than alu-

miníum or magnesÍum and ionÍc specíes wlLL be more prevalent. Therefore

carbanioníc or nucl-eophílic aËtack of the al.kyl group on the substrate ís

more llkely, ancl nucl-eophÍlic attaclc of Lhe substrate on Ëhe rnetal ís

l.ess likely r,rlth a1-ky1-1-it1iíums Ëhan wi-th theír magnesÍum and alumínium

counterparts. Thtrs, with certaÍn similar types of reactíon, thê effect

of donor solvents on the. reacti.on may be different ín al-kyl-lithiums

(faster) and a1-kyl,alulínirrms or alkylmagnesÍ-um compounds (slower) , due

Kt
->+<- l{'+ R

-Lt{'R
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to the occurrence of the first and second mechanísms respecËive1y.

These views are substanLiated by examples. The dísplacement

reacËíon

nCOHTLí * RBr + LíBr * oC¿nHgR

Ís 103 times faster in eÈhe.r Èhan Ín h.".rru.7 The íncreased rate ls

probabl-y due in part, as the authors claim, to the conversion of the

hexame-r to the dirner of n-butyll-ithium on complex formatíon, but thís

decre.ase ín Ëhe degree of assoclation carinot be the complete reasont

as nucJ-eophílic substiËution reactions of RrZn and R2Cd, t¡hich al:e mono-

meric, are also faster in eËhers. The best example of thís is metalla-

tion. Alkyl caclmium and zínc compounds metallate phenyLacetylene fast-
I

er in TIIF than Ín heptane or anisole. - Thís Ís simil-ar to the alkyl-

lithiums as the meËallating abili.ty of these compounds d,ecreases in Ëhe

9
solvent seríes TIIF>EL,O> hydrocarbon. In Sectíon IV it was shown that

the metallating abilíty of tríethylai-uminium complexes increases r¿ith

Íncreasing proton basÍ.cíty of the donor. A simílar sj.tuation also
l0

exists in alky1 magnesiums and Grignards.

Most, íf not al-1 reactions of the maín group meËa1 alkyls rvith

substrates that have 1ow elecÈron donaLing ability can thus be ration-

aLizedin terms of carbanÍoníc atÈack and thus are favoured in co-ordin-

aËing solvents.
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Adclitíon reacËions of roetal. alkyls to unsaturated hydrocarbons

do not appear to follow the same straÍghËforl+ard course as substít.utions.

The additíon of n-buÈyll-íËhium to díphenyl-acetylene takes p1-ace ín die-
.tl.

thylether, buË not ín pentane. n-Buty11-ithi-um. also adds to 1,l-díph-

enyl-ethylene faster ín THtr' than ín hydrocarb*rrr"tt and Ís accompaníed

by the developrnent of a red colour, índÍcatÍng the presence of a 1rl
T2

diphenylalky1 aníon. The rates of initj-atíon of styrene polyme-riza-
1+

tion by n-buty11-ithi-unr are also faster in ethers than in hydroca::bous.

0n1y one mol of ethylene adds to t-butyl1-ithÍum in hydrocarbon, but ín

a dÍtertiary amine further ethylene molecu.les r"u"r.t' Al.1 these

lncreased rates have again been attríbuËed to a brealtdor,¡n of the BuLi

hexamer on complexing. Idhile Ëhis undoubtedly üakes place, it is by

no means the complete explanatíon. Other factors must tre Presenl-.

The additions of n-butyll-ithium Ëo 1-rl-diphenylethylene in 0.4% ethex in

benzene solution and THF have the same order of reacLíon with respect to

n-butyllithiurn (0.5) in both solvents indicaËÍng that the posítion of

the dissociatíon equílibria ate sími.lar. Nevertheless the overall- raËe

co-efficients díffer by L04, and so there m¡rst be a dír:ect kinetic so1-

venÈ effecË acting on at least one of the elementary reaction steps
15

involved.

Al-uminium alkyLs have a decreased raÈe of reaction tovrards additíon

to unsaturaËed hydrocarbons ín co-ordÍnati¡g sol-venËs (v. s. ) . If: has

a1so been shown that Ëhe dt¡nor: compl-exes are conrpletely unreactÍve
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towards addítion to alkenes and alkynes. Data on the addÍtion of

Grignards to alkenes are scarce but it seeüs that a simílar situation

to alumínÍr.m exÍsts. For exampLe, RMgX pol,perizes ethylene at 373K-

393K ín anisole, but no reaction occurs in uthu..16 DÍ.ethylmagnesium

mixed with ethylene aÈ 373K aË high pressure l.eft 63Z. NIeEt, unreacted

Ín ether solutíon but j-n hydrocarbon at 373K aLL the ethylene vras poly-
t7

merízed to long chain hydrocarbon.

Recently, Hay et aL have postulated thaÈ the increase in reacÈion

raËe occurríng vrhen NrNrNt rNt-teÈramethyleËhy1-enedíamíne (TIîIEDA) is

added Ëo the n-buty1-1ithÍum-ethylene system aríses from reaction occur-

ring vÍa a sma1l concenËraËion- of uncomplexed n-butyl-lithiurn. This is

analogous to the mechanism that we proposed for the reaction of trí-

ethyla|urníníum with n-oct-l-ene in diphenyLether solution. I,le belíeve

argument by analogy is a dangerous principle in organometall-ic chemistry'

especially as the mechanism of a given reagenË Ís liable Èo change through

a seríes of subsÈrates, as is observed v¡íËh Ëriethylaluminium and alk-l-

enes (Section II). In the.l-Íght of the arguments presented here, rùe are

convínced thaÈ thís particular analogy is a false one. In the case c¡f

tríethylaluurínir:rn, co-orclinatíng solvents l'etard or suppress t-he reactÍon

because- Ëhe concentration of uncompl-exed, unassocíated reagent (A1Et3)

is depressed by the addítion of solvent, whiJ-e the complex ís unreactÍve.

ThÍs explanation cannot be used to explaín the aecel.eratíon of. tlne

reacÈÍons of n-butyl.LithÍurn ín the presence of TlfEDA. This poínt is

supported by the observatíon that some of Ëhe- experime-ntal- results pÏe-
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sented are inconsístenÈ with the publÍshed conclusíon.

rt ís cl-aímed that a zeto order dependence of reaction rate (up-

take of CZ"ù on TIÍEDA concenËratfon can be expl-aÍned by assumíng a re-

active, undÍssocíated monomeric l_ithfum buËyl species. Thus

LíBu TMEDA LiBu + TMEDA
. . ..(1)mon

A

LiBu * nC^H.mon Z4

k

->

and
]( = [B] tAl / tcl

dlDl/d¿ =klBl [D]

Fírst order dependences on [LíBu]o and lcztf-4lov/-eïe observed.

rf Ín facÈ the specÍes LfBr*or, is reactíng, the raLe wouLd depend on

[TMEDA] at molar ratios LÍBu>TMEDA as the varyÍng concentraËÍons of

TMEDA ¡vill- affeeË equfl-ibrrum (L), thus alterÍng [B]. The equílíbrium

explanation presented for zero-order dependence presented ís cycl-J-c,

provÍng nothing.

An unexplained solid appears when [t iBu] > [flæl¿.] and Ëhe constant,

raËe of ethyl-ene upLake quoÈed does noË arise until after this complex has

been dissolved. A great deal coul-d be occurring in the reactíon sysËem

during this tÍme, and it seems likely that Èhe role of the unídentífíed

K
->
<-

Bc

Bu (CHr) 
rrrÏ,í
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fntermedíate cannot be Ígnored. Zero-order kÍ.netícs are not estab-

lished Ín the early stages of the reactíon rrrhen a símp1-e mechanÍsm

ínvolvíng only the príme reactants míght be occurrÍng. In additíon, if

any one of these poss!.b1-e species in the system Ís reactíve at molar

ratÍos LíBu>TMEDA, equíl-ibrirrm (1) would stí11 be affecËed, and so ít

ís dífficul-t to see how a zeto order could aríse under Ëhese c.onditions.

The Arrhenius parameters for the raËe constant characterized by

-dlc2H4l ldt = klc2tl4l [LlBu]o

are erroneous, as the tttruet' raËe constant propc¡sed would be gíven by

-dlc2H4l ldt = kIczld4llÏ,íBu¡ìorrl

IË fs wel-J- known that amine conplexes of metal alkyls are very strong;

thus the concent,ratíon of tÍBrroo musË be very small. Even if [LÍBurooJ/

[LíBu]- is as high as 10-3, the pre-exponential facËor is raísed fron- -o

itl7'6 to 1010'6, whi-ch is very high for bímolecular reaction of this

type. If, on the other hand, the LiBu-TMEDA c.omplex ís assumed to re-

act, the pre-exponentÍal- factor as quoted (fO7'6) stan<ls. This is more

acceptable.

It can be argued that the eLhylene conplexes wj-th LÍBu*or, "od "
unimolecular rearrangement talces place. The .¿1 factor for this reactj-on

is the bame as the bímolecular reactíon beceruse the concentratíon of
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ethyl-ene in the system oever varÍes a greaË <leal from uni-ty. 1010'6 
"-1

is a reasonable A facÈor for thís reaction (see SecËÍons II, III).

ThÍs explains the ínítia1 rapÍd uptake of eËhy1-ene but ín no way explains

the acceleratíon of the reaction Ín TMEDA.

Considering all- of the argumeriËs, it is diffícult to escape the

concl-usion that the reactive species ís a TItrDA complex of n-butyl-

líthíuTn. IL appears probably that Èhere are many equilÍbrla, present

ín solution, and theír rel-ationships will be very complicated, buË there

seems no reason for rejectÍng Ëhe concept of Lhe hígh reactívity of

chelaLe on kinetíc grounds. This concept is well established. In
l9

discussilg the IMEDA complex of n-butyllithÍum, Coates states rrThe

metaL carbon bond is so strongly polarized that the complex may be

regarded as the besË source of highly reactive sol-uble carbaníons

crrrrenÈly avaÍlable." The strong chelating abÍlíty of TMÈDA wí1l al-so

increase the concentration of ion. paírs and free ions, Ín addition to

poLaxizíng the M-R bond. The hígh reactÍvÍty of chelated n-butyllithíum

ls thus accounËed for.
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3. CONCLUSION

In thís treatise, an atËearpt has been made to undersËand the

factors ínfluencing the reactivíty of triethylaluminíum. As is usual

in most sclentÍfic Ínvestigatíons, more questiorrs have been poscrd than

answered.

It ís felt that the reaction between ËrieÈhyl-al-umlnir¡m and alkenes

has been characterized as completely as possible at the p::esent sl,age of

sclentífic knowledge. There is no reason Ëo suppose that further work

wotrld seríous1-y alter the conclusions gÍven in SecËíon II. Rate para-

meters for Ëhe reactíon of tri-ethyl-aluminítm with cyclohexene appear Ëo

be anomal-ous, and further studies on this system are obvíous1-y warranted.

The fínal establishrnent of numeri-cal- r'alues of Èhe kínetíc parameters

for any reactj.ons Ínvol-víng dfssociation of the triethylal-umini-um dÍmer,

requÍres a third, compleËel-y lndependenË, deËerminatíon of the dj-ssocÍa-

tíon constant to resol-ve the contirruing dichr:tomy of opínlon that exists

beËween Hay and SmÍth. This determination shoul-d be ín both the lÍquíd

and vapour phase, and should be performed by an experímental method

conpatible with the two phases. Such a method corrl-d be a spectroscopic

determlnation Ín the 1or¿ frequency lR/hlgh frequency mícrowave regÍon.

The reactíon of triethyl-aluminium wíth phenylacetyl-ene has been

kínetícal1-y charactexlzed and the mechanism proposed is Ín keeping with

thaË expected by analogy wíüh alkenes. FurËher mechanisËlc proof sh.ould

be obtained by studying the reactj.on between triethyl-aLuminium and a rron-

Ëerminal alkyne, so that no proËon exchange can take place.
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On Ëhe other hand, the study of the reactíons of triethylal-uminiun

complexes carrled out can at best be classÍ-fíed as prel-Írninary. Much

work has stil-l to be done on the steric and electroníc factors infl-uenc-

ing proton exchange ín non-aqueous solvents, as well as a complete char-

acterizatÍon of aromatic n complexes with triethylalumÍnÍum. The only

really guantít-ative work done in eonnection wíth the laLter are Èhe ex-
2l

períments performed by Smíth wÍth Èriethyl-a1.umínÍum in mesítyLene.

Other nucleophilíc substitutions of trÍ.ethylaluminium conrplexes, such a.s

reactÍon of alky1- haliiles shoul-d also be sturiied to aíd the charactexl.za-

tlon of Èhe.41-C bond. The mechanÍsm for proËon exchange must, therefore

be regarded as incomplete, and as such must be subjected to a critÍcal

revíer¡ whe.n other lcinetic data become availabl-e.
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APPF:NDI¡| I - PoLynomiaL Cttrue Fitting

GenenaL

T his routine computes the nth degree polynomial of best fit (least

squares criteríon) to arbitrarily chosen dala poÍnts (ærUl íteraËÍ"ng

on n from 1 to any desired maxímtm. The poínts may be weighted arbit-

raritr-y and the resulËs may be printed or reÊurned Ëo the calling

progran. The al-goriËhn is due Ëo G.E. Iorsythe, /. Soc. fnd. AppL.

Maths,5, (L957)r 74. The rouË1ne may be obtained from Ëhe Prograrn

LÍbrary, Universíty of Adelaíde under the nane LSQPOL.

ALgoriblrn

The program computes iteratLvetr-y the orthogonai- polynonials

defíned by the distríbutíon of'{æ.} thus;

8o@r) = 1

4on,(rr) = (ær-au*r)Qu(rr) - buot?t _L(*í)

where

oro+L= Ju*tlrtnt'bk+r = rt*rÆ't

rk*t = 
L 
r, lQu@r))z

Jt+r = 
|'i í) 12a IQu@

(*) = tk+I
j=0

,w-L
J

^J

and Íf

8t-+t
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then

where

then

4'*t = 4-' - ou*, ü - uo*, t'

0<k
0<J<k*l-and Ca=L

o

d = 0 lf n>m or n<O or m<O
m

EU iQrr@
(*i) 

= 
ô¡r/r*r

and the required polynornfal-s are: PU(æ) where

k
Pu(æ) = E drQr(æ)

j=oJ¡

dl = K¡*tlr 3*t

*J*, = zffliQi(*t)

Ì8:-
l_

The íteratíve formul-a for the sum of squares of the devÍatfons is

E .u.
t_" l--1 = Ztù

t_

2

oj = rj-l - (/{5+r)zlr3+t
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APPENDIX II - ALkena Pate Co-effícdents

The first part of this program computes Èhe nuinerical soluLion

to give æ = f(A) whíl-e the seconcl part calculates the rate co:effícient

for Ëhe addÍtÍon of triethylaluninirrm !s 2-neËhylhept-1-enê from the

lnitial- concentTatÍons of each component in'the system and the serfes

p.m.r. integrals of each component wÍth time.

The algorÍthm is based on the standard integral-s;

d.r 1 (ftrs) 2

(o*2+b*.) rl(an2+bnc) (fæ+s) z<"f -g a)

+ zga-bf

;@7:s;l;s\)

dfi 1 zan+b-(b -4ac)

dfi

(an2t'bæt'c)

I

2 L I (b2.4ae)

(on2+bæ+e) (b2-¿+ac)' 2qÆ+b+(b -4ac)
2 L j

2

(4ac-b\ù (¿ra"-ø2)L

(b2=4ac)

arctan 2a,#b (b2.4ac)

2

= +-

2aùb

The program then computes t1ne 90% confidence limits for each kinetíc

run (SubroutÍne NINTYC) and, j"n addition to printing the data, also

displays ít as a lÍne prinËer plot. (Subroutíne QIKPLT).
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63 RÈaCt04.TtlLE
tF (I I.fLå ( ¡ ).EO. l0H

tc¿ FoR¡ra.r (?a!0)
KLÂDìCI.AK33.N

C À IS NO O¡ ¡UBãS ÂT fhls IEt.IP0úlKL=l rN
RÈÂ0 l0Z,NAprfrhTrTñ

ì0I F0PFA'r {F tiì.2. I2}
¡0? FCPùAl (2Ftù.2,I2)

v0L=0. ¡ 353cHl
N^ pt 

=N AF w T / I 6 0. ¡. O O O,/ VOL
REAOIO3TrlÂPr VIÑI TALINT rI IME ( I,
V I N¡4 { ì ) -- \ Â P ts+ V Ì N T,/ ÑA Pà2 . 5
ÀLü { I I =t\Apf,{rac ÍfrÌ,/ñap}c.83333
þazJ=Z.tS /
REACIC3,¡¿AP,vINfr IIlrE (J'

t03 F0R¡,1A1 ((F5.2)
Ir (ñÀP.f0.0)Go T0 5

2 VIN¡1 ( J) =¡IAP¡AàV INT./NAPr?-5
5 J=J-!

CALLLS0F0L { J,TtME,vINM,¡. l r33ra¡Or2r 0)Dcì7I=l 
'iY1(I)=VlNi.l (l)

7 YI(!.Jt=D(l)
IF (D ( Ì ).LE.D(2) t CÁLLLsOpOL (JTTIMETVINür¡rIr33r4r0rIr0l
VIN!(¡)=C(l)
l0T=aLH ( I ).v I NM ( I ).NÁpll
Al\3=4K33+T,lT

Ax3 ( - t..súR1 ( I ..4.. (¿./aK30ALH ( t ) ) r, / ( 2.. I 2./AR3r 
'FN(¡)-0.

Ã(lt-tC{l)=0.
o0 l0 I=2rJ
YC ( ì) 3viñ¡4 ( I )-vINH ( tt

I 0 corit I\u€
tJN=I
uoz0 I=!'J
lF(YCtl), ?A¡ZtçZt

2l x(\N)=X(I)
YCftlN).yC(t,
CùÀr:AX-YC (riN)
P¿=?çcD\. AK3/Z
CÀ=-AK3¡ ( (ÁLr ( I ) -Ax, /2 ).CONÕ.z
IÊ ( (t1++2-4è.¡).LT,O ) GO tO 20\ rñN ) = (-A.SCRT (gåãZ-4rC'.l t /z
l,lN=Nl'l.l

2O CONI IÑUE
J=NN- I

CALL LSGP0L(JrYCrXrtr!r33r4r0rZrll
IFtCtjr.LT.0t c0 tO /.4
aa¡=c(3t 5 tsg=c(2r-t
cc=Ax.c(t, f FF!_l
GG=vI¡its I l,
00 lt Ir!,J

Ã)(=ÀÂAÐyC ( ¡ )r.Z.BBèyC{ L +CC
FNI ! ! / (2o ( CC.GG}SB.GGÕ+2+AAÁ, ,

PROC'RAM XINI ( INPUI,oUIPIJ',
_0lu6l5¡6¡y¡¡¡ (2Ot ,ALH (?O),y (a0 ) ryt (a0t rFN(20 | ryCL¡ lZO, ryCL2 (20,,lI
2ÌÀL t20 t t 2 tzo. 3 r, zt (20, 3! .FNs (20),vcr_å ráo L iði+ rãà Iftll¿C)'YC{20}

C0MNLTñ a.C (At).0 (ZOO,,-l.rLE(l)
COMÍOñ,/pARAS/l (ZC) .w {ZO0)
DATA (n ( I ) t t=t,Ztot /ZoO. t r99ò1. /
DrÌA (l ( I ) r I=l ' ÌA) /6.3I +2.92.2.35,A. l3r2.0l¡ t.94r l.E9r 1.6ór I.83r l.BsIrl.80rl.7dl

Ft{?rFFÕ4L06 I (FF¡YC ( I r.Gc } ro¿./¡x,
FN3= (2ÒCG'AAA-8eo¡'F ) +FNl

0EL !88¿ oZ-4+A AA.CC
IF(oEL)t3,14,15

l3 FNlt=2./S0Rr(-0EL)
FNt2=AtÁN ( (2rÂAA+yC I I r.ri8' /soRl (-DEL),
FN¿=Ft!llóFt¡t2
GU ¡O II

L4 Ftr4=-2/ t?+AAArYc ( I ).BB)
G0 t0 tì

l5 FNII=l/Sorif,DELt
FNt 2=ZóA ôA?yC ( I ) .88-SOpT f 0:L )
FÀ¡l 3=2{ÀAÀoYC ( I ) .88. S0RT ( oEL )
FN4=ÁL0C (Ft!t2ltjNtf )'FNt t

FN 5 { I ) =F N I èF i!2. F N3+F t!4
tF(I.E0.t) G0 to lt
FN ( I ) =FN5 t I -F N5 ( t )

I I CONI lrtUE
c'0 f0 a9

44 CALL LSGPOL(JrYCr¡r¡rt.33r4r0rlrl)
AA=C(2)-l

8B=Ax
DD=vtÀH(t)

ùrra5l=l.J
Fhl=1,/(-bÊ-ÂÀ400)

FN2=AL0G I (-YC ( I ).OU),/ (AA.YC { I ).rrÉ) )
FN5(I)=FNlçFNz

ls (I.EC.¡ t 60 to45
FN(l)EFN5(I)-Fri5(t)

45 CONT IÑUE
49 CÂLLNINf YC (lt¡aLçFNrJ¡IrYCLIryCLz.spÉ)

sL0=cf2)
Pt IN'f29. I IILE r tN. ALH ( t I . v INH I I ) . NApq

?9.FuÞrrA'l (lHlr+7Xr7Att,z54x,+trJgE?.{x.IZzo2x,.¡.1¡¡oL COñCENÌxafIONS-H
?ot-Es/LIIRF-+/,//23¡.è0frGaÀr)tyETALLICþ¡l¿¿,(r+ALKENÊcrllÃrocoMpLExERor¡
3lÀ.4tNEFT SOLVENfè//25xrf(elO.J,t0r)/,/ZBÀ,eKIa\ETIC rìESULISò,/?Xr.TI
$MÈ. 

' I45À T.aLKENEù' r t5x,+pRO0uclÐ. I lÀ r Õ It¡tË-GRaTE0 F Nè, I I 
^, 

ò9! pC CONF iOENsce L II I I S+,/ l¡..èÈRS.' l5x' cfrlL.' t rtÀ, r$llÕl I 0x rõcoüpLEx x IñEI Ics¿ )Do6I-l.J
I PRIñrZ7rTIl4E (I ),Yl ( ¡ t ¡Frr (L rycLl ( ¡ ).lcL2 (I )

27 F0PkAl (4xr2(El2.5rbrt¿f,x,3 (Et¿.5,òXli
PriIñ128'SLO

?8 FOPþAÌ I//46x.ísLoPE-IÑ.TEGRAIEÛ FN vs TIhE !rrGI2¡>,
cÁLL 0IKPLI (IIME rFNr Jr-! r t lhìrtþE (Hrrsì,. I ¡HÕlN;eGk.FNrlI CONf¡NUE
G0 Ì0 63

99 STOP
ENI)
NOL I S1
SLrr¡ROtJl l¡iE ñ1Nf yC (X r yrñ r I S r yCL l r yCL2r SpL )
DìMEñsICN:. ( I ) ry ( I ) ryCLl ( I t ryCL2 ( ! ) ryA (Zú )
CoMlil0r\/FA?ASlt ( Zc L H (Z0O )
Coiltioft Á'C (21) rD(Zo0) rlI fLE (71
CALLLS0F0L (N 

'X r Y rr r l .33.4r D r I ¡ lS l
St/¡!x:5UP Y =StJMX ¿ =SuríX y:SlJ¡r DiSU¡t t. ù
D0lI=l.h
strf4x=su¡JX.X(ì)
sur,,Y.5ut'Y.Y ( I )
suMXz=SLFXz.X(I)à'¿

¡ surrxY¡suHxY.x I I ) +Y { I I
sP ã ' ( ñ. s uÍ xy-suM x. suH I ) / ( N ÕSUM ¡2_Su¡¡¡¡.¿ )

SPE-Cl2)
avx;stJf.{Ã/N
AvY-st]HY,/N
002¡=lrh

) GO tO99



YÂ { I )=AVY.C(2){ (X { I l-Avr)
0IF. (ABS (ì ( I ) -YA ( I ) ) ).ò2

2 SUÍD=SUÞD.DIF
S=50;ì1 (SuMù,/N)
M-N-2
0o3I=l 'l\3 STJMI=5UþT. (x ( I ) -ÂVX)+Þ2

uO 33 l=I'¡¡
YCLI ( I ) =YA ( I ) .l ( ú) +SÞSoF I ( ( 1.,/Nt. (x ( I ) -ÀV¡ )..2/5Ut11 )

33 yCL2 ( I ) -yA ( I ) -T (i{) rSrSùÈT ( ( }./N). (X ( I )-AVX) erzlsutsT )

RrltJRtt
E¡rD
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APPENDIX Ifi - ALkyne Rate Co-effí,cients

LSQMN, FFORM, YGMPII, LSQI'{IN, LINMIN and CAI,FûN, comprise the standard

non linear least squares packa,ge v¡ritten by E.A. Beals at UCLA, U.S.A.

ín 1965. irle modífied the package as follows.

Subroutine KIN does the calculations necessary to give values of

zi x arld Ïr âs functíons of time. Thís was performed using the stan-

dard l-BM subroutíne POLRT whÍch computes the real and complex roots of

a real polynomial.

FFORM contaÍns the.functíon fonn to be fítted. In thís case Ít

is the íntegrated fonn of equations (1.2) , (13), or (17) Ln Section III.

These integrals have no algebraic solutíon and so the numerícal Lnte-

gratíon subrouËine RK2 calculates and supplies values for the integrated

form of the rate ecluaËion. RKz uses the function DYDX to provi.de the

differential- equation to be inËegrated.



PiOGRAì4 LSOÍN (INPUTTGJIPI,'I'TAPE?!INPUÍ'IAPESTOUÍPUT'
LOGICAL IIJRITE
CO$MOñ þ rC (21 I r0 (200 ) rllTLE (71 rAYC(21 ) rYA (2l t rCOtl'ALBTPAtAl(A
C0t¿t¿0lt /MlN/ tr
C0ütl0¡{ /FUN/ Y'lI'TrMl
OIqËNSION À (20 ) rE (20 ) rF (200 ) r'f (200t'lI (?00 ) rf (4iì50) rf ( l0r500l
OlrlÉNSiCñ YC(¿ùo)'ChAR (12)'s (20) rxÊEST (2c)
0Ii¡ÊNSICl.¡ AY (3o) ! t lllE (3ùI

I REaD (?.5) Nr INDPrilr Ih6l r ISCALE. IPRlNlr I0IFERT IGRÂPhr IPERÍ rHA¡FUN
IF (€OF.¿)57.58

57 Sl 0P
5ß Cù^lT l1\UE

!ì¿aDl2. l5t lE\P
5 F0RMÀl (loI5)

(S=C
1DF=IDIrËR
l6p=IÞeÁpi
LR I f E=. FÊLsL.
lF (IPrìi,!f,LE. u) 60 lC o
IFeINI=IPkI\l-I
IscITE='liiUE.

6 REA0 (2.7 ) TltLt-
kclD(2.15) EKrRrVT0lrÂLürPA¡AKrAfA
éÁì=EK-vT0T
C'j¡ t S zlt< L / 22 . 4 | + | 27 3. 1 lt lP I / 2l 3 /'l 6Ð ¿ / V f Ol

7 FUFtsAT ( ¡Â1 1 )
l'1A xF r,rtu= I 0 C C-ri A XF uN
E>CALE=L. C{r (ó-ISCALE )

xl=2
l5 Fui?1...Â1 (5110.0)

vOZl=Z.v
RLADt2.l.5) HÌ¡kAÌrT(Ir l)
At ( I )=RAl¡PA+2.5/l l.4lb
fIME(l)=T(l.I)
ñI(l!=l.C

2 Y(t)=(Hl-R,+CON5
fiME(l)=0.
aY ( I ) =ù.

kl(I)=1.0
I (l)=T(lrl) =0.

3O COÑTI¡.UÉ
CÁLL L SGPOL ( ¡'r r I I r't5 r A Y r'ù r I r 33 r4 r'J r o r 0 )

uÙl6I=1.7
16 aYCII'=C(l)

CALL K !N (þ.f lM€.CONSrAYri rPÂrALÑ¡AÁrC0¡{)
,50 RtaD l2il5) (x(I)çI=I'r)

*ttITE (-ir55)
55 FOPI¡AI (?¡FOIHE INIIIAL GTJESS IS)

lJkI'15 (3'75) (x(l),1=I.N)
C0 1¡ l=ì'N
)(ÞESl(I)=Å(l)
E(I}=I.¡/ESCALE

I0 C0NTIt\Uå
E(I)=X(l)/:SCALE
il1=t
DUMMY'FFOKq(X'TrM¡}
14t=¿
CALL CALFUN (MiN'FtX)
tltITE (3r601

6O .;JPMÀl (2!HOAT TH: tNlfIAL 6UESS)
63 C0¡{T l¡.UE

IF (ICIFER .EO. O} GO IO ?O

!/iiIIE (3'65)
65 FOÁ¡4AI (?SHOINOEPENOENT VARIÂELE--OATA VD.LUE"CALCULATED YALUÉ'-'IT'

.IGHT--llFF€FENCE--RA1 I0 ¡

70 ChIS0r0.0
DO 80 K:lrM
ChISO'CFlS0.F {(,.F (x }
DIFFÊ.q=F (K, /HI (K)
YC(K)-Y(|()-0IFFER
RAf IO.D ¡IFER,/YC ( 11 )

iF (IÐ:FER .HE. o) lRllE (3¡751 lr(IonlrlrlrINuP).Ylt()rYC(Xlrrllr)
r rüIFFERTR¡TIO

?5 F0Ftlal (l0E13.5)
80 ccñÌ lò{UE

dr'IlL t3.85i C6I50
85 F0R¡¡A! (tlH0AND ChIS0-.€t3.5'

lF (IIGRÀPñ.NE. C' .4N0. (INOP.tO. lr) CÀLL YGRAPF(itrlrYrYC)
E7 IF (úl.EU.3) Go l0 I00

It (rl .E0. 4) G0 l9 I
FÈESf=CFlSlj

8a caLL LSCqIñ tM'ñ.F ilrÊ.E5CÁLE¡ IPRINfrt,a^Ft¡N)
dt=3
l)UYE Y=FF 0tstl I ¡. I r ts I )
Ir. (IhRtTL) 60 T0 89
IUIFEE=C
¡boaPh-1
C:¡i l0 6:

89 wkllE (3'9c)
90 FuFl4Al (?C¡hlÂI TñË FINAL vALútSt

txITÉ (3r95) (S
95 FORHAI (37HCIHE PARAMEIÉR5 AT TñE HINIT{IJ¡ OF IHÉ..I3.9h 5IEP ARE}

HPIT€ (3.32C) lx(l! rI=lrNl
(r0 t0 6:

lCC, If (Cl'ISO.GE. FicSl, G0 10 200
FsESI=Cts I5Q
D0 lI0 lÊI'ñ
xbFSl(I)=¡(I¡

IIO CONIIÑUE
?00 If (Ãs .GE. ¡PEirr ) úO r0 300

Ks=KS. I
MM=lKS.l)/¿
sul¡: ! . 0
D0 2lC IÊt.il
MN=È00 ( I rtlM).f00 ((5r2)
S(I)=zrPO0(t4H.2t-l
SUM'StJH.S(l).S(l)

?IO CONII¡IUE
SrJr.ts I . 0/ S0Rf I SUM )
Do 220 l=lrN
x ( l) =x I I )+(l.0..00¡rs( Il.suqt

?20 CONT II\tJE
IF (.¡/Ol. ItrRlTE ) GO IO 88
wktlè (3'225r 

^s225 F0RttAl (16ÉIPERIURBED x FoR.I3r4F lRYl
wFtiE (3i320t (x(t).1¡!r\)
Li0 t0 Ee

300 I0JFERsIDF
I GF APh= ¡ GP
Ml=4
CALL CALFIJN IFTNTFTXEESI }
l.t?IIE (3r3t0l

310 F0Rt{AI l¿43IÂl lriE BESI Fll\ÀL 5ìEP /9h0xBeSl IS,
xfiIfE (3'3¿0, lXtìEST(¡) rI-ltN,

320 F0RfAl (10ÉI.1.5)
G0 lo 6-l
Ef\D
FIJNCIIOI\ DYDf (X¡Yr AK}
DIheñsl0N aK (2)

C0laþOn¡ Â rC (21 l iD (200 )'f IILE (7, r ÀYC Í21 ) rYA (21 I rCOtlrALHTPATAxa
aoy.Âyc ( I ).Ayc t,l) rx.Ayc (3) rA..¿.Âyc (4 t.x..3.ayc t5) rxr.4.ayc (6t.x..



t5.ÂYCf7)axã.6
Z=C ( I ).C (2).X.C (3).x.â2.C (4t {X{t3.C (5} ox"4.C (ó)rX"5.C (7t'XÕ'6

DYDX=AK ( I ) 5 ( ÀLA-COI^ / Z-2,t2-\ /? ) á ( PA-COH-ÂDl-Z-Y t
f¡ETURf\ fE\0

suÉiHOU1 ltlE t( l\ (N' I lME.CONS; ADDr Eln'PAr ALh rAK rCOM)
ùitsEì\sIoÎ!'rIMÉ(lo)'E'f¡(3c)rADÐ(30)rZ(30)¡XCOF(4).CoF(4)rROoTR(3rr

srìuo'f I l3)
C08vo¡i ¿.C(21) rD(200) rllÌLE(7)
aa x=-2"Ä Ls-2qPA+ ?/aK
Itð I =4ó AL M Þ P A. P AÞ P A

CC x =-2 ¿ a Ll¡ èP A'P A

tCoF ( I ) =CCx$xC0F I 2 ) =BBX;xcoF I 3 ) =AAx $¡COF (4 ) '1.
CALr-PrlLRI(X!0FrCOFrJrRC0lkrk0olIrI€R )

C0M:r<oCliì (ì )

PoIN f I C4TTITLET PArALÍrCOfr
lo4 Fuprfarit¡IrlDxrTal0/./20x+l^¡IIIAL CONCS'//5OXTPHEÑ ACEI'5X'ALEÌ3'3X

f éCoxpLE¡o5XeZç / /5i\ ¡3Etþ.3/Z0xÞÞEaCT I0N CoNCS{)
ll0l3l=2rr

AÃ=al-li-C OF / 2-E t h I I ) / ¿

BÀ=Pa-CCrl-ÈTn t r ) -AoD ( I I

C¡=C0l'-ÂùÛ ( 1 )
aax:-2ou¡-2+4X.2/AK

8b X:4 ë 
^1 

r {B l. Fì x è Fi À +4 ú CX,/A K

cc x = -2é, x è B x + s x + z +cx ç cx / aK
¡COF í I ) =CC: $XCOf ( ¿) =BÉìX5ÀC0F (J ) :AAX5¡CoF (4)'1.
caLL FoLlì1 (xc0F.c0Fr3rk00IRrx0ùlI.IER r )

Z(Í,=lì0oIR(l)
A¡X=Ax.¿(l)/2"ÉXX:bX.Z(l) 5C¡X=CX-¿(I)

¡3 PklNTIitS .i'!xxrÀÅ¡'CÄx'Z(l)' tl"E(I)
Z(:.)=.i.

IrlS FOÊl¡Al (46x. l?.2x'5ÈI¡.3)
caLL LScPoL (l!.I IMErZ rw. ì r33r4rÙr6¡0)
R¿fUR\

FUI.JCTIÙ\ FF OKM (\ r f TMI )

Dr'TENSICN X (Z)
OIMENSION !EC(I)

Cuvv0ñ A rC (2 I )'ar (200 )'I ITLE ( 7) rAYC {21 ) rYC(21 ) rCOlarALtrrPA
EXTEnIiAL 0YD¡
t=I / ¿a
CALL lìKZ (0Y0X.¡i.C¡r0.r ?JtlrvLCr¡'
ÍfnÉÍ:v¿C(t).XtZ,
¡EfUÊN1Eñtr
SUE;rOUI lNERK2 (F UIrrtsrII rYI rKrl\rVECr XXI

DIJENSI0N VEC(l) txX12l
coMMot\ a.C (2 I ) .t) (¿00) .lì lL€. (?)'aYC l2Ì ) r YC {21 } rCOlrALilrPA

É?=â/ ?
Y:Y]
x=xI
D02I=l rl\
LrOlJ=lrK
TI:h+FUN IXIYTXX)
T2=t cFUN i¡+tr2.Yll l/2. rXx'
f 3=frðFu\ ( À.F2.Y +f 2/2. t /,1,
Y=Y. ( I l.e.+f2.?.çf3.f4, /6.

I X=X.H
2 VtC(I)=Y

RLTUi\$ENIJ
SIJIiRCIUI TItE YGRAPH (MT) TY¡YF IT }
L\IüãNSICN x(t0rl) rY(l l.YFlI (t)
D/¡fÁ IFFF r IBÍJSr !o00r IPÞF/1hF r lh r lHOr IHPl
YMIN:Y(l)
YtsA¡=Y ( ¡ )
D0 3 l=Ir14
IF(Yr.{1N.61 . Y(I)} YM!lt-Y(I)
IF(YMA,T .LI. Y(I}) YH¡X=Y(I'

IF (Y¡rlñ .GT. YFIT(Il) YFIN'YflltIt
IF (YllAx .Ll. YF IT ( ! ) 

' 
YåA¡=YF lf ( 1 )

3 CONTIÑUE
rHIfE (-irl005) YMINTYHAX

lvr05 FORMÀl (lr¡l.l5x.Et3.5r8?XrEl3.5/19x.¡0lhtllIIIlI¡lIMllIIi!IIlIlI
IIIIIIIIÌ¡IIIIII¡IIIII¡TT¡IIIIIIiIIIIIIIIIIII!IIIIII¡IIII¡IIIIIIIII
ITIIIlIIII )
D0 ll00 I=lrM
I0=1.0.I0C.0+ (Y (I)-YMIN) / (YrAi-YqIN)
I0=MAx0 (Mlt¡0 { !Or ¡0C) rl )

IP=:.0.10 C.0' ( rF I T ( I ) -Yl¡ I¡t ) / ( Y¡aar-YM IN ]
IF=pAXt (r,,llN0 ( I P r 100 ) r I )

IF (I0.N:, lP) G0 fC l03c
lF ( I0 .'lÊ. t ) G0 TO Liz,)
xxITÉ (3rl0I0) x(lrllrlFFF

l¡l0 FurþAI (1X.t13.5r6¡ -.!00aI)
b0 l0 IÌ0!

ta?0 Á=ì0-l
BkI rF- ( Jr I0IOI ¡ (1,' I)' ( It,tsF.J=Ir<) r lFf lr
60 I0 tt09

14,30 IPP=IPPF
Io0=1000
IF llP.Gf. l0) ('u Tu lú4c
IPP=1000
IOO=IPPP
IuÍtsMY = I O
Iu=1P
IP=IL)UMþY

li40 IF (lC.(.f. t) c'0 l0 l¡60
Ir (K.GT,1) 60 Í0 t050
rRlÌL f3.l0l0) xtlrl)rI0OrIPP
Gtr t0 !l0C

1150 c0\l lñut
wki'f E (-1r t cI0) x (l r l) ç I0O. ( l83b¡J'lrK) ç IPF
cu'r0 lt0c

I J60 Kì=IO-l
K2=li,-¡C-¡
It ((2.6T. l,) ('0 ïO IJ7,
wiIÌr l3' ì01 0) ¡ (l r I) r ( IBBttrJ=lrKl ) r l00r IPP
C:U !¡l tl.0C

lr?0 C0NÌlt!UÉ,
riITE (3r l0l0) ¡ (l.I ) r ( lsBB¡J-trKl I r 100' ( IBBBTJ?l'K2) ç tPP

I I C0 Corrl lt\uÉ
¡ñIIE {lrlllû) YþltrrYr.aX

lll(r FùRüar (19¡.lolHlIltllI¡lt¡¡IIlIIrtIlIll!lIllIIIlr¡I¡lrIlIIt¡lII¡I
¡ t.t IIl¡Mì llI I II l¡ I¡ IIIIt I III II II IIIIIIIIIi II IIIIII /i6ÅrEl3.5rt7
2xrEl3.5)
wxtlE (rrll21)

ll20 FuRþal (f,3HCP kEpRESENTS lhE P(Ê0IClEO POll'rÌ/2tih00 ËE¡RE5ENfS fhE
IDAIA POINf./73H(,F kEPRESLtìlS B0th IHE DA¡a ANÙ lfE PtsEDICTED POtNfS
2 tF lhEY LIE TO6ËlhLR/rht)

R¿ItJRIT
EI\t)

c Lscl{IN
st/8RotJl lr.lE LSor{iN (H rtrrF rX r€ rISCaLE r IPRIN f rHAxFtJN,
DIVENSI0N F(lr'x(l).E(l ) r¡(a850)
cÙHÞ0N /rìIñ,/ l,|

LOGICAL SIOP'MAXCAL'CO\'I IIT'F IIiST
C O(Ì.J)=H(KST.(I-I)é(¡¡.M).J} LINÉAFLY IN D¿PEftO€Ñf DIRËCÌION
C 61t.tr,=w(K5Í+(I-))'(rr.rl).N.Kt APPtsOXIMAlE CoflPoNEt!T OF lãE GRADIEÑl
C !ñ lHÉ DlllECTi0N 0F D(IrJ)
C G-¡í.t.J)=!rlKlNV.¡-1.(J-tt+N-Jo(J-l'/2) I GREAIÉR €OtraL J INVERSE
c 0F 6ècT
C û(I) C0¡iPCNENT OF 0f¡.J) Iñ lhE DIkLCTION OF SE/\RCH
C SlEP(I)=SUl¿ 0F 0(J)õD(J'Il J¡lrN OIRECII0N 0F SEAPCF



C P(lr=-SUti CF G(¡'K)rF(K, xrLH
C INII]ÁLIZE

slcPs.F^LsE.
MÀxCALÊ.FALsE.
IPP=IPRiNT+ ( !pRINl-I )

' ¡ rL=u
IPç=6
f'lPLtrSN:le.N

'(SÌ=N+qFLUSNñPLUS=N+ I
K IÀrVsi\PLUSð (¡1pLUSN.l r
K5l0RE=K INv-spLtJSN-l
NN=¡\.N

C INI;IAL FUÑCIIOi,I EVALIJATIOÌ\
CÁt-L CALFU\ (ltrNrFrXt
¡lC= ¡
FF=0.0
OO I I=I.H
Xrx. I
H(K).t (I)
FF=FF+F(I)+F(l)

I CUNIINUÊ
FOLD=F F

!e0 FÌl5f:.1'?UE.
K=KSt
t=t

C COXPIJTE THE COI,IPONENIS OF IhE GRAÙIENI IN THE COOROIÑAIE OTRECTTOÌ\¡5¿ XUU¡4r'lY=¡ ( L
ISliÂLL=0
orr¡rFY=aEs (x ( I ).1.E-6t.E ( I t

5 x(I)=Ã(I)4DU¡4MY
CALL CÂLFiJ\ (MrNrfrX)
I'tC=hC+ I
X(!i=xDtJHl¡Y
00 3 J=1.¡r
K3K. ì
!(()=0.
ç(Jr=0.

3 COñl ¡riUE
StJ M =,J .
Kx=¡vñ t

D0 ( J=t'¡
KÁ=KI.I

C FPLU5-FÈESI
F(J)=F(Jl-r(KK)
StJH=SlrM.F ( J ) +ã ( J )

4 COÑT IÑUE
tF (srJ14.G'r. FFöt.E-I2) GO lO ó
kkIlE (3.7) I

? FUPHAl (5X'3HTHE'I3'58h.Th COI¡PCNENI O' IhE
IMaLL 0cUBL¿ Il )

tJlqh Y=2.0t0ui!MY
I 5MÂLL = ] 5I'1ALL. I
K=K-N
IF (ISHALL .LT. I5) GO IO 5
Tll=ñ
K:NN
D0 I lÊt'H
K=K{l
F{I)={(h,

8 CON'f iNUE
G0 fo !.0

C SUM ¡S USED TC NOÊMALIZE OIITKI ÁNO O(IrJI
6 SU!=1.0/S0Rf tSUH)

ì SHÂLL=0

c

c

J-K-N. I
l(J, IS O(l.It NOÎE D(IrJ)r0.o J ñOI EOUAL lO I

r (J) ¡0utlMYÕsur{
00 9 J.l'il
('x.l

r(Kt IS G(I.Kl IN tÈ{€ COOR0¡trÄTe 0tRECt¡ONS
ItK).F (Jt+SUM
KK=þNrJ
O0 M!=1.¡
KXÈKK.MPLtJSN

ll(II) I5 G"GI(T,II)
r (II)=H ( IIt.k(KKrÕt(Kl

tl coNt¡ñuE
9 CON'I ¡NUÊ

ILEsS=I-I
¡GÂíAx=t\.I-l
Il'¡CINv!ñ-ILESS
IñCIñP=¡NCI Nv.l
IF (lLEss.Gt. c, Go To l4

INVERSE CF SCGI(II.JJ) II,JJ'T,T ÊY hOUSEhOLOER METhOD
¡IECALL ( I.I } X ( I-I ) IJPPETi BLOCK ALREADY DONÊ

r(xINv)=l.J
60 to t5

l4 B=t.
DO ì6 J=NPLUSiI6A14Âx
í(J):0.

I6 CON'I INUE
KK=K IÑV
00 l7 Il=l.ILEss
I 121 I ¡:l'

tr(lIP)=r(N.II) IS TËE SUM 0F G-l(II'J)oG.Gl(Jrl) J.l'N
r( IIP)!r (IlPr.r((l(rlr (I¡,
JL.I I. I

" IF (JL .Gt. ILES5) GO f0 le
O0 20 JJ=JL.ILESS
KX=KK.l
JJP=JJ.À
n ( I¡Pt.r (llP).h (KK,.q (JJ)
d ( JJP I =b (JJP,.þ ( KK I TT ( T I,

2O CONfINUE
B IS OòGl (l.ll-SUM 0F cáGl (lrll).6-l (lIrJJr.Gocf (JJ.l)

TH¡CI- IS AO

l9 ¿r33-wíII)'w(IIPt
KX=Ktr.IÑCINP

¡7 C0NT I¡,UE
iJ=1./B
KKTX ¡NV
Lì0 2¡ I!=ñPLUSrl6AHÂX
88:-8rw ( I I Ì
0c ?? J!=lJ.IGAI\¡A¡

C Ífl(K) Is G-t(lI.JJt ¡/HICh EGuALS At-l.Al-trA2ra0-toA3rAt_lt(tf)=*{KKt-BBÕt(JJ'
(K=KK. ì

2¿ CONT IÑUE .
C L(KK) IS G-l (l.Itt hhICH EGUALS -AO-1.A3 rãtCh EOUÂLS G-t (IIrI)}J(KK)=gB

KK=KKà¡\CINV
2! CùrrÌ IÌ!UE

c H(KK) :S c-r (t,I) hHICs EOuaLs Â0-t
14(Kt(r'B

. t5 IF ( .N01. FIRSTT 60 to 27t=fôl
lF(!.L5.NrGOtO2

C o-ld IIEnAÌiON INIT¡ALiZAfIOtr
FIRST-.FALS€.

c

c

c
c

INIIiAL SIEP TAS rol



I SAHE'O
fF=9'
KL=NN
D0 2ó I=l 'liKL=KL. I
F(I)=h(xL)
FF=FF'F(lt{F(l)

26 CON'T IÑUE
coNl I N=. lFiuE.

27 IPC=IPC-lPiIriT
IF (lPC .GE. C) 60 lù 29

C lfERaTIo\ FRIrlToUT
2s !klIE (3r30) ÌTCTMC¡FF
ic ¡,.rpurl { //5,(.9Ht ltRAl IoÑ r I4r I9. l6h CALLS OF CALFUN r5År2hFr çE24.i /

ì 5 X r ç¡lv ÀF I A BL L S )

dkÌlE (3'31) (x(I).I=l¡N)
3I FOPMÂ1 (5124.9)
32 FOPÞAT {5¡.9HFUNCIIONS)

HrtlTL (3'32)
¡RI'fL l-1t31) (F(l) rI=I.¡l
IPC=IPP
!F (ST0F Ì G0 l0 33

C COÀrvLilGEltCÊ ff:SlS
C I N.t vaLUÊs c,F F ar¿t lhE SAHL
¿ à MÁXIilUM OF STEP(T'l1,(I) L:sS ThÂN OR EOUAL IO I'O ICONIIN FALSE'

C A qA\IMtJil iJF IHE I-II COiItsOI!EN'f OF ItsL ACTUAL SIEP lAKEÑ / E(I'
C LISS IhA¡¡ OR EUUAL Iü I.O CNÂNGE L€'SS ThÂÀ OI LOUAL IO I

¿9 IF (CtsÀNGL.NL. C.Üt I\at4Ë=0
IsAüE=I5AMÉ'l
lF (l5at¡¿.LL. N) uO Tri 2çl
IÊ ( T9RINT .LE. T' G() TO 33
çkIlE (JrZ95)

?95 iORMAI \//5x,t]EàN.l VÂLtJEs oF F ARÉ. 1tsE SAI'lÊ)
IF (FF.GË. FCLtì) G0 I0 l1
¡g¡¡=FF
K=NN
D0 293 I=¡.r/
r(=K'l
¡1¡¡=F(t)

293 CONÌ ¡ÑUE
GO 'tO ìJr)

?9t It (c0ñ'rlN) G0 T0 3q
IF (ChAñGE .Gf. 1.0) G0 lo 3ô

l0 It (iPRlNl .LE. c, 60 l0 33
C TERilINAL PIiINTOUT

fñIÌÊ (3.38'
3E FOPvAI l//5Xt46rL50!ttl rt t INAL

SIOP=.fRUÊ.
GO ÌO 2E

33 RgTlJRtl
3ó CoNII¡l=.TRuE.

C STARI tiEXT ITERAI¡CN
3a IIC=Ilc.l

K=N
KK=KSl

C CALC|jLÂTIOÀ 0F P
D0 39 I=l.N
K=K. I
B(Kl¡0.
lÁ=KK.N
*(I)'0.
D0 ¿e J=l'l'l
KK=KK'I

c t(It ls IHE sux oF G(IrK)oFlK)
h ( I t -!r ( I ).ri (K(, ðF ( J,

40 ccNflÑuE

39 CONTIIIUE
Olt=0.
K=KIt!v

C CÀLCtrLAf l0N 0F rr

OO 4! lI=lrN
I IP=I l.N

C h(IIP)=wfN.I¡) Is lHE suH oF 6-l(Il.J)è(-P(Jrt 4'l.N rrllCh l5 -0lll
w I IIP)si ( IIP)., l(ter (lL
JL=II.t
IF (JL .GI. N' GO TO 4ì
00 44 JJ=JL'i!
JJP=JJ 'lK=K. I
ì{ ( M) 3h ( I IP ) '{ ( K ) ãÞ/ I JJ)
B ( JJP) =r ( JJP).n { K ) {t{ ( I I }

44 CONTINUE
K=K. I

C t{AxlHl¡¡r OF P(IlÞo(I) KL IñDEx uF fHL OIkÊCIIO¡ OF D(!rJ)
C IO IJ€ KEPLACÊO ÞY STÉPIJ)

43 IF (ùM.OÉ.. ABS(d(I¡.+tr(llP)t' GO lO 4l
Dù=¡ds(i(ll){r(IlPr)
KL=I i

4l CUNT ItÌtJE
I I=NaMPLUSI{ðÁL
ChANGE=C.
0u 46 l:l 'r!
''L=N' lr(It=t.
uù 47 J=NPLU5,ÀJt!
JL=JLIMFLUSN

C tr(I' Is IHE suts OF (-Û(Jt)óOlJ'I) Jc¡'Ñ Hhlch 15 -STÉP(ll
,(I)=r{l).d(J)di(JL)

47 CON'I I\U€
I1=I1.ì

C TÑ.fExCFAÑGING KL AI{U ¡{ ROdS OF D(I.J' PUI IÈESI IN O(N.J)
r(II):r"(JL)
Y(JL):x(I)

c cHA¡l6E lS tn€ MAXIIfUM OF ACS(5TÊP(IllE(Ill)
tF (ABS(E(I)'CHANGE) .G¡. Â8S({(Ir)) r,Q T0 46
CÈ'af¡GE:aBS l{ ( I )/Ê ( I t )

ÁÉ cu\T iñùE
DlJ 49 lsl'k
lI=II.!
JL=JL. I

C lNlgtsCtsAh6lf¡G KL ANO ñ RolS OF 6 PUl FBEsf lN 6(NrKt
W(II)=W(JL)
,i{JL)=F(I)

49 CriNf ltrUE
FC=FF
aCC'0.1/ChaNGe
IÌ=3
xC=0.

^L:0 "
IS=3
xSI¿P:-Âll IÀll ( O.5.eSCALE/CFANGE,
!f (ChAnGE .LE. ¡.0) COÑllN=.FaLSE.

C LINEAR SEARCh
5I CALL L!\I'!IN (ITTXCTFCTó¡AÊCTO.ITXSTEPI

!F (I1 .NE. tt 60 fO 53
ttc=ñC. t
IF (t{C .LE. HAXFUN! 60 lO 54
littIlE (3r5ó) HÁllUil

56 FORHA: (5ÃrIó.Iótl CALLS OF CALFUN'
X¡xCÀLr.TRU€.
6C lO 53

5¿ xL¡rC-lL

VALt€S OF Ft,Ì\Cl¡ONS ANC vAR¡asLESt

[htcH ls -P(¡,



uU 57 J'l.rr
x(J)=¡(J).XLcH(Jl

57 CONT:NUE
x!-=.\C
CALL CALFUN (MrNrF.X)
t C=0.
ÙrJ 58 J=l 'llFC=F C.F (J) ¿F ( Jt

58 CüNT ÍliUE
tf (ls.N€. -1) Go lo s9

c oEtÊkr,'INAIIoN 0F sECoNo BESI P0Iñf
Ir'(FC-FF) 6t,51r62

óI Is--2
FHIN=f C

FsEC=FF
Gù l0 6-r

62 IS:I
Fül¡r=FF
F ç91:F a

G'J TO 63
59 Il.(FC.GE. FSEC) b0 T0 3t

K=KSfORE
It (IS .E0. Zr G0 IC 74
K=N

?{ iF (FC-FMI¡¡) 65r51 r6ó
66 FSEC=FC

Gu r0 ó-1

ós Is=l-IS
F5EC=F$ IN
FM JN=F C

63 u0 67 J=l.N
K=X. I
H(lrl=XíJ)

' 67 C0f¡l I¡iUE
00 68 J=l rM
K=K.I
w(K)=F(J)

6A CCNI IÑUE
G0 t0 5t

53 l(=KS r0RE

C IF I5=2 XÊEST AND FTJESI LIE IÑ !(Ñ.
Ç Þ(XSIoRE. )=D(ì1'Jl ÂNO G(tr.K)
C IF IS IS NOf 2 X8E.SI AND FÉE5Ì LIE IÑ
C LIE IN lr(ñ. t

IF (IS .NL. ¿' GO TO 69

KÀ=KSl0FË
ó9 StJY=0 '

DÞr=C.
JJ:Á S'f Oä E

D0 7l J=lrr
(=K. I
Kr:KK'I
JJ=JJ.l

c xEEsl lN'Io x
x(JJ:r(r)

c rÊEsr-.\sEccN0 lNÎ0 D(N,Jl
r(Ji)'i(|<)-t(KKt

?I CONT¡ùUE
D0 72 J=lrH
K¡K. I
KÁ=tK+ I
JJ=JJ+ !.

C FÈESI INIO F

I (Jtir(ñ)
C Fâ€SI-FSECOND TNIO G(N.K}

W(JJ,=I(K)-H(KK'
SUM =SU¡¡t. f ( JJ ) +t I JJ t
Ott=DH.F ( J) +l ( JJ )

?? C0l\l IltUÊ
IF (MAXCAL) GO 'ÌJ IC
J=x lNv
KÁ=lrPLUS-XL
00 ?6 I=1'KL
K:J+KL-I
J=K.KK

C ¡NlEiCriA¡\GÊ KL ANo ñ kOkS OF G-l
ti(I)=w(K)
W{K}:wfJ-l)

7ö CONI INUE
If (KL .GÊ. N} GO IO 7À
KL=KL.l
JJ=K
l)O 79 I=XL.tl
K=K. I
-l=J.NPLLS- !
*(I)=hfÁ)
w(K)=h(J-l)

79 CoNl ¡r{UE
,(JJ)=!(K)
rr=1./i (hL-1,
t((L-l)="ft!)
G0 l0 8c

78 B=t.,/h (N)
88 (:xIñV

C OEIEtsMINE at-l FR0r1 c-l
Lì0 89 I-t'ILESS
!5=8¿i ( I )
DtJ 8l J:I'lLESs

C I (K) I5 G-l ( I rJ) rt¡ICH
titK)=t(K)-rJBð9(J)
K:X. I

el CoNlltru€
X¡K}¡

8J CCNT I\UE

F0R USE lN CALCULAtIt\6 Nr'rr G-t

ls Âl-l=81-É?s84-1.c3

Ih€ ACfIJAL SIEP T A|(Ér{

) SECOT\o BESI I ANo x LlË ¡N
wIKSTCRE. )AttD ThE SECONo ÉES

Tf (FHIÀ .Lf. FT} GO rO å2
CFAñGl.C .0
G0 T0 84

82 Ff=F¡aIN
c crlarlGE IS tHE ilAX Ir,4uù OF ltsE Coípo¡rEtuts oF
c 0IvICE0 BY thL coilPof\EN.IS 0F E

CtsAñGE=Ê3S (xC, iCñÂñG€
84 XL=-0Ì!,/FF¡N

C StJt{ IS U5EO IC NoR14ALIzE G(N,K} AND O(N.J'
SLrr- I . 0/SORT ( StJr,t r0MìxL )
K=K s I 0RE
D0 35 l=lrN
X=K+ I

c ltK) Is 0(N,J) THE
i(KtESUPèt{(K,

.H(Ilt0.
85 CONTIftUE

STEP IAKEh PROPERLY NORMALI¿EO

D0 86 I=l rM
K.K.l

C I(K) Is G(T\,K, rHIciI IS IFEESI.FSECoND.(SUI{ oF (FBesI-FSEcoND,oF;Esf/c Ft¡'{t'FBeSt} NORMALIZÊD
I ( K t.SUtìi ( r¡ (x).¡Le F ( I t )
Kr.=hN. ¡
D0 87 J=l,N



KI(:XK.I,IPLUSN
c ttJ) Is IHE N-Tt{ ROr OF GcGr

Y(J)Et(Jt+r(KX)rr(K'
67 CONTINUE
86 CONl INUE

GU fO t4
eNn

c LIriMlN
SUPRCUT INE L INM ItT ( I'T ES'f T X TF THAXFUIT T ABSACCTRELACC I TSI EP }
G0 fO (lr2¡2)rIrEST

2 IS=6-IIESI
ÌIEST¡l
I,I\C=I
XINC=xSlËP.x5TEP
trC=I5-3
It (Èlc) 4,4,15

ã Mr-va- r

IF (pAxFuN .GE. (C' bO ÌO t5
¡IEST=4

43 x=DB
F-FB
IF íFÊ .L¿. FCI GO TO ì5
X=DC
F=FC

I5 HËTURÑ

t G0 fO (5rór7r8).IS
I I5=3
4 DC:x

FC=F
x:x.x5lEP
G0t03

? IF rtc-F) 9.ll.ll
lG r(=x.ÁINa

x t\c=x IÀc.x lñc
GúIO3

9 Do=X

x INC=-r INC
G0 T0 ¡3

I I DÉ=CC
FÉ=F C

0C=X
FC=F

t3 ¡=oC.0c-oB
I s=2
G0 'r0 3

6 DA=DB
DÉ =DC
FA=F 8
FÉ=F C

3? DC;X
F C=F
GC fO 14

5 Ir (FB .Ll. FCr 60 fO t6
IF (F .GE. F8' GO TO 3?
Fq=FB
DA=D I

I9 Fd=F
0Þ--x
C¡O T0 l<

t6 tÉ (FA .LE. FC) G0 lO 2l
X¡\C=FA
Fr=¡ç
FC=x INC
xl\c=04
DÁ=0C

0C'r INC
2l xINC*DE

lF ((o-cB)ô(D-DC' .LT. 0.0t G0 lo 32
IF (F .GE. FA} GO TO ?4
Fc=F B
DCÊDB
60 TO t9

2a Í A=F
DA=¡

t4 IF (F8 .GT. FC) GO lO 29
I It{C-2
¡ INC=0C
IF (FB .EO. FC' GO TO â5

29 D= (FÀ-FB )/ (DA-CB)- (FA-FC)/ (Ua-DC'
It (Dr(CH-DC) .t r. ù.0Ì 60 ÍO 33
U = 0 . 5 r I DB + uC - ( F A-F Cl /Ol
IF ( (a8S (D-X) .Gi. A85 (Ag5ACCr 

' 
.ANÐ.

l)) G0 rc 36
iTFST=2
G0 t0 43

3ó Is=I
X=t)
IF ((04-DCl+(OC-Or) 3'¿6'3E

acs ( D.kaLÂcct

38 I s:2
GU ]O

33 I5=2
(39,4û).IINC

I AdS ( D-l( t .GT.

500,

c

4¡

?6

l0

f9

4S

Go lO ((l'a2) rIINC
IF faBS(XlNCt .GE. arJS(UC-O)) (lJ lO 3
x =Dc
GU TO 13
IF (aBS(x¡\C-x, .Gl. arlS(x-DCr) GO I0 3
x = ß .5{ ( ¡ I trc.uc t
rF ( (xIÀc-x'+(x-Dc' .Gt. c.0, G() l0 3
Gu f0 zó
À=0.5{ (Cti.DC)
Ir ( (DB-X)+(X-0C) .Gt. d.0) G0 lo 3
lrÉsI:3
Gù ro 43
ENl)

CAL FtjN
SIJFRCUf ll\L Ca'-FUlr (l¡rtr¡F çx )

0illENSIgN X(ll rF(ll ¡Y(200) rqI (200r.T(t0r
curlilotl /f uN/ Y¡l{lr'lr!l
D0 l¡,r K=lrfi
F I K ). (Y (K l-FFOtst{ | ¡, f I l.K } .i1! t t rn I (K)
CUNT IÑI.JE
RÞTURÑ
ENO
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APPENDIX fV - PLol;tít'tg Prograrnn PL)TI

PLOTT Ís a versatlle program designed t,o produce any size plots

wiÈhin Èhe Limits of the Cal-comp 10'r PlotËer. Any number of funcËions

containÍng up to 100 prÍnts can be plotted as a l-1ne or as symbol-s.

Up to 12 different types of symbol.s may be used ín any one functíon for

composÍte plots. The routíne provides automatic seal.in.g and chofce

of origin. The co-ordínate axes are annoËated and the user may specify

titl-es for each axis as well as a main and a subsidiary titl-e. The

user may also elect to have the plot produeed on blank paper and with

a Rapidograph pen.

Each functÍon can be dlspl.ayed in many Ìrrays:

1) A poÍnt plot for the function (synbols only)

2) A poínt ploË, plus a 3rd order spline-interpolaËed, nth order,

polynomial-fitted line. The sp1-ine interpol-ation Ís necessary because

at hígh degrees a polynomÍal tends to oscíllate between data poínts.

3) A poÍnt plot pl.us a 3rd order spline fitted Iíne (through all-

the poinËs).

4) A 3rd order spline iuterpola.ted nth order polynomÍal fítted

line on1.y.

5) A 3rd order spline. fÍtted line only.

Each functj-on on the graph may also be described in a legend

al.ongside Èhe plot.



ÞnoGÊAY PL0fT ( lhPU:.OU lPUl:
pL(ìlT ¡5 a vËÈSl¡IL€ PLOIIIñG pxOþRÀX 10 PRoOuCe PLoIS oft Â t0

ÞL1
ÞLl
PLI

CALL SY!3OL (SSZrYYi.Bl¡ r28C0.0..ñ¿)
CALL SYNBoL lxLEcrYLEGr0. I r6¡L€GEi¡Ur 0 rr6t
rLFG:XLEG-] . O

YLEGEYLEG-C.25

ÞLT
eLl
PLT
PLI
ÞL¡
PLI
ÞLl
ÞLf
ÞL T
ELÌ
PLT
PLI
PLI
PLT
PLI
PLI
ÞLf
oLl
ÞL I
Ptl
ÞLl
PL'
9LT
oLl
FLT
PLI
PL I
ÞLT
ÞLl
ÞLT
o,-T
PL¡
ôLr
PLf
ÞLT
pLf
PL T
PLI
PLT
PLI
PLl
PLT
PLI
PLI
PLI
9LT
PLI
PLI
PLI
PLT
PLT
PLI
PLI
PL!
ÞLl
PLT
PLI
OLT
ÞLl
PLI
PL¡
ÞLl
PLf
PLI
PLT
PLT

3?0
325
330
335
340
045
350
355
360
365
3 ?5
38 0

385
390
395
400
{ 05
4lc
4t5
q20
425
430
4J5

445
45C
<55
460
465
470
475
a80
485
¿9ô
495
50c
5 05
5!0
5t5
520
525
5i0
535
540
545
550
5s5
560
565
570
5?5
5e0
5Ë5
590
995
600
6C5
6t0
6t5
óe0
ó?5
630
63S
640
ú45
6s0

c
c

c
c

c

c
c
c
c
c

c
c

I

Ì

ÞL
rL
PL
ÞL
ÞL
PL

PL

rL
PL
Pr_

c
c
c
c
c

IICF CALCOHP PLf)T'JèR. FLK A FULL LTPLÁIÑAIION OF VAFIAËLÈS ANO Þ!-T
¡)tlI0ñ LSL C('l\Sl,L¡ TñE inIlE UP. iR¡lTtN t(l R LOùGF 1971. PLI

ot- T

rì1v€r.s!cN \l¡lLE(7),YIIIL€(7r'SllILLrT).C'TIlLE(7trXi:!o(?)r ÞL1
I yFciì ( ? I .lrcc ( 7) .('rcc r7).¡P 14, 'Ye l4l.Å ( lct') 'l 

( t00)..x¡ {lúc) 
'YY 

(1c0, i2LT
2xL (2000 ) . YC (¿!0^ ) . ñOP ( I2, r5 ( I ¡ ù ) .>Ã ( ¡0C ) ¡5Y ( ìv0l;ZBCD ( T) r Zl L€ ( 7t ÞLl
CUM¡'o\ Àrc(?l).1)i200)rrtlLt(îl oLT

PLT

RIÂD ÑC OF lYPES OF POIÑ¡S ON I\T5 LINÊSTPOLYNOH¡AL CRDER OF F¡I
Ir ÂPPLICÁtsLErS!:TCh FoF ftl IhROUGi ORIG¡h 0R NoT.rEl f0e
CUts]NÂfTON OF LTNE ÂNO SYSEOLS RE(¡(JITEO ANO ThEIHÉR POLYNOI¡AL.
3KD OROÊR SPLINE OR NO FIT IS REOUIIiEO ON IhIS L¡foÊ

ÊLa0 ñ0 uF JCBS aNU CoñIHCL PAkAxLIER
CUN]IOL=o. - GRAPh AÑO ÊIFO PLN CONÍXOL'II- - 8LÂNI( PAPER ATiD
IL¿CÁ IÀX PE\

REÂ01 rNIPrñP0L. ISr ISYtrr IFII
!f (J.aNt.ñIP.G7.l ) YLE6=YL€G-0.t
RE.Á0¡r (NOP ( I ) r l=¡.Nì9)

L\O 30 I.l.NTP
30 NATITA.NCP(Iì

sIAkt 0F L00P -Foe €aci LlÀE 0ñ PLol

00 ¡2C JrI.hL

KÈÂD IiI VALTJES OF T.Y FOR IhIS LIÀE

PLÍ
PLf
PL ?
PLT
ÞLÌ
ÞL1
PLI
ÐLT

ÞL f

PLI
PLI
ÞLI
ÞLf
PLT
PLI
PLI
pL I
PLI
PLI
oLl
Pr_l
ÞL1

05
l0
l5
2ç
¿5
30
l5
40
45
50
55
ó0
ó5
70

a0
a5
90
95

:00
105
110
l!5
lzq
ì25
130
t35
I4C
l15
ì50
¡55
¡60
ló5

¡ 75
¡eo
¡85
! c0
195
200
zo5
2t0
2t5
220
¿25
230
23S
2ô0
e.4s
e50
255
2ô0
269
270
215
¿8C

as0
29=
300
f05
3¡0
3!5

5¡Ákl Of LdOP FoR t-ÀCi FLoI

lO U0 I l0 J=1.\J

KTÀD LEA('hS OF AXLS AÑO NC OF LIilES OI\ GRAPñ

PÈ ¡O I . \J. PLOTYPE
fÙrr.r!l({c!2)
c¡LL pLdls(srscJbYr5t

^À=4il.iþ(f!J.l)cÀt_L ¡LlÉiT (xx)
.l¡ {pLc tYP: .!ù.0 I rio l0 z0
CALL PALPLCf(2btsTLNÃ PPR'C.3IN.8L( INh PL5.26'

Rt ACar (I l l ) r I=l.NA)
e:404.(l(:).I=t.NA)
r'o

00 60 KrI'NfP
L'NOP (K )

0O 40 KÀ=l.L

(tA) r¡ (ñ)
(íA)t: lN)
(L.l)=Xr(3)
(L.2)'Xh(4)

YY(L+l'=YMt3)
YY(L.2)=YX(4)

IF r I5rM.EO.ltG0 TO 50
CALL LlNa l¡xrlYrNoP(Kl rl r-lrr)

rc {Nc.2) =Àil (4}
YCt¡'C.l)=YM(3t
YC (ñC.2):Y¡ (41
lF {!3YM)¡2ù.1!0.1¡0

ll0 CALL LlÀE(xCrYcrNCrl¡0¡01

c
c
c

c

c

51ÂRT OF LOOP FOR EÁCh 1YPE C]F POIN' ON LIí€

,rÂ0¿rÃnXlS.YAll5iñL
2 fuofial(¿14.!,I2)

P!ÂÛ I!TLlS ÚF ¡rI ÂX€S ¿hO HA¡Ñ IITLE
4C Yl

xÀ
XX

kEÂU I'xl ¡ILÉ.YllTLËrSItlLE rZl IfLt
3 FOPpAI{4(7AlC/}t

cÀLL lNKdAk I rll lLEr¡eco.NI )

CALL lNiÉAÈ(YlllLÊ.l8COrNl,
C4t-L lNÁtsar (Sf llLÉrSUC0rNS)
c¡LL lNihai (?I llLE.¿¿corhl,
ùu 20 :l=1..7

2¡-¡ f ITLi ( ll )=\tlf Lt ( lTl
ts r-ÂlJ¡ 

' ÃP ( I Ì . ¡B (2 ) r Yts { I ) r Yts (?l r tsf
5 FlapÅl (cF¡i1.0'

REAO IN TIILE FOR LEOEND IOEÑ!IFICAfION

c
c
c
c

ÊÈAD MIN ÀNO ÍA¡ vÁLUËS OF ¡.I ÄTE.S CESP€C'¡VLY ÀÑC IIEIGHI OF

ctsÂk^clLR5 It ilaIN lllLÉ

REAI]5.GT IILE
F0PH^I (?"11ú'
CALL INKhAR (GI IILEIGTCOrNG}
YLEG =YLE6-0.!5
xrLtG=xLt-G.2.5
CALL SY¡EOL (XLEGIYLE6TO.O?rGECDrO.rNGI
CALL SYr80L (xrLEOrYLEGr0.07rler0..-ll
tF t:FIr) 100.70.80
CÀLL LSCTOL (NA'XrYrlrlr00¡4r0rNPO!' I:.t
50 10 t00
DO 9g Nl!l,rNÂ
O(NI)=Y(NI)
CÂLL ;¡ t (NA.X,D.Sr5¡rSYrl00'¡CrYC)
NC= (l¡Ê-l ).100.1

50
5

60

?0

¡00

CALL 5CILE (xe'¡a¡lS!¿ rl)
CÂLL SCÂLE (Yts.YaÃiSr2 . I )

CALL A ¡ I 5 { 0. ¡0. ¡ ¡bCÛr-frlr¡AÃISr 0. rlx (3} rXH (41 r 0}
CALL 4^lS(c..o..YBCOrñYrlrrtSr90¡rlf, l3l rYlr(l) r-l)
¡!€G!xÄ¡ I5'¿.0
YLSE=.TA¡TSl?
tsÌ ì:C -s¡êts f
55¿= f \?-I ) r (/\.É1 l/ I l.4rr1 l/1
Si: tNS-¡ j. Ihóhf /7 |.4.H7 /7
S¿=lXAtlS'SHl/2
5s Z ' ( x a¡ i s - Ss¿ I /¿
YAÊYÀX tS-0.5
YYI=YA-C.5
CAI L SYTBUL (sZ.YArxI rSAC0r0.¡l'tSl

80
9C

PL
PL
PL
PL
5L
PL
PL
PL
FL
DL
PL
PL
PL
ÞL



r20

t30

CONTIÌrUE
CALL PL0T(0.rYAXISr3l
CALL PLCI (XÂxlSrYAXlSr2l
CALL PL0T(¡AXI5r0.r2)
PL B=Y A x I S,/ ?. .0 .3
PLA-XAXIS-0.7
PLC=PLA.3. I
PLD'YLEC-0.?5
CALL PLCI(PLATPLS?3'
CALL PLCT (PLArPL0r2)
CaLL PLCf(9LCrPLür2)
CALL PLCT (PLC,PLS.2!
CALL PL0T (PLATPLBT?l
PLX=XAxIS.5.a
CALL PLOT(PLX'0.'.3'
SIOP
Err0
St/BROl.Jl INL Ili¡ÁhÀR (ÂT ITt-E' ABCOr N t

A SIJtsROLTINE FOR CODITTG IFE IIILES FOÈ PLOI PRIOR TO USE gY
5Y Mf!OL

DIMENSICÑ Af ITLE (7)'AECD(7'
M=MTESf= LCH 5 N=0
CALL ZEFO(ABCD.7'
MIEST=KFAR (AIITLE'I,
0ùlI=2'I22
H=xhÀF(ATITLE'It
¡F il{.€O.MlESl)60 TO 2
N-N. I

I CALL XhIN(ÀBCDTI-l rM)
2 RÊTURI\

ENO
SUBt¡OtJTINE ZEiì0 I atìC0'¡- )

PLT
PLT
ÞLT
9Lf
PLT
oLl
PLT
PLf
CL T
ÞL T
2Ll
pLl
PLT
PLT
ÞL I
PLT
ùLf
IhK
INIT
! r\K
l¡\K
INK
I \K
It l(
I t\K
¡ ñr
!NK

IIK
tr\K
ft!K
I h'K
tNl(
7ER
7¿R
7ER
./E 

R

7ER
7ER
7Ex
¡EÈ
ZÈfi

655
6ó0
é65
6?0
ó?5
680
ó85
590
695
100
?05
lI0
715
7?0
7?5
?30
?35

05
t0
l5
?0
¿t
30
35
40
45
50
55
ó0
65
?0
75
8C
05
¡0
l5
?0
25
JO
35
40
4S

c
c
c
c

c
c
c

A SUBROLfTf{E TO BLANK TtsE TlfLÈ \ULI,II{G ÁRRAYS USÉD 8Y INKhÂP

0lflEhsIcrN ascD(12)
DOI I=l'i{

¡ ACCOII)=llF
ÈÊ 1!Jrì \
END



FIL.ET3 " NBU 3 / PHENYLÊCE T LYTNI

DTTERI'{I NNT I ON gF RRTE COEFF ..27

.lB

.15

.12

.09

.06

.03

o

x

++

o
x

o

+

X

+

o

X

o

x
o

+

o

+

+ A

A

A
A

-.00 20 .q0 .60
t F|L2[T6 )

.80

TY PICAL OUTPUT FRCM

PLOTT

-.00
L .00 l.?c
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-l'lllr li.iirl til-N( l, ()l
A(ìllN'lS ON l lllr
(]OM I'OI_JNI)S

I' ti. M Al.ltlN* :Lnd Iì. M. l.OtJGIl

i ('O()l{l)lN^'l lN(; SOl.Vl:N'lS ANI) ('ON'll'l i;\lN(;
r\l)l)l't l()N ll,l:;\('l IONS ()lr ( )l{(ì/\NO\l l l '\l LIC

tl rrst r.rl iu)

(lìccctvctl March -l()th 197-l)

Stl M M¿\l{\

'!-trn i,rflrr¡,¡r¡.r, ¡!l {'!!o!,1ìrr:r!ir¡' \(ì1,.{,!ìts ()n llìc lrtltlilirrrt fcilcti()lìs ()l tli¿tlliYl-
I llL llllr\¡\

lulrrriunrs. \\'lìcrc thc rcltcti()n is lctu¡'clctl. illld illk\llithitllll. wlìcrc ¡cactivity is cl'l-

lr¿rnccrj. is cliscr¡ssccl. Sincc thc nìcclì¿rnìsrìls ol tht. rrt¡i;ti()tl ol'thc trvo rcttgctrts at'c

tlilicrcrrt. ¿tnalogiús cirart'n lìlc lilicl-y tr-l be- rltislcail ing'

* I o rvilollt rrll collttrllttlielttirln: sltt'Llltl he ltrlr!tcssctl-

'l-hc ¿rcltliti.1u rcitctions (ìl triitlk],¿\lunrirliultls rvith ¿tlkcrlcs afc inhibilccl in

coorditìatiu!. s()lyc¡Ls. Wc: havc reccutly showrìr thltt thc l'cllction oitricthi lzrltlÌninitllìl

witlì l-octcrìc i¡ cl iphcrryl ctlicr (onc ol tlrc l'ctv rvhicll lornls ¿l c()llìlllcx wÙili'l crìotlglì

lor I'c¿cti6r.r t9 [tc çbscl'vctl ) plocccrls ft'orl llrc snl¿Ill colìcclltt'lttiotl t>l'ttnctln.rplcrctl

nì()norìlcl ic l:t.rAl in ct¡triliblitrrn r'vith thc ct)lìlÌ)lc\È(l spccics'

On thc t¡tllcr.hand. it is$cllkrror.,,ll that thc aclrlition rt-lcti()r)s ol'alk¡'llitliiunrs

n,ith alkcnes ilr.c [astcr irr coor-rlinuting bilsic solle nts2 t'. (ìottrplt:rcs cllalkl'.llitliitillrs

rvitlr cl¡cluti¡grliur¡irrcs it¡c t'cf)utü(l tribc thc utos[ rc¿t(:ti\1c orll¿ln{Ìlithittt.tt ct"tlt¡-tottrltls

a va ilab lc('.
Ot¡r.rnccll¿rnisrrr Iìrr lhe rcirctitlus of tricthr lalLrnrinit¡nr ',r'ith trlkcllcs irt tliplrcn¡'l

ct hcr soltrt i6us h¡s bccn r¡se (l rìs l niÌlog.y lo r t hc rc¿tt;l iolr o In-btrlr'llit ll itl rrl w it h ct h1'le rlc

irr thc plcsr:r.lcc ol'N.N.N'.N'-tc-trltrnctlr¡-lcttrYlcllcclil¡li¡rc ('l'Ìvll:Dz\)s' \\/c bc:lìct'c

ar.llu¡rcnt lry irrralogy i:; u rllrngcrous prtur:t¡rlc iu orr:atrottlelullic chcttiistrl'' l-llc l'cltc-

tirìil nrcclr,r ¡isl¡ ol'a givcn rcugcur is lintrlu trt cllitttgc tlrrotrglt a scl'ics tllstttlsirlttcs' ¿ts

$/c hitvc otrscrrcrl ri,itlr trictlt¡;lulrrrrtiniunr ¡tucl uttslritl rirtccl lllcll'tlcltl'bollst s. Wc ltrr':

co.virrçcd th¿Lt this ¡ltr.ticrrlur: u¡urlo[v is u lìrlsc (rnc. lr'ì thu citsc ol tticth\ lltltttlliltitlltl.

coor(l in¿rti¡g sollcnts lctalcl (or'.,' ¡ì¡,rcr*¡ lllc rclrt:tit¡lr. bccltttse [ìlc ct-'trccnLt'¿ttiolr ol'

tIc urtcc,rl¡¡tlcretl. ttllasst,rciittccl rcrtgcnt (L:t .i\l) is clc¡ll'cssctl [tr thc ltltl itiori cll thc

s()l'crìt (Svj urrcl thc conrplcrcd rcu¡ìurrr. (lit rAlr -g1') is ulu'()¿retirc.-['his cxplitlllttiolì

.iÌ11rìoI hc rrsccl t1.¡ cr¡tlirirr llìc (l( (r,1(;/'(lf l¿lr ol'thc rcttctiolì\ ol-bir t-lllithitrttl itl tltc ¡rrc-

scllcc ol'l'Vlf.-l),\.'l'ltc rrrce lllrnisnl ¡'rrol)osctl 
5, tliltt Ltnctlnl¡rlr:r':cl. iìtìlls:ì()cill!.crl tclrgcttI

(tluLi) is rcs¡rorrsrtrlc lirr thc rcit(ttii)!r. is ultctiltblc sitlctl il.s collccllIr¿llioll rvill lrc tlc-

i-,r."ssecl irrtlic¡-rr-cscnccol'l-Mirt),\tlirctolhclìrr t¡r¿ttion<rf tltccortl¡llt:<lJir I-i l-t\4 llt)A



l'. li. f\{. At.l-Lì..], lì M. t.OU(itt

Olt cotlsiclcraLion oI b¿rsic rcacti."'itic.s it is diil'icult to cscapc Iltc conclLrsittn that
tltc l'cltclivt: s¡te:cics is a TM!.[)A crluiplcx of buty,llithitrnl. It a¡tpctrs ¡l'tlbultlc lhat
thcrc at'c lt tltttlrhcr of sLrr.h cor'rplcxc:; ¿rnrl tlrc r:cluilib¡'iunr ru-lirtionships rvill bc most
conrplicittccl. Onli, sinr¡rlc cas,:s; ltavc bccn tc-stcd so liìr, or inclcccl c<¡ulcl bc tcstccl
agaitrst thc lirttitccl kirtctic clutrt ¿it prcscnt ¿rvirii¿rl-rle. 

-fhcre is thus n9 rc¿rs<lrr lttr
lcjccting the n'cll-cst¿tblishctl conccpt ol tlrc high rcactivity ol chclatccl colltplcxc:; on
kinctic grotrn<ls.

T'hc diffcrcncc ol'beh¿rviotrr of alk¡'lrrlunliniurn ancl liLhiLrru cou-rpoul](ls o¡r Lhc
adclition olcoorclilt¿ttittg solvcnts is rrot srrr'¡rrìsing. ln thc hruticr c¿ìlìc it is r.r,cll,c.sta-
blishccl tllltt thc ¿tclclition rc¿ìctiorì with all<c¡lcs proccecls tlrrt.;ugh a n-crtnr¡tlcx in a
re:action stc¡r rvlrich citltcr ¡rrccc:rlcssr('ol constitr¡1csB tltc ratc-controllinrl stt:¡;.
'l'lris it¡r¡tcars (tt bc the onlv rc¿rctio¡l path lLvaillrb!,-: w!lcn the rc¿rction is ln inscrtigir
irt it cor,¿tlcl.tt tltct¿tl curboti lroncl. anil it is obviously not o¡tcn rvhcn thc t,¿rc¿rnl rio-
olcliuation on ¡\l is r-.cctrlticrl as is thc citsc in t:l..Alt-'Sv. Whcrc thc t'caction involvcs
a carb¿tlr ion o r plt ir ctl calb¿r¡t iott, cl illèrcn t ftìct(l rs arc ill volvctl. I n gctrclal ccrclrt!ina t ing
solvcttts vn'ill ilir:rcase tllc concc-nLr-ation oll¡cc cir¡'birnions und thc looscr. tlorc rcac-
tivc ion paits. thcreby incrcasing tltc ovr:nrll rc¿rction r¿ttc.'fhis is probabl¡,thc cx-
planation oI tirc hi¡rlr lcactivity ol'thc chclatccl bLrtvllitlrium.
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