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FOREWORD 

This book deals with the very topical problems of synthesis and utilization 

of the large group of organometallic compounds which are now being 

intensively studied in several countries. This is because the employment of 

complex organometallic catalysts makes it possible to prepare stereoregular 

polymers, some of which are of high industrial importance ee polyolefins). 

The discovery of complex organometallic catalysts was a turning point 

in the further development of polymer science as a whole and gave rise to 

new branches of organic and physical chemistry, the importance of which 

can hardly be overestimated. 

A large number of publications on the subject are now available. They 

deal with the various aspects of stereospecific polymerization realized with 

the aid of complex catalytic systems. This notwithstanding, information on 

the preparation of the components of these systems, on their properties 

and on the analytical methods is scanty and is mostly confined to patent 

publications. 

The authors of the present book have several years' experience in the 

preparation and utilization of various complex catalytic systems, and the 

book will thus largely fill this gap. It is the only monograph available in 

which the problems involved in the preparation and the study of the properties 

of complex catalysts, as well as the various fields of their utilization, are 

treated in such great detail. It will no doubt come to serve as a very useful 

textbook and reference book not only to chemists and physical chemists 

engaged in the study of high polymers, but also to research workers and 

technicians engaged in the various fields of organic synthesis. 

The book is valuable, firstly, because it contains abundant, carefully 

selected material, both compiled from isolated publications, and represent- 

ing the results of the authors' own work and, secondly, because it points to 

the pathways of future development inthe chemistry of complex organometallic 

catalysts. 

Inspection of the trends prevailing in the chemistry of complex organo- 

metallic catalysts indicates even now that their use in polymerization 

represents only a part of their potentialities. We may expect, for example, 

that catalysts of this type will find use in the fixation of atmospheric nitrogen. 

They are employed even now, both as the complex catalysts and as their 

components, in industrial synthesis of higher aliphatic alcohols, higher 

olefins and other industrially important organic compounds. Future research 

on these catalysts will no doubt result in new, unexpected applications. 

The book is sure to be gratefully received by a wide circle of readers 

and to stimulate new studies in this rapidly developing field of organic 

chemistry. 

V.A. Kabanov 

Corresponding Member of the 

Academy of Sciences of the USSR 

Vil 



INTRODUCTION 

The chemistry of organometallic compounds has by now become an 

independent branch of organic chemistry, which includes a large number of 

compounds with metal-carbon bonds in the molecule. Studies ofthe structure 

and properties of such compounds not only led to a number of new ideas in 

organic chemistry, but also revealed altogether new possibilities of 

realization of important industrial processes. A major feature of this work 

is the discovery of special catalytic properties displayed by certain simple 

and complex organometallic, especially organoaluminum compounds. 

In the middle 1950's Ziegler and his coworkers discovered a new way of 

polymerizing ethylene into the high-molecular polyethylene with the aid of a 

complex organometallic compound formed from alkylaluminum and a salt of 

a transition metal, e.g., titanium chloride. At the same time stereo- 

specific polymerization of propylene was effected by Natta and his school. 

These discoveries were an important landmark in the history of macro- 

molecular chemistry and determined the future trend of research concerning 

the preparation and study of alkylaluminum compounds and other organo- 

metallic compounds and their complexes with salts of transition metals. 

The possibility of preparing stereoregular polymers with unusual 

technological parameters by using complex organometallic catalysts evoked 

a vivid interest in the theoretical study of polymerizations catalyzed by these 

compounds. This in turn resulted in an all-round study of the structural 

features and related chemical properties of the various organometallic 

complexes, and their use in the preparation of organic compounds other 

than high polymers of various types. 

The increasing use of organometallic complex catalysts notwithstanding, 

literature information on the synthesis and properties of their constituent 

components is very scanty. Except for a brief section in ''Linear and 

Stereoregular Addition Polymers" by Gaylord and Mark, all information 

on the subject has so far appeared in scientific periodicals and patents only. 

We have set ourselves the task of filling this gap; this book is a review of 

the methods of preparation, properties, and main fields of utilization of 

complex organometallic catalysts. 

Of the numerous varieties of such catalysts, those formed by the 

reaction between alkylaluminum compounds and titanium chlorides are of 

the greatest practical importance. This is due to their strong catalytic 

effect, the ready availability of the raw materials required for their 

preparation and the relatively simple mode of their utilization in industrial 

processes. 

Moreover, alkylaluminum compounds are themselves highly reactive 

and may be used as half-products from which valuable end products — mainly 

primary aliphatic alcohols — are prepared. For this reason the preparation 

Vili 



of components of complex catalysts from alkylaluminum compounds and 

titanium chlorides will be described in the greatest detail. Other complex 

organometallic catalyst systems are treated less exhaustively, while 7-allyl 

complexes of transition metals are not dealt with at all. These complexes 

have been recently studied in order to clarify the mechanism of stereo- 

regulation during the polymerization of dienic hydrocarbons. The special 

features of their formation, properties and modes of utilization must form 

the subject of another study. 

The mechanism of formation and catalytic effect of complexes of alkyl- 

aluminum compounds with transition metal compounds have been extensively 

studied during the past decade. Discrepancies between experimental results 

obtained under dissimilar conditions often make it difficult to arrive 

at conclusions of general validity, and the mechanism of complex formation 

and catalytic effect of the complex formed is not yet quite clear. These 

problems are outside the scope of this book, except for those which, in our 

view, must be discussed in order to be able to understand and critically 

evaluate the different methods for the preparation of both the starting 

substances and the complex organometallic catalysts themselves. 

The scope of application of the complex organometallic catalysts and their 

individual constituents keeps increasing. For this reason the extensive 

experimental material published in scientific periodicals on the synthesis 

and properties of these compounds could not be reviewed comprehensively. 

Moreover, the personal preferences and scientific interests of the authors 

are necessarily reflected in the book, and some problems are dealt with in 

more detail than others. 

The literature references given in the book are not exhaustive, but 

nevertheless cover the most important publications up to 1968. 

All of us collaborated in the shaping and planning of the book as a whole. 

Chapters I and II were written by А.Е. Popov, Chapters ПТ, IV, VI and УП 

by М. М. Korneev, and Chapter У was written by B.A. Krentsel'. The authors 

wish to express their gratitude to С. В. Sakharovskaya and К. L. Makovetskii 

for their help in writing individual sections, and to L.L.Stotskaya and 

С. К. Korneeva for the editing of the experimental material. 





Chapter I 

ORGANOALUMINUM COMPOUNDS 

Organoaluminum compounds are defined as aluminum compounds which 

contain at least one bond between the hydrocarbon group and the aluminum 

atom in the molecule. The remaining valencies of the aluminum atom may 

form bonds with hydrogen, halogens, an alkoxy group, an amino group, etc. 

The nomenclature used in this book is that of Zhigach and Stasinevich 

/1/. The following are the most important appellations of the different 
groups of compounds: 

AIR; — trialkylaluminum (aluminumtrialky)) 
А1В›Х — dialkylaluminum halide 

AIRX, — alkylaluminum dihalide 

AIR)X * AIRX, — alkylaluminum sesquihalide 

A1R,H — dialkylaluminum hydride 

A1R,OR'— dialkylaluminum alkoxide 

AIR(OR'),— alkylaluminum dialkoxide 

AIR,NR,; — dialkylaluminum dialkylamide 

AIR,SR" — dialkylaluminum mercaptide 

AIR; „ВО — trialkylaluminum etherate 

NaAlR, — sodium aluminum tetraalkyl 

The same rules apply to the naming of other compounds. 

1. PHYSICOCHEMICAL PROPERTIES OF ALKYLALUMINUM 

COMPOUNDS 

Alkylaluminum compounds are colorless liquids. The lower compounds 

(with not more than 4 carbon atoms in the radical) are spontaneously 
flammable in the air; alkylaluminum compounds with larger hydrocarbon 

groups are Slowly oxidized in the air. 

Most triarylaluminum compounds and their derivatives are crystalline 

compounds, which are not flammable in the air even when concentrated. 

Owing to the high reactivity of alkylaluminum compounds the number of 

solvents in which they dissolve without decomposition is small. They include, 

first and foremost, aliphatic and aromatic hydrocarbons. Arylaluminum 

compounds are readily soluble in aromatic hydrocarbons and are practically 

insoluble in paraffins /2/. It has been recently shown that alkylaluminum 

compounds are soluble in ethyl chloride /3, 4/ and in carbon tetrachloride 
/5/*. Alkylaluminum compounds form complexes with ethers, thioethers, 

amines, phosphines and other compounds of similar structure. 

” Tt should be borne in mind that carbon tetrachloride reacts vigorously, and sometimes explosively, with 

alkylaluminum compounds, especially so if the concentration of the compound in solution is high /159/. 



All alkylaluminum compounds with a straight hydrocarbon chain known 

so far are dimeric. In compounds such as trimethylaluminum, triethyl- 

aluminum and tripropylaluminum, for example, the dimeric molecules are 

stable even in the gas phase and dissociate only above 100°C /6 —9/. In 

dilute solutions trialkylaluminum compounds dissociate; thus, triethyl- 

aluminum is monomeric in 0.1% solution in benzene. However, the 

establishment of equilibrium after dilution is slow. 

Trialkylaluminum compounds with branched hydrocarbon chains, such 

as triisopropylaluminum, triisobutylaluminum, trineopentylaluminum, etc., 

are monomeric /9, 11/, while alkylaluminum hydrides are trimeric /11/. 
Arylaluminum compounds (е.5., triphenylaluminum) are partly associated /9/. 

The strong tendency of alkylaluminum ‘compounds to associate is the 

result of the electron deficiency at the aluminum atom in compounds in which 

aluminum has the coordination number 3. This deficiency has a significant 

effect on the physical and chemical properties of organoaluminum compounds 

and is responsible for their association by way of so-called "electron- 

deficient" bonds /12/ or ''semi-bonds" /13/. 
It was shown by Hoffman /11/ that the first carbon atoms in the alkyl 

groups of alkylaluminum compounds are the binding atoms, or, as they are 

more usually called, the bridge-forming atoms: 

CH3 
Hy 4 yi: 

(CoHs)2Al  Al(CeHs)2 
7 > 

HN 
CHs 

Triisobutylaluminum and other alkylaluminum compounds with branched 

chains are monomeric, since association is prevented by steric hindrances; 

dialkylaluminum hydrides are cyclic trimers, since groups capable of 

associating would be left at the chain ends, were the molecule linear. In this 

case the association is effected via the hydrogen directly bound to 

aluminum: 

АВ» 
H” \H 

ReAl AIR, 
ЗН 

Diisobutylaluminum hydride also has a hydrogen bridge structure in the 
form of a six-membered ring (degree of association 2.4) which is another 
illustration of the fact that the tendency to associate largely depends on the 
surroundings of the bridge atom: in alkylaluminum hydrides the bridge is 
constituted only by hydrogen atoms directly bound to aluminum. 

X-ray studies /13, 14/, IR spectra /15/ and NMR spectra /16/ established 
the following symmetrical formula for the dimer of trimethylaluminum: 



4 = 224А 
4; = 189 А 

4, = 255A 

The valency angles @ at the aluminum atoms and В at the bridge carbon 

atoms are 110 and 70° respectively /73/. 
Cleavage of an associated organoaluminum compound into its constituents 

may be attained by the addition of electron donors. Etherates, thioetherates 

and aminates of trialkylaluminum compounds are monomolecular /17/, 
stable compounds which distil without decomposition /18a/. Takeda et al. 
prepared 15 complexes of organoaluminum compounds with ethers, which 

distil over in vacuo at 41— 165°C /18b/. It was found that the electron- 

accepting capacity of alkylaluminum compounds increases in the sequence 

Al1R3 < А1В2Х < AIRX2, where В is methyl or ethyl and Xisahalogen. It may 

be pointed out in this connection that alkylaluminum fluorides, unlike other 

alkylaluminum halides, do not form stable etherates /18/. 

Certain properties of alkylaluminum compounds change as a result of the 

addition of ethers, amines or similar compounds. Thus, for instance, owing 

to the strong polarization /19, 20/, the addition products have a large dipole 
moment (4—6D), while neither the associated nor the monomolecular 

trialkylaluminum compounds have significant dipole moments. 

Complex formation with electron donors is also accompanied by 

characteristic changes in the electrical conductivity of the solutions. Highly 

concentrated trialkylaluminum compounds and dialkylaluminum hydrides 

have electrical conductivities of the order of 101 ohm? ста 1; electrical 

conductivities of trialkylaluminum etherates and aminates are 20° 10-7 орта 1 ста” 

/21/. It is also interesting to note that the electrical conductivity of a 
mixture of triethylaluminum with diethylaluminum hydride in a molar ratio 

of 1 to 1, which did not contain a solvent, was 1.8 + 10-8 ohm’ ста”! /22/. 
The difference between the polarization and between the electrical conduc- 

tivities of simple and complex alkylaluminum compounds was utilized by 

Bonitz and Graevskii /21 — 23/ in the determination of these compounds by 

conductometric and potentiometric titrations. 

Trialkylaluminum compounds are unstable at elevated temperatures. 

Even lower trialkylaluminum compounds distil over with decomposition 

under atmospheric pressure. Triethylaluminum redistilled at 80 — 100°C in 
vacuo without any special precautions contains up to 5% diethylaluminum 

hydride. The decomposition is not complete below 200°C. Trialkylaluminum 

compounds with branched chain groups deserve special mention. Thus, for 

instance, triisobutylaluminum is 50% decomposed at 100°C in one hour, 

with evolution of isobutylene. The dependence of the time О1/ 

required for. half the material to become decomposed under 4 mm Hg 

pressure on temperature Г may be written as follows /24/: 

1 

1g Q,,, = 18 — 13.222 



The pyrolysis of trimethylaluminum was studied in fair detail as early as 

1946 /25/. Trimethylaluminum decomposes above 300°C, with the evolution 

of methane, ethane and hydrogen. The solid residue from pyrolysis consisted 

of aluminum, aluminum carbide and polymeric products. The author reports 

the kinetic results of thermal decomposition of trimethylaluminum. The 

most extensive studies of pyrolysis of trialkylaluminum compounds were 

conducted by Ziegler et al. /26/. These workers showed that the pyrolysis 

of trialkylaluminum compounds involves not only the decomposition 

according to the well-known scheme 

В2А1В —> ReAlH+CH,=CH—R’ 
RoAlH —> RAIH2+CH2=CH—R’ 
3RAIH, —> 2AlH3+3CH:=CH—R’ + Al 

А]Нз —> Al-++11/2H 

but also side reactions which result in the formation ofa large number of 

side compounds, e.g.: 

Al[CH2—CH(CHs)o]3 rae Al(CH3)3-+ 3CH3—CH=CHg 

Al(CHs3)3 =—=> Е orga 

2Al(CH3)3 —> CH, + (CH3)241—CH2—Al(CHs3)2 

2nAl(CH3)3 Ея [А5(СН2)з]„-ЗпСНа 

А] (СНз)з —> (CH=Al),,+2nCHg » etc. 

Similar side processes also take place during the pyrolysis of other 

trialkylaluminum compounds at 200 — 300°C. Larikov et al. /27/ studied the 

thermal decomposition of triethylaluminum and triisobutylaluminum in the 

liquid phase at a constant volume and under constant pressure. He confirmed 

that between 50 and 180°C the main decomposition reaction is the dissociation 

into dialkylaluminum hydride and olefin. Between 180 and 300°C triisobutyl- 

aluminum decomposes into hydrogen, aluminum and isobutylene, while 

triethylaluminum decomposes to form a complex mixture of alkylaluminum 

compounds and hydrocarbons. The respective temperatures of incipient 

thermal decomposition of triethylaluminum and triisobutylaluminum in an 

enclosed space are 150 and 50°C. These experimental data served to 

calculate the heats of dissociation and to determine the equilibrium constants. 

Trialkylaluminum compounds with branched chain groups (especially 

secondary and tertiary) isomerize at elevated (110 — 130°C) temperatures 

to give alkylaluminum compounds with straight chain groups /28/. Conver- 

sions of this type were subsequently noted by Natta et al. when tri(1-phenyl- 

ethyl) aluminum was heated at 80°C in the presence of colloidal nickel; the 

result was isomerization to tri(2-phenylethyl)aluminum /29/. 

Substituted alkylaluminum and arylaluminum compounds 

Substituted alkylaluminum and arylaluminum compounds of the general 

formula Вз-„А1Х,, in which X is a halogen, — В, —OR, —SR, or 

—C=CH, etc.,are mostly viscous liquids or crystalline substances. Thus, 

for instance, dialkylaluminum halides are colorless liquids which are 



readily oxidized in the air. The lower members of the series burst into 
flame in the air. Alkylaluminum dihalides are crystalline solids under 
normal conditions. 

Dialkylaluminum alkoxides are not spontaneously flammable, but they 

fume in the air. Alkylaluminum amines are even more inert. Most of these 

compounds are readily soluble in hydrocarbons, both aliphatic and aromatic, 
are fairly stable to heating, and distil over without decomposition in vacuo 
up to 140 — 160°C. 

Substituted alkylaluminum compounds are associated, similarly to 

trialkylaluminum compounds. Many of them are known to form dimers and 

trimers /11, 17, 17a/: 

R вн 
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The bridges in this case consist of oxygen, halogen, nitrogen and 

phosphorus atoms. 

Alkylaluminum fluorides are so strongly associated that they are 

converted into actual polymers. Thus, diethylaluminum fluoride distils 

over at about 200°C; at this temperature it is a mobile liquid, but solidifies 

on cooling to form a vitreous substance /18/. 
Substituted alkylaluminum products, like AlR3, form complexes with 

amines, ethers and other electron-donating compounds. ‘The associated 

molecules dissociate into monomers at the same time: dialkylaluminum 

halide etherates and also trialkyl aminates and thioetherates of these 

compounds are monomeric /11/. Another interesting variety of organo- 

aluminum donor-acceptor complexes are the alkyl compounds of aluminum 

with electron-donating substituents in the alkyl group, of the structure: 

(СН), 
ВзАГ | where X=RO, RS,R2N 

\x 

Such inner complex compounds were prepared by Zakharkin and Savina 

/30/. The determination of the molecular weight of these compounds showed 
that those with п = 3 and n= 4 are in fact inner complexes. Ih compounds 

with n= 5, in which the formation of seven-membered rings is possible, 

the experimentally found molecular weight was higher than the calculated 



value and for this reason these compounds must not be considered as purely 

inner-complex compounds; some of the complex bonds are intermolecular. 

The physicochemical constants of organoaluminum compounds reported 

by different workers have been assembled.by Zhigach and Stasinevich /1/; 
newly determined parameters will be found in /22/ and in the book by 

Rochow, Hurd and Lewis /31/. Table 1 gives the main physicochemical 
constants of alkylaluminum compounds which are most frequently employed 

in the different chemical processes. 

2. CHEMICAL PROPERTIES OF ORGANOALUMINUM 

COMPOUNDS 

We have mentioned that alkylaluminum compounds are very reactive. A 

major reason for it is the fact that compounds of the types R3Al, ReAlX and 

ВАХ) are electron-deficient. Accordingly, alkylaluminum compounds form 

complexes with nucleophilic reagents such as ethers, tertiary amines, 

thioethers, etc. These compounds display many properties typical of 

Grignard reagents. 

The more important reactions of organoaluminum compounds are given 

below. 

Reactions with elements of Group I and their compounds 

Trialkylaluminum compounds react with hydrogen at elevated tempera- 

tures and pressures to form dialkylaluminum hydrides /41/: 

AlRs+ H, —» А1В.Н+ВН 

They react with alkali metals to form the metal aluminum tetraalkyl /38/: 

4Al(C2H5)3-+3Na —> ЗМаА1(С>Нь)а + Al 

Reactions between a metal aluminum tetraalkyl and an alkali metal 
amalgam are of the exchange type /42/: 

NaAl(CoHs)4-+K —» KAI(CgH,)g+ Na 

Trialkylaluminum compounds, dialkylaluminum halides and alkylalkoxy- 

aluminum halides react with alkali metal hydrides as follows /43 — 46/: 

(С»Нь)зА1- NaH —— Na[Al(CeH;)3H] 

(CgH5)2A1C1+ LiH —— (СН) АН + LiCl 

(CgH5)2AlC] +NaH — (CgHs)2Al1H + NaCl 

(CgH7)2AICl + 2LiH — Li[Al(CgHz)He] + LiCl 

Cl(C,H5) AlOC2Hs-+- NaH —» Na[Al(CgH;)Cl(OC2Hs) H] 

When ethylaluminum dichloride was made to react with lithium and 
sodium hydrides, a mixture of products was obtained which contained 
(С2Н5)зАЛН, (С2Н5)А1На апа МаА1На. 
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Complex compounds are formed with alkali metal salts /26, 47/, 

according to the following equations: 

MX-+ AlRs —> M[AIR3X] 

where M=Na, K, Rb, Cs; X=F, Cl, Br, CN, CNS 

MX+2AIR3 —> MX: 2AlR3 

where X=F, Cl, CN. 

Lithium, sodium and potassium hydrides displace alkali metal cyanides 

and fluorides from their complexes with trialkylaluminum compounds /48/: 

NaCN . 2Al(CoH5)3-+2NaH —> 2Na[Al(CoH;)3H] + NaCN 

Trialkylaluminum compounds form metal aluminum tetraalkyls with 

alkali metal alkyls /49, 50/: 

Al(CHg)3-+ LiCHs —> Li[Al(CHs),] 

Al(CgH5)3-+ МаС»Нь —» Na[Al(C2Hs5)q] 

Reactions with elements of GroupII and their compounds 

Freshly prepared magnesium powder catalyzes the reaction between 

alkylaluminum compounds and hydrogen /51/; the reaction results in the 
formation of dialkylaluminum hydrides. 

The action of metallic magnesium on alkylaluminum halides results in 

dehalogenation /52 — 54/: 

2ВА1СЬ - ВзА1С1 + 11/2Mg —> ЗА1В2С1 + 11/2MgCl,+ Al 

Alkylaluminum compounds react with mercury, zinc, cadmium and 

beryllium halides to form the corresponding metal dialkyls in high yields 

/55 — 62/: 

Zn Xe+2AlR3 —> ZnR2+ 2AlRoX 

CdX2+2AlR3 ——> CdR2o+ 2AlRoX 

3HgCle+ 2А]Вз-- 2NaCl —» 3HgRe+ 2NaAlCly 

BeC], + 2Al(C2H;)3 ——> Be(C2Hs)2+ 2Al(C2H5)2Cl 

Dimethylaluminum hydride reacts with dimethylberyllium to form a 

mixture of trimethylaluminum and beryllium hydride /63/: 

2(CHs)2AlH + (СНз)›Ве —» 2Al(CH3)3+ ВеНз 

Diethylaluminum hydride reacts with diethylmercury to form 

triethylaluminum, ethane, hydrogen and mercury, most probably according 

to the following reaction scheme /64/: 



(CgH;)2AlH +(C2H;)2Hg —> (С>Нь)зА1 + HHgCeH, 

C2.H¢ + Hg 
HHgC2H; + (С›Нь)2 АН > (С»Н5)зА1 4. HgHe 

Hg + He 

Reaction with diethylmagnesium yielded magnesium hydride and triethyl- 

aluminum: 

2(C2H5)2A1H +Mg(CoHs5)2 — 2 (CoHs)3Al {+ МЕН» 

Reaction between triethylaluminum and ethylmagnesium bromide yields 

magnesium dialuminum octaethyl /65/: 

2Al(CoHs5)3-+ 2CoHsMgBr —+ Mg[Al(C2Hs5)4]2-+MgBre 

which is decomposed with the evolution of triethylaluminum and magnesium 

aluminum pentaethyl: 

Mg[Al(CoHs)al]e Ее Al(C2Hs5)3-+ (CgHs5)oMg . Al(CgHs)3 

The magnesium derivative of 6-chlorobutylethyl ether reacts with diethyl- 

aluminum iodide with the formation of the chelate compound 6-ethoxybutyl- 

diethylaluminum /66/: 

CIMgCHa—CHe 
CoH oe oe 

GHZ он” = Xo —HyC/’ 

C2Hs CygHs5 

у - Diethylaminopropyldiethylaluminum 

CoH, i a ah 

CoH; р т С, 

сны” Nod 

and y -ethylmercaptodiethylaluminum 

С>Нь CH2—CHe Ss 
ан,” \s—tih 

С>Нь 

have been obtained in a similar manner. 



Reactions with elements of GroupIII and their compounds 

Metal-aluminum tetraalkyls — NaA1R, and Nal A1R3]OR — react with metallic 

aluminum in the presence of mercury with formation of alkylaluminum 

compounds /67/: 

3NaAlRg+Al+3Hg —> 4AlR3+3HgNa 

ЗМа[А1Вз]ОВ + Al+3Hg —» ЗА1В2ОВ + AIRs+3HgNa 

Reactions between alkylaluminum compounds and aluminum halides 

/68 —73/ are known to yield alkylaluminum halides: 

2AlRg+AlX3 —> 3AlR2X 

AlR3+ 2AlX3 — > 3AIR Xo 

AlpR3X3+AlX3 —> 3AIR Xe 

where R=CHs, CgHs5, n-C3H7, CgHs, CgHsCH3; X=Cl, Br, I, Е. 

Alkylaluminum compounds enter radical exchange reactions with organo- 

boron compounds /74, 75/: 

AlR3+BR3 <> AIRoR’+BR{R 

Trialkylboron compounds are formed by the reaction between alkyl- 

aluminum compounds and boron halides /76, 77/, boric acid esters /78/ and 
boric anhydride /79/, 

It was shown by Zakharkin and Gavrilenko /81/ that the reduction of boron 
halides by sodium hydride to sodium borohydride readily takes place in the 

presence of trialkylaluminum compounds, which give soluble complexes with 

sodium hydride: 

AIR3+ NaH — Na[AlR3]H 

These complexes rapidly reduce boron halides to sodium borohydride: 

3Na[AlRs]H+ BCl3+-NaH —» NaBH,4+3AlR3+3NaCl 

Ziegler et al. /82/ prepared higher organoboron compounds by reacting 
ethylene with lower trialkylboron compounds in the presence of alkylaluminum 

compounds: 

AlRs 
B(C2Hs)3-++ 3nCoHg B[(CoH4)qC2Hsls 

Alkylgallium and alkylthallium compounds have been prepared from 

trialkylaluminum compounds and gallium and thallium halides /61, 80/. 

Reactions with elements of Group IV and their compounds 

Reactions between alkanes and organoaluminum compounds have not 

been described in the literature. Ziegler /83/ reported an exchange reaction 
between benzene and sodium aluminum tetraalkyl in the presence of sodium 

alcoholate as catalyst: 



NaAl(CoHs)4-+4CgHy №220: NaAl(CoHs)a+4CoHe 

Nicolescu et al. /84/ studied the reaction between aromatic hydrocarbons 

and organoaluminum compounds. They showed that ethylaluminum 

sesquibromide efficiently catalyzes the alkylation reaction of aromatic 

hydrocarbons by cyclohexene. Alkylaluminum halides can probably also 

react with naphthalene /85/: 

H R 

ГУУ rol C+HOH | ~ $ 
] ВМХ —>]| | | 

VAY р УХ. 

x 

Numerous examples are known of reactions between organoaluminum 

compounds and olefins /22, 26, 86 — 97/; these may be subdivided into two 

groups: 

extension of alkyl chains 

(С»На)„С2Нь 

Al(CgH5)s+ (п + m+ p)CgH, —> Al—(C2Ha),_,C2Hs 

(С>На) pCoHs 

and displacement reactions 

Al(CzH4—R)3 ++ 3C2H, —> Al(C2Hs)3 + 3R—CH=CHz 

These reactions are extensively utilized in industry in the preparation of 

higher olefins, higher alcohols and various organoaluminum compounds. 

The composition of the final reaction products will depend onthe structures 

of the initial alkylaluminum compound and olefin. Trialkylaluminum 

compounds which are not branched at the a-carbon atom of the hydrocarbon 

radicals add on to a@-olefins and cyclic olefins /98, 99/. Dialkylaluminum 
hydride and styrene react in two ways /100/: 

R2AlH + CH,=CHCgH; —> R2AICH2CHeCgHs 

В2А1Н + CH —CgH, — В2А1СНСь Нь 

| 
CHe СНз 

When triethylaluminum is made to act оп allyl compounds of the type 

СН. = CH — CH2X (where X = OR, SR, NRg), the C—X bond is broken with 
liberation of the olefin and formation of (С>Н5)2А1Х /30/: 

(CoHs)2A1C.Hs + СН.=СН—СН.Х —» CHe=CH—CH2—C>Hs + (CoHs)2A1X 

Diisobutylaluminum hydride adds on to the double bond of olefins of this 
type: 

( iso-C4Hg)2A1H + СН.=СН—СН.Х —+ (iso -САНо)»ААСН.СН.СН.Х 
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Vinyl butyl ether reacts with diisobutylaluminum hydride with formation 

of ethylene and diisobutylbutoxyaluminum: 

(iso -C4H9)2AlH +CH,=CH—OC,Hy —> CHs3=CHe + (iso -C4H9)2Al0C4Hg 

Of practical importance is the reaction of isomerization of trialkyl- 

aluminum compounds /28, 103/ 

Al( iso-C,Ho941)3 —> Al(n-C,,Ho,41)3 

by which olefins with double bonds not situated at the end of the molecule 

can be used in the synthesis of organoaluminum compounds with n-alkyl 

groups, @-olefins and e-alcohols. 

Asinger et al. /4/ showed that the double bond of an olefin may undergo 
a catalytic shift from the middle of the chain to the @-position in the presence 

of a transition metal salt and alkylaluminum compound /104/. The reaction 
proceeds readily with a high yield. 

Reactions between dialkylaluminum hydrides and trialkylaluminum 

compounds and acetylene yield alkenyl derivatives of aluminum: 

ВАН + CH=CH — R,AICH=CHp 

Alkynylaluminum compounds are prepared as follows /105, 106/: 

Al(CgHs)3+ HC=CR —. (С>Н5)зА1С== СВ + C.He. 

ReAlLX +MeC=CH —> ReAIC=CH+MeX 

Reactions between dialkylaluminum hydrides and alkynylaluminum 

compounds may yield bifunctional or trifunctional organoaluminum 

compounds /83/: 

В2А1 R2Al 
2AlH 2 RAl—cacy Е. \c=cH, 2! RoAl-SC—CHs 

В2А1 В2А1 

which disproportionate with the separation of а trialkylaluminum compound 

and formation of a cyclic organoaluminum compound, the so-called hexa- 

aluminumadamantane. 

Electrolysis of complex compounds of aluminum alkyls in vats with lead 

or tin electrodes yields organic compounds of lead and tin /107/: 

Pb+4NaAlRq —> PbR4+4AlR3+4Na 

Many alkylation reactions of tin, lead, silicon and germanium by alkyl- 

aluminum halides and trialkylaluminum compounds have been described 

/59, 61, 62, 108, 109/: 

3SnCl,+4AIR3+4NaCl —> 3SnR4+ 4МаА1С14 

PbX2+AlR3+RX —> PbR,+AlX3 

Pb+2RX+2NaAIRy —> PbR4+2AlR3+2NaX 

3SiCl4+4AlRs — 3SiR,+4AlClg 

1] 



3GeCly+4AlR3 —+ ЗбеВа-- 4А1С1з 

$1Е4-- AlRg —> SiFsR + AlRoF 

The reaction between organoaluminum compounds and titanium 

compounds is complicated, and the composition of the reaction products 

depends on the experimental conditions. 

Despite the low heat-stability of organotitanium compounds, alkyl- 

titanium trichloride is known to be one of the products of the reaction 

between TiCl, and alkylaluminum compounds conducted under mild conditions. 

Details on the course of the reaction and on the products of reaction 

between alkylaluminum compounds and salts.of other transition metals will 

be found in Chapter ПТ. 
No literature references to the reaction between Group IV metals and 

alkylaluminum compounds are available. We may mention in this connection 

the report of Ziegler /110, 111/ that thermal decomposition of trialkyl- 

aluminum compounds is catalyzed by metallic titanium. 

Reactions with elements of Group V and their compounds 

Trialkylaluminum compounds react with ammonia and with secondary 

amines to form unstable complexes which split off an alkane /17, 26/: 

AlR3s+NH3 —> AIR3:NH3 —> AlR2-NH2+RH 

AIR3+NHRe — AIR3-NHRe —> AlRe-NRe+RH 

Tertiary amines react to form low-melting complexes, which are 

sparingly soluble in organic solvents /26, 112/. 

Reaction between trimethylaluminum and hydrazine yielded the crystalline, 

symmetrical bis(dimethylaluminum)hydrazine, which is very sensitive to 
impact /113/: 

2А1(СНз)з- МН2МН. —» (CH3)2AIN—NAI(CHs3)2 + 2СН4 

фа 
H H 

When as-dimethylhydrazine was employed, the crystalline dimethyl- 

aluminumdimethylhydrazine (m. p. 77 — 78.5°C) was obtained; the compound 
could be distilled in vacuo /114/: 

2Al(CHs)3 + 2HaNN(CHs)2 —> 2(CHs)2AINHN(CHs)2+2CH, 

Tetramethylhydrazine yielded the complex compound 

А1(СНз)з + (CHs3)2NN(CH3)z2 ——» (CHg)3Al - N(CHs)2N (CHs)2 

Trimethylaluminum reacts with tetramethyltetrazene as follows /115/: 

2А1(СНз)з- (CH3)2NN=NN(CH3)2 —+ 2(CH3)2A1N(CH3)2 + No + CoH, 

2Al(CH3)3-+3(CHs)2NN=NN(CH3)2 — 2Al[N(CHs3)2]s+3Ne2 +3C2H¢ 
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Alkylaminosilanes, arylaminosilanes and alkylsilazanes react with 

trialkylaluminum compounds according to the following scheme: 

R 
Га | ЗН 
—Si—N—H + AlRs — —Si—N—AIl—R + RH 

| | 

R 
isd ee layed о Ii: eet Val ee iach 

=e N A he een sl > — Si - N SAI N—Si—-+ RH 
| | | | 

The reaction is exothermal. All alkylaluminum silylamides so far 

prepared are high-boiling, clear liquids, which are soluble in paraffinic 

hydrocarbons /116—118/. Some alkylaluminum silylamides in combination 
with TiCl, are effective catalysts of polymerization of olefins /119—121/. 

Reaction between dialkylaluminum hydrides and nitriles or substituted 

acid amides results in their reduction to aldehydes and amines. In the latter 

case tetraalkylalumoxan is formed as a side product /122/: 

hydrolysis 
R’CN + А1В2Н —» R’CH=NAIR, ———— В’СНО 

O—Al—Ro2 

hydrolysis | 
OAIR2 R’CONR’R’’’+ AlR2H— В’СН — N — R”’R’’’————> В’СНО 

RCH—NR’"R’’’+ AlReH —> R’CH2NR’R’’’+ ReAlOAIRe 

The reduction of nitrous oxides by triethylaluminum etherate yields 

ethylnitrosohydroxylamine /50/. 
Trialkylaluminum compounds react with PCls to yield monoalkyldichloro- 

phosphines, dialkylchlorophosphines and trialkylphosphines /123/. 
Trialkylaluminum compounds react with dialkylphosphines at room 

temperature to form stable complex compounds: 

Alt{CH3)3+ (CHs)2PH —+ Al(CHs)3- PH(CHs)2 

At elevated temperatures the reaction products have an Al — P bond: 

Al(CH)3 + (CHs)2PH —> (CHs)2A1P(CHs)2+CHg 

Trialkylphosphines react with the formation of complex compounds: 

А1(СНз)з-- Р(СНз)з ——> Al(CHs)s- Р(СНз)з 

Reaction between equimolar amounts of triisobutylaluminum and triethyl- 

phosphite at room temperature yields the adduct (I), from which triethyl- 
phosphite may be regenerated by alcoholysis: 

P(OC2Hs5)3-+ А1(1зо-СаНэ)з —> (C2H50)sP и iso -СаНу)з 

ROH 
(C2H50)s3P + Al( iso-C4Hg9)3 > P(OC2Hs5)s-+ АКОВ)з +3 130 -СаН1о 

At 80°C compound (I) is exothermally converted to the complex of diethyl 
ethylphosphonate (II). The ester may be isolated by alcoholysis of complex 

(11) /124/: 
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O 

|| 
(C2H50)sP . aN iso-CgHg)g ——> CoHsP(OC2Hs)2 on iso-C4H9)3 

I 
ROH 

C2H5P(OCsHs5)3+ Al(OR)3+3 iso -СаНло Cy,HsP(OC2Hs)2 . АК 130 -С4Нэ)з Г 

| 
О 

Arsenic, antimony and bismuth halides react with alkylaluminum 

compounds to form the corresponding organic derivatives /59, 61, 62/: 

А$С]з + AlR3-+ NaCl —>-AsR3+ NaAlCl, 

ЗЬС8-—-3В›А1С1--3МаС1 —> SbR3+3Na[AIRCl,]Cl 

SbF3-- Al( iso-CyHg)3 ——> Sb( iso -CyHg9)3-+ AlF3 

Reactions with elements of Group VI and their compounds 

Organoaluminum compounds are readily oxidized by oxygen. Lower 

alkylaluminum compounds are spontaneously flammable in the air. If the 

reaction with oxygen is carried out under controlied conditions, a stepwise 

synthesis of alkylaluminum alkoxides can be performed: 

АВ. —228= ОВ 22" AIR(OR\ — 22" ALOR)s 

The first two alkyl groups are readily oxidized by atmospheric oxygen. 

The third group must be oxidized by oxygen in a concentrated form. The 

oxidation of trialkylaluminum compounds is widely employed in the 

preparation of various alcohols /1, 26, 86/. 
It would appear that the primary reaction products are peroxy compounds 

А1Вз + O2 ~ В2А1 — ООВ, which are hydrolyzed to give the corresponding 

hydroperoxides. The existence of peroxides has been experimentally 

confirmed at lowtemperatures /125, 126/, but not at conventional tempera- 
tures /126/. Razuvaev et al. /127, 128/ prepared diethoxyaluminumperoxy- 
cumyl (C2Hs0)Al1OOC 9H11 by reacting cumyl hydroperoxide with diethoxy- 

ethylaluminum. Reaction between benzoyl peroxide and triethylaluminum 

yielded diethylaluminum benzoate and ethyl benzoate /129/:. 

(CgHsCOO)2+ А1(С»Нь)з — С«НьСООАЦС»Нь)› + CgH3;COOC,Hs 

Milovskaya et al. /129a/ studied the reaction between Al(C2Hs)3 and 
benzoyl peroxide at lower concentrations than Razuvaev et al. /129/; the 

identity of the final reaction products indicated the formation of diethyl- 

aluminum benzoate and free ethyl radicals. 

Trialkylaluminum compounds react with sulfur, selenium and tellurium, 

under relatively mild conditions with formation of corresponding derivatives 
/130/: 

AIRg+nX —> Ro_nAl(XR)n 

where Х =S, Se, Те; n=1, 2, 3 and В is an alkyl. Thus, the following 
compounds have been prepared: 



hexane 
Al(CoHs)s+S п-озс* (C2Hs)2AISCoHs5 

2Al(CoHs)3-+2Se "+ (CoHs)2AlSeCaH, + CoH, AlSe(CoHs)s 

The following alkoxy and alkylthio derivatives are formed with alcohols 
and mercaptans /17/: 

Al(CH3)3 + 3CH30H —+ Al(OCH3)3+3CH4 

Al(CHs3)3 + CH3SH — (СНз)>А1$СНз- СНа 

Alkylaluminum compounds react at moderate temperatures with ethers 

and thioethers to form complex compounds such аз А1Вз *OR} or AlR3- SR}. 
Alkylaluminum compounds may react with CO; in two ways. At room 

temperature and in the presence of excess trialkylaluminum one Al—C bond 

reacts: 

(C2H5)3Al + CO, re! (GgHs)2Al—O—COC2Hs, 

(CgHs)2Al—O—COC2H, + 2(С>Нь)зА1 ——> 

— (С>Нь)2А1ОАЦС2Н5)> + (CgH5)3CO Al(CgH5)2 

alumoxan 

He 

(CoHs)sCOAI(CoH,)2 "9+ (CoHs)sCOH 
triethylcarbinol 

At a high temperature and in the presence of excess CO, derivatives of 

carboxylic acids are formed: 

(CyH5)3Al+ 2CO2g —+> CgHsAl(OCOC2Hs)2 

CoHsAl(OCOC:Hs)2 ~22> 2CgHsCOOH 

The last mentioned reaction may be utilized in the preparation of various 

straight-chain acids with odd and even numbers of carbon atoms: 

CO;,+H,0 

(C2Hs)sAl + 3nCoHa —> [Н(СН2СН2)„+1зА1 —— C,H;(CHeCHe),COOH 

CO.+H:0 
(C3H7)3Al + 3nCgHy —> [CH3(CH2CHo)qs1]3Al CH3(CH2CHe),+1COOH 

Dialkylaluminum halides and alkylaluminum dihalides do not react with 

CO, /22/. Triethylaluminum reacts with SO, at -75°С to form the aluminum 

salt of ethylsulfinic acid: 

Al(C2Hs5)3 +3802 —» Al(O2SC2Hs5)3 

Many reactions between alkylaluminum compounds and oxygenated organic 

compounds have been realized. The composition of the reaction products 

depends on the initial ratio between the reducing and the oxidizing agents. 

The following reactions can be realized in high yields /101, 131 —135/: 

Ketones -> Secondary alcohols 

Aldehydes — Primary alcohols 

Ethers — Secondary alcohols 
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Esters —> Aldehydes or primary alcohols 

Benzoic acid -> Benzyl alcohol 

Ortho-esters -> Acetals 

Acetals and ketals -> Ethers 

Dialkylaluminum hydride reacts with alkenyl ethers with formation of 

olefins /136/: 

R—O—CH=CHR’+HAIR; — ROAIR;+CH2=CHR’ 

The reaction between tribenzylaluminum and formaldehyde followed by 

the hydrolysis of the reaction product yields phenylethanol CgHsCH2CH20H 

/137/. Alkylaluminum dichlorides react with acid chlorides and carbalkoxy 

acid chlorides to yield the corresponding ketones and keto-esters /138/: 

RAIClg+ R’COC] —> В’СОВ + А!С1з 

where R=CHsg, С›Нь; R’=CgHs, C3H7, СаНь. 

R’AlClo В”СОС1 —> R*COR’-+ AlCl, 

where R’=CHs, С›Нь; В" =CegHsCOO(CHe)g, CoH3sCOO(CHe)4, CepHsCOO(CHo2)e. 
The reduction of 51 — О bonds by dialkylaluminum hydride yields silanes 

and the corresponding alcoholates /139/: 

В›А1Н + R3SiOCH=CHz, —» R2AlOCH=CH2-+ ВН 

Trialkylaluminum compounds react with hexaalkyldisiloxane in a similar 
manner: 

Al(C,,Ho,+1)3-+ Вз51051Вз —> R3SiH+ (C,, Hog+1)2AlOSiR3+C,He, 

Silanes are formed in high yields. The reaction between dimethyl- 

aluminum bromide and disiloxane yields thermally stable, dimeric, volatile 

tetramethyldisiloxyaluminum /140/: 

Alp(CH¢)4Br2+ 2(SiH3)20 ———> (CH3)4Ale(OSiH3)9-+ 2SiHsBr 

Polysiloxanes may be reacted with alkylaluminum halides to form 

tetraalkylsilanes /141/. 
Chromium halides react with triethylaluminum and carbon monoxide to 

form chromium hexacarbonyl /142/. 

Reactions with elements of Group VII and their compounds 

The action of halogens results in a vigorous dealkylation of alkylaluminum 
compounds /143/: 

АВС —ssu'ReAlG]-L RCI 



Reactions with other halogens take place in а similar manner. 

Reactions between alkyl halides and alkylaluminum compounds may 

proceed in various manners. At a low temperature isopropyl bromide and 

butyl bromide cause the ethyl groups of triethylaluminum to be substituted 

by bromine /144/: 

Al(CgH5)3+ C4yHgBr — BrAl(C2Hs5)2-+ CgHig 

Dolgoplosk et al. /4/ failed to note a reaction of this kind between triethyl- 

aluminum and ethyl chloride. 

Reactions between alkylaluminum compounds and polyhalo derivatives 

proceed very vigorously, with possibility of explosions /159/. 

Reactions with compounds containing mobile hydrogen 

All organoaluminum compounds vigorously react with acids, water, 

alcohol, thioalcohols, phenols and similar compounds with formation of 

the corresponding hydroxy derivatives of aluminum and hydrocarbons /1, 26, 

86/. When these reagents are in excess, three hydrocarbon groups are split 

off: 

AIR3+3R’COOH —> (R’COO)3Al+3RH 

AIR3+3H,0 —> Al(OH)3+3RH 

AIR3+3R’0H —> Al(OR’)3+3RH 

AIR3+3R’SH —> Al(SR’)3+3RH 

А]Вз-+- ЗАТОН —> Al(OAr)3+3RH 

If the reagent ratio is smaller, one alkyl group only may be substituted, 

for example /145, 146/: 

CHsCOOH + Al(iso-CyHp)s —> CHgCOOAI( iso-CyHg)o-+ iso -СаНло 

If water is deficient, the hydrolysis results in the formation of alkyl- 

alumoxanes /147, 148/: 

2AIR3+H20 —> R2Al—O—AIR2+2RH 

The reaction very probably involves the formation of RzAl— OH аз ап 

intermediate product. Reaction between tertiary alcohols and trialkyl- 

aluminum compounds results inthe splitting off of one alkyl group only /149/: 

AIR3+R,COH —+ R2AlOCR; + ВН 

Dialkylaluminum hydrides react with alkali metal hydroxides with the 

formation of dialkylaluminumoxymetals: 

ReAlH+MOH —+ ReAIOM+He 



These compounds, which are readily soluble in organic solvents, may be 

utilized as aluminum activators in the direct synthesis of trialkylaluminum 

compounds. 

3. SYNTHESIS OF ORGANOALUMINUM COMPOUNDS 

Various methods for the preparation of organoaluminum compounds 

and their derivatives have been described in the literature. In what follows 

we shall give the methods for the preparation of alkylaluminum compounds, 

under eight different headings, and shall give a brief account of their 

technological properties. 

Reaction between alkyl (aryl) halides and metallic 
aluminum 

The reaction 2А1 + ЗВХ — AIR2X + А1ВХ., which was first realized in 

1859 by Hollwachs and Schafarik /150/, yields various alkyl(aryl)aluminum 
sesquihalides, and in certain cases dialkylaluminum halides and trialkyl- 

aluminum compounds. 

Methyl- and ethylaluminum sesquihalides are now produced in this way 

on an industrial scale. Aluminum is used as powder or as shavings, or 

else as a mixture or alloy with magnesium. The alkyl halides employed 

include chlorides, bromides and iodides. Aluminum may be activated by 

iodine, bromine, alkylaluminum halides, mercury halides, titanium halides, 

aluminum halides, alkyl iodides and alkyl bromides, as well as aluminum 

alloyed with lithium, copper, calcium and zinc. 

The synthesis is carried out in a saturated hydrocarbon medium, in” 

ethers or in alkylaluminum sesquihalides. It was suggested by a number of 

workers that the synthesis of alkylaluminum halides be performed in the gas 

phase, by reacting alkyl halide vapor with aluminum in the presence of 

primers /151, 152/. Better results are obtained in the preparation of 

lower alkylaluminum compounds — trimethylaluminum, triethylaluminum, 

methylaluminum sesquihalides and ethylaluminum sesquihalides. The 

preparation of higher alkylaluminum compounds by this method is 

accompanied by side reactions, which may be suppressed by conducting the 

reaction in anisole /22/. 

Dehalogenation of alkylaluminum halides 

The dehalogenation of alkylaluminum halides is usually effected with the 

aid of alkali and alkaline earth metals, and by alkali metal halides. The 

reactions can be generally written as follows: 

А1Вз. AlX3+3Na —> AIR3+3NaX+Al 

A1R3- А1С13- NaCl —» А\В2С1-+- Мас! . АВС 
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In this way trimethylaluminum, triethylaluminum, diethylaluminum 

chloride, tripropylaluminum, tributylaluminum, etc., can all be prepared. 

The dehalogenation agents include metallic sodium, sodium amalgam, 

potassium- sodium alloys, potassium and sodium chlorides, magnesium- 

aluminum alloys, metallic magnesium and sodium fluoride. The alkyl- 

aluminum compounds obtained as a result of the reaction contain admixtures 

of alkylaluminum halides, which must be removed by conducting a 

supplementary dehalogenation. Major amounts of metal halides are obtained 

as side products /1/. Dehalogenation by metallic sodium is used in small- 

scale industrial production of trimethyl- and triethylaluminum and of 

diethylaluminum chloride. 

Reactions between organic compounds of Group I—IV 

elements and aluminum halides or metallic aluminum 

Laboratory syntheses of various organoaluminum compounds based on 

reactions between metallic aluminum, aluminum halides and alkylaluminum 

halides and organic compounds of elements in Groups I—IV have been 

described /1, 86/. 
Thus, for instance, lithium aluminum tetraalkyls react with aluminum 

chloride to form trialkylaluminum compounds /153/: 

3LiA]R4+ А1С13 —> 4AI1R3+3LiCl 

In the presence of polar solvents the following syntheses are possible /154/: 

AIC]l3+RM —» RAICl2+MCl 
AICls+-2RM — R2AIC]+2MCl 

AICls+3RM — AlR3+3MCl 
(M=Li, Na) 

The use of organic derivatives of lithium and sodium gave the etherates 

(n-C4Hg)2A1Cl, Al(CgHs5)3 and С2Н5А1С15 in low yields. Organoaluminum 
compounds could not be obtained by the reaction between n-C,HgNa and 

А1С13 in mineral oil. Syntheses of trialkynylaluminum compounds have been 

performed in tetrahydrofuran, dioxan, trimethylamine and pyridine, 

according to the reaction /106, 155/: 

AICls- B+-3Na—C=C—R —> Al(C=CR)3-B+3NaCl 

where B is ethyl ether, dioxan, tetrahydrofuran, trimethylamine or 

pyridine, and R=CHs3, iso-C4Hg, CeéHs. 

The reaction 

2Al+3HgRe —> 2A1R3+3Hg 

in ether served to prepare etherates of trimethylaluminum, triethyl- 

aluminum and tripropylaluminum in high yields; the duration of the reaction 

was 24 hours 12; 156/. When this reaction was effected in xylene for 



40 hours, the following compounds were obtained in yields of up to 50%: 

triisobutylaluminum, tridecylaluminum, triphenylaluminum and tritolyl- 

aluminum /157/. 
Sodium aluminum tetraethyl reacts with ethylaluminum sesquichloride 

with formation of triethylaluminum /158/: * 

3NaAl(CgH,)4-+ Ala(CoHs)3Cls — 5Al(C2Hs)3+3NaCl 

It was recently reported by Ziegler /67/ that aluminum in the presence of 
mercury reacts with sodium aluminum tetraalkyls and with sodium aluminum 

alkoxytrialkyls with formation of trialkylaluminum compounds and dialkyl- 

aluminum oxides: С 

ЗМаА1Ва -- Al+3Hg —» 4Аз +3HgNa 

ЗМаА1Вз(ОВ) + Al+3Hg —» ЗА!В (ОВ) + AIR3+3HgNa 

These reactions can be realized in various solvents at 85— 160°C. 

It was established by Zakharkin and Okhlobystin /28/ that reactions 
between metallic aluminum and diisoalkylmercury yield mixtures of 

organoaluminum compounds with normal and branched chain hydrocarbon 

radicals. On prolonged heating a full rearrangement takes place, and all 

radicals in the product assume normal structure. 

A complex compound of triperfluorovinylaluminum with trimethylamine 

was prepared in ether as follows /160/: 

—20 °C 3(CF2=CF)2Hg + 2AlH3- N(CHs)3 2(CF2=CF)3Al - N(CHs)3-++3Hg +3He 

In tetrahydrofuran, dioxan, trimethylamine and pyridine the following 

compounds can be prepared /155/: 

2Al-+-3Hg(C=CR), —> 2Al(C=CR)3-+3Hg - 

2A1H3- N(CHs)3+3Hg(C=CR)2 —> 2A1l(C==CR)s - N(CHs)3 + 3Hg+3He 

The latter reaction involves partial hydrogenation of the triple bond: 

By 

al—C=CR+alH — C=CHR* 
A 

The aluminum derivatives of cyclopentadiene, methylcyclopentadiene 

and indene have been synthesized in toluene in high yields at 45°C, using 

aluminum activated by aluminum chloride /161, 162/: 

2A1+3(CsHs)2Hg —> 2Al(CsHs)3-+3Hg 
т.р.50— 60°C 

2A1+-3(CH3C5H4)2Hg —» 2A1(C,;H4CHs)3 + 3Hg 

2Al+3(CyH7)2Hg — 2A1(CgH7)3+3Hg 

Organomagnesium compounds gave high yields of triethylaluminum 
etherates /163/: 

* Here and in what follows al = 1/3 Al. 
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(CHs)2AlBr+ CaHsMgCl 95 41 (CoH,)g + (CoHs)20 +-MgClBr 

The optically active etherate of tris(6 -2-methylbutyl)-aluminum has been 

prepared /164, 165/: 

CH,0H CH,Cl CH2MgCl 
| 

HsC—C*H 300, Hc —CeH №, H,c—C#H АЕ | 
| 

CoHs CoHs du, 

H 
| 

— Al CH2—C*—C2H,; 

СНз 3 

Many vinyl compounds of aluminum have recently been prepared, 

including (СН2 = СН)2А1С1, (СН = СН).А1Вг, (СН. = CH),AlOCHs, 
(СН2 = СН)›А1СНз, (СН. = СН)зА\, (СН. = СН)›А1С6Нь, etc. /166/. 

Organozinc compounds have been used in the preparation of diethyl- 

aluminum chloride and ethylaluminum sesquichloride /167, 168/: 

AIC]s+ 2CgHsZnCl ——» (С›Н;)зА1С1-+ 220015 

The yield was 91% оп А!С13. 

Triarylaluminum compounds are readily obtained by the reaction /26/: 

BArs+AlR3 —+ AlArg+BR3 

Phenylaluminum dichloride is formed in satisfactory yields by the reaction 

between aluminum chloride and phenylchlorosilanes /169/: 

AIClg+CgH;SiClj ——> CgH;AlClg+SiCly 

AICls+ (CgHs5)2SiClp ——» CgHsAlCle+ СвН551С 13 

2А1С1з-+ (СвНь)251 Со ==> 2CgHsAlClo+SiCl, 

Organoaluminum compounds containing five-membered and six-membered 

hetero rings have been prepared as follows /170/: 

(isa-CaHalg AIOCH CH CH=CH, АНХ, 
оон. 

—— iso -CqHoA \cHe+ iso -C4gHg 

С CH,—CH t mer 2 

(120-C,H,), AINCH CH=CH goo eee. CH Al | eer 
| \n—CH, 
СзНь | 

С›Нь 

The inner complexes 
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Я CH;—CH; 
(iso “CaHo)oAl и and ( iso-Caly)an 

xen, За 

where Х is ОС2Нь ог N(C2Hs)2, are formed by the reaction between triethyl- 

aluminum or diisobutylaluminum hydride and the corresponding butenyl 

derivatives CH, = СН(СН2),Х (m= 2, 3) /171/. 
The preparation of the peroxy compound diethoxyaluminumperoxycumyl 

has been reported /127, 128/. Alkylaluminum compounds with hetero atoms 

in alkyl hydrocarbon chains have also been prepared /172/: 

(CHs)gSiCHaCH =CHo-+ ( iso-C4Hy)gAlH — ( iso-CyHg)2AlCHCH2CH,Si(CHs)3 

3( iso -C4Hg)2A1CHaCHaCH,Si(CH3)3 — Al{CHaCH,CH2Si(CHs)3]3-+ 2A( iso -СаНо)з 

Reactions of trialkylaluminum compounds and aluminum 

with aluminum halides, aluminum alcoholates and ethers 

Alkyl(aryl)aluminum halides of various degrees of alkylation may be 

prepared by the reaction between alkylaluminum or arylaluminum compounds 

and aluminum halides /69, 73/: 

2AlR3+AlX3 —> 3AlReX 

AIR3+2AlX3 — 3AIRXe 

Al,R3X3-— AlX3 —-> 3AIRXe 

Their apparent simplicity notwithstanding, the reactions are accompanied 

by side processes, with the result that the main products are not obtained 

pure. 

Alkylaluminum fluorides are also obtained by the reaction between 

alkylaluminum chlorides with fluorides of alkali or alkaline earth metals 

{tO 7s 

Al(CoHs)2C1-+-NaF —> Na[Al(C2H5)2Cl]F —>» Al(CgHs)gF-+ NaCl 
2Al(CoHs)2Cl-++- CaF, ——> 2Al(CoH,)sF-+-CaCl, 
2Al(CaH5)2C]+-BaF, —> 2АЦС»Н5)зЕ- BaCly 

2Ale(C2Hs)3Clg+-3CaFe ——— > 2Alo(CoHs)3F3+3CaClg 

These reactions take place at high temperatures — 180 to 200°C — and 

the yields of the final products may attain up to 85%. Moreover, the 

synthesis of alkylaluminum halides may be realized with metallic aluminum 

and halogens in accordance with the following equations /173, 174/: 

4A1R3+2A14+3X_, —> 6В2А1Х 
DAIRg--2Al 3х, — GAL RG Ns 
AlRg+2A14+3X, —> 3AIRX2 

Patent literature gives examples of the syntheses of Al(C2Hs5)2I, Al(C2Hs)oBr, 
А12(С2Н5)зВгз, Al(CH3)Bre, Al(C3H7)sI in 87.5 — 93% yields. Methylenealuminum 
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bromide reacts with iodine according to the following equation /175/: 

ВгА1 = СНо-- 1 —> IBrAlCHol 

Methylaluminum dichloride has been obtained in 76% yield /176/ by the 
reaction between metallic aluminum and methyl ether and aluminum chloride. 

Methoxymethylaluminum chloride is probably formed first and dispropor- 

tionates when distilled in vacuo, with the separation of methylaluminum 

dichloride: 

AICls + 2A14+3CH30CH3 —> 3CH3Al(OCHs)Cl 
ЗСНЗАКОСНз)С1 —> Al(CHs)Clp + Alo(CHs)2(OCHs3)3Cl 

Alkoxyalkylaluminum halides AlR(OR)X have been obtained by reactions 
between alkylaluminum sesquihalides and aluminum alcoholates /177/ or 

between metallic aluminum and aluminum chloride and ethers /176, 178/. 

Reactions of aluminum hydrides, alkali metal hydrides 

and aluminum halides with olefins 

One of the fundamental reactions of this type is AlH3+ 3CHz = CR'R > 
Al(CH2CHRR')3. It takes place easily and rapidly with many olefins /26, 

179, 180/. However, its practical possibilities are limited, since aluminum 

hydride is difficult to prepare and its thermal stability is low. 

The reaction between dialkylaluminum hydrides and olefins is employed 

to prepare mixed trialkylaluminum compounds /153, 179/: 

70°C 
(CgHs)2A1H + CHsCH=CH—CH2—CHg (C2H5)2Al1—CH (CH3) CH2CHeCHg 

(С.Н) мн + Се ее (сн), м | 
CH, CH, 

65°C 
(CgH5)2Al1H + CHe=CH—CgH, (С›Нь)2А1СН2СН2СьНь 

2(С>Нь)2А1Н + CHz,=CH—CH=CH, —> (С›Нь)зА1СН.СН.СВ2СНА\(С>Нь)> 

(CaHs)2A1H + < | ране (CaHs)2Al—<_ | 

(CHAI +< > sea (CHAI 

The composition of the end products depends on the structure of the 

alkylaluminum compound and of the olefin. Thus, for instance, dialkyl- 

aluminum hydride and styrene may react in two ways: 

R,AlH + CH2=CHC,H; —> ReAICH2CH2CgHs 

R2AlH + CH—CgH, —_— мены 

| 
He СНз 

Various trialkylaluminum compounds and their derivatives may be 

prepared by the interaction of aluminum halides with olefins and metal 
hydrides /44, 67, 181—184/. The general equation for these reactions is: 
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ЗМН-+А!Хз-+3С,На, —> Al(C,Hon+1)3-+3MX 

When the ratio between the metal hydride, aluminum halide and olefin is 

changed, various products are obtained, e. g.: 

AlX3+3MH-+ 2CoH, — HAI1(CgH5)2-+3MX 

AlX3-+2MH 4+ 2C2H, — Al(C,H5)2X + 2MX 

AlX3+4MH-+ C,H, — MAI(C2H¢5)X3 

These reactions take place in ether and in hydrocarbon solvents at high 

yields and low temperatures and may be used to prepare Al(C2Hs5)2H, 
Al(C3H7)2H, Al(C¢Hi3)2H, and other compounds /44, 153, 182/. 

Electrolysis of complex organoaluminum compounds 

Recent patent literature /107/ contains a description of the synthesis of 

triethylaluminum, which proceeds as follows. 

1. Preparation of metal aluminum tetraalkyl: 

3MH-+3Al(CoH5)3+3CoH, —> 3MAl(CoHs)a 

2. Electrolysis of metal aluminum tetraalkyl: 

3MA1(CoHs)4-+Al+3Hg —+ 4Al(C2Hs5)3+ 3M Hg 

3. Electrolysis of metal amalgam: 

3MHg — 3M+3Hg 

4, Preparation of metal hydride: 

3M +11/2H2 —> 3MH 

The overall electrochemical process corresponds to the direct synthesis 

of triethylaluminum: 

Al+11/2H2+3C2.H, —> АЦС>Ньз 

The following electrolytes have been proposed as substitutes for the metal 

aluminum tetraethyl: NaAl(C2Hs5)3F, NaAl(C2Hs)4, NaAl(CsHs)30C4H»9, mixture 
of NaF - 2Al(C2Hs)3 with NaAl(C2Hs)4, etc. In order to prevent thermal 
decomposition of the trialkylaluminum compound formed, it is recommended 

that the electrolysis be performed in vacuo or with the use of extractants 

which are immiscible with the electrolyte. 

Electrochemical preparation of triethylaluminum is schematically 

represented as a cyclic process, consisting of five complex technological 

stages: 

24 



И Mixture of Ма А1 (С»НУ4 and NaAl (CoH) 4 “i 
Electrolysis 

Al (CpHs)5 

HgNa amal- 

Regeneration 

of Na 

(electrolysis) 

Preparation 

of sodium 

hydride 

Formation 

of complex 

Na Al (СН) 4 

Al (СНУ. 
NaAl (CyHs)4 

Ziegler proposed similar reaction schemes for the electrolytic 

preparation of organic compounds of zinc, tin, cadmium, etc. 

Direct synthesis from metallic aluminum, hydrogen and 

olefins 

In a brief communication /185/, Ziegler reported in 1955 the realization 
of the direct synthesis of trialkylaluminum compounds. This was the 

beginning of numerous investigations in the field of organoaluminum 

compounds; a new interesting field in the chemistry of organometallic 

compounds was discovered and gave rise to new branches of petrochemical 

industry. The synthesis and the chemistry of these compounds now form 

the subject of hundreds of patents and publications. . 

Various trialkylaluminum compounds and dialkylaluminum nydrides can 

be prepared by rapid technological synthesis from cheap and readily available 

raw materials — aluminum, hydrogen and olefins — by direct synthesis ina 

wide range of temperatures (30 to 300°C) and pressures (5 to 300 atm). 

The reaction of direct synthesis 

Al+41/gH,+3CH:=CHR —+ Al(CH:CH2R)s 

takes place only in the presence of the trialkylaluminum in the reactant 

mixture, which means that the compound participates as the intermediate 

product in the individual stages of the direct synthesis. In a recent synthesis, 

isoprene was used as the olefin in the direct synthesis of isoprenylaluminum 

/186/: 

Al+3CsHg+11/2H2 —>Al(CsHg)s 
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Isoprenylaluminum in conjunction with transition metal salts proved to be 

an active catalyst for polymerization of ethylene /187, 188/. 
Certain olefins, such as ethylene, which are capable of participating in 

the side reaction of chain extension in the alkyl radicals under the experi- 

mental conditions of the direct synthesis, form an important exception. In 

this case, especially so in the preparation of triethylaluminum, a two-stage 

process takes place. The first stage consists in the interaction between 

aluminum, hydrogen and trialkylaluminum with formation of dialkylaluminum 

hydride: 

А1--11/ На +2Al(CH2CH2R)3 —» ЗНАЦСН2СН»В)› 

In the second stage the dialkylaluminum hydride is alkylated by the olefin 

with formation of trialkylaluminum: 

3HAI(CH2CH2R)2+3CH2=CHR —> 3Al(CH2CH2R)3 

Intensive attempts have been made abroad to develop a one-stage 

synthesis of triethylaluminum, but the results, which appeared in a number 

of patents, are contradictory. 

The only alkylaluminum halides which have so far been directly prepared 

are alkylaluminum sesquihalides. In 1937 Hall and Nash /189/ obtained a 
product similar to ethylaluminum sesquichloride while attempting to 

polymerize ethylene in the presence of aluminum chloride and metallic 

aluminum. Ruthruff /190/ in 1942 recommended that alkylaluminum 
sesquihalides be directly synthesized according to the following scheme: 

Al+ AlX3+-11/2H2+3C,He, —> Ale(C,Hen+1)3X3 

Many workers reported that aluminum must be activated prior to being 

used in direct synthesis. According to Ziegler, metallic aluminum does not 

react by itself unless the passivating oxide film on its surface has been 

previously removed in some way /26/. Aluminum may be activated in 

different ways, e.g., by grinding in ball mills and vibratory mills in an 

inert atmosphere, sometimes in the presence of activating agents such as 

aluminum chloride, halogens, higher organic acids and other compounds. 

Details of direct synthesis of alkylaluminum compounds and modes of 

activation of the aluminum used for this purpose will be found in the following 

sections. 

Reactions of organoaluminum compounds with olefins 

and acetylenes 

New organoaluminum compounds can be prepared by the following 

three varieties of these reactions: 

1) displacement: 

Al(C,Honi1)3 ЗСиНэт Beast Al(C,,Ham+a)3+ 3C,Ho, 

2) chain extension: 
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А1Аз +3nCgHa —> АЦ(С>На)„В]з 

Злая dation: 

AlRoCl+NaC=C—R —> А12С=С—В-Р Мас! 

The initial rnaterial in displacement reactions is usually the readily 

available triisobutylaluminum. When this compound is made to react with 

an olefin at an elevated temperature, various alkylaluminum compounds are 

formed in high yields. In certain cases the reactions are conducted under 

elevated pressures and in the presence of nickel acetylacetonate, alkyl- 

aluminum compounds or alumosilicates as catalysts. 

bis-(Diisobutylaluminum) isopentene has been recently obtained as follows 
reece ap 

78-88°С 
2( iso -С4Но)зА1 a= CH2=C(CH3)CH=CH» 

—> (iso-C4H9)2A1CHgCH (CHg)CH2CH2A I( iso-CyHo)2 +2 iso-CaHg 

Such compounds have a high hydrolytic and thermal stability and react 

with transition metal salts to form olefin polymerization catalysts. 

Numerous studies of the chain extension reaction (see, for instance, 

/26, 88 — 95, 97, 192, 194/) mainly concern the reactions of ethylene with 
trialkylaluminum compounds, as a result of which mixtures of higher 

alkylaluminum compounds are formed. 

Ziegler and Gellert /179/ also reported the addition of octene- 1 to triethyl- 
aluminum, resulting in the formation of the triisodecylaluminum 

All CHz — CH(C2Hs5)(CH2)5CH3]3. Reactions between alkylaluminum compounds 
and acetylenes and diolefins may yield alkenylaluminum compounds and 

bifunctional compounds. Nesmeyanov et al. /195/ studied the reaction of 
tolane with triethylaluminum and found that the following products are 

formed in the course of the reaction: 

CgHs СвНь 

Cte 020, HAG Hs В AC 
(1) (1) у 

СН CgHs СвНь и: 
СН | | | 2H5 

а ое. 
CoH; % \C2Hs 

The addition reaction is also of interest in connection with the reactions 

between alkylaluminum compounds and dienic and acetylenic hydrocarbons. 

Thus, butadiene reacts with diethylaluminum hydride to form butenyl- 2- 

diethylaluminum and bis(diethylaluminum )butylene /179/: 

(CoH5)2A1H + CHp=CH—CH=CH2 —> (C2H5)2A1CH;—CH=CH—CHg 

2(CoH5)2AlH + CH»>=CH—CH=CH2 —> (CoH,)2A1CH2CH,CH2CH2Al(C2Hs)2 

Alkyl-substituted hexadienes, such as 2, 5-dimethylhexadiene-1, 5, react 

with triisobutylaluminum with the formation of tricycloalkylaluminum /180/: 

27 



СНз СНз 

| 
CHz—C=CHe CHz—C=CHe 

3 + Al( iso -C4H9)3 3 iso -C4Hg | Al — 

CH бо И 911 i ene he 
СН СН: 1 

СНз 

| 
CH,—C—CH2— 

| | Al 
CH2z,—CH—CH2 

_ СИЗ 3 

This field of organoaluminum chemistry has not yet been adequately 

studied; in our view, the possibilities of utilization of this class of compounds 

in organic chemistry in this manner are practically unlimited. 

Since some of the above-mentioned methods of preparation of alkyl- 

aluminum compounds are now extensively used in industry, the following 

sections will deal with the details of preparation of these compounds by 

direct synthesis from aluminum, hydrogen and olefins, and also with the 

reactions of aluminum, alkyl halides and certain alkali and alkaline earth 

metals. : 

4. SYNTHESIS ОЕ ALKYLALUMINUM COMPOUNDS 

FROM ALUMINUM, HYDROGEN AND OLEFINS 

Hall and Nash /189/ were the first to report the possibility of direct 

synthesis of organoaluminum compounds. These workers reacted metallic 

aluminum, ethylene and aluminum chloride in petroleum ether at»about 

150°C under 50 — 90 atm pressure and obtained ethylaluminum sesquichloride 

as a result. The formation of a mixture of organoaluminum compounds 

most probably takes place in this case by several successive reactions, as 

postulated by Nesmeyanov and Sokolik /86/. The first stage is the formation 
of HCl by the reaction between aluminum chloride and the hydrocarbon. 

Hydrogen chloride reacts with ethylene to form ethyl chloride, which in turn 

reacts with aluminum to give ethylaluminum sesquichloride. It should be 

noted that the above workers failed to note the formation of higher organo- 

aluminum compounds during the synthesis; according to Ziegler and Kroll /26/, 
this is due to the weak reactivity of alkylaluminum halides toward ethylene. 

If ethylene is used as the olefin in the direct synthesis of alkyl- 

aluminum compounds from hydrogen, aluminum and @-olefin in the presence 

of a trialkylaluminum compound, the reaction 

Al+11/2H2-+ 3С2На —> Al(C2Hs5)3 

will not be limited to the formation of triethylaluminum, and at higher 

temperatures higher trialkylaluminum compounds will be formed /185/: 

alC,Hs + nCoH, жека al(C9H4),CeHs 
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A few patents were subsequently taken out for the synthesis of triethyl- 

aluminum by the interaction between aluminum, hydrogen and ethylene. 

Thus, American and British patents /196, 197/ have been taken out for one- 

step synthesis of triethylaluminum; the yield is quantitative and the working 

conditions are 30 — 130°C, total pressure 15 — 300 atm, and partial pressure 

of ethylene 10 — 100 atm. The synthesis was complete after 0.5 — 20 hours, 

while the reaction rate attained 2 moles of Al(C2Hs)3 per 1 gram-atom Al 

per hour. A Japanese patent /198, 199/ gives the results of a study of one- 
step synthesis of triethylaluminum, conducted at different values of overall 

pressure, ethylene: hydrogen ratio, temperature and duration of process. 

The experimental data reported in these patents indicate that triethylaluminum 

is formed under an overall pressure of 50 —250 atm, and only within the 

following limiting values of temperature and partial ethylene pressure: 

Reaetiqnitempe4ratures [Cin ое ке ее leks © 80 130 200 

Partial pressure of ethylene, atm... . ..» «+.» 10 167 167 

It was shown in subsequent foreign publications that other a-olefins react 

with alkylaluminum compounds in different manners, both in the presence 

and in the absence of aluminum. It was noted, for example, that ай а- 

olefins with a straight chain, beginning with propylene, are oligomerized in 

the presence of alkylaluminum compounds, while branched chain @-olefins 

are practically inert to these compounds. The one-step direct synthesis of 

alkylaluminum compounds involving branched chain @-olefins is technologi- 

cally very simple, and side reactions which may occur during the synthesis 

of these compounds from aluminum, hydrogen and ethylene, are here absent. 

It was also noted that branched chain olefins such as isobutylene are not 

only inert to alkylaluminum compounds, but are also less readily 

hydrogenated than ethylene or propylene. 

Two-stage direct synthesis of triethylaluminum 

The formation of triethylaluminum from aluminum, hydrogen and 

ethylene comprises two stages: diethylaluminum hydride is formed first, 

and is then ethylated to triethylaluminum. Two moles of initial triethyl- 

aluminum will yield only one mole of this product. 

Synthesis of diethylaluminum hydride 

The study of the conditions of the reaction 

А1--2А1(С2Нь)з- 11/2He 2 3A1(C2Hs5)2H 

known as the hydrogenation step, was affected in two stages. 

At first the most rational mode of preparation of active aluminum powder 

was selected /203—211/; subsequently, the realization of this process was 
studied under pressures of 20 — 50 atm, instead of pressures of the order 

of 100 —150 atm, which had been formerly proposed. 

29 



It was found as a result of these studies that, out of the large number of 

compounds tested for their catalytic effect on the reaction, titanium hydride 

/212, 213/ proved to be one of the best. In the presence of this catalyst, 
the conversion of aluminum was 90% at 110°C and under 30 atm pressure. 

In the absence of a catalyst hydrogenation failed to take place under these 

conditions. Both the degree of conversion of the aluminum and the reaction 

rate increased when the concentration of titanium hydride was increased. 

A study of the effect of the main technological parameters on the 

conversion of aluminum and the reaction rate in the presence of this catalyst 

showed that the interaction of aluminum, hydrogen and triethylaluminum 

is highly sensitive to the temperature. Below 70°C the reaction fails to take 

place. The synthesis takes place at a significant rate only at 80°C. At 115°C 

the degree of aluminum conversion is at its peak, and neither the yield 

nor the rate of the synthesis become any larger when the temperature is 

raised beyond this point. At 160°C and above the reaction no longer takes 

place, while above 170°C the initial triethylaluminum undergoes intensive 

decomposition. This decomposition is irreversible. 

It was also shown that the main reaction was accompanied by the formation 

of ethylene, ethane, butylene, butane, and butylethylaluminum hydride. 

Below 120°C the amount of the side products does not exceed 0.2%. Between 

120 and 140°C the yield of the side products becomes significant, while 

above 170°C it becomes by far the main reaction /209/. 
The formation of olefins, lower alkanes and mixed organoaluminum 

compounds is the result of complex processes of hydrogenation, dissociation, 

chain extension, and substitution, which may be written as follows: 

ОЕ 9 ANGE, РО 
Al(CyH5)3 —> НАЦС>Нь)2-+ CoH, 

Al(CoHs)s-+ CoH, —> АЦСЬНЫ (САН) 
Al(C2Hs5)2(C4Hg) + С>На —» Al(C2Hs5)3+ СаНв sss 

Al(C2H5)2(C4Hy) + He —> HAI(CoH5)2-+ СаНло 

Ziegler /26/ and Zakharkin et al. /202/ also pointed out that such 
reactions may occur. 

The study of the synthesis of diethylaluminum hydride showed that an 

increase inthe pressure from 30to 105 atm resulted in a doubling of the reaction 

rate (from 0.152 to 0.37 gram-mole of HAl(C2H5)2 рег gram-atom of Al per 
hour). It also resulted in an increased content of ethane in the gaseous 

reaction products (from 3 to 18.4 vol.%), which means that the rate of the 
reaction between triethylaluminum and hydrogen is pressure- dependent. 

In the preparation of diethylaluminum hydride according to 

А1--2А1(СэН)з--11/3Нз —» 3HAI(CoHs)2 

triethylaluminum acts as the source of organic free radicals during the 

formation of diethylaluminum hydride from aluminum and hydrogen. 

Accordingly, the rate of formation of the hydride will depend on the 

concentration of triethylaluminum in the reaction mixture. In accordance 

with the equation, the stoichiometric ratio between triethylaluminum and 

aluminum should not be less than two. However, since the side reactions 

Al(C2H5)3-++H2 —> Al(CgH5)oH + CoH¢ 

Al(C2H5)3 << Al(CgH5)gH + CoH, 
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also take place and increase the expenditure of the initial triethylaluminum, 
the molar ratio usually employed is three. That this procedure is correct 
has been confirmed by studies of the effect of the molar ratio on the 
conversion of the aluminum and on the rate of formation of the hydride. 

Renae. Ton oi mixtures ‘of diethyl- 

aluminum hydride and triethylaluminum 
with ethylene 

The products of the reaction between hydrogen, aluminum and triethyl- 

aluminum are a complex mixture which consists of the associates 

[Al(C2Hs)sle, [HA1(C2H5)el3, HA1(CsHs5)2 -Al(CoHs)3, etc. When this mixture 
is acted upon by ethylene, triethylaluminum is eventually formed: 

CoH, C2H.« 

[HAI(C2Hs)2]3 ~~ {[HA1(C2Hs5)2]2- Al(C2Hs5)3} a 

Gs 
=> [HAI(CgH5)2- Al(C2Hs5)3-++ Al(C2Hs)3] = 11/2[A](C2Hs)s]2 

These reactions may also be accompanied by side processes, such as 

the formation of higher organoaluminum compounds: 

(CoH 4) mCoHs 
AM(CaHs)s--(m ++ n+ p)CeHy —> АБН" СНЕ 

(C2H4) „С2Нь 

or by the formation of higher olefins 

(CoH 4) CoH, 
А (CgH4),C2Hs -+ 3CgH, —» mCH2=CH(C2H4) m-1C2H5+ 
\ (CoH) pCoHs 

+ nCH2= CH(C2H4)q-1C2Hs + РСН» = CH (C2Ha) p-1CoHs-+ Al(CoHs)s 

It has been experimentally shown /209/ that the course of the reaction 

between ethylene, diethylaluminum hydride and triethylaluminum is 

Significantly affected by the temperature, the pressure of ethylene and the 

duration of the reaction. 4 
The conversion of diethylaluminum hydride increases considerably with 

the temperature. When the reaction lasts for 30 minutes, the conversion 

of diethylaluminum hydride is 45% at 60°C, but is as much as 74% at 100°C. 

A complete conversion of diethylaluminum hydride under 10 atm pressure 

at 75°C was attained within 2 '/› hours; at 100°C under 20 atm pressure it 
was attained after as little as 1.2 hours. It must be noted that when the 

temperature was raised to 115°C under 20 atm pressure, the conversion 

did not significantly increase, but the rate of absorption of the ethylene 

increased, which means that side reactions take place under these 

conditions. 

An analysis of the composition of the reaction products confirmed that a 

side process does indeed take place. In fact, at 10 atm and 75°C diethyl- 

aluminum hydride is fully converted within 2 we hours, mainly to triethyl- 

aluminum, up to 5% diethylbutylaluminum being formed as the side product. 

Relatively minor changes in the experimental conditions, such as increasing 

the temperature to 100°C or increasing the pressure to 20 atm, result in 
major changes in the composition of the reaction product: the yield and the 

31 



content of triethylaluminum decrease, while those of diethylaluminum 

increase. At 20 atm, 115°C and reaction duration of 1.2 hours diethyl- 

aluminum becomes the main reaction product, and accounts for more than 

50% of the total product. The rate of formation of triethylaluminum from 

diethylaluminum hydride present in concentrations of 30 to 50 mole % was 

very fast at first (up to 3.8 gram-moles Al(C2Hs)3 per gram-atom of 
HAI1(C2Hs)2 per hour), but rapidly decreased to zero within 0.5 to 1.5 hours. 

It is seen that the ethylation of mixtures of diethylaluminum hydride with 

triethylaluminum should not be carried out above 75°C and not above 20 atm 

pressure. When these parameters are increased, diethylaluminum 

is produced at a rapid rate. i 

One-step synthesis of triethylaluminum from hydrogen, 

aluminum and ethylene 

The experimental conditions employed. in the one-step synthesis of 

triethylaluminum favor both the main process and the side reactions 

(Table 2): 

-140°C ~70 °C A1+2Al(CoHs)3+11/2He oS op ame SAN (CoHs)eH ose, oh, 3AM CeHs)s 

TABLE 2, Main and side reactions which may take place during a one-step synthesis of triethylaluminum 

Conditions under which 

reaction is possible 

Reaction References 

temperature, | pressure, 

<C atm 

Synthesis of diethylaluminum hydride 100 — 140 15 — 300 196, 201, 202 

Al + 11/2H2+2Al(CgH5)3 —> 3HAI(C2Hs)2 
Synthesis of triethylaluminum 60 — 70 Up to 20 202 

3HAI(CoHs)2-+3CgHy —+ 3Al(CoHs)3 
Synthesis of higher alkylaluminum compounds 90 — 120 Not less 26 

(CoH5)3Al + (m +--+ p)CoH, —> 
than 80 

/(С2На)»С2Нь 
Al@(C2H,4),CoHs \(C2Ha) pCoHs 

Formation of higher olefins 26 

/ (2H) mCoHs 

А1-— (С›На)„С>Нь +3 На — 

(C2H4) pCoHs 

— CHe=CH(C2H,4),,-1C2Hs + 
+ CH2=CH(CoH4),-1C2H5+ 

+CH2=CH(CoH,) p-1CoHs +Al(C2Hs5)3 

Hydrogenation of triethylaluminum 140 — 160 Elevated 26 

Al(C2H5)3 + Hz —+ HAI(C2H5)3+CoHg 
Radical exchange 20 26 

А1Вз- АВ. + AIR; — 3AlIRR’R’” 

Hydrogenation of ethylene Up to 100 200 

CoHa+ He, —> CoH, 
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It was accordingly very difficult to find experimental conditions under 

which the reaction between hydrogen, aluminum and ethylene would stop at 

the triethylaluminum stage, without formation of higher alkylaluminum 

compounds or some other products (Table 2). 
Repeated attempts finally resulted in a product which contained 

practically only triethylaluminum /214/. The synthesis could be realized 

under a low partial pressure of ethylene and an ethylene :hydrogen ratio 

lower than the stoichiometric. The overall pressure under which the process 

is realized is 50 atm. 

It was shown that if the initial ethylene :hydrogen ratio is 2:1 and the 

reaction temperature is 100 —135°C, the reaction products are higher 

alkylaluminum compounds, the formation of which consumes between 3 

and 49% of aluminum and between 23.6 and 49.1% of triethylaluminum. It is 

only at 135°C that no conversion of triethylaluminum into higher alkyl- 

aluminum compounds was observed. It was also noted that the temperature 

of the synthesis determines the composition of the reaction products. Thus, 

for instance, in а synthesis conducted at 100°C triethylaluminum, tributyl- 

aluminum andtrihexylaluminum are all formed; at 120°C higher alkylalu- 

minum compounds up to tridecylaluminum are produced; if the reaction is 

conducted at 150°C, higher olefins are obtained. A study of the effect of the 

molar ratio Al:Al(C2Hs)3 showed that the amount of triethylaluminum 

increases only if the value of this ratio is 1:0.71. Under any other 

conditions the newly formed triethylaluminum is converted to higher 

alkylaluminum compounds. 

A study of the effect of the molar ratio between ethylene and hydrogen 

showed that, when this ratio is decreased from 2:1 to 1:1, at 135°C and 

under 50 atm pressure, the conversion of aluminum increases from 49 to 

67%, and the rate of formation of triethylaluminum increases from 0.00215 

to 0.0515 gram-mole Al(C2Hs5)3 рег gram-atom of aluminum per hour. The 

content of triethylaluminum in the reaction products increases from 61,2 

to 89.0 mole %. If the С2На:Н2 ratio is further decreased to 0.5:1, the 

increase in the triethylaluminum content is insignificant (to 90.7%), but the 

aluminum conversion decreases to 44%. Accordingly, the optimum value 

of the ethylene :hydrogen ratio during the one-step synthesis is 1:1 rather 

than 0.5:1. 
? 

Synthesis of diisobutylaluminum hydride and of 

triisobutylaluminum 

The synthesis of triisobutylaluminum can be effected both in one and 

two steps, and at a faster rate than the synthesis of triethylaluminum. 

Isobutyl derivatives of aluminum are prepared under 50 — 60 atm pressure 

and at elevated temperatures: 

Al+ 11/2H2+ 2Al( iso-CyH9)3 —> ЗА iso -CgHg9)oH 

3Al( iso -C4H9)2H +3 iso -CyHg => ЗАК 150 -C4H9)3 

Al+41/9H2+3 iso-CgHg —> Al(iso -C4Hg)s3 
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Studies of one-step synthesis of triisobutylaluminum showed /215/ that 
the effect of pressure on the course of the one-step synthesis of triisobutyl-. 

aluminum is considerable only up to a pressure of 60 atm, the conversion 

of aluminum rapidly increasing from 12.3% when the synthesis is carried 

out under 30 atm pressure to 71% when it is carried out under 60 atm 

pressure. Further increase in pressure does not materially affect the 

degree of conversion of aluminum. 
A high conversion of aluminum (up to 73.2%) and a reaction rate of 0.12 g-mole 

Al(iso- C4Hg)3 per g- atom Alper hour is attained at 150°C. A decrease inthe 
temperature results ina decreased degree of conversionof aluminum. Above 

150°C the reaction rate decreases owing to the increase inthe rate of decompo- 

sition of triisobutylaluminum. Varying the initial ratio Al(iso-C4Hg)3:Al between 

0.17 and 2.79 did not significantly alter the results of the synthesis. Boththe 

reaction rate and the conversion of aluminum remained constant when the value 

of this ratio was varied. 

It is assumed that in the immediate vicinity of the aluminum surface 

triisobutylaluminum acts as carrier of alkyl radicals to the aluminum and 

its diffusion toward the reaction surface in the course of the synthesis is 

not the rate-determining factor. The initial ratio of isobutylene to aluminum 

is on the other hand a major factor in the conversion of aluminum and in the 

rate of synthesis of triisobutylaluminum. In all cases (trials under 30 and 

60 atm pressure), a decrease in this ratio resulted in a decreased reaction 

rate, and also in a decreased conversion of aluminum. It was found /215/ 
that the optimum isobutylene :aluminum ratio to be employed in the synthesis 

is 6.0. 

The synthesis of diisobutylaluminum hydride is usually effected by the reaction: 

Al+2Al( iso-C4Hg)34+-11/2H2 —> ЗАК во-СаНо)зН 

Similarly to the one-step synthesis of triisobutylaluminum, this reaction 

takes place at 40 — 150°C and under 50 — 60 atm pressure /210/. Raising the 

pressure to 100 atm does not materially affect the parameters of the synthesis. 

If the initial ratio Al(iso-C4Hg)3:Al is close to two, the reaction rate is 
0.107 gram-mole HAI(iso~C4Hg)2 рег g-atom Al per hour, and the conversion 
of aluminum is 64.5%. If the Al(C4Hg)3:Al ratio is increased to 3:1, the 

rate of the synthesis rapidly increases, while the conversion of the 

aluminum attains 98%. If the ratio is reduced to 1.76, the reaction rate 
and the conversion of aluminum both decrease considerably, which means 
that the synthesis of isobutylaluminum dihydride 

2Al-+ Al( iso-CgHg)3+3He —> 3HeAl(iso-CyHe) . 

cannot proceed under these conditions. 

The optimum value of the initial ratio Al(iso-C4H9)3:Al is assumed to be 
three, when a satisfactory reaction rate and degree of conversion of the 
aluminum can be attained. | 

Synthesis of higher alkylaluminum compounds 

One-step syntheses of triethylaluminum and triisobutylaluminum may 
also be used to prepare other organoaluminum compounds. However, the 
optimum conditions for such reactions have not yet been determined with 
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certainty; this applies in particular to the preparation of alkylaluminum 
compounds with straight chain hydrocarbon radicals. It is preferable to 
prepare higher alkylaluminum compounds in two steps as described above. 
The first step should be realized at 110 — 140°C and under 50 — 200 atm 
pressure: 

Al+ 2Al(CgHi7)3-+ 11/2На ——> 3A1(CgHi7)2H 

while the second takes place at 70 — 90°C in the absence of hydrogen: 

3A1(CgHi7)2H + 3CgHig —> 3A1](CgHi7)3 

Clearly, either trialkylaluminum compounds or dialkylaluminum hydrides 

may be prepared in this way, by arresting the reaction at the appropriate 

stage. Inthe latter case, some impurity trialkylaluminum remains behind 

in the reaction mixture. This product can be converted to dialkylaluminum 

hydride by heating the reaction mixture to 140 — 160°C in the presence of 

hydrogen. 

Another method for the preparation of alkylaluminum compounds, which 

is particularly convenient in small-scale work, is the direct interaction of 

the olefin with triisobutylaluminum: 

Al(iso-CaHg)3+3C,H2y —> Al(C,H9,41)3 +3 iso-CgHg 

In performing this reaction, the following factors must be taken into 

account /26/: 1) if the boiling point of the olefin component is higher than 
that of isobutylene, the latter can be removed by evaporation; 2) if the olefin 

boils at the boiling point of isobutylene (CH3CH2CH = СН2) or below it, 

isobutylene can still be removed, since @-olefins have a stronger affinity 

to compounds witha a Al—H bond than has isobutylene; 3) the reaction must 

be initiated above 100°C; on the other hand, when working with a-olefins of 

the type RCH = CHg, the reaction temperature should be slightly above 110°C, 

to prevent catalytic oligomerization of the olefin. 

The most convenient variety of synthesis of alkylaluminum compounds 

from triisobutylaluminum and olefins is the method of Larbig /26/, in 

which isobutylene or triisobutylaluminum is first split off at about 100°C; 

this is followed by the addition of an equivalent amount of olefin. This 

process can be conducted continuously at a rate which ensures the presence 

of free alkylaluminum hydride in the reaction mixture, by varying the 

amount of the cleaved isobutylene. As soon as all isobutylene has distilled 

off, the remainder of the olefin is introduced, the reaction mixture is cooled 

to 60°C and left to stand for several hours. In this way practically pure 

trialkylaluminum compounds, free from dimerization products, are obtained. 

Alkylaluminum compounds can be prepared in this way not only from 

olefins of the types RCH =СН. and RR'C = СН2, but also from vinylcyclo- 

hexene, limonene, B-pinene, camphene, etc. In individual cases (е.с., 

camphene) dialkylaluminum hydride is the main product. If hydrocarbons 

with a double bond in the middle of the chain are employed, the reaction 

will proceed readily only in the presence of catalysts — salts of transition 

metals /216/. Information is also available on the reaction between triethyl- 
aluminum and various olefins /102/. 
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Higher alkylaluminum compounds can also be prepared by chain extension 

reaction resulting from the interaction of an alkylaluminum compound with 

ethylene /26, 97/: 

А1С5Н5 + пС>На —>А1(С›На)„С>Н‚ 

The scope of the reaction is limited by the fact that when a-branched 

alkylaluminum compounds are employed, displacement of the olefin is the 

preferred reaction. 
The reaction of chain extension can only be successfully performed if a 

number of its characteristic features are allowed for. In the first place, 

it only takes place if all three valencies of the aluminum atom are bound to 

alkyl groups. Trimethylaluminum, which does not react with ethylene, is 

the only exception to this rule. It was shown by Ziegler et al. /26/ that the 
reaction must be performed at 90 — 120°C and that the pressure of ethylene 

must be at least 60 atm. The rate of addition of ethylene at 95— 105°C and 

under 80 — 90 atm pressure is on the average 1 mole per 1 mole of alkyl- 

aluminum compound per hour.* If the temperature is raised, the reaction 

rate increases, and the entire course of the reaction is changed. The heat 

of reaction, which is practically equal to the heat of polymerization of 

ethylene (about 22 kcal/mole) is evolved all, at once, with the result that the 

rise in the temperature is irregular, and the reaction often terminates ina 

flash, which is accompanied by a complete decomposition of the ethylene 

into methane, hydrogen and carbon. According to Ziegler et al., explosions 

in small-sized laboratory autoclaves will take place above 125°C and 125atm 

pressure. This danger is not so great if the starting material consists of 

higher alkylaluminum compounds or if the triethylaluminum is diluted with 

saturated hydrocarbons. 

An increase in the pressure of ethylene and in the temperature also 

increases the rate of the displacement reaction, resulting in the elimination 

of an olefin: 

R(CH2—CHe), а1- С›На = R(CHe—CHe),_,—CH=CH2+ CoH; al 

This reaction also takes place in the presence of traces of metals such 

as nickel, especially in the colloidal form. The olefins evolved dimerize at 

the same time. 

All Al—C bonds present in the reaction mixture at any given moment of 

time have the same probability of adding ontothe new ethylene molecule. 

The distribution of the reaction products may be approximately represented 

by the expression 

nPe-n 

р! 
Zp) = 

where Zp) is the molar ratio of chains with р added ethylene molecules, п 
is the number of moles of ethylene consumed in accordance with the equation 

R-Al+ nCoH, — R (C2H4), Al 

* Recently /26 a, 26b/ this reaction was successfully performed on dialkylaluminum chloride (in lieu of 
trialkylaluminum) at a lower pressure. 
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per equivalent В -—А1; pis the number of ethylene molecules in individual 

hydrocarbon chains. 

It has been noted that the rate of absorption of ethylene by triethylaluminum 

per mole of the alkylaluminum compound strongly increases with dilution. 

In the addition of alkylaluminum compounds with a straight hydrocarbon 

chain to ethylene it is immaterial whether the chain contains an odd or an 

even number of carbon atoms. Reactions between ethylene and alkylaluminum 

compounds with an odd number of carbon atoms in the hydrocarbon group 

are distinguished by two typical features. Firstly, there is no significant 

reaction between trimethylaluminum and ethylene under conditions considered 

as the optimum conditions for the reactions between alkylaluminum 

compounds and ethylene. Such reaction requires more drastic conditions. 

Secondly, higher alkylaluminum compounds with an odd number of carbon 

atoms cannot be prepared by this method. This is because the side reaction 

of the displacement of olefin with an odd number of carbon atoms by ethylene 

(which invariably takes place) results in the formation of triethylaluminum 

and subsequently in the formation of higher alkylaluminum compounds with 

an even number of carbon atoms. 

5. PREPARATION OF ALKYLALUMINUM HALIDES 

Synthesis of alkylaluminum sesquihalides 

We have already said that one convenient method of preparing alkyl- 

aluminum halides is by the reaction between aluminum and alkyl halides: 

2A1+3RX —> AIR2X+ AIRX2 

Aluminum reacts with alkyl chlorides, alkyl bromides and alkyl iodides 

in different manners /86/. Thus, reactions with alkyl halides RX where X 
is Br or I and R is methyl, ethyl or propyl proceed under mild conditions in 

high yields and may be applied in the laboratory. However, even butyl 

bromide reacts very Slowly and the yield of the final product is small. 

Attempts to prepare alkylaluminum sesquihalides by reaction with pentyl 

bromide were unsuccessful; isopentyl and octylaluminum sesquibromides 

have been obtained only recently /1/. Aluminum reacts with diarylhalides 

under mild conditions; this particularly applies to iodides /86/. 

Reactions between aluminum and alkyl chlorides proved to be the most 

difficult to realize. These syntheses are usually performed in metal 

vessels designed to withstand high pressures. The reaction between 

aluminum and ethyl chloride, without special activation, at first proceeds 

sluggishly. According to Kryukov et al. /217/, the induction period may 

last for several days. Once the reaction has started, it proceeds very 

rapidly and is difficult to regulate. The use of primers (iodine, bromine, 

aluminum chloride, etc.) makes it possible to reduce the induction period 

of the reaction, but this effect is insufficient for practical purposes. It 

was shown by Zhigach et al. /218/ that if aluminum is previously activated 
with ethyl bromide, and the reaction is conducted in the presence of hydro- 

carbons, the formation of ethylaluminum sesquichloride is not preceded by 

an induction period; however, tars were formed in the reactor in a number 
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of cases. Better results were obtained by fully immersing the aluminum in 

the ethylaluminum sesquichloride medium and maintaining a continuous 

supply of ethyl chloride to the reaction mixture. This process also proved 

unsuitable for industrial application, due to certain difficulties involved in 

the introduction of aluminum powder into the reaction mixture. 

At a later date Korneev, Popov et al. /219/ established the optimum 
conditions for the reaction between aluminum and ethyl chloride in a solution 

of ethylaluminum sesquichloride in petroleum ether. It was found that the 

process could be realized with various kinds of aluminum, but that it was 

best to use aluminum powder manufactured in the Soviet Union, of 10—50y 

particle size. This aluminum can bé activated by keeping for two hours at 

50 — 60°C in ethylaluminum sesquihalide medium. The activation temperature 

is maintained at the desired level by a gradual addition of ethyl bromide 

(0.25 kg С>Н.Вг is taken for each 0.61 kg aluminum). After such anactivation 

aluminum readily reacts with ethyl chloride, without an induction period. 

The introduction of iodine into the reaction mixture does not materially 

affect the results of the synthesis. The reaction temperature has a major 

effect on the conversion of aluminum and the reaction rate. The best 

results were obtained at 135°C; at higher temperatures butane is formed in 

a side reaction: 

Al(Cztle)eCl-: СНС > Al(CrH pC ls GH as 

At the same time the exothermal effect rapidly increases, and the 

reaction mixture contains a large amount of tars. According to the authors 

it is necessary to employ high-speed paddle stirrers in the process. 

In another publication /220/ it is recommended to conduct the reaction 

in a continuous process reactor with an external cooler to carry away the 

heat of the reaction. 

Synthesis of dialkylaluminum halides 

Several methods may be employed to prepare dialkylaluminum halides 

from alkylaluminum sesquihalides. The simplest method is to use the 

reaction between alkylaluminum sesquihalide and trialkylaluminum /38, 209/: 

AlgR3X3+ AlR3 <P ЗА1В.Х 

This reaction begins to take place at room temperature and readily 

proceeds with an evolution of heat, which is very marked if ethyl or methyl 

derivatives of aluminum are employed. 

It is also possible to prepare dialkylaluminum halides, in particular 

diethylaluminum chloride, by the reaction /221/: 

Alp(CgH5)3Cl3 + NaCl — Al(CgH5)2C1-++- NaAl(CgHs) Cls 

The reaction takes place at a high temperature and in the presence of a 
large excess of sodium chloride. The sodium chloride should be carefully 
dried prior to use. In this way the diethylaluminum chloride product is 
practically free from ethylaluminum dichloride. 
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Another simple synthesis of dialkylaluminum halides is the reaction 

between the appropriate trialkylaluminum compound and aluminum halide 

/38, 209/: 

Dialkylaluminum bromides and iodides can readily be obtained in this 

way. The preparation of dialkylaluminum chloride proceeds in a somewhat 

different manner, owing to the poor solubility of aluminum trichloride in 

hydrocarbons. The reaction between trialkylaluminum and aluminum 

trichloride is a case of conversion of more alkylated to less alkylated 

organoaluminum compounds by reacting the former with aluminum 

alkylates or aluminum halides. Despite the apparent simplicity of the 

reaction, the reaction of trialkylaluminum compounds with AlCl; or even 

with alkylaluminum sesquichloride is accompanied by side reactions, and the 

final products are not pure. The reaction is accompanied by the evolution 

of gases and precipitation of metallic aluminum /222/. The side reactions 
were due to the thermal decomposition of the reaction products, since the 

alkylaluminum compounds were prepared at 140—190°C. The study of this 

reaction, carried out by Korneev et al. /223/, showed that dialkylaluminum 
chloride free from side products is obtained at a temperature not above 70°C. 

Data on the pyrolysis of alkylaluminum compounds indicate that the formation 

of such side products may be represented as follows: 

NalGoHs ее SalH+ CH= CHe 

NalcoHs-+ CHe=CHe ee NAlGaH 

‘A1C4H, + CH =CHe —_> ХАЛсьнь+ СаНв 

Ree 
3(C2Hs)2eAlH+ AlCl — 3(CgH5)2A1Cl1+4 А1Нз 

AlH3 — Al+11/2He 

Н.- САН, —> С.Н 

H.+ C,H, — CoHe 

The determination of the rates of formation of diethyl- and diisobutyl- 

aluminum chloride as a function of temperature showed that these 

processes take place at measurable rates at low temperatures (-20 to+20°C) 

and become greatly accelerated when the temperature is raised to 50 — 80°C. 

When preparing dialkylaluminum chlorides, the reaction mixture must be 

thoroughly stirred and the solution of trialkylaluminum should be introduced 

into a 20 — 30% suspension of aluminum chloride. It was shown by Zhigach 

et al. /224/ that diethylaluminum chloride can also be prepared by reacting 
aluminum and magnesium powders with ethyl chloride. The reaction proceeds 

readily in hydrocarbon medium with up to 75% yield at 70 — 100°C. 
The preparation of diethylaluminum chloride by dehalogenation of ethyl- 

aluminum sesquichloride by metallic sodium is the only reaction employed 

in industry /219, 225/. The reaction may be represented as follows /38/: 
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2Alo(CgHs)3X3-+3Na oe ЗА1(С»Нь)2Х +3NaX+Al 

(where X =Cl, Br, 1) 

The study of this reaction, which was performed in order to establish 

the optimum parameters of the synthesis and to obtain purer polymerization 

products, revealed that dehalogenation involves a series of chemical 

reactions. It was noted that the reaction can be realized in two ways. In the 

first variant, molten metallic sodium is fed to a hydrocarbon solution of 

ethylaluminum sesquichloride (''sodium — ethylaluminum sesquichloride 
method''), while in the second a hydrocarbon solution of Alg(C2Hs5)3Cl3 is fed 
into an emulsion of sodium in the hydrocarbon (''ethylaluminum sesqui- 
chloride — sodium method"), In the former case the reaction takes place in 
excess Al2(C2Hs5)3Cl3, while in the latter it takes place in excess sodium. 

Thus, depending on the variant chosen, the dehalogenation reaction involves 

the formation of the complexes NaAl(C2Hs)Cl3 ог NaAl(C2Hs)q. 
It has been found that when the reaction is realized by the ''sodium — 

ethylaluminum sesquichloride'’ method, the reaction initially proceeds as 
follows: 

2Al]_(CaHs5)3Clg3+3Na —> 3A1](C2H;),C14+ 3NaCcl+ Al 

The ethylaluminum chloride present in the reaction mixture reacts with 

the NaCl formed: 

NaCl-+ Al(C2Hs)Cl, —> NaAl(C2Hs)Cls 

Thus, ethylaluminum sesquichloride is fully expended even when the 

amount of the sodium which is fed in is much smaller. The overall reaction 

may be written as follows: 

3Na+ 5Ale(CoHs)3Cl3 ye 6A1(CgHs)2C1+-3NaAl(C2Hs) Cl, +Al 

On the addition of sodium the reaction proceeds in two ways /38/: 

3Na+2NaAl(C2Hs)Clz3 —> Al(C2Hs)2Cl+ 5NaCl+ Al 

and 

3Na+3Al(CgHs)2C] —» 2A1(C2Hs)3-+ 3NaCl-+ Al 

The triethylaluminum formed reacts with sodium aluminum ethyl 
trichloride: 

NaAl(C2H5)Cls-+- Al(CgHs)3 — 2Al(C2Hs5)2C1+ NaCl 

and also with sodium: 

4A1(C2H5)3+3Na —» 3NaAl(C2Hs)4+ Al 

The dehalogenation process according to the "ethylaluminum 
sesquichloride — sodium method" proceeds in a different manner, viz.: 
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4 А15(С>Н5)зС13 + 15Ма — 3NaAl(CoHs5)4+ 12NaCl+5Al 

2А12(С2Нз)зС1з + МаА1(С>Нь)4 —> 5АКС»Н;)2С1-- NaCl 

А15(С2Н5)зС1з + NaCl —>» Al(CyHs5)2C1+ NaAl(CoHs) Clg 

Al(C2H5)2C1-+ NaAl(CeHs)4 —> 2A](C2Hs5)3+ NaCl 

NaAl(C2Hs)Cl3+ Al(C2Hs)3 —» 2Al(C2Hs)2C1+ NaCl 

i.e., NaAl(C2Hs5)4 is formed first and subsequently reacts with Al2(C2Hs5)3Cl3 
up to the formation of diethylaluminum chloride. 

It is interesting to note that when this variant is employed, the liquid 

reaction products will contain diethylaluminum chloride almost exclusively, 

even if ethylaluminum sesquichloride is introduced in excess. This is 

because the excess Alo(C2Hs)3Cl3 reacts with sodium chloride with the 

formation of NaAl(C2Hs5)Cl3, and only after all the NaCl in the solid reaction 

products has been consumed, can ethylaluminum dichloride appear in the 

liquid products along with diethylaluminum chloride. This assumption has 

been experimentally confirmed. 

It was found as a result of a study of the temperature dependence of the 

yield of diethylaluminum chloride, of the reaction rate and of the composition 

of the reaction products, that the synthesis is best performed at 105 — 135°C, 

Above 160°C the yield and rate of formation of Al(C2Hs5)2Cl decrease, while 
the content of triethylaluminum in the reaction products increases. 

Very probably, reactions between other alkylaluminum sesquihalides 

and metallic sodium involve the same stages, except for the compounds 

which do not form complexes with sodium halide. 
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Chapter II 

COMPOUNDS OF TRANSITION METALS 

The subject of this chapter is the preparation and properties of compounds 

of the most important transition metals, which are used as components in 

catalyst complexes. We shall discuss, in the first place, the alkoxides and 

the halides of these metals, and then their acetylacetonates and certain 

organic derivatives. The derivatives of other transition metals are discussed 

more briefly, but adequate literature references on the subject are given. 

1. HALIDES AND ALKOXIDES OF TRANSITION METALS 

Most halides of transition metals (except for a few salts of titanium and 

vanadium) are crystalline compounds which form crystalline hydrates with 

water. Many of them fume in the air and decompose at elevated temperatures 

with evolution of the halogen and formation of salts of lower valencies. At 

elevated temperatures all metal halides react with water, with formation of 

hydroxides or of the corresponding metal anion. Compounds of this kind 

very typically form complexes with hydrohalic acids, their salts, bases, 

Lewis acids, etc. 

Alkoxymetals and aryloxymetals are mostly colorless crystalline 

substances or viscous liquids which are stable on storage. Many of them are 

readily soluble in most organic solvents. 

Titanium halides and alkoxides have been studied in most detail; halides 

and alkoxides of other metals have not been adequately studied. 

Titanium chlorides 

Titanium tetrachloride 

Physical properties. Under normal conditions titanium tetrachloride 

is a monomolecular, mobile liquid, strongly fuming in the air. It forms 

white crystals when solid. Electron diffraction studies indicate that the 

TiCl, molecule is a regular tetrahedron, with the titanium atom at its center. 

The distances between the chlorine atoms are 3.61 A, while the distance 

between titanium and chlorine atoms is 2.21 A /1/. The volume of the 

molecule is 5.41 * 1024 cm*, The dipole moment of the compound is zero /2/. 
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The IR spectrum of Т1С\ was studied by Fowler /3/, while Из UV spectrum 
was studied by Hukumoto /4/; its Raman spectrum has also been investigated /5/. 

TABLE 3. Vapor pressure of titanium tetrachloride as a function’ of temperature 

Vapor pressure, 

mm Hg 

Temperature, | Vapor pressure, || Temperature, Vapor pressure, |} Temperature, 

aC mm Hg “aC, mm Hg XG 

493.80 

760 

10 5.54 60 62.15 
20 10.05 80 134.0 135.8 
40 26.50 264.55 

Titanium tetrachloride melts at -23°С /6/ and boils at 135.8°С under 

atmospheric pressure /7/, The vapor pressures of the compound at different 

temperatures are shown in Table 3. 

TABLE 4. Density of liquid TiCl, as a function of temperature 

Temperature, Density, Temperature, Density, Temperature, Density, 

SG g/ml 2G g/ml dG g/ml 

-18.1 1.79167 20 НА ПОНИ 1.62517 

0 1.76087 39.97 1.69371 100.0 1.58914 

10.5 1.744 59.86 1.65974 136 1.522 

Titanium tetrachloride does not decompose on being boiled, and its 

vapors are stable even at temperatures above its normal boiling point; some 

chlorine is evolved at about 2000°C /8/. 
The energy of dissociation of the molecule, calculated from the long-wave 

UV absorption boundary for the probable reaction = 

TiCl,+Av- — TiCl3+ Cl* 

is 87 kcal for gaseous TiCl, /9/. The densities of liquid TiCl, are shown in 

Table 4. The volume expansion between -18 and 110°C may be expressed 

by the formula 

У, = И (1+ 9.6457 - 10-4¢ + 6.026 - 107722 +. 5.94 . 107-923) 

TABLE 5. Viscosity of liquid TiCl, as a function of temperature 

Temperature, 

sc 
Viscosity, Temperature, Viscosity, Temperature, 

poise AG: poise °С 

Viscosity, 

poise 

-15 0.0126 20 0.00826 40 0.00702 
0 0.01012 30 0.00756 50 0.00645 

10 0.00912 

Table 5 shows the viscosity variation of the compound with tempera- 
ture /10/; other physical parameters are listed in Table 6. 
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TABLE 6. Physical constants of titanium tetrachloride 

Parameter | Value References 

Vatentheatvot fusion, Gale ie бе © 0 «us 11.75 11 

Latent heat of vaporization, cal/g........ 

AUsAOCOM Eel eile isles а Tere бе 47.22 и 

О О С 6 hetriet RIP ees 45.43 

Average heat capacity ат 13 —99°C, cal/g... 0.18812 12 

REM ACTIVES О e719 tacvemeaive: slive tate raises Fetal sss 1.6059 13 

Molar mefraction IMR. oft: erie еле 65.23 14 

GEIGAITEIMP CLAMS, °С ia cede? sete ue is) олень 358.0 14 

Entropy of liquid TiCl,, 5298.1 9... 59.51 15 

Маш chemical properties. Hydrogen reacts with titanium tetrachloride 

at 500 — 800°C with formation of the violet-colored TiCl3 /16/: 

ЕЕ нь = 2TiCl, + 2HCl 

Above 900°C, in the presence of excess hydrogen, the reaction proceeds to 
the stage of bivalent and even monovalent titanium /17, 18/. At high hydrogen 

pressures titanium hydride is formed аз a black powder /19/. 

Metals of Groups I—III react with TiCl, to reduce Ti(IV) to the metallic 

state. Thus, for instance, sodium reduces Т1С14 to TiCl, in the cold: 

TiCl,+2Na — TiCl,+2NaCl 

At 130 — 150°C titanium tetrachloride is reduced to titanium /20/. 

Aluminum in the presence of AlCl3 reduces TiCl, to TiCl3 /21/: 

BTC At > Те AIC: 

Nonmetals react with TiCl, only with much difficulty. The tetrachloride 

does not react with carbon /21/; nitrogen reacts only after activation by 
silent electric discharge, with formation of titanium chloronitride TiNCl /22/. 

Phosphorus, arsenic and antimony reduce Т1С14 to TiCl; /21, 23/: 

8TiCl,-P — > СРО 

When а mixture of TiCl4, vapors and oxygen was passed through а glowing 

tube at above 550°C, TiO, and TigO3Cly were obtained /24/: 

TiCl4+ O02 > Т102-- 2015 

4TiCl4+ 302 —* 2TieO3Cle+6Cle 

It was noted that TiCl, does not react with oxygen below 550°C. It reacts 

with sulfur in the presence of aluminum trichloride, with formation of TiCls 

and sulfur monochloride: 

2TiCl,+S. — 2TIClg+ SeCle 
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Except for fluorine, halogens are miscible with titanium tetrachloride 

in all proportions. The action of fluorine produces an exchange of halogen 

atoms with the evolution of elementary chlorine: 

When TiCl, is introduced into water, a large amount of heat is evolved, 

and the voluminous titanium hydroxide precipitates out. It was found that 

when 1 mole of TiCl4 is added to 1600 moles of water at 17°C, 57,870 

calories are evolved /24/. At low temperatures the main product is the 

pentahydrate TiCl,: 5Н2О. This product is orange-yellow and is strongly 

hygroscopic. It decomposes in water to form an orange-yellow, viscous 

liquid. The pentahydrate TiCl,- 5Н2О may be preserved only in the cold 

and in a concentrated solution. It was shown by Luchinskii /24/ that the 
introduction of hydrochloric acid slows down the hydrolysis process 

considerably. It was shown /25/ that this hydrate may exist for a while in 

the nonhydrolyzed form in 0.5N hydrochloric acid solution. On further 

dilution hydrolysis takes place immediately, via the following successive 

steps: 

TiCl,- 5H20 —> TiCls(OH) -4Н20 + HCl 

TiCl3(OH) -4H,0 —» TiCle(OH),+3H20+HCI etc. 

The intermediate products may be isolated in the cold. Thus, for 

instance, the isolated TiCl3(OH) -4H2O and TiCl,(OH)2 -3H2O are yellow 
substances which are unstable in water; TiC1(OH)3 - 2H2O is a white, 

hygroscopic substance which does not react with water. Nevertheless, in 

the presence of a large excess of water at 0°C a gel-like mass of the 

composition Ti(OH)4,- Н2О separates out /26/. Titanium tetrachloride is 
rapidly hydrolyzed by boiling water to metatitanic acid: 

TiCl4+3H2,0 —> H,Ti03+4HGl 

Gaseous hydrogen sulfide reduces Т1С14 to TiCls /27/: 

2TiCl4+ Н.5 ——> 2TiCl3+2HC1+4S 

If TiCl, is mixed with liquid H2S, the brown-colored thiohydrate 

2Т1С14 : H2S, soluble in excess Н25, precipitates out first. At low tempera- 

tures the compounds TiCl, + Н25 and Т1С1. : 2H2S are formed; these are 

yellow crystals. All thiohydrates of tetravalent titanium can be distilled. At 

elevated temperatures they react with excess hydrogen sulfide, forming 

products of thiohydrolysis. The final product of thiohydrolysis is thiotitanic 
acid /28/: 

TiCls(SH) +3H2S —>» Ti(SH),+3HCl 

When hydrogen sulfide is reacted with boiling TiCl, titanium 

thiochloride and titanium sulfide are formed: 

TiCl4+2H2S — TiSe+4HCl 
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Titanium tetrachloride reacts with ammonia to form complexes 

TiCl, : 4NH3 or TiCl4* 6NH3 /29, 30/. The ammoniate TiCl4: 4NH3 is a very 
hygroscopic red-brown powder, which decomposes on being heated, with 

the evolution, first, of ammonia and ammonium chloride and then of hydrogen 

chloride. The next stage is the vaporization of (NH4)sTiClg. When gaseous 
ammonia is reacted with TiCl4 vapors in an atmosphere of hydrogen, 

TiCl, : 6NH3 separates out as a very hygroscopic, bulky, dark yellow powder. 

Titanium tetrachloride readily dissolves gaseous hydrogen chloride. It has 

been pointed out /31/ that two molecular compounds are formed: TiCly: 2НС1 

(m.p. —30.8°C) and TiCly- HCl (m.p. —86°C). Other hydrogen halides react 
with Т1С to form the corresponding titanium halide: 

ОА — + TIX, AC] 

Phosphorus, arsenic, antimony, silicon, carbon and tin halides are 

miscible with TiCl, in all proportions. Sulfur halides form three compounds 

With Сас. SCly. /32/,TiCl,* SCl, /33/ and ‘Tich- 28SC), (/34/. 
Reactions with organic compounds. Titanium tetrachloride is soluble in 

saturated liquid hydrocarbons. If the hydrocarbon is pure, the solution 

remains colorless and transparent for a long time. Solutions of TiCl, in 

unpurified paraffinic hydrocarbons become turbid and assume a light yellow 

coloration, which then becomes dark yellow. Titanium tetrachloride usually | 

forms yellow-colored solutions in benzene and toluene; it is also soluble in 

halogenated aliphatic and aromatic hydrocarbons. \ 

Titanium tetrachloride reacts with alcohols with formation of titanium Ae 

alcoholates. It was noted /35/ that the reaction between titanium tetra- \ 
chloride and alcohols taken in excess, when conducted at an elevated 

temperature, usually results in the formation of dialkoxytitanium dichloride. 

Reaction between TiCl, and hydroxylated aromatic compounds results ina 

product, in which a number of hydroxyls have been replaced by chlorine; 

the exact number of such chlorine atoms depends on the structure of the \ 

initial product. \ 

Titanium tetrachloride reacts with ethers to form complexes of the type | 

TiCl,- (CH3)20. Prolonged action of light on solutions of TiCl, results in } 
a reduction of titanium /36/. Titanium tetrachloride vigorously reacts with | 

aldehydes and ketones, with formation of the corresponding addition / 

products /37/. Reactions with a diketone such as acetylacetone yield \ 

f 

crystalline needles of the composition TiCl, * CH3COCH2COCH3. In ethereal 

solutions chlorine atoms are successively substituted by diketone residues 

and HCl is evolved: 

TiCl, + CHsCOCH,COCH3 —> TiCl3(CHsCOCHCOCHs) + HCl etc. 

Titanium tetrachloride forms complexes by reactions with amines. Thus, 

for example, the aniline complex Т1С14 * 4CgHsNH2 /38/ has been isolated. 
When TiCl, is reacted with free diphenylamine, greenish-brown crystals 

are obtained; dilute solutions of diphenylamine yield a greenish-yellow 

precipitate of the composition TiCl, ‹ (CgHs)2NH /38/. 
Indole reacts with TiCl, to form the molecular compound TiCl, * 2CgH7,N 

/39/. A benzene solution of TiCl, reacts with pyridine to form the yellow | 

precipitate of Т1С14 -2CsHsN /38/; in ether the unstable complex Т1С\ 

*6CsHsN separates out as a brown-colored, amorphous mass /40/. With 

quinoline the brown Т1С14 * 2CgH_N is obtained. 
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Titanium tetrachloride reacts with organometallic compounds to form 

alkyl derivatives, which are unstable and decompose above — 50°C, with 

evolution of TiCl3. Titanium tetrachloride may be alkylated by alkyls of 

alkali metals or by alkyls of the metals of Groups П —IV /41 — 43/: 

MeR +-TiCl, — MeCl-+ ВТС 

Reactions of metal alkyls with titanium tetrachloride will also be 

discussed in Chapter III. 
Preparation. As is well known, the general method for the preparation 

of titanium tetrachloride is the chlorination of titanium-containing slags, 

mostly with subsequent condensation of*the titanium chloride vapors formed. 

Studies of the chlorination of titanium oxides, titanium carbide /210/, 
and titanium slags containing oxides of other metals such as calcium and 

magnesium oxides /211/ showed that the chlorination is a complex process 
which includes two main stages. Initially, lower titanium oxides are 

chlorinated, with formation of titanium tetrachloride and titanium dioxide: 

2TiIO+ 2Cly — TiCl4+TiO2g 

This is followed by the chlorination of Т1О.. 

~ The reaction between chlorine and titanium dioxide takes place in a thin 

sorption layer, which is formed around the carbon and TiO: particles; it 

was suggested by Reznichenko and Solomakha /212/ that the chlorinating 
agent in the layer is а sorptional complex of the type of COCl2, which reacts 

with TiO, to form TiCl4, and СО2. Depending on the flow rate of the gas, 

carbon dioxide may be desorbed together with TiCl,. The impurities in the 

titanium slag, say magnesium or calcium oxides, play an activating part’: 

in the chlorination of titanium oxides. The mechanism of this effect is not 

yet clear, but may consist in the acceleration of the desorption of TiCl,. 

It was found /212/ in a study of the chlorination of calcium metatitanate 
that calcium oxide is chlorinated first. Below 725°C, СО) is mainly evolved, 

while above 725°C the evolution of CO predominates: 

< 725°C Саб: TiOetiCls-11/oC CaCle+1/oCOs+-Tidg 

НЕ CaClo+CO+ TiOs 

It was shown that in the chlorination of the ore concentrate, the main 

monomineral phase of which is calcium metatitanate (perovskite), 74% of 

TiO2 and 96.6% of CaO were chlorinated at 700°C. 

Depending on the nature of the titanium slag being chlorinated, the 

titanium tetrachloride product may contain various amounts of impurities; 

these are chlorides of other metals, such as iron, aluminum, magnesium, 

manganese, calcium and silicon. Under industrial conditions all these 

chlorides are condensed by sprinkling with cooled titanium tetrachloride. 

The resulting condensate is a slurry, which contains suspended fine particles 

of solid AlCl3, FeCl3, etc. Some of the solid chlorides are dissolved in 
titanium tetrachloride. It was reported by Galitskii and Shadskii /213/ that 
a technical grade titanium tetrachloride contained the following percentage 
amount of impurities: 
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а ава up to 2 
(Ge ee А 0.01 — 0.05 
а 0.05 — 0.2 
о SA aa colt 0.01 — 0.2 
COU tere Mien, here 0.01 — 0.09 
ИИ 0.03 — 0.1 
м ЗЕ, 0.02 — 0.07 

It was also found that the solubility of aluminum chloride, iron chlorides, 

etc. in TiCl, increases with temperature. 

The construction of the equipment for the industrial production of 

titanium tetrachloride involves certain difficulties which are due to the 

specific properties of this compound. In addition, since the slurry contains 

solid chlorides of extraneous metals and liquid SiCl, suspended in titanium 

tetrachloride, silicon tetrachloride must be separated from the solid matter 

by settling, centrifugation, filtration or rectification. The removal from 

titanium tetrachloride of impurities such as vanadium chlorides or residual 

aluminum chloride involves the use of physicochemical techniques of 

purification by formation of complex compounds; this is achieved by 

introducing copper powder, moist activated charcoal, etc. into the solution, 

with subsequent settling and filtration of the solid matter. 

The most typical property of liquid TiCl, and TiCl,-based slurries is the 

tendency of TiCl, (which has a very high vapor pressure at normal 

temperatures) to react with atmospheric moisture to give hydrogen chloride 

and solid titanium oxychlorides, which interfere with the normal transport 

of titanium tetrachloride through the liquid and gas ducts. The penetration 

of titanium tetrachloride into the atmosphere has an adverse effect on the 

working hygiene; accordingly, the equipment used in the process must be 

airtight. 

A second, not less important property of titanium tetrachloride is that it 

corrodes the steels and linings commonly employed in equipment construction. 

Accordingly, the equipment used in the manufacture of titanium tetrachloride 

must be made of special brands of steel. 

Avail sti chloride 

Titanium trichloride is a crystalline powder, which is usually violet or 

brown-colored. It is assumed that the true color of TiCls is black, and the 

violet coloration is produced by traces of moisture /44/. 

Titanium trichloride may exist in four crystalline modifications, which 

are known at present asa-, B-, y- and 6-forms /45/. Figure 1 shows all 
these four modifications. The three crystalline modifications of violet TiCls 

(a-, y- and 6-forms) are built of alternate titanium layers, each of which 

is sandwiched between two layers of chlorine atoms. These layers may be 

differently disposed relative to one another, whichaccounts for the differences 

between the three modifications. The brown B-modification has no layered 

structure and may be represented as a linear polymer. It was shown by 

Korotkov and Li Tsung-ch'ang /47/that the B- TiCl3 structure may be converted 
into the a-form by external forces. These workers showed by electron- 

microscopic investigations that when B- TiCl3 particles are heated, the 

particle size increases from 1— Зи to 3—104y4. Prior to heating B- TiCl3 
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forms fairly big needle clusters; when held at 200°C for 20 hours, some 

of the material recrystallizes to form hexagonal plates (a-TiCls). Heating 

at 300 and 400°C yields larger-sized crystals in the form of hexagonal 

prisms. When the temperature is further increased, TiCl3 disproportionates 

to form Т1С1 and volatile TiCly. The conversion of B-TiCl3 into a- TiCls, 

which was revealed by electron microscope studies, was then confirmed 

by X-ray analysis, while the change in the particle size was confirmed by 

measuring the specific surfaces of various TiCl3 samples by the nitrogen 

adsorption method. 

FIGURE 1. Structure of the crystalline modifications of TiCl,: 

a— violet TiCl,; b — brown TiCl;. 

Titanium trichloride is paramagnetic; its density (at an unspecified 

temperature) is 2.656 /48/. At low temperatures TiCl3 becomes antiferro- 
magnetic. It distils without decomposition at pressures below 1 mm Hg 

and separates out as dark violet prisms on the cool parts of the apparatus 

/21/. Under pressures of the order of 10-3 mm Hg, when the temperature is 
slowly raised to 440°C, the crystals gradually sublime and condense again 

as thin, violet-colored platelets, 3— 4mm in diameter /44/. Dijkgraaf and 

Rousseau /49/ studied the absorption spectra of а -Т1С1з crystals in polarized 

light. Titanium trichloride. does not show any changes when heated under 

atmospheric pressure for several hours at 500°C /21/. Titanium trichloride 
can be distilled in a mixture of hydrogen and TiCl, vapors at 600°C /50/. 

Titanium trichloride is readily soluble in water and in alcohol, with 

formation of violet or green-colored solutions; it is insoluble in ether. It is 

sparingly soluble in hydrochloric acid /51/. It is insoluble in TiCl4, CHCls, 

СС14, С52 and benzene /52/. The color of aqueous solutions of TiCls 
largely depends on its concentration of hydrochloric acid. Thus, whena 

solution of TiCl3 is strongly diluted with water, the violet color disappears. 

However, when concentrated hydrochloric acid is added to the solution in 

order to suppress the dissociation, the violet coloration reappears /53/. If 
excess water is evaporated from a solution of Т1С13 or if the solution is 
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saturated with HCl, the violet hexahydrate TiCl3 * 6Н2О can be obtained. 

There is also a green form of TiCl3 hydrate, but it is very unstable /54/. 

On passing gaseous ammonia through TiCls, a white powder of the 

ammoniate TiCl3 -6NH3 separates out. On being heated to 300°C, it is 

converted to the very reactive TiCl3 *2NH3 /55/. 
Preparation of a-TiCl3. Until recently, titanium trichloride was not 

properly studied, but its use as the main component of stereospecific 

catalyst complexes resulted in the search for new ways of preparation of 

TiCl3, and development of industrial syntheses based on reactions already 

known. 

The main starting material in the preparation of TiCl3 is titanium 

tetrachloride. The other reactant is any reducing agent such as hydrogen, 

sodium, magnesium, aluminum, silicon, titanium, etc. 

One of the most interesting methods of preparation of titanium trichloride 

is the reaction between titanium tetrachloride and hydrogen, which has found 

industrial application outside the Soviet Union /214/, Titanium trichloride 

was prepared in this way at 1000 — 1200°C: 

СЫН @-STiCls+ 2 HCl 

The hydrogen chloride formed during the reaction must be continuously 

removed in order to shift the reaction equilibrium so as to favor the 

formation of the violet TiCl3. The equilibrium of the reaction was the 

subject of a detailed study /215/. Metallic titanium was put in the path of 

the gaseous reaction products in order to absorb HCl, as a result of which 

the yield of TiCls increased considerably /216/. A continuous process for 

the preparation of Т1С1. has now been developed: hydrogen is made to react 

with TiCl, in an electric arc discharge. The product is collected in a special 

vessel and the issuing hydrogen chloride is passed over heated titanium. The 

titanium tetrachloride and hydrogen which are formed as a result are 

recycled /217/. 
The hydrogen method for the preparation of violet TiCls, though used on 

an industrial scale /218/, suffers from a number of serious drawbacks, 
including the need for working at anelevated (1000 — 1200°C) temperature, 

a thorough purification of the hydrogen employed, utilization of a large 

excess of one of the components of the reaction, the feed for special 

materials, etc. Asearchwas accordingly instituted for other technologically 

suitable methods of preparation of titanium trichloride. 

Magnesium and zinc /212/ were used as reductants of Т1С14. When this 
was done, TiCl3 was formed at 200 — 400°C and the conversion of the 

reducing metal was low. Similar results were obtained when mercury was 

used as reducing agent. 

Titanium tetrachloride is reduced to the trichloride at an intensive rate 

by sodium or aluminum. The reduction by aluminum is conducted at 200°C 

in the presence of a small amount of added A1Cl3, when a TiCl3 — AICl3 

complex is formed /220/. Titanium tetrachloride is reduced by metallic 

sodium to titanium trichloride, but the product contains up to 50% sodium 

chloride /221/. This method is suitable for the manufacture of titanium 
trichloride on an industrial scale, and is attractive by its simplicity /222/. 

Thermal reduction of titanium tetrachloride by sodium is performed in two 

equipment units. The unit which accommodates metallic sodium is made 

airtight, is inserted in an electric furnace and heated to 500 — 550°C, and 
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TiCl, is then passed over the molten sodium. The rate of the process is 

adjusted by varying the temperature in the reactor, the feed rate of TiCl, 

and the reactor pressure. The resulting salt mixture is pressed into an 

airtight mold; the melt in the mold is allowed to cool, the mold is opened 

and the resulting bar of TiCl3 is ground. : 
Interesting studies were carried out /223/ on the preparation of titanium 

trichloride by reducing titanium tetrachloride by TiOz—C ог TiO—C 

mixtures: 

BTICl-Ti09--3C > 41113 --960 
Зи + TIO-+C = 4TiCls+CO 

These reactions are best performed at 1000 — 1500°С. The reaction 

products form a gaseous mixture consisting of TiCls, TiCl4 and CO. The 

following side reaction may also take place: 

8TiCls+CO = 6TiCl4+ TiO +TiC 

As the temperature decreases, this equilibrium is shifted to the right. 

On slow cooling the gaseous compounds which contain TiCl3 and CO may be 

converted into other products. 

A patent /224/ has been taken out for the preparation of TiCl3 by the 

reaction of TiC with TiCl,: 

3TiCly+ TiC = 4TiCls+C 

FIGURE 2, Laboratory apparatus for the prepara - 
tion.of titanium trichloride: 

1 — evaporator of titanium tetrachloride; 2 — 

glycerin bath; 3 — graphite beaker with silicon; 
4 — reactor; 5 — condenser; 6 — electric furnace; 

7 — heat exchanger; 8 — collector of TiCly and 
SiCl4; 9 — absorber bottle for volatile chlorides. 

titanium oxides and carbon; it utilizes the fact that the oxides react with the 
carbon above 900—1000°C, when the carbide and carbon monoxide are produced 
аа, 
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One of the most promising methods for the preparation of titanium 

trichloride is the reaction between TiCl, and Ti: 

3TiCl,+ Ti — 4ATiCls 

This reaction was checked by Ryabov and Zviadadze and was found 

suitable for preparative purposes /226/. The reaction begins above 500°C. 

According to these workers, the first stage in the process is the reaction 

between Ti and TiCl4, with formation of TiCly: 

TiC Tse ть 

after which TiClg reacts with TiCl, to form TiCl3. 

Seelbach /227/ subsequently patented a method for the preparation of 
TiCl3 by reduction of titanium tetrachloride with metallic titanium. In order 

to prepare titanium trichloride in high yields, metallic titanium should be 

present in excess. The reaction proceeds ina satisfactory manner at 

400 — 500°C under a pressure of above 100 atm. 

Furman and Lavrova /228/ developed an interesting process for the 
preparation of the violet TiCls from titanium tetrachloride and silicon. 

These workers showed that the sole product of the reaction is TiCl3 which 

contains а small amount of Т1С15. A scheme for a laboratory scale 

preparation of TiCl3 is shown in Figure 2. The optimum reaction tempera- 

ture is 900°C. The conversion of TiCl, is low: only 15 — 17% per pass. The 

product is technical grade a-TiCls, 98 — 99% pure, which contains less than 

0.5% TiCl, and less than 1.0% insoluble admixtures /214/. 

Preparation of B-TiCls. One of the simplest methods for the preparation 

of the brown variety (8-form) of titanium trichloride is the reaction between 

an alkylaluminum compound and a solution of TiCl, in a hydrocarbon. 

Korotkov and Li Tsung-ch'ang /229/ prepared В-Т1С13 by the reaction 
between Al(C2Hs5)eCl and TiCly, taken in equimolecular amounts. The 

resulting precipitate of B- TiCls was filtered at room temperature onto а No. 4 

sintered glass filter and washed several times with the anhydrous solvent. 

The B-TiCl3 thus obtained contained small amounts of TiCl4, aluminum and 

organic compounds. The organic compounds should be removed by 

petroleum ether extraction conducted at 80°C. 

High purity B-TiCls preparations may be obtained by decommpenttion of 

methyltrichlorotitanium /230/. 

Hinton. calcio wide 

Titanium dichloride is a black-colored, crystalline compound, witha 

hexagonal lattice /56/. The compound is unstable in the presence of TiCl, 

even at room temperature /57/; it burns in the air with the evolution of 
TiCl, vapors and formation of TiO: /58/. In vacuum, even under very low 
residual pressures, titanium dichloride is not markedly volatile at 

temperatures above 600°C /21/. Titanium dichloride vigorously reacts with 
water, with evolution of hydrogen and formation of a yellow solution, the 

properties of which resemble those of the partly oxidized solution of TiCl3. 

When the amount of water is very small, the compound is prone to spontaneous 

combustion /58/. 
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Titanium dichloride bursts into flame on being reacted with bromine, 

when it forms a liquid with b.p. 177°C. It would appear that the liquid 

consists of an azeotropic mixture of TiCl, and TiBr, /58/. Concentrated 

nitric acid oxidizes TiClz, and the reaction products are spontaneously 

flammable. In concentrated hydrochloric and sulfuric acids TiCl2 dissolves 

to form a green-colored solution /57/. If TiCl, is added to this solution, it 

becomes violet-colored, indicating that bivalent titanium is present /55/. 

Titanium dichloride is insoluble in ether, CS2 and chloroform. It reacts 

with alcohol with evolution of hydrogen and formation of a yellow solution, 

which turns blue-black when treated with ammonia /58/. 
Titanium dichloride reacts with gaseous ammonia with evolution of heat 

and formation of the pearl-gray TiCl, -4NH3. A similar reaction takes place 

with ammonia at —78°C. The compound TiCl, * 4МНз decomposes in vacuo at 

300°C to give ammonia and ammonium chloride. The residue apparently 

contains titanium nitride /59/. 
The specific magnetic susceptibility at -180, —78 and + 15.6°C is 

6.65 .106, 4.90 -106 and 4.30 -10 6 respectively /60/. 

Other halides of titanium and of titanium group metals 

Titanium halides such as TiBry, Til, or Т1Вг. resemble in their 

properties the corresponding chlorides of titanium. Their hydrolysis mainly 

takes place according to the following scheme: 

TiX4,+2H.0 @ Ti(OH)4+4HX 

where Х 15 Breor 1. 

Another very typical property of titanium halides is their strong tendency 

to participate in addition reactions. Some of the physical properties of 

titanium halides TiHal, and TiHal3 are shown in Table 7. 

TABLE 7. Some physicochemical properties of titanium halides 

Compound Halogen Color М.р., © В.р., °C 
7 + ——S 

Е Colorless — 284 

Cl a - Tix, 23 136 

Br Yellow 39 230 

I Dark red 150 377 

Violet Sublimes at 425 —480°C 

TiX; Bluish ~black Decomposes at 400°C 

Violet-black Decomposes above 350°C 

Zirconium and hafnium halides are colorless crystalline compounds. 

Their hydrolysis may be described by the equation: 

ZrX4+H:20 = ZrOX,+2HX 

where X is Cl, Br or I. 
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Fluorides, unlike the other halides, react with water to form complex 

acids of the type Н MOF,] and for this reason do not, practically speaking, 

undergo hydrolysis, even on being heated. Zirconium and hafnium halides 

typically undergo sublimation on being heated. The vapor pressures of 

ОЕ РАВ. ДР НКЦ end НЕВЕ, attain 760 mm Hg<at:331, 357, 431, 

317 and 322°C respectively. Their melting points can be determined only 

under elevated pressures and are, respectively, 437, 450, 499, 432 and 

420°C /62/. Spiridonov et al. recently determined the crystalline structure 
of Zr], ‘/61/. This salt crystallizes as tetrahedra; it has a molecular cubic 

lattice with cae 0:32 А, coordination number 8, and Zr — Cl distance 

2.324 0.02 А. The ее susceptibility is 0.301 - 107° CGSM; the density 

at 15°C is 2.803 g/cm*; the heat of formation of ZrCl, from the elements is 

231,940.51 Keal/mole. Zirconium tetrachloride is insoluble in CCl, 

heptane and other similar solvents. If dissolved in benzene, formaldehyde, 

acetone or similar solvents, profound chemical transformations take place. 

Zirconium tetrachloride is also soluble in fused alkali and alkaline earth 

metal chlorides. 

Zirconium tetrabromide crystallizes in a primitive cubic lattice with 

a=10.95+ 0.01 А /63/. It is much less stable to heat than ZrCl4, and 
decomposition is already significant at 1245°C /64/, while the tetraiodide 
begins to decompose at 1000°C. Complete decomposition of ZrBr, occurs 

above 1450°C /64/, р ‘ 
Trivalent zirconium compounds are known. They are brown or black- 

colored modifications, which are formed when the corresponding ZrX, is 

heated with metallic aluminum ina sealed tube. They are all very strong 

reducing agents. 

The blue-black HfBr3 greatly resembles ZrBrg in its properties. It 

decomposes on being heated above 300°C in vacuo: 

2HfBr3 ——— HfBr4+ HfBre 

Halides of metals of Group V and Group VI 

Halides of metals of the vanadium sub-group /62/ 

The most interesting compounds of Group V metal halides are vanadium 

halides. These compounds, like titanium halides, react very vigorously 

with water and with other hydroxylated compounds. Of the pentahalides, the 

fluoride only is known; it may be prepared by reacting the elements at 300°C 

and is a crystalline, colorless substance with a sublimation point of 111°C. 

Vanadium pentafluoride is fully hydrolyzed by water. Pentavalent vanadium 

also forms oxyhalides of the general formula VOHal3. Of these VOF3 forms 

yellowish- white crystals (т.р. 300°C, Ъ.р. 480°C), With KF and NaF the 

complexes ЗМЕ -2VOF3 are formed. The yellow VOCl3, m.p.-77°C, b.p. 

127°C, is readily hydrolyzed to vanadic acid. It may be prepared by the 

reaction between dry HCl and heated V2Os5, in the presence of phosphorus 

pentoxide to bind the water formed. As distinct from VOF3, vanadium 

oxytrichloride does not form complexes with alkali metal halides. Vanadium 

oxybromides are unstable and decompose on being heated. The orthobaric 

densities and critical parameters of VOCl3 have also been determined /57/. 
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The oxyhalides formed by vanadium dioxide with the corresponding acids 

are very hygroscopic. Vanadyl chloride VOCl, is green when solid. It 

readily dissolves in water, forming a blue or brown-colored solution, 

depending on the experimental conditions. .The brownish-black УОВг2 forms 

blue solutions in water. 

Vanadium tetrachloride, which is best prepared by direct heating of the 

elements, is a heavy red-brown liquid (т.р. -26°С, b.p. 152°C). It forms 
dimers when dissolved in CCly. On being heated, vanadium tetrachloride 

slowly decomposes into vanadium trichloride and chlorine; it reacts with 

water to form vanadyl chloride. It reacts with KCl, RbCl and CsCl at 460°C 

to form addition compounds, which are brown, red-pink and violet-colored 

respectively. 1 
Vanadium tetrafluoride, which is prepared by prolonged heating of VCl4 

with anhydrous hydrofluoric acid, is a brown-colored powder. When heated 

above 300°C in a nitrogen atmosphere, it decomposes into VF3 and VFs. 

Vanadium tetrafluoride is hygroscopic and is easily hydrolyzed with the 

formation of VOF»2. 

Vanadium trichloride is obtained by derma) decomposition of VCl4. 

It forms red-violet nonvolatile crystals, which are readily soluble in water, 

in which they form green-colored solutions. 

In the same manner vanadium tribromide and triiodide can also be 

prepared. They resemble vanadium trichloride in their properties, but are 

less stable. 

Vanadium dichloride, which is prepared by passing a mixture of hydrogen 

and VCl, vapors through a red-hot tube, forms pale green crystals. It 

dissolves in water, forming a violet-colored solution, which then again 

becomes green owing to the oxidation of V(II) to V(III). Vanadium dichloride 
forms blue solutions in alcohol and green-yellow solutions in ether. The 

brown-colored VBrg and the pink-colored VI2 display similar properties. 

Tantalum and niobium halides do not differ in many respects from the 

vanadium compounds. Both they and vanadium salts may form oxyhalides, 

in which the metal may be bivalent or trivalent. However, metal penta- 

halides are the most stable form. Their boiling points and melting points 

are shown below: 

Compound . ее. , МЬЕ5 NbCl, NbBrg TaFs TaCl, ТаВ5 Tal, 

WISI AG aan Bee ocpec 76 210 268 97 220 280 496 

iE — Gg Coke oe o 229 254 362 230 239 349 543 

All these compounds have the structure of a trigonal bipyramid, with the 

metal atom in the center. Niobium pentachloride is known in two forms: the 

white and the yellow form (transition point —183°C). 
Tantalum pentachloride decomposes on being heated to give TaCls and 

chlorine, after which the former reacts with excess TaCls to give ТаС\4. 

Tantalum tetrachloride is a dark green solid, which is readily decomposed 

by water, according to the equation: 

2TaCly+5H2,O0 —> TaCl3+Ta(OH);+5HCl 

Tantalum trichloride and niobium trichloride, which are black and dark 
green respectively, are obtained by thermal decomposition of the chlorides 
МС\. They dissolve in cold water, forming blue (niobium) or green 
(tantalum) solutions. Both solutions act as very strong reducing agents and 
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are gradually oxidized by atmospheric oxygen. When alkalis are added to the 
solution of TaCl3, the green Ta(OH) 3 precipitates out; it is so strongly 

reducing that, on being boiled with water, it decomposes it as follows: 

Ta(OH)3 + 2HeO0 —> Ta(OH)s5 + He 

The dark green nonvolatile ТаС1› may be obtained by thermal decomposi- 

tion of TaCl3 at 500°C. It is practically insoluble in water, but is oxidized 
in the cold, with evolution of hydrogen and formation of Ta® ions. 

Halides of metals of the chromium sub-group /62/ 

Almost all the halides of metals of the chromium sub-group are high- 

melting crystalline substances. Products in which the oxygen in the trioxides 

МОз is fully substituted by halogen have only been obtained for molybdenum 

and tungsten. These metal fluorides are formed by direct interaction with 

fluorine. Molybdenum hexafluoride MoF., m.p.18°C, b.p. 35°C and tungsten 

hexafluoride WF., т.р. 2°С, b.p.18°C, are colorless, low-melting and very 

volatile. Organic solutions of WF are intensely colored. Metal hexafluorides 

are very reactive. They are readily decomposed by water to the oxyfluorides 

MOF, and MOe2F2. Other halides of MX¢ type are known for tungsten only. 

The dark violet WCle m.p. 284°C, b.p. 337°C, is formed by direct reaction 

between elements in the heat. It has the structure of a regular octahedron. 

It is readily soluble in alcohol and ether, and practically insoluble in cold 

water, but is readily decomposed by hot water, with formation of eee 

and WO2Clz. The blue-black WBrg displays similar properties. 

Few pentavalent compounds of metals in this sub-group have been studied. 

Tungsten pentachloride can be obtained by repeated distillation of WCleg ina 

stream of hydrogen, while MoCls is obtained by heating metallic molybdenum 

powder ina stream of chlorine. Both WCls, m.p. 248°C, b.p. 276°C, and 

МоС15, m.p.194°C, b.p. 268°C, form greenish-black crystals. The brown- 

violet WBrg, т.р. 276°C, b.p. 333°C, is known. Neither solid nor fused 

molybdenum pentachloride conducts electric current. Its crystalline P 

structure may be represented by two octahedra with a common edge. The 

bonds Mo—Mo are absent /95/. Both WCls and MoCls are decomposed by 
water with formation of the metal trichloroxide. 

The tetravalent metal halides which have been prepared include only 

CrF,, which is formed by the reaction between fluorine at 400 — 500°C with 

Cr or CrF3. This compound is markedly volatile at temperatures as low as 

150°C, deliquesces in moist air and etches glass. The reaction between 

CrCl3 and chlorine at 700°C yields CrCl4, which is stable in the gas phase 

only. Chlorides of tetravalent molybdenum and tungsten are the compounds 

which have been studied in most detail. The brown-colored MoCl4y, which is 

formed by the reaction between MoO, and chlorine in the heat, readily 

sublimes as yellow vapors, but the brown-gray WCl, is not volatile. It may 

be prepared as crystals by heating WCl¢ in a stream of hydrogen at a high 

temperature. Molybdenum tetrachloride displays a trigonal symmetry /95/. 

These compounds are very hygroscopic and are decomposed by water. 

Similar properties are displayed by the black-colored WI4, while the 

reddish-brown WF, is more stable with respect to water. 
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The trivalent halides of the metals in this sub-group are cheapest and 

are most easily prepared. Anhydrous chromium chloride CrCl; is formed 

by direct reaction between the elements in the heat. It forms red-violet 

crystals, which are readily distilled in a stream of chlorine. Chromium 

trichloride CrCl3 has an m.p. of 1150°C and is practically insoluble in water. 

However, in the presence of traces of CrCl, or any other reducing agent the 

dissolution is rapid and proceeds with a marked evolution of heat. Two 

varieties of chromium trichloride hexahydrate CrCl, -6H20 may be formed, 

namely, the dark green and the violet modification, of which the dark green 

form is much more strongly hydrolyzed than the violet form, The green 

CrF3 (subl. pt. 1200°C) and the almost-black CrBr3 are very close in their 

properties to CrCl3; the triiodide cannot be isolated free, but the violet- 

colored hydrate CrI3 * 9H2O is known. 

Unlike for chromium, the trivalent state is not typical of molybdenum 

and tungsten. Molybdenum trichloride may be prepared by heating MoCls at 

250°C in a stream of hydrogen. It is a dark red crystalline substance, 

insoluble in water and in hydrochloric acid.* The black-colored bromide of 

a similar composition may be prepared directly from the elements, while 

the fluoride is prepared by reacting МоВгз with HF at 600°C. The chloride 

of W(III) is not known in the free state, but only as greenish-yellow double 

salts of the type 2WCl; + ЗМСЬ e.g., 2WCls3 - 3KCl. 

The chloride of bivalent chromium CrCl, is formed by the reaction 

between the metal and hydrochloric acid in an atmosphere of hydrogen. It 

may be prepared by heating metallic chromium in a stream of gaseous 

hydrogen chloride or by reducing CrCl3 by hydrogen at about 600°C. Anhydrous 

CrCl», is a colorless crystalline substance, m.p. 824°C, very hygroscopic, 

which dissolves in water to give deeply colored solutions. It may be isolated 

from such solutions as the blue-colored СгС1. . 4Н2О hydrate, which 

isomerizes to a green form above 38°C and at 51°C is converted to the blue- 

colored trihydrate. “ 

All halides of bivalent molybdenum and tungsten are known ах for the 

fluorides. The yellow MoClz may be prepared by heating molybdenum in 

phosgene vapors. It is almost insoluble in water, but is soluble in alcohol 

and ether, in which it is trimeric. The orange-colored МоВг. displays 

properties similar to those of the chloride. The same applies to the brown- 

colored molybdenum iodide. The gray WClg, which is unstable in the air, 

may be prepared by heating WCl, in a stream of dry gaseous CO g. Itisa 

strong reducing agent and reacts with water with a vigorous evolution of 

hydrogen. The bromide WBrg displays similar properties, while the brown 

Wiz is practically insoluble in cold water, while being decomposed by hot 

water. 

Metal alkoxides and aryloxides 

Titanium alkoxides are the most important alkoxides of transition metals 

employed as components of complex polymerization catalysts. We shall 

accordingly limit our discussion to the derivatives of titanium. 

* It has been recently established /95/ that MoCl, crystals may exist in two (a- and В-) modifications, which 
differ in the mode of packing of the anions. 
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Titanium alkoxides and aryloxides 

These compounds may belong to one of two types: titanium alkoxyhalides 

(aryloxyhalides) and titanium tetraalkoxides (tetraaryloxides). 
Up till now, titanium alkoxychlorides and titanium tetraalkoxides have 

been studied in most detail. Other titanium derivatives have not yet been 

studied in detail. 

Titanium alkoxychlorides are low-melting, colorless crystalline 

substances or viscous liquids. The viscosity of titanium trialkoxychlorides 

decreases with increasing molecular weight. Titanium alkoxybromides are 

yellowish-colored substances. Titanium aryloxides are red-colored solid 

substances, with much higher melting points. All these compounds are very 

hygroscopic and are as a rule readily soluble in organic solvents. Titanium 

alkoxychlorides with straight chain alkyl groups are stable on storage and 

may be vacuum-distilled, which results in only a small degree of dispropor- 

tionation. Titanium alkoxychlorides with secondary andtertiary alkyl carbons 

are unstable and decompose on being stored or heated to give titanium 

oxychloride TiOCly, alkyl chloride RCl, hydrogen chloride and polymeri- 

zation products /65/. 
Titanium tetraalkoxides are, save for a few exceptions, colorless or 

yellowish liquids, with high boiling points. Titanium tetraaryloxides are 

red-colored, solid substances. All these compounds, just like titanium 

alkoxy halides, are readily soluble in most organic solvents. The molar 

refraction of titanium tetraalkoxides is 20,634 0.06 /66/, while the refraction 
of the Ti — O-bond in alkoxy derivatives of titanium is 4.08 /67/. Spectro- 

scopic studies of esters of orthotitanic acids are available /68, 69/. 
Lower titanium tetraalkoxides, up to (CsH7O,4)Ti, are stable to heat and 

may be distilled under atmospheric pressure without decomposition. As the 

length of the alkyl radical increases, the compound becomes less stable to 

heat. However, even lower titanium tetraalkoxides, while being stable to 

heat, undergo condensation on prolonged heating, which is accompanied by 

the evolution of volatile substances and formation of polymeric compounds: 

OR OR 
| | 
ото. : 

| | 
OR OR 

The alkoxy group is readily split off when Ti(OR)4 is acted upon by water: 

ey | 
—Ti—OR+H.0 — —Ti—OH+ ROH 

| | 

If the amount of water introduced into the reaction mixture is insufficient 

to ensure a full hydrolysis of the ortho-ether, an intermolecular condensation 

of hydrolysis products takes place, with formation of polytitanoxane 

compounds: 

| | | 
2—Ti—-OH —> naa H20 

| | 
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Reaction with alcohol results in trans-etherification: 

Ti(OR)4+4R’OH == Ti(OR’)4+4ROH 

Titanium tetraalkoxides react with hydroxycarbonyl and enolized 

compounds (acetylacetone, acetoacetic ester, etc.), when orthotitanic acid 

esters with a chelate structure are formed. Thus, the reaction between 

titanium tetraalkoxides and acetylacetone yields two different products, 

depending on the initial reactant ratio /4/: 

CH 

ar LA \ 
RO ies \сн ава HC” М” Nox (ВО)з - i 

Noac” \c_0o”% И ООС 
\cHs нс” сн; 

These compounds are stable to water. Similar compounds may be 

prepared by the reaction between titanium halides and acetylacetone /70, 71/. 

Some of the physical properties of titanium tetraalkoxides and tetraaryl- 

oxides are listed in Table 8. 

TABLE 8. Certain physical properties of the most important titanium tetraalkoxides and tetraaryloxides /72/ 

Formula Formula 

C,HsOTiCl,; 185 — 186 81 — 82 (CHO) 2TiBrg 95 — 105 (5) 47 — 50 

iso-C3H,OTiCl, 65 (1) 78 — 79 (decomposes) 
(C,Hs50),TiCl, 142 (18) 40 — 50 (С2Н5О) «ТЕ 236 — 237 40 

(decomposes) || (iso-C3H7O,)Ti 920 (760) _ 

(iso- C3H7O) TiCl, 160 (18) — 97 (7.0) > 
(СНБО) Та 176 (18) — (CgHsO)4Ti 267 (3) 153 — 154 

The methods of synthesis of orthotitanic acid esters are based on the 

substitution of the chlorine atoms in TiCl, by alkoxy or aryloxy groups, and 

on the substitution of the alkoxy groups in titanium tetraalkoxides by other 

alkoxy groups or by aryloxy groups. 

Shiihara et al. /79/ gave the most detailed review of the various deriva- 
tives of titanium. Here we shall merely say a few words about the most 

frequently used methods for the preparation of titanium tetraalkoxides. 

Titanium tetrachloride reacts with alcohols up to the stage of formation of 

dialkoxydichlorotitanium compounds /80, 81/. In order to substitute all four 

chlorine atoms by alkoxy groups, the hydrogen chloride evolved during the 

reaction must be bound by ammonia /73, 74/, an organic base /73, 76/ or 
sodium alcoholate in lieu of alcohol /73/. The best method for the preparation 
of titanium ortho-ethers is the reaction between alcohol and the ammoniate 

of titanium tetrachloride Т1С14 ' 8МНз, which is prepared by passing 

ammonia into a solution of TiCl4 in cyclohexane /77/: 

TiCl,- 8NH3+4ROH —+ Ti(OR)4+4NH,Cl+ 4NH3 
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In order to avoid the need for filtering the reaction mixture, it has been 

suggested /78/ that the reaction be conducted in formamide or in adiponitrile, 
in which МНаС!1 is soluble, while (RO)4Ti precipitates out. 

2. METAL ACETYLACETONATES 

Most metal acetylacetonates are crystalline powders which are readily 

soluble in organic solvents. 

It was found by Cox /82/ that acetylacetonates of bivalent metals are 

Spiranlike compounds with a planar arrangement of the rings: 

НзС СНз 
© Y c=6 26 

нсИ re Ncu 
\c=0” ос 

H,C” \cHs 
М — metal 

Acetylacetonates of higher valency metals have a similar structure. It 

has been shown /83, 84/ that the stability of the М — O-bond in these 
compounds depends on the nature of the metal and increases with increasingly 

electronegative character of the metal in the following sequence: 

Ва — Sr — Ca — Mg — Cd — Mn —> Pb —> Zn — Co — 

—> Ni — Fe — Cu — Ве — Hg 

All methods of preparation of metal acetylacetonates can be grouped 

under the following five headings: 

1, Reaction between metal hydroxide and acetylacetone /85, 86/: 

CH 

GaN ‘ 
MOH+RC—CH,—C—R’ — R—C C= 

| || | | + H20 о О Giga (niin 
M 

The reaction proceeds at room temperature. In this way cobalt, nickel, 

iron and copper acetylacetonates are readily prepared. 
2. Reaction between sodium acetylacetonate and a metal salt /87/: 

CH 

Ag Soe RCOCHCR’ONa+MX —» ВС CR'+NaX 
и | 

@. 0 
о 
М 

Acetylacetonates of Al, Fe, Ni, Cu, Mn, Cr, ес. have been obtained by 

this method. 
3. Reaction between acetylacetone with metal salts in the presence of 

ammonium hydroxide /88/: 
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vias 
МХ. + 2NH,0H+2RCOCH,COR —> oe +2NH4X +2H20 

Os vo 
| || 
Ce sen 
Ve 
CH 

R 

The reaction probably takes place via an intermediate compound; the 

ammonium salts of the diketone is formed first, and reacts with the metal 

salt to give the chelate compound. 

4, Reaction between acetylacetone and nascent metal ions /89/. 

In this way it is possible to prepare acetylacetonate of trivalent manganese 

by reacting stoichiometric proportions of acetylacetone, manganous sulfate 

and potassium permanganate: 

6MnSO4 + 2KMn0,4-+ 18CH3COCH2COCH3 ——» 6Mn(C;H702)3 + 2MnO2+ K9S04 + 5H2S 04+ 4H20 

5. Reaction of acetylacetone with metal oxides /90, 91/: 

CH 
Ss 

RC CR 
| + H20 
0 

XA, 
M 2 

2RCOCH2COR + Мед —> и 

Derivatives of copper and lead have been obtained in this way. 

The preparation and certain properties of a number of individual metal 

acetylacetonates in most frequent use are described below. 

Aluminum acetylacetonate. This compound is prepared from aluminum 

chloride, ammonia and acetylacetone, dissolved in absolute alcohol. The 

reaction mixture is stirred for 2 hours, МН4С1 is filtered off and ethanol is 

expelled by distillation from the ethanolic solution of aluminum acetyl- 

acetonate /92, 93/. 
It is also possible to prepare the compound in a similar manner from a 

basic salt of aluminum and acetylacetone or from 

O о 
|] || 

Ale(SO4)3, МНз and СНз—С—СН»—С—СНз /94/. 

Titanium acetylacetonate. The reaction between equimolecular amounts 

of acetylacetone and titanium tetraalkoxide yields a pentacoordinated 

titanium compound /68/: 

CH3 

RO < 

во ST Hs (R=CeH;, СзНо, СаНо) 

RO ‘NO == С 

\cHs 
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If two equivalents of the diketone are employed, the titanium atom 

becomes hexacoordinated. Solutions of these compounds in benzene are 

monomeric. 
Titanium trichloride reacts with acetylacetone to form a compound with 

М.М. 490 — 540, to which the following structure is ascribed /96/: 

Н.С CH3 

HC” “и “и \cH 

нс” \cus № 

The following interesting syntheses are known /97/: 

3TiCl, + 6CH3COCH=C(OH)CH3 —> 6HCl-+ 2[Ti(C,H702)s]* + (ТС)? 
TiCl, + 3CHsCOCH=C(OH)CH3+ FeCl —» ЗНС1+ [Ti (С5Нз02)3]2* + (FeCl,)~ 

It is considered that the products contain hexacoordinated titanium. 

bis-(Acetylacetonate)titanium dichloride is formed by the reaction between 

titanium tetrachloride and acetylacetone; the compound is monomeric in 

boiling benzene /98/. As a result of the reaction with isopropanol, the 

chlorine atoms are substituted by isopropoxy groups. The compound 

Ti(Cs5H7O2)3 can be prepared by the reaction between titanium trichloride and 

acetylacetone in the presence of dry ammonia in benzene solution /99/. The 
NMR spectrum of Ti(IV) acetylacetohate has also been taken /180/. 

Zirconium acetylacetonate. Well-shaped crystals of the decahydrate of 

Zr(CsH7O2)4 were obtained by reacting acetylacetone with an aqueous solution 

of zirconium nitrate or zirconium chloride /100, 101/. The following method 
of preparation of zirconium tetraacetylacetonate is convenient. 

Zirconium tetrachloride octahydrate (5.8 g) is dissolved in 50 ml water 
and the solution is cooled to 15°C. Fifty ml of a 10% solution of sodium 

carbonate and 10 g of acetylacetone are slowly introduced into another vessel, 

with stirring. This solution is cooled to 0°C, filtered if necessary, and 

poured into the solution of zirconium chloride, which should also be cooled 

to 0°C. The precipitation of zirconium acetylacetonate takes about one hour. 

The precipitate is filtered off, washed with cold water and dried. It contains 

insignificant amounts of zirconium hydroxide as impurity. To obtain the pure 

compound, the crude product is dissolved in benzene (5 g substance in 25 ml 

benzene), the solution is filtered and petroleum ether is added to the filtrate, 

when pure anhydrous zirconium acetylacetonate precipitates out. 

Hafnium acetylacetonate may be prepared in the same manner. 

Zirconium acetylacetonate is a colorless crystalline substance, which 

forms typical monoclinic, doubly refracting needles /101/; the density at 
25°C is 1.415 g/cm® /100/. The compound melts at 194 — 195°C, boils at 
82°C /0.001 mm Hg and begins to decompose at about 125°C; its Raman 

spectrum has an absorption band at 1520 cm™ /102/; its water solubility is 
about 10 р in 100 ml solution at 20°C; it is insoluble in acetone and does not 

react with absolute alcohol below 40°C. 
Vanadium acetylacetcnate is prepared from VCl4 and acetylacetone or 

sodium acetylacetonate /103/. Vanadium (III) acetylacetonate and vanadyl 
acetylacetonate may be prepared in a similar manner. Vanadyl acetylaceton- 

ate forms blue-green, monoclinic crystals, т.р. 250°C. Vanadium(III) 
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acetylacetonate is a brown-colored crystalline substance, т.р. 182°С, which 

is easily oxidized to the vanadyl derivative. 

Chromium acetylacetonate is prepared by interaction between chromium 

chloride and acetylacetone in the presence of sodium carbonate /104/ It 
forms red-violet monoclinic crystals, m.p. 216°C, which are soluble in most 

organic solvents. 
Molybdenum acetylacetonate is formed by reacting molybdenum compounds 

with acetylacetone /105, 106/. 
Manganese acetylacetonate is obtained by the reaction between manganese 

salts and acetylacetone and sodium carbonate, or by treatment of the salt 

with aluminum acetylacetonate in an organic solvent /107/. It is a brown- 

colored, monoclinic, crystalline product, m.p.172°C, soluble in organic 

solvents, insoluble in water and stable in the air. 

Ferric acetylacetonate is formed by reacting acetylacetone with an 

aqueous solution of Fe2(SO4)3 and sodium carbonate, or else by reacting 

ferric chloride with sodium acetylacetonate /108/. It may also be prepared 
by reacting aluminum acetylacetonate with a solution of an iron salt in 

absolute alcohol /107/. The corresponding derivatives of ferrous iron are 

prepared in a similar manner, using ferrous sulfate or ferrous chloride. 

Ferric acetylacetonate forms yellowish-red prisms, m.p.182°C, which are 

readily soluble in organic solvents, but sparingly soluble in water. Its 

aqueous solution is practically nonconducting /109/. It is decomposed by 
alkalis, the colloidal Fe(OH)3 being formed on boiling. It is stable to acids. 

Cobalt(II) acetylacetonate may be prepared from Co(OH)2 and асефу1- 
acetone. Cobalt acetylacetonate forms red crystals, which sublime. It is 

soluble in water and in most organic solvents /110/. Cobalt(III) acetyl- 
acetonate is formed by oxidizing the corresponding cobalt(II) derivative with 

sodium hypochlorite or hydrogen peroxide. The oxidized product separates 

out as dark green, monoclinic crystals, m.p. 241°C, which are readily 

soluble in organic solvents. Ss 

Nickel acetylacetonate is prepared from ammonium acetylacetonate and 

nickel oxide or a nickel salt /107/. The compound may also be prepared from 

Ni(OH)z or NiCO3 and acetylacetone by grinding the salts with acetylacetone 

in a special apparatus /109/. Other workers described the preparation of 
nickel acetylacetonate from acetylacetone and a basic solution of a nickel 

complex /111/, or a nickel salt and ammonia /105/. Nickel acetylacetonate 
forms pale green crystals, m.p. 228°C, soluble in water and in some 

organic solvents, such as alcohol and heptane. It boils at 220°C /11 mm Hg 
41127, 

3. ORGANIC DERIVATIVES OF METALS 

Despite repeated attempts, it has not yet been possible to prepare organic 
derivatives of most of the transition metals. The reason for this is to be 

sought in the weakness of the covalent bond between the metal and the organic 
radical /113, 114/. Nevertheless, these attempts have not been abandoned. 
In the early 1950's considerable progress could be made in the development 
of organic chemistry of transition metals. This was due, on one hand, to the 
discovery (in 1951) of dicyclopentadienyl derivatives of transition metals, 
which are organometallic compounds of unusual structure and properties. 
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Its first representative — dicyclopentadienyliron, later named ferrocene — 

was first prepared in 1951 /115/. Soon afterwards, dicyclopentadienyl 

derivatives of almost all transition metals were prepared, as well as 

diindenyl compounds, cyclopentadienylcarbonyls and cyclopentadienyl- 

nitrosyls of a number of metals, the properties and structure of which have 

been described in detail /116 — 120/. 
On the other hand, owing to the discovery of complex organometallic 

catalysts, interest has arisen in the chemistry of alkyl and aryl derivatives 

of transition metals. 

Finally, despite the fact that benzene derivatives of chromium were 

discovered as early as 1919 /121/, the arene derivatives of transition 

metals were only recognized following the experimental and theoretical 

work of Zeiss et al. /122, 123/. 
In what follows we shall discuss only the most common modes of 

preparation and properties of cyclopentadiene compounds of transition 

metals, while their alkyl and aryl derivatives will be treated in more detail. 

Cyclopentadienyl derivatives of transition metals 

Cyclopentadienyl compounds of transition metals are mainly prepared in 

the following two manners: 

1) by the reaction between the metal salt (usually acetylacetonate) and 
magnesium, lithium or sodium cyclopentadienyl: 

TiX4+ 2NaC,;H; —> Ti(C5H5)2Xo+2NaX 

2) by direct reaction between cyclopentadiene and a metal salt or metal 

carbonyl. 

The former method was employed to prepare the derivatives of cobalt 

/124/, titanium, zirconium and vanadium /125, 126/, nickel /127/, manganese 
/128/, molybdenum /129/ and iron /130/. 

The reaction between cyclopentadienylmagnesium bromide with metal 

acetylacetonates is successfully employed if the halide is not readily soluble 

in ether /125/. Cyclopentadienyl compounds of iron /131/, nickel /125/, 
cobalt /132/, ruthenium /133/, rhodium and iridium /134/have been prepared 
in this way. 

Reaction between cyclopentadienylsodium or lithium and alkyl halides 

gave high yields of bis-cyclopentadienyl compounds of iron /135/, titanium 

and vanadium /126/, molybdenum /129/, tantalum /126/ and manganese /128/. 
The method is also suitable for the preparation of tricyclopentadienyl 

compounds of scandium, yttrium and lanthanides /136, 137/. Tetrahydrofuran 
or ethylene glycol dimethyl ether are used as solvents. Salts of trivalent 

bis-cyclopentadienyltitanium (CsHs5)2TiX were obtained by electrometric 
reduction of (CsHs5)eTiX2 /126/ or by interaction with lithium aluminum 
hydride /138/. 

Physical and chemical properties. All cyclopentadienyl compounds of 

Group VIII metals have an antiprismatic structure, with a center of 

symmetry. The cyclopentadienyl ring in these compounds is bound to the 

metal as in ferrocene, for which a pentagonal antiprism ''sandwich" 
structure was proposed in 1952 /139/. The iron is located in the symmetry 
center of the molecule, which has only one type of C —H bond: 
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The ''sandwich'' structure of ferrocene was subsequently confirmed by 

quantum-mechanical calculations, by the method of molecular orbitals 

/140 —144/, by the study of magnetic properties /139, 145/, X-ray and 
spectroscopic methods /140, 146, 147/. Dyatkina /148/ published an extensive 

review on the structure and nature of the bonds in aromatic metal complexes. 

The salts of tetravalent bis-cyclopentadienyltitanium (Cs5Hs5)2TiXe2 are 

diamagnetic /126, 136/, stable in the air and soluble in organic solvents. 

They are soluble in water, with some small decomposition /149/. bis- Cycle- 
pentadienyltitanium chloride reacts with phenyllithium to form diphenylcyclo- 

pentadienyltitanium, which gradually decomposes at room temperature 

(450,515 1/5 

(СЫНЫ 2CgH,Li — (СьНь ТСН 2111 

The bis-cyclopentadienyl compound of bivalent titanium (С5Н5)2Т1 is 

diamagnetic, and thermally unstable; it decomposes on being heated in an 

inert gas atmosphere below the melting point (about 130°C). It is also 

decomposed in the air /152/. It reacts very slowly with water. It reacts with 

dilute hydrochloric and sulfuric acids to give a compound of tetravalent 

titanium, and forms an etherate with tetrahydrofuran. Solutions of bis- 

cyclopentadienyltitanium in ammonia are practically nonconducting. 

bis- Cyclopentadienyldibromozirconium is diamagnetic. Its other 

properties have not been studied. 

bis- Cyclopentadienyldichlorovanadium is paramagnetic; it dissolves in 

polar organic solvents and forms green solutions in water. It is stable in 

acid media for several hours. It is reduced by lithium aluminum hydride to 

(С5Н5)2У /153/. The bis-cyclopentadienylvanadium ion of trivalent vanadium 
(CsHs)2V’ is oxidized by atmospheric oxygen /126/. bis-Cyclopentadienyl- 
vanadium is paramagnetic and is stable to water and even to acids. X-ray 

studies indicate that these compounds have a ''sandwich" structure /154/. 
The IR spectra of bis-cyclopentadienyl compounds of V, Nb and Ta resemble 

one another and display absorption bands typical of the ''sandwich''structure 
/126/. It may be assumed that the chemical properties of these compounds 
are essentially similar. 

bis- Cyclopentadienylchromium (Cs5Hs)2Cr is paramagnetic /155/, stable to 
heat up to 300°C, but is very readily oxidized in the air. When finely 

comminuted, it spontaneously bursts into flame. 

bis- Cyclopentadienylmanganese is paramagnetic /155/. Its structure 

resembles that of ferrocene, but the bond between the manganese and the 

cyclopentadienyl rings is ionic /156, 157/. On being heated, the brown- 

colored bis-cyclopentadienylmanganese changes color and passes into another 

modification /135, 137/. It decomposes аз a result of oxidation. 
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bis- Cyclopentadienylcobalt (С5Нь)2Со is very readily oxidized to the very 

stable diamagnetic cation (CsHs)2Co* , which gives water-insoluble salts; 

these salts are not decomposed by sulfuric and nitric acids. In anhydrous 

solvents (Cs5Hs5)CoBr is reduced by lithium aluminum hydride to (Cs5Hs5)2Co 

in a high yield /153/. 

The bond between the metal and the cyclopentadiene ring in Co(Cs5Hs)2 is 

not ruptured by the action of water, but the compound is merely slowly 

oxidized to the cation /135/. The reaction between (CsHs5)eCo* and cyclo- 
pentadienylsodium yielded the compound Co2(Cs5Hs)5, which was stable to 

hydrolysis and to which the structure (С5Н5)2Со(С5Нь)Со(С5Нь)2 was ascribed. 
Its dipole moment is zero /158/. The density of (С5Н5)›Со at 18°C is 
1.49 g/cm’, 

bis- Cyclopentadienylnickel (Cs5Hs)2Ni is paramagnetic, green-colored, 

can be vacuum-distilled and is readily soluble in nonpolar solvents. It is 

gradually oxidized in the air, especially when in solution, It is insoluble in 

water and does not react with it. Its density is 1.47 g/cm® at 18°C /159/. 

Alkyl and aryl derivatives of transition metals 

Stable covalent organometallic compounds, except for alkylated 

derivatives of tetravalent platinum and trivalent gold, have only been 

prepared comparatively recently. Most halides of transition metals react 

with metal alkyls and aryls, but very often the products cannot be isolated 

pure. 

Best results were obtained by careful choice of the experimental conditions 

or by formation of definite structures corresponding to electronic stability. 

This is achieved if the transition metal assumes the electronic configuration 

of the following inert gas or if it loses 2 —4 electrons /160/. 

Compounds of transition metals with o-bound alkyl and aryl groups are 

here considered in accordance with their position in the periodic table. 

Reviews on the subject are available /79, 118, 160/; we shall accordingly 

limit ourselves to individual compounds of transition metals which are most 

often employed in the preparation of stereospecific catalysts. 
2 

Alkyl (aryl) derivatives of Group 1V 

transition metals* 

Titanium derivatives of this type have been studied in most detail. The 

starting point in the development of the chemistry of organotitanium 

compounds, which had hitherto been thought to be nonexistent, were the 

numerous studies of various catalytic systems consisting of titanium halides 

and metal alkyls. Subsequent to the preparation and identification of the first 

alkyltitanium halide /161/, a large number of compounds of the type R,TiX4-» 

were prepared, where n= 1, 2, 3,4, В 15 methyl, ethyl or butyl and Х is Cl, 

Вов, 
Monoalkyl and dialkyl compounds of titanium have been studied in detail. 

They are prepared by exchange reaction between titanium halide and 

` 

* The first attempts to isolate and identify a compound with Ti — С bond were made by Pittser /162/. 

73 



organoaluminum derivatives of the general formula В», А1Хз., in ап inert 

atmosphere at temperatures varying between - 80 and 0°C. Hexane, benzene 

and other hydrocarbons are used as solvents. In order to obtain the mono- 

alkyl derivative, the reaction is conducted inthe presence of excess TiX,. 

Dialkyltitanium halides are obtained if Т1Ха:В2А1Х = 1:2. The alkyltitanium 

halide formed is isolated by vacuum distillation of the reaction mixture, 

after converting the alkylaluminum compound into an insoluble or nonvolatile 

state with the aid of alkali metal halides or other complex-forming substances 

/163, 164/. Alkyltitanium halides and even tetraalkyltitanium compounds 
may also be prepared if various other metal alkyls such as methyllithium, 

phenyllithium /165, 166/, dimethylzinc /167/, diphenylmercury /168/, 
tetraethyllead /169/, etc., are used as alkylating agents. 

All organotitanium compounds are unstable. In the series RnTixX4», where 

R is alkyl or aryl, compounds with a smaller number of organic groups and 

with a more negative X group are the more stable /166/. The stability of 
methyl derivatives of titanium to heat has been studied in detail; it was shown 

that, in the absence of moisture and oxygen, methyltitanium trichloride is 

stable at 20°C for several days. 

When the temperature is increased to 100°C, CH3TiCl3 decomposes with 

formation of TiCl3, methane and polymethylene. The TiCl3 thus formed 

acts as the catalyst of the decomposition /163/. Tetramethyltitanium is stable 

at -—70°C; when the temperature is raised to room temperature value, 

spontaneous decomposition occurs with formation of a black precipitate. The 

decomposition products are pyrophoric /170/. A number of phenyl derivatives 

behave ш а similar manner. Thermal decomposition of tetraphenyltitanium 

yields diphenyltitanium, which is much more stable to heat than tetraphenyl- 

titanium. It decomposes in vacuo at 200 — 250°C, with the evolution of 

metallic titanium /168/. The thermal decomposition of tetramethyltitanium 
has been studied in most detail /172/. 

The most thoroughly studied reactions of organotitanium compounds with 

Ti—C o-bonds are oxidation, hydrolysis and alcoholysis. The oxidation of 

lower valency titanium derivatives is vigorous, and is often accompanied by 

spontaneous combustion /168, 170, 171/. In the series of derivatives of 

tetravalent titanium the stability to oxygen increases when cyclopentadienyl 

groups are introduced into the molecule. Alkcxy derivatives of titanium are 

formed in this manner: 

CHsTiCls + 1/202 —> CH30TiCls 

Even though bis-cyclopentadienyltitanium compounds (С5Н5)2Т1В2 are 
more stable to oxygen, they are oxidized in solution at a fast rate, forming 

the corresponding alkoxy derivatives. The oxidation of diphenyl-bis-cyclo- 
pentadienyltitanium in benzene at 50 — 60°C showed that the "sandwich" group 
(Cs5Hs5)2Ti is not oxidized. This compound is, however, fully oxidized by 
aqueous hydrogen peroxide at 50°C, when CO and СО) are formed /172/. 

In compounds of the type CH3TiCls3, (CH3)zTiCl2 and other alkyl halides 

the 0-bond Ti—C is broken by water and alcohol, with the formation of 
alkane. However, molecules containing cyclopentadienyl radicals such as 
(Cs5Hs5)eTi(CH3)X are stable to water and are decomposed only by dilute acids 
/173/. Phenyl derivatives of titanium react with water similarly to alkyl 
compounds of titanium /174/. 
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Alkyl and aryl derivatives of zirconium and hafnium are аз yet almost 

unknown. However, it was pointed out by Razuvaev and Latyaeva /118/ that 

formation of organic compounds of these metals by exchanging halogen 

against an [alkyl] radical is possible. The preparation of Zr(Cs5Hi1)2 from 
metal hydrides and diazo compounds at low temperatures was recently 

reported /175/. Zirconium tetrachloride was also reported to react with 

diethylmercury and diphenylmercury /176/ and with organolithium and 
organomagnesium compounds /177/. 

The following alkyl and aryl derivatives of titanium should be mentioned. 

Methyltitanium trichloride — a dark violet, crystalline compound, т.р. 

28.5°C, b.p. 37°C /1 mm Hg. The compound melts to form a yellow liquid, 

which is soluble in many organic solvents. It is monomolecular in benzene 

solution /163/. 
Tetramethyltitanium — lustrous yellow crystals, which can be distilled 

with ether in vacuo not above 0°С, stable at -—78°C. Separates out of hexane 

solutions as crystals at — 30 to —50°C /170/. 
Trimethyltitanium iodide — yellow crystalline needles. Stable at low 

temperatures in the absence of oxygen /178/. 
Phenyltriisopropoxytitanium — a practically colorless compound, m.p. 

88 — 90°C, stable in inert atmosphere in the absence of moisture /179/. The 
compound contains a phenyl-titanium bond, as shown by the reaction with 

sublimate which yields phenylmercuric chloride, and also by oxidation to the 

phenoxy derivative. 

Tetraphenyltitanium — a compound which is unstable to heat. It 

decomposes above — 30°C with formation of diphenyl and diphenyltitanium. 

Diphenyltitanium — a black, pyrophoric substance, which is soluble in 

tetrahydrofuran and benzene. More stable to heat than its tetravalent analog. 

Methyl-bis-cyclopentadienyltitanium chloride — red-orange crystals, 

m.p. 168 — 169°C, soluble in water in the cold. 
Dimethyl-bis-cyclopentadienyltitanium — orange-colored crystalline 

needles with a typical odor. Stable to water and oxygen, but rapidly 

decomposes in the light, with darkening. 

Trimethylcyclopentadienyltitanium — yellow compound, stable at —70°C, 

distils at —20°С /0.5 mm Hg /171/. At —80°C the compound may be isolated 
from solution in pentane as lemon-yellow crystals, which are pyrophoric in 

the air at room temperature /173/. ; 

Alkyl (aryl) derivatives of transition metals 
in Ohne rs Sao ulp's 

Up till recently, the phenyl derivatives were the only known organic 

compounds of metals in Group V with an M—Co-bond. The early studies 

quoted by Cotton /181/ contained no convincing evidence in favor of the 
existence of alkyl or aryl derivatives of these metals. The synthesis and 

isolation of a complex which contained diphenylvanadium was first reported 

in 1960 /182/. This complex 4CgHs5Li - V(CgHs5)2- 3.5(C2Hs5)20 is very 

sensitive to atmospheric oxygen and to moisture. It loses ether at 50°C in 

vacuo, and decomposes above 80°C with the liberation of diphenyl. It was 

also shown /118/ that diphenylmercury in a solution of cyclohexane reacts 
under conventional conditions with vanadium and vanadyl halides as follows: 
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(CgH;)2He-+VOCIs <=> CgHsVOCle-+CgHsHgCl 

(CgHs)oHe + VCl4 <> CeHsVCl3-+ CeH Hel 

The formation of phenyl derivatives of vanadium has been confirmed by 

spectroscopic data. However, the compounds could not be isolated pure 

owing to their instability to heat. The exchange of phenyl radicals was also 

noted in the reaction between tetraphenyltin and VCly, but under more drastic 

conditions /183/. Phenyl derivatives of vanadium can be prepared by 

exchanging the cyclopentadienyl group in Cs5Hs5V(CO),4 against the phenyl 

radical by reacting benzene, cyclopentadienyltetracarbonylvanadium, oxygen 

and HCl /184/. When the halogen in п- (С5Н5)5УС1 was exchanged against a 

phenyl group by reaction with 1 mole of phenylithium, the compound 

(C5Hs5)2VCeHs could be isolated pure /185/ as black crystals, m.p. 92°C. 

Solutions of phenyl-bis-cyclopentadienylvanadium are stable for one week 

at room temperature in the absence of oxygen. 

The first alkylvanadium compounds were obtained as mixed cyclopenta- 

dienyl compounds of the type (С5Н5)2УВ by the addition of alkyl halides to 

dicyclopentadienylvanadium, and also by the action of LiR on dicyclopenta- 

dienyldichlorovanadium. The methyl compound, m.p.80— 100°C, and the 

much less stable ethyl compound have been prepared in this manner /231/. 

Little is known about organic derivatives of niobium and tantalum /181, 

186/. A complex has been obtained /187/ аз a result of the reaction between 

tetraphenylniobium and phenyllithium. 

The complex Nb(C6H5)4:3CgHsLi - 3(С2Н5)2О is a black- violet crystalline 
substance, which is pyrophoric when dry. The ether is removed at room 

temperature, under a high vacuum. The compound is not volatile, is stable 

up to 40 — 50°C, and is readily oxidized and hydrolyzed. 

Trialkyl derivatives of niobium and tantalum — Nb(CHs3)3Cl, and Ta(CHs3)3Cle 
— have recently been obtained by alkylation of the metal pentachlorides with 

diethylzinc in pentane at —78°C. They are yellow crystalline compounds; 

which are stable at —78°C in the absence of water and oxygen; at room 

temperature they decompose within a few hours /201/. 

Alkyl derivatives of Group VI metals have not yet been prepared pure. 

They were mentioned on one occasion in connection with the reaction between 

methyllithium and chromous chloride, when it would seem that dimethyl- 

chromium was obtained. Chromic chloride probably yielded trimethyl- 

chromium /188/. Cyclopentadienyl derivatives of chromium with methyl 

and ethyl groups in the molecule have been isolated. They are crystalline 

or oily substances, which are diamagnetic, can be distilled in high vacuum 

and are readily soluble in organic solvents. They are decomposed slowly 

in the air /189, 190/. Aryl compounds of chromium seem to have been known 
as early as the 1920's. However, a detailed study of the compounds obtained 

by the reaction between phenylmagnesium bromide and redistilled anhydrous 

chromic chloride at -10°C showed that these are not true organometallic 

compounds, but the so-called arene derivatives of the transition metals. A 

true organochromium compound — (CgHs5)3Cr * 3CgHs5Li .2.5(С2Н5)2О — was 
only isolated in 1958. This complex was obtained by the reaction between 

anhydrous chromic chloride and phenyllithium in ether. It is a red-colored 

solid substance, very unstable in the air. The hydrolysis is accompanied 

by the formation of benzene; in the absence of oxygen diphenyl is liberated 

/191/. The reaction between phenylmagnesium bromide and chromic chloride 

in tetrahydrofuran (THF) at —20°C yielded the tetrahydrofuranate 
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(CeHs)3Cr - ЗТНЕ, which is readily hydrolyzed to the green [Cr(H2O)gl °* and 
reacts with corrosive sublimate to give a quantitative yield of phenylmercuric 

chloride /192, 193/: 

(CgHs5)3sCr- THE + ЗНС area 3CgHsHgCl + CrCls 

A number of substituted phenyl derivatives of chromium were recently 

obtained; they include the fine crystalline di-o-anisylchromium /194/, the 
relatively stable crystalline tri(w-N-diethylamino)tolylchromium /195/, 
dimesitylchromium /196/, etc. Of the other organic derivatives of Group VI 

metals the only ones known are mixed 7-cyclopentadienylcarbonyl compounds 

of molybdenum and tungsten, with a 6- bond between the metal and the radical. 

They may be prepared by the reaction between the metal hydride and diazomethane 

/197/: 

n-C3HsMo(CO)3H + CH2Ng —» n-C35HsMo(CO)3CH3+ № 

or by the reaction between the sodium salt of metal 7-cyclopentadienyltri- 

carbonyl and alkyl halides /198/: 

n-C3HsM(CO)sNa4-RX —» л-С5НьМ(СО)зВ + NaX 

where if М = Мо, Ris CH3, С2Нь or iso-C3H7; if M=W, В is CH3 or С2Нь. 

These compounds are relatively stable yellow crystalline compounds with 

т.р. between 80 and 150°C. The methyl compound of tungsten is more stable 

than the molybdenum derivative. All these substances are insoluble in water 

and slowly decompose under the action of acids and alkalis. 

A phenyl derivative of tungsten is known in the form of the complex 

(CgHs5)aW - 2CgH5Li- 3(С›Н5)20. It is a black crystalline substance, readily 
soluble in benzene, which easily catches fire in the air /199, 200/. 

Of the alkyl derivatives of Group УП metals, methyl compounds of 

manganese are the only ones known. They may be prepared by the reaction 

between methyllithium and manganous iodide /188/. Methylmanganese iodide 

is a brown-colored oil, which is insoluble in ether. Dimethylmanganese has 

been prepared; it is a yellow powder which spontaneously catches fire and 

explodes on impact. The reaction with excess CH3Li yields [(CH3)3Mn] Li, 
which is insoluble in ether. Other complexes containing organic manganese 

derivatives were subsequently prepared: [(C2Hs5)3Mn] Li, [(C4Hg)3Mn]) Li, 
[(CeHs)3Mn] Li, etc. /202/. 

Diphenylmanganese is prepared from phenylmagnesium bromide and 

manganese chloride or from phenyllithium and manganese iodide at - 50°C. 

Tetrahydrofuran is used as solvent /203/. Stable alkyl and phenyl derivatives 

of manganese and rhenium, in which the metal is bound both to the hydro- 

carbon radical and to carbonyl groups, are also known /204/. For example, 

pentacarbonylmethylmanganese forms colorless crystals, m.p. 95°C, which 

are stable in the air. Organic derivatives of rhenium have been obtained 

in the same manner /205/. 
Platinum is the only Group VIII metal which forms stable alkyl derivatives. 

Methyl derivatives of Pt(IV) have been studied in detail — trimethylplatinum 

iodide, tetramethylplatinum, etc. They are prepared by reacting methyl- 

magnesium iodide with PtCl, and its complexes /160, 208/. Alkyl and aryl 

derivatives of other metals in Group VIII were obtained only as complexes 

which contains ligands capable of stabilizing the o-bond between carbon and 
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metal (e.g., С5Нь, CO, substituted phosphines, etc.) /160, 206/. Very 
probably, organic derivatives of Group VIII metals are formed as intermediate 
compounds during the reactions between the salts of these metals and alkyl 

or aryl compounds of lithium, magnesium, zinc, etc. /181/. This is indicated 
by the change in the color of the solutions and by the adsorption of hydrogen. 

This is accompanied by dimerization or disproportionation of the organic 

radicals of the reacting organometallic compounds. However, these 

compounds undergo rapid transformations, up to the full decomposition of the 

product. Mixed z-cyclopentadienyl and carbonyl compounds of iron of the 

type m-CsH5M(CO),R are known, which have a o-bond with methyl, ethyl, 
phenyl and cyclopentadienyl groups. They-are colored, diamagnetic products 

with sharp melting points /197/, soluble in organic solvents, which easily 
sublime in high vacuum at 25 — 50°C and have a characteristic odor. All 

these compounds are unstable in organic solvents; they are insoluble in 

water, but are decomposed by acids and bases. 

The known alkyl derivatives of cobalt include the unstable CH3Co(CO)a; 

which is readily rearranged to acetylcobalttricarbonyl СНзСОСо(СО)з /207/. 
Tetrahydrofuranates of diphenylcobalt and dimesitylcobalt /196, 203/ have 
also been isolated. 

The isolated and identified nickel derivatives include the complexes R2Ni 

with triethylphosphine or triphenylphosphine (R$P)2NiR2 and (R$P)2Ni(R)X. 
They are prepared by the reaction between the corresponding dihalide and 

the organomagnesium compound in liquid ammonia /209/. They are bright- 

colored products, mostly yellow-brown. Compounds with phenyl, o-tolyl 

and other aryl radicals have been isolated. They are diamagnetic, 

symmetrical and have a small dipole moment. Their chemical reactions 

indicate that the metal-radical bonds are mobile. o-Alkyl complexes of 

nickel of the composition 7-Cs5HsNiP(C.™H5)3R, where В = CH3, С2Нь, СоНь, 

etc., were recently prepared by the reaction between RMg and cyclopenta- 

dienyltriphenylphosphinenickel chloride. They are thermally stable, but 

are readily decomposed in solution if in contact with the atmosphere /232/. 
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Chapter Ш 

THE STUDY OF COMPLEX ORGANOMETALLIC COMPOUNDS 

Complex organometallic catalysts are prepared by reacting various 

compounds of transition metals in Groups IV — VIII with organic compounds 

of metals in Groups I—III /1/. Metal alkyls which canbe used as constituents 

of the catalyst complex include aluminum, beryllium, zinc, magnesium, 

lithium, sodium /2/ and cadmium /3, 4/ alkyls. Mixed alkyls of alkali 
metals with aluminum, gallium, indium and thallium can also be employed 

/2/. The second component of complex organometallic systems is most 

often a halide or an alkoxide of titanium, chromium, vanadium /2/, 
zirconium, thorium, uranium, iron /3/, etc. 

However, not all of these compounds and not all of their combinations will 

give the same effect in the polymerization of olefins or in other processes. 

The choice of the components of the catalyst complex, their mutual 

proportion, their physical state and the experimental conditions have a major 

effect on the properties of the polymer product, on the reaction rate, etc. 

Catalyst complexes most often used in polymerization processes have an 

alkylaluminum compound as the organometallic constituent and titanium or 

vanadium halide or alkoxide in the capacity of the salt of the transition metal. 

The different alkylaluminum compounds such as triethylaluminum, diethyl- 

aluminum chloride, diethylaluminum ethoxide, triisobutylaluminum, diiso- 

butylaluminum chloride, etc., do not give the same effect when combined 

with a given salt of a transition metal. The main reason for it is the fact 

that the formation of an active catalyst complex involves the alkylation of 

the transition metal salt (such as TiCl,) and its subsequent reduction. These 

properties differ for the different organoaluminum compounds. It has been 

shown that the reducing power decreases in the sequence R2AlH > AlR3 > 

> ReAlX > RAIX2, where X is a halogen or an alkoxy group, and the reducing 

power of R2AlH is greater than its alkylation capacity. It is also known that 

when trialkylaluminum compounds react with another substance, the different 

Al—C bonds are not equivalent: the first bond is the most reactive, while 

the third bond is relatively inert. 

The mode of preparation of the catalyst complex largely affects its activity. 

At least five different modes of preparation must be distinguished: 

1. Solutions of the alkylaluminum compound and TiCl, (or another 

compound used instead of TiCl,) are separately introduced into the reaction 

mixture, the formation of the active catalyst complex proceeding in the 

presence of the monomer and of the diluent. 

2. The alkylaluminum compound and the TiCl, are fed into the reactor as 

gases, ina stream of ethylene; the formation of the catalyst then takes place 

in the presence of ethylene in the gas phase. 
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3. The catalyst is prepared in the absence of the monomer by mixing 

solutions of components under definite conditions, at controlled temperature 

and rate of stirring. The extent of reduction of TiCl, is controlled ‘ 

analytically /7/ or by holding for a definite period of time /8/, after which 

the catalyst is fed into the reactor. 
4, The catalyst is mixed together first, the precipitate is isolated and a 

given amount of the alkylaluminum compound is added. This technique is 

similar to that proposed by Natta, in which TiCl3 is used in lieu of TiCl,. 

The method yields long-lived catalysts; also, the polymerization process is 

more easily monitored. 
5. The catalyst is prepared in thé presence or in the absence of the 

monomer, but the effect of the catalyst is modified during the polymerization 

by adding one of the constituents of the catalyst, or substances such as 

amines, alcohols, thiophenols /7/, oxygen /9/, hydrochloric acid /10/, etc. 
The simplest method — mixing of constituents under definite experimental 

conditions in the absence of the monomer — has also proved the most reliable. 

The preparation of catalyst complexes from other constituents such as 

alkyltin compounds, halogenated derivatives of vanadium and aluminum is 

also effected in this manner. 

In order to clarify the presumed reaction mechanism of polymerization 

processes, we Shall discuss in detail the reactions which take place between 

the constituents of the catalyst complexes. 

1. REACTIONS BETWEEN ALKYLALUMINUM COMPOUNDS 

AND TITANIUM TETRACHLORIDE 

The reaction between triethylaluminum and titanium tetrachloride was 

repeatedly studied /11—19/ as a typical example of the reactions involved 

in the catalytic effect of the complex. These compounds react with the 

evolution of gases; the precipitate which separates out at the same time no 

longer contains tetravalent titanium, but rather titanium which has been 

reduced, to a greater or lesser extent, to trivalent or even to bivalent 

titanium. The formation of the precipitate and the reduction of titanium is 

due to the alkylation of TiCl4: 

with subsequent rupture of the Ti—C bond in the organotitanium compound. 

The diethylaluminum chloride formed as a result of the reaction, continues 

to react with TiCl,: 

ReAlCl+ TiC], —> RTiCl3+ ВАС 15 

The titanium trichloride which is formed by decomposition of alkyl- 

titanium trichloride 

RTICls ТОВ 

also becomes alkylated with formation of RTiCly, which is bound as 

coordination complex /20/. Both the alkylation and the decomposition of 
RTiCl3 are reactions which take time, and their rates are different for 
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different alkylaluminum compounds. The reaction rates, and thus also the 

composition of the precipitate at any given moment depends on the reaction 

temperature, concentrations of initial substances, their mutual ratio, time 

and stirring rate. Another important factor is the mode of intermixing of 

the constituents of the complex. 

The reaction between triethylaluminum and titanium tetrachloride was 

first described by Ziegler /21, 22/, who noted that the reaction took place 
at room temperature, with evolution of gaseous products and separation of 

a precipitate which contained hydrocarbon groups, chloride, aluminum and 

titanium. 

The elementary composition of the precipitate formed at different ratios 

between triethylaluminum and Т1С14 was first studied by Natta et al, /11/ 

who found that, as the molar ratio of the reactants Al(CsHs5)3:TiCl, was 

increased from 1 to 4, the Cl:Ti ratio in the precipitate decreased from 

2.7 to 0.7, whereas the Al:Ti ratio increased from 0.2 to 0.4. 

Friedlander and Oita /18/ studied the reaction between triisobutyl- 

aluminum and Т1С14 and found that if the reagents are used in equimolar 

proportions, titanium is reduced to Ti(III); insignificant amounts of Ti(II) 

were noted in isolated experiments only. 

The first quantitative data on the effect of temperature and concentration 

of the reagents on the reaction note were published by Pozamantir et al. /17/. 

Figure 3 shows the apparatus employed in the study of the reactions between 

alkylaluminum compounds and TiCl, in the absence of solvents. Titanium 

tetrachloride was introduced into one limb of vessel 1, while the alkyl- 

aluminum compound was introduced into the other limb. The reagents were 

introduced from the metering vessel 2. The vessel was then placed ina 

thermostat and connected to a gasometric system. Vessel 1 was then 

cautiously tilted and the reactants were thus brought into contact at room 

temperature. Since the reagents are extremely reactive, the mixing was 

conducted very slowly (during 15 — 20 minutes). 

FIGURE 3, Diagram of apparatus used to conduct the 
reaction between TiCl, and AIR3-,X,,in the absence of 

solvent: 

1 — mixing vessel; 2 — metering vessel; 3 — manometer; 

4 — gas buret; 5 — hydraulic seal, 

Experimental results showed that the reaction rate, between С2Н5А1С12 

and TiCl, increases with increasing temperature. Not more than 80% of 
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ТТУ) present could be reduced. That С2Н5А1С1. was not fully consumed 

was confirmed by the fact that the precipitate which separated out in the 

presence of a large excess of TiCl, evolved ethane on being decomposed 

with water. However, if С>Н5А1С15 was present in double the stoichiometric 

amount, all titanium was converted to ТКИТ). The effect of the temperature 
and the molar ratio of the reagents on the rate of the reaction between 

(С2Н5)>А1С1 and Т1С14 was similar, except that at room temperature Т1С14 

was more speedily reduced than by С2Н5А1С15, while at 40°C the rates of the 

two reactions were practically the same. The dependence of the rate of 

formation of Ti(III) on the temperature and the molar ratio was similar for 

the reaction between Al(CeHs5)3 and TiCly as well, but the reaction rate at 

room temperature was much faster: thus, only 2 minutes after the reagents 

were mixed, the extent of formation of Ti(III) was about 33%. Simon et al. 

/13, 19, 23/ carried out the most detailed study of the effect of the molar 

ratio of the reactants and temperature on the composition of the precipitates 

and on the amount and the composition of the gases evolved. In the range of 

molar ratios Al(C2Hs5)3:TiCl, between 1.5 and 5.0 the precipitate contained 

two Ti atoms per one Al atom, and only when the ratio was less than 1.5, 

did the amount of aluminum in the precipitate slowly decrease. When these 

ratios were employed, the content of chlorine varied from 70 to 30%, while 

the amount of the ethyl groups in the precipitate increased from 10 to 40%. 

On the strength of these data, the formula А1Т15(С.Нь5)„С11-„, where n= 2, 3, 

4, was proposed for the precipitate formed by the reaction between 

triethylaluminum and titanium tetrachloride. The authors deduced the 

following reaction mechanism and proposed the following chemical reactions 

as taking place at the different values of the molar ratio: 

Molar ratio 

AlR3 : TiCl, 

3A1(C2H5)3-+2TiCla — AITieC];(C2Hs)o+ Al(CgHs)2C] + 
+ Al(C2H;)Cle+4CeHs Rete as chang О sie ON aa ee 

4A](CoH5)3+2TiCly — AITieCl]5(CoHs)2 +3Al(CoHs)2C1+4CoHs . 
3Al(CoHs)3+ 2TiCl, — AITigCl4(CoHs)3+2Al(CzHs)Cle+4CoHs . 
4Al(CoH5)3-+ 2TiCl4 —» AIlTigCl4(C2H5)3-++- Al(C2H5)Cle+ 

HDA (CoH ep Gleeson. ее о со 
5Al(CoHs)3 + 2TiCl, —> AITieCl]4(CeHs)3 + 4Al(C2H5)2Cl -= 4C2Hs 

4Al(CoH5)3+2TiCl, — AITi2Cl3(C2H5)4-+ 2A1(C2H5)Clo+ 

=e Ad( Gp Hes Cle 4G) Tpit ИИ о OO el oe 
5Al(CeHs)3-+ 2TiCly — AlTigC]3(C2Hs)4+ Al(CgH5)Clo+ 
a SAI(CoHeloCl 465 He eat. wots tong пм PR sears 

6Al(C2Hs)3+ 2TiCl, ——> AITi2Cl3(C2H5)4+5A1(CgH5)2C1+4CoH; Ae wr ом ND 

If the molar ratio between triethylaluminum and TiCl, is less than 1.5, 
the precipitate contains a different amount of aluminum, and the course of 
the reaction becomes much more complex. Thus, it is maintained by the 
authors that if the molar ratio Al(C2Hs)3:TiCl, is between 0.75 and 1.25, the 
following reactions may take place, in conformity with the empirical 
formula of the precipitate А!Т14С112(С2Н5)2: 

Molar ratio 

Al(CHg) 3: TiCly 

3A](C2H5)3 + 4TiCly — AITigClyo(C2H5)2 + 2A1(C2H5)Cle + 5CoHs + 0.75 
4Al(CoHs)3-+-4TiCla —» AITigCl1o(CoHs)2-+ 2Al(CeHs)9C1 + : 
АОН Clu} Gal gx Say Gl! ls Peele В 1.0 

5A1(C2Hs)3-+4TiCl, —> АТС (С»Н,) 2-Е 4А(С2Н,)2С1+ 5С5Нь . 1.25 
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With the increase in the Al(C2H5)3:TiCl, ratio, the amount of the gases 
evolved increases. If Alg(C2H5)3Cl3 and Al(C2Hs)2Cl are used instead of 
triethylaluminum, the reaction with TiCl, is accompanied by a much less intense 

gas evolution. It is interesting to note in this connection that the reactions 

of TiCl, with Al(C2H5)2Cl and with Al,(C2Hs)3Cl3 result in the evolution of 
approximately equal volumes of gas, even though the former compound 

contains one ethyl group less. The explanation given by the authors for this 

effect is that the liberated gases consist mainly of ethane end ethylene: the 
amount of the former is practically equal in both cases, while the latter 
polymerizes to yield liquid products. 

A study of the valency of titanium in the precipitate showed that the 

volume of the gas evolved in the reaction between the alkylaluminum 

compounds and TiCl4, was proportional to the decrease in the valency of 

titanium. It was shown that each liberated ethyl group corresponds to a 

decrease of one unit in the valency of titanium. The average valency of 

titanium according to the equation decreased by 1.25 with respect to the 

initial TiCl4, which means that one-quarter of the titanium was bivalent, 

in addition to the trivalent titanium. 

The reaction between triisobutylaluminum and titanium tetrachloride 

shows similar relationships. It has been shown /31/ that after the reactants 
are intermixed at room temperature, a dark brown precipitate separates 

out; its composition as function of the ratio between the reactants is shown 

in Table 9. 

TABLE 9. Analysis of the complex Al(iso-C4H9),— TiCl, 

Ti, ih | Atomic rati lGso- ь о omic ratios 

ее | 
reduced total Al: Ti a: Ti R: Ti R: Al 

| =} 

0.5 5.4 30.6 49.0 7.86 12.4 0.46 2.16 0.34 0.75 
0.5 3.2 23.0 39.1 = ee = 2.30 an = 
1.0 = 26.5 46.4 6.10 21.0 0.41 рат 0.67 1.63 
1.0 14.5 27.9 42.8 = = = 2.07 = ee 
1.5 6.4 27.6 48.2 7.14 17.1 0.46 2.36 0.52 a3 
2.0 6.5 28.0 31.9 7.94 32.1 0.50 1.54 0.96 1.91 
3.0 19.6 28.7 34.8 8.00 28.5 0.49» | 1.64 0.83 1.69 
3.0 6.2 26.3 39.9 = a pes 2.05 = = 
4.0 6.6 28.0 35.2 11.02 25.7 0.70 1.70 | 0.77 1.10 

=. = 4 

Copper and Rose /14/ studied the reaction between alkylaluminum 
compounds and titanium tetrachloride and found a relationship between the 

amount of the liberated alkane and the degree of reduction of the titanium. 

This reaction may also be followed by the method of electron paramagnetic 

resonance (EPR). It was found /24/ that the system gives a sharp EPR 
signal some time after the reactants have been intermixed. It was also noted 

that an EPR signal is not given by the precipitate, which consists mainly of 

TiCls formed by the reduction of TiCly. According to the authors, this may 

be due to the rapid spin-lattice relaxation of Ti ions. In another study, 

these workers investigated the nature of the EPR signal given by the 

precipitate formed by the reaction between diethylaluminum chloride and 

titanium tetrachloride in heptane /25/. It was found that a certain time after 
the reactants have been mixed together, an EPR (singlet) signal appears. 

This signal is not very intense and consists of two superposed singlets: 
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symmetrical, with g-factor 1.925,* and a weaker asymmetrical one, with 

g-factor 1.933. The signal intensity increases rapidly at first, and then 

much less rapidly, as the precipitate separates out. It was also noted that 

the precipitate itself gave an EPR signal. The authors concluded that the 

EPR signals were given by Ti® ions, which originate from complex formation 

between Al(C2Hs5)gCl and TiCl4, which is followed by the reduction of the 
titanium in the complex to Ti*. It was found that the higher the Lewis acid 

strength of the alkylaluminum compound, the higher the concentration of this 

soluble complex and the higher the intensity of the EPR signal. 

Varodi et al. /26/ attempted to clarify the nature of the catalytic effect of 
the complex and of the interaction between the constituents. He confirmed 

that the initial reaction which takes place in the system Al(C2H5)2Cl — TiCl, 

is the alkylation of titanium tetrachloride to CgHsTiCl3. The ethyltitanium 

trichloride, which precipitates out 30 minutes after the intermixing of the 

components, contains no aluminum and gives no EPR signal at room 

temperature. However, the precipitate of Tiz3ClgAl(C2Hs), which was 
collected 4 hours after the intermixing, contained trivalent titanium and 

gave an EPR signal. These workers also found that the precipitates were 

sparingly soluble in hydrocarbons, but were about 1000 times more soluble 

in the presence of titanium tetrachloride. They found that the catalytic 

effect does not originate from any particular compound obtained by reacting 

Al(C2Hs5)eCl with TiCl,, but from the system: precipitate — soluble complex, 
as a whole. The presence of TiCl, in the system is particularly important, 

assisting as it does in the formation of the maximum amount of the soluble 

compound, which is the active co-catalyst. 

Attempts have been made to follow the reaction of alkylaluminum 

compounds with titanium tetrachloride by means of IR spectroscopy. One 

of the first studies on the subject is that of Groenewege /27/, who studied the 

IR spectra of the system (СНз)›А1С1 — TiCl, in heptane. Gray et al. /28, 29/ 

subsequently succeeded in takingtheIR spectra of the initial and of the 

intermediate compounds and thus to follow the course of the reaction between 

trimethylaluminum and titanium tetrachloride, despite the very high 

reactivities of both the reactants and the reaction products. The study of 

the IR spectra of these compounds and their reaction products at 

150 — 300 cm™ and also on both sides of this range failed to reveal 

absorption bands corresponding to these products. The reactants were 

introduced into the cells in the gaseous state. Figure 4 shows the initial 

spectra of the reactant mixtures at.different molar ratios Al(C2Hs)3:TiCl,. 

Inspection of these spectra in conjunction with the IR spectra of individual 

compounds led the authors to the conclusion that when the reactants are 

present in equimolar ratio, the initial reaction is 

(CHs)3A1+ TiCly — (СНз)2А1С1-- CHegTiClg 

If this ratio is lower, Т1СИ is also to some extent alkylated by the 
dimethylaluminum chloride; it is probable that the result is the establishment 
of the following equilibrium: 

(СНз)2А1С1- TiCla == СНзА1СЬ + СНЗТЕС13 

* The g-factor is a parameter which describes the spin-orbital bond. For the free electron g= 2.0033. 
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If the ratio is smaller than unity, TiCl, is alkylated by trimethylaluminum 

to (CH3),TiCly; if trimethylaluminum is present in excess, the alkylation 

proceeds to trimethyltitanium chloride, but this compound is unstable and 

has not been identified directly. Unreactedtrimethylaluminum remains, 

behind only if it has been introduced in a large excess (4:1). It was found 

that if the reaction is carried out in the gas phase, titanium tetrachloride 

is not fully alkylated. If the ratio Al(CH3)3:TiCl, is 1:1 or less, methyl- 

titanium trichloride is photochemically decomposed at a very slow rate 

(the decomposition lasts for 50 to several hundred hours). If Al(CHs3)3: 

TiCl, = 1:3, all the initial trimethylaluminum is eventually consumed with 

formation of CH3TiCl3 and CH3AlClz, which reacts with the residual TiCl, 

as follows: 

СНзА1С15-- TiCly =— CHsTiCls+ AlCl 

This equilibrium is strongly shifted to the left; this was shown by reacting 

pure CH3TiCl3 with AlCls. These results `/2 9/remain valid whether the reaction 

is realized in the gas phase or in hydrocarbon solutions, and also whether 

trimethylaluminum or another alkylaluminum compound, with a longer 

hydrocarbon chain, is employed. It was also noted that the thermochemical 

and photochemical reactions of methyltitanium trichloride result in the 

formation of the brown-colored modification of titanium trichloride and 

hydrocarbons: 

Disproportionation accompanied by the formation of TiCl, takes place at 

the same time: 

2CH3TiClz —> (CH3)2TiCly + = 

It was shown by Beermann and Bestian /30/ that at high temperatures 
the mechanism of decomposition of methyltitanium trichloride is more 

complex and the reaction is probably autocatalytic. 

A study of the reaction between trimethylaluminum and dimethylaluminum 

chloride and titanium tetrachloride by the method of NMR spectra was 

effected by Sakurada et al. /32/. This reaction was studied at room 
temperature, with equimolar reactant ratio, in tetrahydrofuran (THF) as 
solvent. 

The authors also concluded /32/ that even if methyltitanium trichloride 

is in fact formed, it is unstable under the experimental conditions employed 

and rapidly decomposes with the formation of TiCls : ЗТНЕ and CH,y. They 

discarded a possible formation of compounds of bivalent titanium. 

On the strength of these results and also of the IR spectra of individual 

compounds dissolved in tetrahydrofuran, these authors proposed the 

following mechanism of the reaction between methylaluminum compounds 

and TiCl, in tetrahydrofuran: 

Al(CHg)s-+TiCl, ——— Al(CHg)gCl+ TiCls+ СН - ea 
THF ‘ same 

Al(CH3)Cle+TiCls + CH3 -—— 

CHa 

АСНУ TiCly 
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This reaction scheme was confirmed by the results of Bohar et al. /32a/. 

2. REACTIONS OF ALKYLALUMINUM COMPOUNDS WITH 

TITANIUM TRICHLORIDE 

Reactions between alkylaluminum compounds and titanium trichloride are 

much slower than their reactions with titanium tetrachloride. The nature 

of the reactions between these compounds, which result in the formation of 

the catalyst complex, was until recently unclear. According to some of the 

workers, the main reaction consisted in the sorption of the trialkylaluminum 

compound on the surface of titanium trichloride during the formation of the 

catalyst complex. According to others, chemical reactions took place at 

elevated temperatures only /15, 31, 33, 37/. Thus, it was shown by 
Boldyreva et al. /15/, who studied the reaction between triethylaluminum 

and the violet modification of titanium trichloride, that this modification 

reacts with triethylaluminum only very sluggishly. The brown modification 

of TiCl3, which is formed by the reaction between titanium tetrachloride and 

alkylaluminum compounds, is much more reactive with respect to triethyl- 

aluminum than the violet modification, due to the differences in the crystal 

structure of the two modifications. The reaction between triisobutylaluminum 

and titanium trichloride in heptane at varying reactant ratios yielded solid 

products in which the contents of titanium and chlorine were approximately 

equal. 

However, the content of aluminum and of alkyl groups increased with 

increasing Al(iso-C4Hg)3:TiCl3 ratio /31/. Very probably, the molecules 
of the alkylaluminum compounds are first adsorbed on the crystals of TiCls, 

after which the decomposition of the complex TiCls : AlR3 takes place very 

slowly, as follows: 

TiCls- AIRg —> TiCle+R- AIR.Cl 

Similar results were obtained by Natta, who worked with triethylaluminum 

tagged with “С in the ethyl group /38/. 
Simon et al. /39/ studied this reaction in more detail (he also made a 

detailed study of the reaction between alkylaluminum compounds and titanium 

tetrachloride). They concluded that TiCl3 reacts with triethylaluminum both 

at elevated temperatures (70 —110°C) and, to a certain extent, at room 

temperature. The product formed as a result of this reaction was found to 

catalyze the polymerization of olefins. The authors found that the reaction 

temperature, the time during which TiCl3 is being ground and the molar 

ratio of the reactants affect the composition of the precipitate only during 

the first 4—10 hours. Thereafter, the composition of the precipitate 

remains practically unchanged. They also showed that the reaction between 

triethylaluminum and titanium trichloride is accompanied by gas evolution. 

A study of the degree of reduction of titanium as a result of the reaction 

between triethylaluminum and TiCl3 showed that titanium was reduced to 

the metal, especially so if the molar ratio of the reactants was high, if the 

TiCl3 was finely dispersed and if the reaction temperature was high. 

According to the authors, this is caused by the ease with which bivalent 

titanium passes into the metallic state. Very probably, Ti?* is reduced to 

Ti*, which then disproportionates: 
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211+ —>» Т+--ТЮ 

This is why monovalent titanium in the precipitate cannot be analytically 

determined. » 

Data obtained on the extent of the reduction of TiCls show that this 

depends, first and foremost, on the reactant ratio and increases both with 

|| 
\ QM 

Se 

9.80 10.59 10.97 

10.76 

FIGURE 5. NMR spectra of a mixture of Al(CHg), 

(continuous line) ог Al(CH3),Cl (dotted line) 
and titanium trichloride in tetrahydrofuran 

(concentration of AIR,X, 0.09 М; equimolar 

amounts of AlR,X and TiCl,). 

the reaction temperature and with the 

degree of dispersity of titanium tri- 

chloride. That titanium is reduced is 

also indicated by the gas evolution which 

takes place during the reaction. The 
reaction scheme is similar to that given 

above for triethylaluminum and titanium 

tetrachloride. 

According to the authors of the above 

paper, the main difference between the 

two reactions consists in the fact that 

the reaction with the trichloride takes 

place only on the surface of the crystal 

lattice of TiCls, and that the trichloride 

is able to react with the alkylaluminum 

compound only gradually, as the crystal 

structure becomes disrupted. 

Simon et al. /39/ postulated, on the 
strength of their experimental results, 

that aluminum is directly bound to 

titanium in the complex of alkylaluminum 

compound with TiCl3. They base this 

assumption on the fact that the analyti- 

cally determined content of ethyl groups 

is, very nearly, two ethyl groups per 

aluminum atom, i.e., the catalyst 

contains an— Al(C2Hs5)2 group. Titanium 

is also directly bound to chlorine atoms. 

However, this conclusion is, at best, 

only a working hypothesis in the study 

of the composition, structure and activity 

of the catalyst complex. Similar results 

were also reported by other workers 

/39a/. 
The reaction between trialkylaluminum 

compounds and titanium trichloride was 

also studied by methods other than 

chemical analysis. Sakurada et al. /32/ 

carried out one of the first studies in which the reaction products were 

identified by means of NMR spectra. These workers gave interpretations 

of NMR spectra of a number of methyl derivatives of aluminum and their 

products of reaction with Т1С14, and also took and interpreted NMR spectra 

of the reaction between trimethylaluminum and titanium trichloride. The 

use of tetrahydrofuran as solvent distorted the true picture somewhat, 

owing to the formation of the soluble complexes Al(CH3)3°THF and TiCl3:3THF, 

but the main features of the reaction could nevertheless be studied. 
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The reaction between trimethylaluminum and TiCl3 was studied at room 
temperature and molar ratios Al(CH3)3:TiCls of 1:1, 2:1 and 3:1. The NMR 
spectra of these systems were taken 20 hours after the components had been 

mixed. To do this, a saturated (0.1M) concentration of TiCl;: 3THF in THF 
was prepared. No precipitate separated out as a result of the reaction, but 
the solution changed color from violet to blue. When Al(CH3)2,Cl was employed, 
the color changed to brown. Figure 5 shows the NMR spectra of solutions 

obtained by reacting Al(CH3)3 with TiCl3 in equimolar ratio. These spectra 

greatly resemble those obtained for the reaction between Al(CH3)3 and TiCl4. 

In both cases a weak signal is noted at = 9.80. Sakurada et al. attributed 

this signal to the proton of methane. They pointed out that a similar signal 

of an equal intensity was noted in an 0.09M solution of Al(CH3)3, which 

Suggests the formation of methane as a result of the reaction between 

Al(CH3)3 and the water in the solvent. The location of NMR signals remains 
more or less constant when the molar ratio between the reactants is varied 

[Ат = 2:1 and 3:1). However, the intensities of the signals attributable 

to the protons of methyl radicals in Al(CH3)2Cl depends on the molar ratio 
of the initial components. An increase in the molar ratio of Al(CH3)3 to 

TiCl3 increases the surface area of the signal at t= 10.97 to that of the 

signal at t= 10.76. It was concluded by the authors /32/ that if the reactant 

ratio Al:Tiis higher than 1:1, not all the trimethylaluminum reacts. Basing 

themselves on experimental determinations of magnetic susceptibility the 

authors maintain that significant amounts of bivalent titanium are not formed 

in these reaction mixtures. 

They concluded that the mechanism of the reactions of Al(CH3)3 and 

Al(CH3)9Cl1 with titanium trichloride can be described by the following 

equations: 

ACH RC 
—~ Al(CHs3)2Cl + TiCl,CH3 

Al(CHs)oCl-+ TiCls ———> 
Al(CHs) Clg + TiCl,CH3 

No NMR signal of the proton in TiClgCH3 was obtained, so that the 

question of the existence of this compound under these conditions must 

remain open. 

3. REACTIONS BETWEEN ALKYLALUMINUM COMPOUNDS AND 

В15- CYCLOPENTADIENYLTITANIUM DICHLORIDE 

The first attempts to study the reactions between organoaluminum 

compounds and (СьН5)2Т1С12 are due to Natta et al. /40/, who suggested that 

the resulting products be utilized in the study of the polymerization of 

a-olefins. When 0.01 mole of (CsHs)2TiClz, suspended in 50 ml heptane, 

was mixed with 0.025 mole of Al(C2,Hs5)3 and the mixture was allowed to 

stand for one hour, a blue-colored solution was obtained. The reaction 

temperature did not exceed 70°C. A blue-colored crystalline compound 

was obtained when the solution was cooled to - 50°C. After several 

recrystallizations from heptane the product had a т.р. of 126 — 130°C 
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and a composition corresponding to the formula (С5Нь5)›Т1С1А(С2Н5)2. The 
complex was subsequently studied by X-ray spectroscopy /41/. It was found 

that the atoms of titanium and aluminum are coplanar and are connected to 

each other by means of a four-membered ring formed by chlorine atoms. 

The distance between the Ti and Cl atoms, and alsobetweenthe Aland Clatoms 

is about 2.5 A. The plane of the CsHs-group is perpendicular to the line 

connecting the titanium atom with the center of the group; all five Ti—C 

bonds are about 2.3 A long. The ethyl groups are bound to aluminum atoms. 

It was also noted that the cyclopentadienyl groups in the complex are not 

parallel to one another, as in ferrocene, but are somewhat displaced with 

respect to one another, owing to the type of hybridization of the metal atom 

to which they are bound. Figure 6 is a schematic representation of the 

structural model of the complex [(C5Hs)eTiAl(CoHs)ele /41а/. 
It was established by Breslow and Newburg /42, 43/ that this formula is 

more correctly written as (Cs5Hs5)2TiCl‘Al(C2Hs)eCl. These workers subse- 
quently studied the reactions of (С5Н5)>Т1С1> with diethylaluminum chloride 

and triethylaluminum. The reactions were.performed both in toluene, in 

which (Cs5Hs)2TiCl2 is readily soluble, and in heptane. They found that when 
a toluene solution of (С5Н5)2Т1С1> is mixed with Al(C2Hs)eCl, the color of the 
reaction mixture rapidly changes from orange to dark red and then gradually 

turns green and finally blue. According to the analytical data, the blue- 

colored complex in toluene corresponds to thé compound (Cs5Hs)2TiCl - 

*1/›А12(С2Н5)зС13, m.p. 80 — 90°C. The authors /42, 43/ did not consider 

the above composition as conclusively established, but were convinced 

that the titanium in the compound was trivalent. This was shown by the fact 

that the hydrolysis of the reaction product by aqueous sulfuric acid yielded 

a green-colored solution, in which the titanium could be titrated as the 

trivalent ion. When the blue complex was heated with ether, green crystals 

separated out; their composition was established by analysis as (Cs5Hs5)2TiCl. 

Determinations of magnetic susceptibility showed the presence of one 

unpaired electron. У 

In one of his subsequent studies /44/ Breslow discussed the spectroscopic 

evidence in favor of the existence of three complexes formed during the 

reaction between (Cs5Hs5)2TiCly and Al(C2Hs5)eCl. Figures 7 and 8 represent 
the changes in the visible spectrum which occur when toluene solutions of 

(Cs5Hs5)eTiClg and Al(C2Hs)2Cl are mixed together in the molar ratio 1:1.5 at 
2.3°C. It was found that the spectrum gradually varied with the duration of 
the interaction of the components. It was reported by Breslow that the 
formation of the complex (Cs5Hs5)2TiClz - Al(C2Hs5)2Cl was rapid and that it 
was then gradually converted to the complex (CsHs)eTi(C2Hs5)Cl - А1(С2Н5)С15 
(spectrum Ш), which is relatively stable at low temperatures. According 
to these workers, this is the complex which is responsible for the polymeri- 
zation of olefins. The formation of (C2Hs5)eTiCl * Al(C2Hs5)Cly is slow 
(Figure 8), and this complex is not active during the polymerization of 
olefins. Basing himself on these data, Breslow considers that the reaction 
between bis-cyclopentadienyltitanium dichloride and diethylaluminum 
chloride may be described in the following manner. 

1, Formation of complex: 

H ike ne 5Нь Cl CH 
> Techy + Al(CzHs)2C] —= не ise 5]2 

а [а За рае 
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FIGURE 6. Structure of complexes [(С5Н5)›ТЕА1(С»НУ) alo, (a) and 

п-(С5НБ).Т1СЬАКС,НЫ», (b). 

2. Alkylation of the titanium compound: 

fare Pe Cl i СХ 7 С2Нь ny 
Ti ЕР Ti 

(У %с1!---А1-— С.Н pes Rae Alan 

| 
Cl Cl 
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FIGURE 7. Evolution of the visible spectrum of the reaction 

mixture, consisting of 5 mmoles of (C5H;),TiCl, and 7.5 mmoles of 

(C,Hs)A1Cl at 2.3° С (numbers on curves indicate times in 
minutes after the mixing of the components), 

3. Formation of trivalent titanium compound: 

(C5Hs5)2Ti(CgHs)Cl+ Al(C2Hs5)Cle — (СН. Al(CgHs5)Cle+ С2Нь. 

Kissin et al. /45/ used IR spectroscopy to confirm the formation of blue 

complexes of the type: 

a Ch. 

(CsH5)oTi : *Al(C2Hs)o and (Cs H5)2Ti’ ~Al(C2H5) Cl 
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FIGURE 8. Evolution of the visible spectrum of the 

reaction mixture consisting of 5 mmoles of (C;H,),TiCl, and 

7.5 mmoles of (CjH5)2A1Cl (numbers on curves indicate 

times in minutes after the mixing of the components), 

Fushman et al. /55/ made an interesting study of the effect of different 

solvents on the interaction of (С5Н5)2Т1С12 with Al(C2Hs5)2Cl. Whereas 
titanium in (C5Hs)eTiCls is readily reduced to Ti(III) by triethylaluminum 
dissolved in heptane and the reduction is arrested at this stage, the amount 

of the reduced titanium first increases and then gradually decreases if 

dichloroethane is employed as solvent. The authors maintain that redox 

processes take place in the complex being formed, as a result of which the 

amount of the organoaluminum component decreases to zero. According to 

them, the oxidation of Ti(III) derivatives is effected by dichloroethane. 

When benzene or chlorobenzene was used as Solvent, the concentration of 

Ti(III) in the complex formed did not decrease. 
Organometallic compounds of the general formula R2Til CH2Al(CHs3)Xle, 

where R is cyclopentadienyl or alkylcyclopentadienyl and X is a halogen or 

an alkoxy group, were recently prepared. These substances act as igniters 

of pyrotechnic articles, as sources of free radicals and polymerization 

catalysts /35/. 
The structure of the products of the reaction between alkylaluminum 

compounds and bis-cyclopentadienyltitanium dihalides was investigated by 

Shilov et al. /46, 47/ by means of EPR spectra. When trimethylaluminum, 
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triethylaluminum, triisopropylaluminum, triisobutylaluminum, triphenyl- 

aluminum or diethylaluminum chloride were mixed with (Cs5H5)2TiCle, 

(CsHs)eTiBre or (С5Н5)2ТИ2 in equimolar 
ratios of the initial components, similar 

EPR signals were obtained with a g-factor 
of 1.975 (Figure 9), which was attributed 

by the authors to the presence of unresolved 

hyperfine structure. The study of EPR 

spectra obtained at other AlR3:(Cs5Hs)2TiCl2 

ratios revealed the individual features of 

the spectra. It was found that at Al:Ti ratios 

higher than unity triethylaluminum, 

triisopropylaluminum and triisobutyl- 

aluminum react with (С5Н5)2Т1С1> to give 
new EPR signals with a highly resolved 

11 gauss hyperfine structure, while the spectra of 
Нч : . 

complexes of trimethylaluminum, triphenyl- 

aluminum or diethylaluminum chloride with 

the titanium compound remain unchanged. 

I When the Al:Ti ratio in the former group of 

complexes was varied from 1:1 to about 

20:1, signal I (Figure 9) changed to signal II 
FIGURE 9. EPR spectrum of the mixture (Figure 10), which is a doublet with a g- 

OF АВИАЦИЮ composite yi — factor of 1.985. When the Al:Ti ratio was 
о further increased to 50:1, signal II changed 
of Al to Ti; reagent concentration less о р 
Ваз 1s 10- поел ей. to signal Ш with a g-factor of 1.988, 

consisting of 8 components (Figure 11). In 

these experiments the shapes of signals II 

and III were independent of the identity of the alkyl group in the organo- 

aluminum compound and of the identity of the halogen atoms in the cyclo- 

pentadienyltitanium compound. Changes of signals from I to Ш were also 

noted at various concentrations of the reaction components. 

The authors concluded that their alkylaluminum compounds contained 

dialkylaluminum hydride; the existence of this hydride was subsequently 

experimentally confirmed. This is the reason for the changes in the EPR 

spectra of these complexes. According to the authors, the hydrogen of the 

dialkylaluminum hydride acts as the bridge connecting the alkylaluminum 

compound with (С5Н5)2Т1С15; this is the cause for the formation of the 

hyperfine structure in spectrum ПТ. The participation of the hydride 

hydrogen in the complexes thus formed was also confirmed by experiments 

involving the deuterated aluminum compound A1D[CH2C(CH3)2] 2. The EPR 
spectra of the reaction products of this compound with (CsHs5)2TiCle 

corresponded to signals II and III. 

These and other experimental data led Shilov et al. /46, 47/ to propose 

the following scheme for the reactions between (С5Н5)› TiCly and dialkyl- 

aluminum hydrides: 

ak 
AIRoH + (CsH5)eTiCl, —» (CsH5)eTiC — SAIRg-F H 

we 
ich 

(CsHs)eTi = SAIRy < (C5H)2TiCl + АВЬС! 
ха 
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VAY, 
(C5H5)2TiC] + AlRgH = (СНБ) ТК АПВ» 

\Clv 

- -Hy._ 

The compound (С5Нь)›Т1= 5. _.22А1В2 contains a hydrogen bridge in --с1-- 

lieu of one chlorine bridge. This bridge is responsible for the doublet in 
Signal II]. Further substitution in this manner yields a compound with two 

pis (Soe 

hydrogen bridges (СЕНТ ЗА1В», which are responsible for signal III. 
He 

a 

6.3 gauss 
= 

b Ш 

b 

1] gauss 
— 

* Tf gauss 
an a | 

I 
a Г Ш 

FIGURE 10. EPR spectra of the mixture of А1Вз with FIGURE 11. EPR spectra of the mixture of 

Ti(C5H) 2X2, containing complex compounds of the structure A1R,H with Ti(CsH,),Clz at a molar ratio 

ails Al: Ti = 3:1, containing a complex com- 

(СЫНЕ, _ МА1Во: Paks 

pound of the structure (C5Hs) 2Ti<” ‚ А1Во. 

а — molar ratio АВ. : Т1(С5НЭ2Х, = 20:1; b — molar ratio Не 

AIDICH,CD(CHg)9] : Ti(CsHs)2Cl, =2 : 1. 

The shift of the g-factor from signal I to signal III shows that the nature 

of the orbital of the unpaired electron changes. According to the authors 

/46, 47/ the spin density of the unpaired electron on the aluminum atom 

increases during this change. Subsequently, the mechanism of interaction 
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of these reagents, based on the kinetic relationships governing the reactions 

between organoaluminum compounds and titanium halides was proposed by 

Zefirova and Shilov /48/. They studied the products of the reactions between 
trimethylaluminum and (Cs5Hs5)2TiCls, between triethylaluminum and 

(Cs5Hs5)eTiClg and TiCl, and between Al(C2H5)eCl and (С5Нь)>Т1С12. It was 
found that in the reaction between trimethylaluminum and (Cs5Hs5)2TiCl, the 

reduction of titanium proceeds slowly and the complex (Cs5Hs5)2TiCl2 * А(СНз)з 
is not formed. Only in the presence of an olefin (ethylene, propylene and 

butylene were studied) did the red solution turn blue, with evolution of 

methane and absorption of olefin. The blue complex thus formed was 

distilled; its structure was established as (Cs5Hs5)2TiCl * Al(CH3)gC1 on the 
strength of its visible and EPR spectra. ̀  

Basing themselves on certain kinetic relationships, the authors proposed 

the following mechanism for the reaction between diethylaluminum chloride 

and bis-cyclopentadienyltitanium dichloride: 

[Al (CoH5)2Cl]2 === Al(C2Hs5)3 + Al(CoHs)2Cl> 

2(C5Hs)eTiClg+ [Al(CgHs)eCl]g <== 2(C5Hs5)eTiCle- Al(CgHs)2Cl 

(CsHs)eTiCly + АКСУНЫ С <> (CsH,)aTi(C2Hs)Cl АКСЬНУСЬ 
(CsHs)oTi(CoHs)C1- Al(CoHs)Cle —> [(C5Hp)eTiCeHs]* АКСЬНЬ)С15 

[(C5H5)2TiC2H5]* 4- Al(C2Hs5)2Cly —~» (C5Hs5)2Ti(C2Hs5)2 + Al(C2H5)Cle 

(C5H5)eTi(C2H5)2 + Al(C2Hs)} ——» [\C5Hs5)eTi(C2H5)]* + Al(C2Hs5)3 

(C5H5)eTi(CgHs5)2 —» (C5H5)eTi-+ CoHg + (>На 

(CyHs)oTi + (CoHs)oTiCly + АКНЕ => СНЕС sTIClyAlChHg)s 

FIGURE 12, EPR spectra of the products of the reaction of 
(C5Hs)2TiCl, with Al(CHy),Cl (a) and with Al(CHg )C1, (b) 
in the presence of heptane. 

We have already said that the presence of an olefin considerably 
accelerates the formation of the blue complex of (CsHs5)2TiClg with Al(CH3)3. 
This effect was studied by Shilov et al. /49/ who found that the addition of 
ап @-olefin results in a rapid conversion of the complex (C2Hs),Ti(CHs3)C1- 
-Al(CH3)Cly, which is stable for several hours. The product is blue, 
contains trivalent titanium and has been identified by spectroscopic analysis 
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аз the complex (С5Нь)›Т1С1: AlR2Cl. Figure 12 shows the EPR spectrum of 

this complex, with a g-factor of 1.975, and signal intensity of 20.4 oersteds. 

These parameters are close to those obtained for the product of the reduction 

of (Cs5Hs)2TiCly by diethylaluminum chloride /47, 50/. If this reduction takes 

place in the presence of an olefin, titanium is also reduced to Ti(III), but 
to a much smaller extent. The g-factor of this EPR spectrum is 1.975, and 
the spectrum has a well-resolved hyperfine structure consisting of six lines 

of equal intensities (Figure 12b); this indicates that there is an interaction 

between the lone electron in the complex (Cs5Hs5)eTiCl : А1В2С1] and the 

aluminum nucleus (spin 5/2); the width of the signal is 37.5 oersteds. These 
workers also showed that the electrical conductivity of the benzene solution 

of Al(CH3)2Cl increases several times on the addition of (Cs5Hs5)eTiCla, whereas 
neither of these solutions is markedly conducting by itself. It was established 

that the electrical conductivity of the complex is proportional to the square 

root of its concentration. The authors used these data to confirm the ionic 

nature of the reaction between the constituents of the complex (p.102) and 

found that, in the presence of an olefin, the rate-determining stages are the 

reactions between the olefin and (C5Hs5)eTi* CH3 or between (СьНь)2ТЕ R and 
the ion Al(CH3)2Cl:: 

(C5H5)2Ti(CH3)Cl - Al(CH3)Cly === (C5H5)2Ti+CH3+ АКСНз)С 5 

(C53H5)2TitCH3+ С7Наа —> (C5Hs5)2TiI—CH2—CH —CH3 

C5 Hi 

(CsHs)oTit CHp—CH(CHs)CsHi1-+ Al(CHs)2Clg —» АЦСНЭСЬ + 
+ (CsHs)sTi(CH3) CHp—CH(CH3)C,Hun 

(CgHs)sTi(CHs)CHa—CH(CHs)CgHiz —> (CsH;)eTi+ CH, + 
СОН Сны 

(CgHg)sTi ++ (СоНБЗТЮЬ  АЦСНЗ) СЕ —> (CsH5)2TiCl+ 
++ (CsHs)sTiCl- Al(CHs)2Cl etc. 

Thus, the olefin molecule attacks the Ti —CH3 bond of the complex and 

then, immediately following this reaction, the alkyl group formed 

disproportionates with the methyl group; the titanium is reduced and loses 

its activity. 

Shilov et al. subsequently produced an experimental confirmation of his 

mechanism of the reaction between (С5Н5)2Т1С15 and Al(CH3)2Cl in the 

presence of ethylene. He studied the changes in the spectra of the catalyst 

systems in the presence of small amounts of ethylene /51/ and showed that 

the propagation of the polymer chain involves attack оп the Ti —C bond, 

since the methyl groups of Ti— CH; in the complex are gradually converted 

to propyl, pentyl, etc., groups as follows: 

CoH, С.Н 
Ti—CH3 Ti—CH,— CH3 ig (CH, СН.).—СНз etc. 

This mechanism was confirmed by Grigoryan and D'yachkovskii et al. 

who studied the identity of the active sites of the homogeneous catalytic 

system constituted by (Cs5Hs)eTiClz with Al(CH3)2Cl P5ta/. 

Basing themselves on Bartelink's /52/ method for the determination of 

the Ti— CH3 group by nuclear magnetic resonance, D'yachkovskii et al. /53/ 

showed that the concentration of Ti— CH3 groups in the catalyst complex 
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gradually decreased, while the concentration of Т1— СН» — СН› — СНз groups 

increased. The latter groups could only have been formed following the 

attack of the Ti— СН. bond, formed by the reaction between (С5Н5)2Т1С12 and 

Al(CH3)2Cl, with ethylene. Similar results were also obtained when ethylene 
was substituted by deuteroethylene /54/. These workers recently published 
/54a/ a survey of the reactions involved and of the operative mechanism of 
soluble complex catalysts. 

4, REACTIONS OF ALKYLALUMINUM COMPOUNDS WITH 

COMPOUNDS OF VANADIUM AND OTHER TRANSITION METALS 

The composition and certain catalytic properties of the products of the 

reaction between vanadium chlorides and alkylaluminum compounds were 

first studied by Natta et al. /56—61/. They pointed out, in particular, that 

when vanadium oxychloride is reduced by an alkylaluminum compound, the 

resulting precipitate mainly consists of compounds of vanadium chlorides 

with organoaluminum compounds. They also showed that the content of 

chlorine in the precipitate decreases with the increase in the proportion of 

the organoaluminum compound in the initial reactant mixture. Petrov and 

Korotkov /62/ studied the reaction between vanadium oxytrichloride and 

triethylaluminum; the relationships experimentally found made it possible 

to predict the composition of the reaction products by calculation. They 

showed that the reaction between these two compounds initially proceeds in 

two ways: 

1. Alkylation by attack оп У — С1 bond: 

УОС1 3 + Al(C2Hs)s => С›Н5УОС- А(С›Н5)2С1 

C2HsVOCI, — VOCl2+ CeHs . 

2. Alkylation by attack оп У = O bond: 

OAI(C2H5)e OCgHs 
VOCI3-+ Al(C2Hs)3 —> С1зУ — > УС13-+ Al(CgHs)2 

ан, 

The trivalent and tetravalent vanadium compounds formed in excess 

triethylaluminum then react in a similar manner: 

VCl3+ Al(C2Hs)s3 > С›НьУС1 + Al(CeH5)eCl 

C2H5VCl, — УС1.- CoHs > 

OAl(C2Hs5)2 OC gHs 

VOCI,-+ А(С.Ну)з — СУ. — УС - Al(C2Hs)2 

SG 

Thus, in the formation of one mole of Al(C2Hs5)2Cl the valency of vanadium 
decreases by one unit, while in the formation of one mole of Al(C2Hs5)20C2Hs5 
it decreases by two units. If the initial molar ratio Al(C2Hs)3:VOCl13 is more 
than two, the content of chlorine in the solution increases. This is explained 
by the difficulty with which vanadium is reduced to V(I) and to the establish- 
ment of equilibrium. 
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УС . А1(С2Нь) СЕ Al(C2Hs)3 acne NAO Re Al(CgH5)3-+ А1(С>Нь)2С1 

We may assume that VCl, : А(С2Нь)›ОС2Нь reacts in a similar manner: 

УС. - Al(C2H5)20G2Hs + Al(C2H5)3 == УС . Al(C2Hs)3 + Al(C2Hs5)20CoHs 

Shulyndin et al. /63/ published interesting results of a structural study 

of a complex formed by the reaction between alkylaluminum compounds and 

vanadium tetrachloride. They took EPR spectra of these compounds in 

benzene solution. Triethylaluminum and triisobutylaluminum react with 

VCl, almost instantaneously, with formation of dark-colored solutions of 

derivatives of bivalent vanadium, which, according to the author, are true 

solutions; this was noted at an earlier date by Carrick /64—66/. If the 

amount of the alkylaluminum compound is deficient, a brown precipitate 

separates out, owing to the formation of trivalent vanadium compounds. It 

was found by EPR spectroscopy that after vanadium tetrachloride has been 

reduced by triethylaluminum to VClz, the atom of bivalent vanadium 

remains bound to four equivalent chlorine atoms. Such a structure may be 

of the bridge type, for example 

С i BS os ye ee 
м Ма 

Bier et al. /67/ studied the reducing tendency of organoaluminum 
compounds with respect to certain derivatives of vanadium. They showed 

that when triethylaluminum, diethyl- 

aluminum chloride or ethylaluminum 

100 dichloride are made to react with tetra- 

90 valent vanadium, the vanadium is reduced 

80 to а valency of about 2.5 — 3 during the 

first ten minutes. The larger the number 

bi 70 of alkyl groups in the organoaluminum 

> 60 compound, the stronger its reducing 

2 50 power. Other chlorinated compounds of 

8 40 pentavalent vanadium, such as VOCl3, 

+ VO(OC2Hs5)Cle, VO(OC2Hs)3 ог УОС12(С5Н*О2), 

5 30 display a similar behavior towards alkyl- 

S 20 aluminum compounds, i.e., the reduction 

of vanadium to V(III) is very fast in all 
ay el aaa: cases. Vanadium halides are reduced to 

OT 9456 78 9 10 V(II1) even at -78°С. When VCl4 is reduced 
Ave У а by alkylaluminum halides, various 

reduction products are formed, the 

FIGURE 13. Yields of soluble and insoluble identities and the amounts of which depend 

products of the reaction between VCl, and on the alkylaluminum halide used. When 
С#Н5А1 С» —) ог (GHs)2A1Cl (---) as the VCl, is reduced by ethylaluminum 
function of the molar ratio Al: V (concen- : dichloride, the formation of the voluminous 
tration of УС: 100 mmoles/liter of hept- ee , : A 
ane; reaction temperature 25°C), precipitate, which mainly contains 

compounds of trivalent vanadium, is 

accompanied by formation of soluble 

reaction products, mostly consisting of bivalent vanadium compounds. The 

precipitate has vanadium trichloride as its major component, which still 
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contains large amounts of the organoaluminum compound or of complexed 

А1С13; these can be only partly removed by organic solvents. The soluble 

fraction contains chlorinated compounds of bivalent vanadium which are 

complexed with alkylaluminum dichloride or with AlCl3, andanexcess of 

the organoaluminum compound. The soluble reaction products are very 

sensitive to oxygen and decompose above 80°C with the liberation of the 

green УС. 

It is seen from Figure 13 that the reaction between VCly and Al(C2Hs5)2Cl 
yields much more sparingly soluble compounds of bivalent vanadium than 

does the reaction with С2Н5А1С15. This would suggest that C2HsAl1Cl, is 

able to keep the bivalent vanadium produets in solution, probably by complex 

formation, whereas Al(C2Hs5)2Cl and Al(C2Hs)3 have no such effect. 
It was also noted that the gaseous reaction products which are evolved 

during the reaction between vanadium compounds and alkylaluminum 

compounds have a practically identical composition and are evolved in 

identical amounts. It was shown by Bier et al. /67/ that in the reduction of 

УС it is necessary to assume the same alkylation mechanism and 

mechanism of decomposition of the alkylvanadium halide as for the case of 

the reduction of TiCl, by organoaluminum compounds. The effect of electron 

donors on the reduction of VCl3 by alkylaluminum compounds was also 

studied /67a/. , 
Nasirov et al. /68/ studied the reaction between vanadyl acetylacetonate 

VO(Cs5H7O2)2 and triethylaluminum, the products of which effectively catalyze 

the polymerization of acetylenic compounds. The reaction was conducted 

in benzene by mixing triethylaluminum and VO(Cs5H7O2)2 in appropriate 

amounts. The fully soluble reaction product — the brown-colored organo- 

metallic complex, with molar ratio Al:V = 4:1— was studied by EPR 

spectroscopy and by determination of magnetic susceptibility. The experi- 

mental results showed that the vanadium in vanadyl acetylacetonate is 

reduced as follows: ~ 

- CH3— ~ CHs — ous Aes Hs 
7O=C Же мох 

| i CH + 2Al(CoHs)3—ll| < CH — 

OLN Newco 9 9-67 
= Nemo 2 ен: 

ow a 2А1(С>Н5)з 

3 0—C”% 
У2+ | / on 

— 4 м ей +C2H; 

Al(CgHs5)2 р 
(I) 

~ 2A1(CeHs)3 
1 Jes 

\У2+ «Ока 

(I) +2АЦКСЬНЬ)з — | | < CH 
\o_c4 

| \cHs 
_ Al(CoH5)2 _'s 

(11) 
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Subsequently /69/ the authors came to the conclusion that the last stage 
does not result in the formation of compound (II) alone, but also in the 

alkylation of the vanadium compound: 

oe CHs3 

0—6“ 
\У2+ и “ен 

a)+ 2AGHos —S4 ¥ я СНА -ОАНОНЫ 
Csi) ь 0 С 

сн; | 
Al(CgH5)2  _|2 

(III) 

According to the authors, complex (III) is the active agent in the 
polymerization of acetylenic compounds. Nasirov also showed that the 

reaction between vanadyl acetylacetonate and Al(C2Hs)sCl results only ina 

partial reduction of vanadium, whereas Al(C2Hs5)Clg does not reduce the 
vanadium in the compound at all. 

The reactions between tetraphenyltin, aluminum tribromide and vanadium 

tetrachloride, and the composition of the catalyst complex constituted by 

these compounds, were studied by a number of workers. This was done in 

order to clarify the catalytic mechanism of this complex which was first 

proposed in a modified form by Carrick /65, 66, 70/. One of the most 

important studies on the subject is that by Stotskaya and Krentsel' /70/. Their 

experimental results show that the interaction between the components does 

not begin with the arylation of vanadium chloride by tetraphenyltin to the 

organovanadium compound of the type RVX, but rather with the arylation of 

the aluminum bromide: 

Sn(CgHs5)4 + 2AlBr3 => 2Al(CgHs) Bre -- Зп(СеНь5)2Вго 

The resulting phenylaluminum dibromide then reacts with vanadium 

tetrachloride with formation of the soluble complex catalyst, as is also the 

case in conventional organometallic catalysts. The solubility of these 

products is due to the weak reducing power of Al(CgHs5)Br2 with respect to 

vanadium tetrachloride. The authors obtained a direct.confirmation of the 

structure and composition of the intermediate compounds produced in the 

course of formation of the complex catalyst by studying the reaction with the 

use of Mossbauer effect. The formation of the organometallic active complex 

from phenylaluminum dibromide and titanium tetrachloride involves the 

following intermediate stage: 

Cho a Salls 
Ele ESVesGis- Als VCly+AU(ColIs)Br2 —> СР CBr 

Subsequently, in the presence of ethylene the catalyst complex assumes 

the following structure: 
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СН.=СНо CH,=CHe 

CH2—CH2—CgHs 
Cl H; nC} СН.— СН» РЯ Cl | 

ПАЯ oe PCy ВЕ СУ Br 
ef \Br см. Sea MC ie си Neal 

| \Br Br 
Br 

transition compound 
active complex 

The entry of the first monomer molecule and the formation of the active 

complex represent the initiation step of the polymerization. 

Bibliography 

1. Gaylord, N.G. andH.F.Mark. Linear and Stereoregular Addition 

Polymers. — New York, Interscience. 1959. 

2. Chem. Ind. Ltd; Belgian Patent 543941. 1956. 

3. Ziegler, К. — Angew. Chem., 68:581. 1956. 

4. Furukawa, J..et al. — J. Polymer Sci., 28(117):450. 1958. 

5. Вова, М. etal. Papers Presented at the Boston Meeting, Division of 

Paint, Plastics and Printing Ink Chemistry, 19(1):120. 1959. 

6. French Patent 1146245, 1957. 

7. Berger, М. and T.Boultber. — J. Appl. Chem., 9(9):490. 1959. 
8. BASF, US Patent 2905661. 1959. 

9. Brebner, D. et al. — US Patent 2822357. 1958. 

10. Beili, F. et al. — US Patent 2912425. 1959. 

141. Natta Со ера — Сао. сыпи: Цай, 67549, T9572 

12. Malatesta, А. — Can. J..Chem., 37(7):1176. 1959. 

13. Simon, A. et al. — Monatsh. Chem., 90(4):443. 1959. 

14. Copper, М. and J. Вове,, —J.Chem,Soc.7 No, 2195. 1959. 

15. Воатгета, Г. №, В.А. Бо сборок Sali Vie nema Rete 

VMS, 1(6):900. 1960. 

16. Kern, В. and H.Hurst. — Polymer Sci., 44(143):272. 1960. 
17. Pozamantir,A./G., A, A.Kor ot koy, ава. азам kode 

VMS, 1(8):1207. 1959. 

18. Friedlander, H. and К. Oita. — Ind. Eng.Chem., 49:1885. 1957. 

19. Kovacs, L., A.Simon, and D.Gimesch. — Magyar Kémikusok lapja, 
13:180. 1958. 

20. Rodriguez, 1, еа|. — Petrahedron Letters, №0. 12:0. 51955 

21; Ziegler, К. — Brennstoff Chem., 35:321. 1954. 

22. Biegler, К. — Angew. Света. 6727541. 1956. 

23. Simon, А. et al. — Magyar Kémiai Folyoirat, No.6. 1959. 

24, Adema, Е., H/Bartelink, and J.Smidt. — Вес. trav. chim. Pays- 

Bas, 80:173. 1961. 

25. Adema, E., H.Bartelink, and J.Smidt. — Вес. trav. chim. Рауз- 

Bas, 81:73. 1962. 

26. Varodi, E., V.1.Tsvetkova, andN.M.Chirkov. — Doklady AN 

SSSR, 152:908. . 1963. 

27. Groenewege, М. — Z.phys.chem. (Frankfurt), 18:147. 1958. 
260. Gray, А, -— Gan, J..Ghem., 412151: 11963. 

108 



29. 

30. 

Sli, 

о 

oar 

33. 

ЗА. 

95. 

36. 

Sule 

38. 

39. 

39a 

39b. 

40, 

41. 

41а 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

эта. 

52. 

Dion 

54, 

54а. 

55. 

56. 

50. 

58. 

59. 

60. 

Gray, A.vet als Сам: Chem, 41:1502; 1963; 

Beermann, С. andH.Bestian. — Angew. Chem., 71:918. 1959. 

Jones, М, et al. — Can. J.Chem., 38:2303. 1960. 

Sakurada, А. et al. — J. Phys. Chem., 68(7):1934. 1964. 

Bohar, О. et al. — J. Organomet. Chem., 4:278. 1965. 
Natta, G. — Actes du 2 Congres Internat. Catalyse, Paris. 1960. 

Natta, а. — Chim.e ind., 42:1207. 1960. 

Feay, С. — US Patent 3274223. 1966. 

Rodriguez, 1. ава GiGabant..— J. Polymer Sci., 57-883, 1962. 

Homme na, eGorand ROS biomniele— J. Polymer Seis, 4725227 s1960, 

Natta, С. — J. Polymer Sci., 34:21. 1959. 

Simon, A., L.Kollac, and L.Kor6ck.— Monatsh. Chem., 95(3): 

842. 1964, 

.Ме!211К, J. et al. — Chem. primysl, 15(2):85. 1965, 
Am bro2. J; et ale— Chem-prémys], -17(2) :69..1967. 
Native, G. et al — 1. Ам. Chem Soc, (9829752219503 

Natta, G.-etral. —J. Am, Сем. бос., 80:7 55;. 1958. 

»~Corradini, P. and A.Sirigu. — Inorg.Chem., 6(3):601. 1967. 
Breslow, D. andN.Newburg,— J.Am.Chem.Soc., 79:5072. 1957. 

Breslow, О. andN.Newburg. — J.Am.Chem.Soc., 81:81. 1959. 

Long, М. ала о. Breslow. — Л. Аа. ВБем. 5ос.,. 82:1955,: 1960. 

Kissin, Уи. \., В.М, bolstykh, and N.MoChink ov .— Doklady 

AN SSSR, 145(1):104. 1962. 

ото, А .. А.К. Де: вое ава М. М. Deli keniommalrO Vawn=- 

ZhFKh, 33(9):2113. 1959. 
Zefirova, AIG NG NGM dike iMOunal ye @OwAd-. and Ав оо. — 

Doklady AN SSSR, 132(5):1082. 1960. 

Zefirova, A.K. and A.E.Shilov. — Doklady AN SSSR, 136(3):599. 

1961. 

Shilov, А.Е., A.K.Shilova, and B.N.Bobkov. — Vysokomole- 

kulyarnye Soedineniya, 4:1688, 1962. 

Maki, A. and E.Randall. — J.Am.Chem.Soc., 82:4109. 1960. 

Stepovik, L.P., A.K.Shilova, and A.E.Shilov. — Doklady AN 

SSSR, 148(1):122. 1963. 

Grigoryan, E.A., F.S.D'yachkovskii, G.M.Khvostik, and 

A.V.Shilov. — Vysokomolekulyarnye Soedineniya, A9(6):1233. 
1967. 

Bartelink, Н., H.Bos, andJ.Smidt.— Congres Ampere, Leipzig, 
13—16 Sept. 1961. 

Divan ovis, Е.5., Р. Vid магом Kid sand У cys S Lilt OF Vt a 

Vysokomolekulyarnye Soedineniya, 6(4):659. 1964. 
Grigoryan, в. ©. Hos. Di ywachiovekil, and-A. bo hilow . — 

VMS, 7(1):145.. 1965. 

D'yachkovskii, Е.5. and A-E.Shilov. — ZhFKh, 41(10):2515. 
1967. 

Fushman, Е.А., У. 1. Тзуе{ Кота, andN.M.Chirkov. — Doklady 

AN SSSR, 164(5):1085. 1965. 

Natta, С. апа G.Mazzanti. — Chim.e ind., 39(9):733. 1957. 

Mazzanti, С. et al. — Chim. e ind., 39(9):743. 1957. 

Mazzanti, С. et al. — Chim. e ша., 39(10):825. 1957. 

Natta, G. et al. — Chim. e ind., 40(5):362. 1958. 

Natta, G. et al. — Chim e ind., 41(2):116. 1959. 

109 



61. 

62. 

63. 

64. 

65. 

66. 

67. 

бра. 

68. 

69. 

OR 

Natta, G. et al. — Rend. Accad. Naz. Lincei, 24(5):479. 1958. 

Petrov,G.N.andA.A.Korotkov.— Doklady AN SSSR, 141(3):632. 1961. 

Shulyndin, S.V. et al. — Zhurnal Strukturnoi Khimii, 2(6):740. 1961. 

Carrick, W. — J.Am.Chem.Soc., 80:6455. 1958. 

Carrick, W. —J.Am.Chem.Soc., 82:3883. 1960. 
@lair riick} Was Je Ania Chem, Soe, 1822531911960. 

Bier, G., A.Gumboldt, andiG schleitzer.-— Makromoly Chem, 

58:43. 1962. ' 

Cooper, W. etal, — J. Polymer Sci., Pt. B., 4(5):309. 1966, 
Nasitiov, F.M.) GoPubkarpacheva Bik. Davydov, папа В. А, 

Krentsel'. — Izvestiya AN SSSR, Seriya Khimicheskaya, 
9:1697. 1964. ts 

Nasirov, F.M. Author's Summary of Thesis. INKhS AN SSSR, 

Moskva. 1965. 

Stotskaya, L.L. Author's Summary of Thesis. INKhS AN SSSR, 
Moskva. 1964. 

110 



Chapter IV 

METHODS USED IN THE ANALYSIS OF COMPONENTS 
OF COMPLEX CATALYSTS 

The necessity for a very accurate determination of the contents of both 

the organoaluminum compounds and the transition metal salts is a direct 

consequence ofthe highreactivities of the components forming part of the 

catalyst complex and of their apparently unchanged external aspect when 
acted upon by oxygen, water, sulfurous compounds and other compounds 
present in the air and in solvents. 

Despite the abundance of literature publications on the analysis of these 

compounds, there is as yet no general agreement in favor of any particular 

method for the determination of the complex components. In our view this 

lack of agreement is due to the fact that methods which would be sufficiently 

accurate, sensitive, rapid, and technically simple have not yet been 

proposed. 

This chapter will deal with the most frequently used analytical methods 

for the determination of organoaluminum compounds and halides of a number 

of transition metals. 

i SNE Neots ОЕ ORGAN OAL UMINUM COMPOUNDS 

The methods for the analysis of organoaluminum compounds, proposed 

during the past decade, include the following element determinations /1 — 20/: 

1) aluminum in alkylaluminum compounds and their derivatives /21 — 53/; 
2) gas-volumetric determination of the hydrocarbon part, with subsequent 

analysis of the composition of the liberated gases /32, 57 —63/; 3) determi- 
nation of alkoxy groups in partly oxidized alkylaluminum compounds /64 — 73/; 

4) iodometric determination of АТ bond /52, 54, 55/. In addition, 

many publications deal with the determination of the so-called active part 

of the alkylaluminum compound В2А1Х, where X =R, H, Hal. They include 

several varieties of electrometric titration /59, 86 — 90/, the ammonia 

method /85/ and determinations of the concentration of alkylaluminum 
compounds by reduction of TiCl, /74 — 82/, titration of the dielectric constant 
/91—95/, calorimetric titration /96, 97/, determinations based on 
reversible color reactions (indicator methods) /32, 59, 99, 100/ and 
spectrophotometric titration /61, 98, 100 — 102/. 
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Methods used in elementary analysis of organoaluminum compounds, 

functional group assay and determination of the active component in these 

compounds are described below. The most important methods for the 

determination of alkylaluminum compounds are also described. 

1. DETERMINATION OF THE ELEMENTARY COMPOSITION 

AND FUNCTIONAL GROUP ASSAY IN ALKYLALUMINUM COMPOUNDS 

Elementary analysis 

The determination of the elementary composition of organoaluminum 

compounds involves the decomposition of the compound in some suitable 

manner, followed by a quantitative analysis of the resulting products. 

Depending on the mode of decomposition, the elementary analysis may be 

effected by dry oxidation or by hydrolytic decomposition of the sample. In 

either case, the sample taken will be readily decomposed in the air; in fact, 

the necessity for sampling and weighing in an atmosphere of inert gas is 

one of the main difficulties which are encountered in the analysis of alkyl- 

aluminum compounds. ‘ 

Many sampling techniques have been proposed /1— 8/, but none is simple 
enough for rapid sampling of very small volumes of alkylaluminum 

compounds to be possible. The sampling is conducted in special airtight 

vessels in which an inert gas atmosphere is produced (nitrogen or argon); 

the gas must be purified from oxygen and moisture to a content of not more 

than 0.0005 vol.% /9/. Such vessels are most often used for the sampling 

of solids. 

Gel'man and Bryushkova /1/ described a technique for the sampling of 

liquids spontaneously flammable in the air, which was used with success in 

the analysis of alkylaluminum compounds and dialkylaluminum halides. The 

weighed sample is placed in a capillary. The elementary analysis of alkyl- 

aluminum compounds thus sampled is complicated by the fact that the 

capillary with the sample must not be sealed in order to avoid a partial 

decomposition of the product. Accordingly, the sample must be weighed in 

an open capillary immediately before the combustion. It was experimentally 

established that the weight of the capillary with the sample remains 

unchanged for a few minutes. It is preferable to use quartz glass capillaries, 

since these can be re-used. 

The authors developed a technique for the sampling of alkylaluminum 

compounds in open quartz glass capillaries with the aid of the instrument 

represented in Figure 14. Prior to sampling, purified argon is passed 

through the system for 15 minutes, and the weighed capillary is introduced 

without interrupting the stream of argon. After a part of the capillary has 

been filled, the capillary is held over the liquid so as to fill its lower part 

with argon; in this way the sample is in contact with argon on both sides of 

the capillary. The capillary is then taken out, its tip is carefully wiped 

with a chamois cloth and weighed. The usual sample size is 3— 12 mg. 
An even better procedure /2/ for sampling alkylaluminum compounds 

and their solutions is to weigh the capillary filled with the inert gas and to 

introduce it in a stream of nitrogen into the filling unit represented in 

Figure 15, The capillary, suspended from a Perlon thread, is lowered by 

turning the ground glass joint so that its lower tip dips into the liquid to be 
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analyzed. The nitrogen is now very cautiously removed зо as to produce 
a low vacuum in the instrument; when,nitrogen is readmitted, а sufficient 
amount of the liquid will enter the capillary. The capillary is then held 
above the liquid surface and the liquid rises in the capillary. Thus both the 
lower and the upper surface of the liquid in the capillary are in contact with 
nitrogen. The capillary is taken out, carefully wiped with chamois cloth and 
weighed. 
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FIGURE 14. Sampling organoaluminum FIGURE 15. Filling the capillary with the organo- 

compounds into open quartz glass aluminum compound. 

capillaries, 

In semimicro determinations, alkylaluminum compounds may be sampled 

into special ampules. Spherical glass ampules, 10—12 mm in diameter, 

with a bent capillary, are weighed, placed in a special tube and evacuated, 

after which the tube is filled with argon. The evacuation and the filling with 

inert gas is repeated twice. The ampule is taken out of the tube and its 

capillary is rapidly lowered into the vessel with the liquid by passing it 

through a bore in acork. The borehole is rinsed with a stream of inert gas 

fed from a rubber tube. A very small Dewar flask with acetone-dry ice 

freezing mixture is set under the globe of the ampule, and when the ampule 

is about half-filled, its tip is lifted above the liquid level. The ampule is 

then rapidly sealed and weighed. For the concentrated product the sample 

size should be 0.06 —0.15 gram. 
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The contents of carbon, hydrogen, aluminum and halogens in alkyl- 

aluminum compounds are determined by igniting the sample in oxygen ata 

high temperature. This method is widely employed in determining the 

composition of alkylaluminum compounds, inparticular the variant of 

Gel'man and Bryushkova /1/, in which all elements are determined on one 

sample. Carbon and hydrogen are determined by pyrolysis in an evacuated 

quartz glass tube. 

The combustion is effected using the conventional apparatus and absorber 

system /10, 11/. Aluminum is determined by weighing as Al2O3; the result 

must be corrected for the hygroscopicity of alumina in the given tube and 

for the difference between the weight of the tube when filled with oxygen and 

when filled with air. The halogen content is found by determining the 

increase in weight of a silver-containing quartz cartridge. The accuracy of 

carbonand hydrogen determinations is that usually encountered in elementary 

analysis. The permissible error inthe determination of aluminum and halogens 

is 0.4—0.5% (abs.). The determination takes 25 — 30 minutes. 

Determination of total aluminum 

The determination of the total aluminum in organoaluminum compounds 

is effected by hydrolysis of the alkylaluminum sample, which is followed by 

the determination of the aluminum ion. The sample may be decomposed by 

hydrolyzing agents such as water, alcohol, aqueous acid solutions, ethylene 

glycol, etc. /21—32/. The reaction takes place as follows: 

AlR3+3H,0 —> Al(OH)3+3RH 

Thus, the determination of the total aluminum in organoaluminum 

compounds (after decomposition) consists in determining the aluminum in 

the inorganic compound by one of the methods described below. 

Grosse and Mavity /21/ dissolved the aluminum hydroxide formed by the 

above reaction in acid and precipitated the aluminum by 8-hydroxyquinoline; 

this was followed by gravimetric or volumetric determination. Ziegler 

et al. /32/ initially converted aluminum hydroxide to fluoroaluminate, the 
latter being subsequently titrated as the salt of a weak acid. Alternatively, 

the hydrolyzed sample may be treated with hydrochloric, sulfuric or nitric 

acid, after which the aluminum oxide is ignited in a platinum crucible to 

constant weight /2, 33/. 
Methods for the determination of aluminum in the presence of other 

elements have been developed. Boldyreva et al. determined Al in the 

presence of Ti by treating a sample of hydrolyzed alkylaluminum compound 

dissolved in sulfuric acid with cupferron. Following the extraction of the 

cupferronate with chloroform the solution was neutralized with dry sodium 

acetate, aluminum was precipitated from the neutral solution by 8-hydroxy- 

quinoline and ignited to Al,O3 at 1000 — 1100°С /34/. Burke and Davis /35/ 
developed a rapid, accurate titrimetric method for the determination of Al 

in the presence of Ni, Fe and Cu by 1, 2-cyclohexylenedinitrilotetraacetic 

acid. The absolute error did not exceed 0.08% if the aluminum content was 

between 0.5 and 93.1% /35/. Babenyshev and Kuznetsova described an 
amperometric determination of aluminum ions in aqueous solutions by 

114 



Trilon В, without separating aluminum from the other components /36/. 

The accuracy was 0.2% (abs.). Mikhailenko /37/ proposed an accurate 

method for the determination of aluminum ion by p-hydroxy-m-nitrophenyl- 

phosphinic acid. A spectrophotometric determination of aluminum by 

Stilbazo has also been described /38/. Stilbazo forms a colored complex 

with aluminum ion, which absorbs at 500 mu. The color is stable for 3 hours; 

the optimum pH is 5.65. 

The complexometric determination of aluminum has been the subject of 

numerous studies. The reagent employed is a standard solution of the 

sodium salt of ethylenediamine tetraacetic acid, also known as Trilon B, 

Complexone III or Chelatone II]. Aluminum slowly reacts with Trilon В at 

room temperature ina wide pH range (between 1.5 and 12). When aluminum 

is determined by complexometric back-titration /22 —30, 39—51/, a 
definite volume of standard solution of Trilon B is added to the sample 

solution, and the excess is determined by titration against a solution of a 

suitable metal salt. 

Direct titration of aluminum against Trilon B cannot be carried out, 

since the indicator is blocked by aluminum cations, with which it forms a 

very stable red-violet complex, which does not react with Trilon B (for this 

reason there is no color change at the equivalence point) /27, 28, 52/. 
According to other workers /39 —43/ direct titration is not possible because 

the indicators (Alizarin, Stilbazo, hematoxylin, Chromeazurol 5 and others), 

which form colored compounds with aluminum, are decomposed by Trilon B. 

The pH of the medium must be controlled; at pH 4 and above hydrolysis 

takes place and some of the aluminum does not become bound by Trilon 

during the titration; in such a case good results are obtained by indirect 

determination in the presence of various indicators /28/. If the solution is 

back-titrated, the unbound Trilon in excess may be determined at different 

pH values /39/. In order to prevent the reaction with hydrolyzed aluminum 
ions or with aluminum hydroxide, Trilon must be introduced into acid 

(approximate pH range 1—2) or into alkaline (approximate pH range 12 — 13) 
solutions of aluminum /39, 41, 43/. Subsequently, the solutions are heated 
to boiling and neutralized to the desired pH value while hot. If this is done, 

the trilonate will be formed rapidly and quantitatively during the neutralization 

itself, which should be effected with the aid of weak acids and bases. The 

appropriate buffer solution is then added to the sample. A number of 

workers have recommended that Trilon B be introduced into solutions of 

aluminum at pH 3.6 — 4.3 and that they then be boiled /44/. It is also possible 

to introduce Trilon В into a cold, acid solution of an aluminum salt, 

neutralize and heat to boiling /45—47/. Under these conditions hydrolysis 

may take place and the amount of the Trilon consumed is not equivalent to 

the content of aluminum /39/. During the back-titration, the cation of the 
titrant solution must not decompose the aluminum trilonate formed /48/, 

Pribil et al. /49/ use a solution of zinc salt as titrant; the titration is 
conducted at pH 10, when zinc trilonate is more stable than aluminum 

trilonate. The zinc ions decompose the aluminum trilonate formed, and the 

equivalence point is difficult to determine /39/. Some workers /46, 50/ 
titrate with solutions of zinc salts at pH 5—7, using redox indicators in the 

presence of ferric ferrocyanide or Eriochrome Cyanine В. This technique 

is more suitable, since at pH 5—7 aluminum and zinc trilonate are about 

equally stable /39/. 
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If the excess Trilon in solution is titrated at pH 6 against an acid 

(pH 1.5—2) standard solution of aluminum ion itself, the previously formed 

aluminum trilonate cannot be decomposed. The titrant aluminum ions are 

not hydrolyzed under these conditions /39/. The method was proposed by 

Bashkirtseva and Yakimets /41/ to determine aluminum in a number of 

materials. 
Titration of the excess Trilon at pH 6 against a solution of ferric iron 

has the advantages of the ready availability of the reagents and of a sharp 

endpoint. Atthis pH value, ferric trilonate is less stable than aluminum 

trilonate. Salicylic acid /45/ and sodium sulfosalicylate /43, 51/ have been 
proposed as indicators in this titration. =. 

Complexometric determinations of aluminum in the presence of various 

indicators have been described /46/: Eriochrome Cyanine R, disubstituted 

sodium phosphate, ferroferricyanobenzidine, ferroferricyanodimethyl- 

naphthidine. Complexometric titration of aluminum in the presence of 

titanium has been described /53/. The method was checked on samples 

having different concentrations and different Al:Ti ratios. 

The trilonometric method is applicable within the concentration range of 

1 — 500 mg Al per liter. Calcium, magnesium, cupric, zinc and manganous 

ions interfere. 

All these methods for the determination of, aluminum have a variable 

accuracy, not exceeding + 5.0 rel. %. 
In our view, the best one of the methods just described is to complex 

aluminum ion with Trilon B in acid solution and to titrate the excess TrilonB 

against a standard solution of zinc chloride. 

Functional group assay 

Quantitative determination of the functional groups (R, H, OR and other 

groups bound to Al) in organoaluminum compounds is based on their 

hydrolytic cleavage. The alkyl and the hydride groups bound to aluminum 

are then converted to alkanes and to hydrogen, while the alkoxyl groups are 

converted to alcohols. 

Alkyl, alkenyl, hydride and alkoxy groups directly bound to the aluminum 

can be determined by methods based on the hydrolytic cleavage of these 

groups. 

Hydroxyl groups bound to aluminum can be determined by the reaction 

between alkylaluminum compounds and lithium aluminum hydride /56/. 

Determination of alkyl groups 

Gas-volumetric method. This is a method for the determination of alkyl 
groups in lower alkylaluminum compounds, such as trimethylaluminum, 

triethylaluminum, tripropylaluminum and tributylaluminum. The alkyl 

groups are cleaved by hydrolyzing agents, the volume of the liberated gas 

is measured and the composition is subsequently determined. Thus, for 

instance, in the alcoholysis 

AlR3+3R’0H —+ Al(OR’)3+3RH 

AlReH+3R’OH —>» AI(OR’)3+2RH-+ Hoe 
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three moles of gas are liberated by one mole of AlR3. The hydrolysis of 
halogen- substituted or alkoxy-substituted aluminum compounds results in 
the formation of the corresponding acid or alcohol: 

R.AIX+3R’0H —> Al(OR’)s+2RH + HX 

ReAlOR+3R/0H —> Al(OR’)3+2RH+ ROH 

which dissolves in the reagent and does not interfere with the determination of 
alkyl and hydride groups /57/. When alkylaluminum hydrides are decomposed, 

the contents of hydrogen and of the hydrocarbons in the gas are determined 

by conventional chromatographic methods /32, 57, 58/. According to some 
workers, the hydrolysis of alkylaluminum compounds yields saturated 

hydrocarbons only, in conformity with the above equations /21/. According 

to others, decomposition by alcohols is accompanied by the formation of 

unsaturated hydrocarbons, which means that side reactions take place /59/. 

Alcoholysis gives good results in the analysis of triethylaluminum 

derivatives only, but trialkylaluminum compounds, beginning with tripropyl- 

aluminum, give low results, since the evolved alkane is partly soluble in 

alcohol. In analyzing such compounds, water only should be used, or else 

the product should be heated following the decomposition /60/. 

Bonitz /59/ and Ziegler et al. /32/ used the gasometric method in the 
analysis of triethylaluminum, tripropylaluminum, triisobutylaluminum and 

similar low-molecular compounds, which were decomposed by the high- 

boiling alcohol 2-ethylhexanol. The alcoholysis of each alkyl group yielded 

1 mole of alkane, while the alcoholysis of each hydride group yielded one 

mole of hydrogen. The contents of the alkyl and hydride groups in the 

samples were calculated from the amount of the gas evolved. Ziegler used 

mass-spectrometric gas analysis to determine the composition of the 

liberated gas mixture /32/. Crompton et al. /57/ studied the alcoholysis 
of alkylaluminum compounds and recommended the most suitable reagents 

for the quantitative decomposition of each type of organoaluminum compound, 

viz., for triethylaluminum a 4:1 mixture of hexane and monoethylene 

glycol; for the determination of tributylaluminum, tripropylaluminum and 

of hydrogen and lower alkyls in higher alkylaluminum compounds a 3:1 

mixture of monoethylene glycol with 20% sulfuric acid. 

Neumann /61/ developed a method for the determination of the number 
of Al—H bonds in the presence of other alkylaluminum compounds, based 

on the reaction of AlR3, В2А1Н, R2eAlTX and R2AlOR with secondary amines 

such as N-methylaniline. The experimental conditions are so chosen that 

the secondary amine reacts exclusively with the dialkylaluminum hydride. 

In this way the content of dialkylaluminum hydride could be determined in 

the presence of trialkylaluminum. The compounds ReAlX and R2A1OR are 

less reactive than AlR3, and do not interfere with the determination. 

Compounds such as RAI1(OR)2 and RA1X2 must not be present together with 

trialkylaluminum compounds, since they react with them, forming the 

corresponding В2А1ОВ or ReAlX. The accuracy of an individual determina- 

tion is to within + 5.0 rel.%. 
Lionozova and Genusov /62/ reported the results of the determination of 

alkyl groups in hydrocarbon solutions of organoaluminum compounds and 

showed that it is necessary to correct for the solubility of the evolved 

alkane. A simple and rapid method for the determination of alkyl groups 

was proposed by Shvindlerman and Zavadovskaya /63/, who decomposed 

alkylaluminum compounds with nitric acid at a low temperature and 
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measured the volume of the gas evolved. Gas-volumetric methods give а 

good idea of the composition of the substance, but are too time-consuming 

to be used in industry. 
Iodometric method. It was shown by Bartkiewicz and Robinson /54/ that 

triethylaluminum reacts with iodine according to the equation: 

Al(CgH5)3+3le2 Е Аз - 3C2H5I 

The reaction is quantitative. In the presence of other organoaluminum 

compounds, e. g., diethylaluminum chloride or diethylaluminum ethoxide, the 

reaction also takes place with the rupture of an Al — С bond and formation of the 

corresponding aluminum compounds. 

Al(C2Hs5)2C1+ 215 a>: AllI,C1+ 2C2HsI 

АОН ОСН — ОСИ, РСН 

The authors suggested that this reaction be used in quantitative deter- 

mination of organoaluminum compounds. Crompton /55/ subsequently 
studied the reaction in detail and developed a method for the determination 

of organoaluminum compounds in hydrocarbon solutions. According to 

this worker, the solution of the organoaluminum compound must be 

introduced drop by drop into a solution of iodine (at least 30% excess) in 

order to avoid side reactions and to obtain reproducible results. The 

reaction between iodine and dialkylaluminum alkoxide takes place in 

different manners, depending on the experimental conditions. It was noted 

that the standard errors in the determination of the iodine number of three 

types of organoaluminum compounds —trialkylaluminum compounds, 

dialkylaluminum alkoxides and dialkylaluminum chlorides — are relatively 

low. The author reported comparative results of determinations of triethyl- 

aluminum and tripropylaluminum by three different methods: by determina- 

tion of organically bound aluminum, by the isoquinoline method and.by the 

iodometric method. 

Solomon et al. /52/ conducted a statistical analysis of the most important 

methods for the determination of organoaluminum compounds and pointed 

out that the iodometric method is suitable for the determination of alkyl- 

aluminum compounds in dilute solutions. The iodometric method also 

serves in the studies of the alterations in the structure of hydrocarbon 

solutions of alkylaluminum compounds on storage. It is applicable to 

solutions of trialkylaluminum compounds, dialkylaluminum chlorides and 

dialkylaluminum alkoxides, and also to high-molecular trialkylaluminum 

compounds. 

Determination of alkoxy groups 

Organoaluminum compounds, especially trialkylaluminum compounds 

and dialkylaluminum hydrides, even after purification, usually contain 

small quantities of alkylaluminum alkoxides, which are formed by the 

reaction between the compounds and atmospheric oxygen or the oxygen 

residual in the inert gas. Methods of analysis of alkylaluminum alkoxides 

are based on their hydrolytic cleavage, followed by the determination of 

the liberated alcohols according to the reaction: 

ReAlOR +3Н2О —> ROH+2RH-+ Al(OH), 
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The small amount of alcohol which is formed as а result of the 
reaction is usually determined by one of two methods. In one such method, 

the dyestuff formed by the interaction of the alcohol with sulfanilic acid and 

naphthylamine /64/, or the complex of the alcohol with nitric acid solution 

of cerium ammonium nitrate /64 — 68/ is colorimetrically determined. In 

another method, the alcohol is oxidized by potassium dichromate and the 
excess dichromate is then back-titrated against a standard solution of 

(МН4)2Ее(504)2 /69/ by the electrometric technique; alternatively, it may 
be back-titrated by sodium thiosulfate /70 —73/: 

(СНБО) Al(C2Hs5)2-+3H20 —» CyH;0H-+ Al(OH)3+ 2CoH¢ 

3CyH;0H + 2KeCre07+ 8H2S04 —> 2Сго(ЗО4)з + 3CH3COOH 4+ 2K2S04+11H20 

KeCr207, +6KI +7H2S0O, —>» 3]g-+ Cro(SO4)3-+ 4K 2804+ 7H20 

Ipg-+ 2Na2S203 —> 2Nal + NaeS40g 

The main difficulty in the determination of the alkoxy groups in organo- 

aluminum compounds is the choice of the experimental technique which 

would prevent the contact of the sample with atmospheric oxygen during 

sampling and hydrolysis. Bondarevskaya et al. /70/ developed a technique 

for the decomposition of alkylaluminum compounds with water and isolation 

of the aqueous alcohol solution for subsequent determination of the alcohol. 

Crompton recommended that the decomposition be effected under mild 

conditions, e.g., by monoethylene glycol, in order that the alcohols formed 

might be quantitatively trapped /65/. It was found that the oxidation of the 

alcohol by dichromate in sulfuric acid will determine ethanol to within 

+ 0.5 rel.%, and is also suitable for the determination of ethylaluminum 

ethoxides /72/. In the analysis of butanol, formed by hydrolysis of the 
corresponding alkylaluminum alkoxide, the concentration of the sulfuric 

acid is a major factor which determines the value of the oxidation coefficient 

/71/. It has also been shown that, depending on the experimental conditions 

employed, the alcohols can be oxidized to butyric, acetic, or formic acids, 

and even to CO. It is accordingly preferable to determine the hydroxy 

derivatives in butylaluminum and isobutylaluminum compounds by the 

colorimetric method /64—68/. ’ 

2, DETERMINATION OF THE ACTIVITY OF ORGANO- 

ALUMINUM COMPOUNDS 

Active organoaluminum compounds are defined as pure trialkyl- 

aluminum compounds, dialkylaluminum hydrides and dialkylaluminum 

chlorides. Many important reactions are given exclusively by these 

compounds and not by compounds of the type ReAlX, where X = OR, ОА\ЩВ», 

SR2 М№МВ2, etc. Thus, the determination of total aluminum in alkylaluminum 

compounds alone is an inadequate description of the product, since the 

latter — as a result of being kept in vessels which are insufficiently airtight 

— may contain products of slow oxidation and hydrolysis, such as dialkyl- 

aluminum alkoxides and alkylalumoxanes, which reduce its reactivity. The 

determination of the true activity of alkylaluminum compounds is therefore 
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the most important analytical task. Several methods for the determination 

of the activity of organoaluminum compounds have been recently developed; 

they will be discussed below. 

Chemical methods for the determination of concentration 

of alkylaluminum compounds 

Reduction of titanium tetrachloride 

Trialkylaluminum compounds are capable of reducing TiCl, to derivatives 

of lower valencies /74—82, 84/. The reaction takes place as follows 

/74—76/: 

RTiCls —> TiCk+R 

The TiCls thus formed is decomposed by sulfuric acid and trivalent 

titanium is determined, after which the amount of the trialkylaluminum 

compound is calculated /75, 77, 78/. Tepenitsyna and Farberov /75/ noted 
that the degree of reduction of TiCl, by triethylaluminum depends on the 

molar ratio AlR3:TiCl,. If the molar ratio is unity, the reduction proceeds 

only to the trivalent titanium stage. Thus, if the ratio AlR3:TiCl, is unity 

or less, the amount of Ti(III) is equivalent to the amount of AlR3 taken, as 

confirmed by experimental data. The authors showed /75/ that if the 
reduction is conducted within 3— 5 minutes, the amount of the reduced 

TiCl3 will accurately correspond to the amount of AlR3 taken. Alkylaluminum 

alkoxides do not form complexes with TiCl4y. The determination of the 

activity of trialkylaluminum compounds from the reduced TiCl, is simple 

and the titration results are accurate. It was pointed out by Habvinga and 

de Jong /78/ that the error is less than 10 rel.%. A determination takes 
1 Ah — 2 hours. It was shown by Solomon et al. /52/ that the most suitable 

method for the determination of the activity of alkylaluminum compounds is 

the reduction of titanium tetrachloride. The results are reproducible, 

accurate and no complicated apparatus is required. These workers 

compared the results of determination of the activity of triethylaluminum 

by titanium tetrachloride, by potentiometric isoquinoline titration and by 

determining the total aluminum content. The first two methods, which 

measure the activity, gave similar results, but the results of the determi- 

nation of total aluminum were discrepant. 

Ammonolysis /85/ 

This method is suitable for the determination of trialkylaluminum 

compounds and dialkylaluminum hydrides in the presence of alkylaluminum 

alkoxides. It is based on the fact that at moderate temperatures these 

compounds react with one mole of gaseous ammonia, in accordance with 

the following equations: 

AIR3-+NH3 —> ReAINH2-+-RH 

R,AlH + МНз => В. А1МНо-- He 
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If the resulting dialkylaluminum amides are decomposed with а benzene- 
alcohol mixture, ammonia is evolved in an amount equivalent to one valency 

bond of aluminum: 

В. АМН. + 3С2Н5ОН —~> Al(OC2Hs)3-+ 2RH+NH3 

The ammonia which is evolved is determined in the usual way. The 

method is simple and no special apparatus is needed. It is, however, 

inaccurate, since the distillation of ammonia is accompanied by a partial 

loss of dialkylaluminum amide, which as a rule affects the reproducibility 

of the determinations. Moreover, the method is only suitable for the 

determination of trialkylaluminum compounds and dialkylaluminum hydride 

in the presence of dialkylaluminum alkoxides. If dialkylaluminum halides 

are present as well, the method is unsuitable, since they also bind ammonia 

with formation of stable addition compounds. In such a case А\Вз and В2А1С1 

can be determined on two separate samples. The halogen content is 

determined first on one of the samples, the dialkylaluminum halide in the 

second sample is first converted to the alkoxides by adding an equivalent 

amount of an alcoholate of an alkali metal, after which the content of active 

aluminum is determined /85/. 

Physicochemical methods of determination of 

alkylaluminum compounds 

Trialkylaluminum compounds and dialkylaluminum hydrides are electron- 

deficient; they accordingly tend to attract donors with a lone electron pair 

and to complete the octet by the formation of donor-acceptor complexes. 

If organoaluminum compounds are oxidized, this tendency is lost, since 

the oxygen itself donates an electron pair with formation of associated 

complexes: 

R2AlOR 

ROAIRg 

Dialkylaluminum halides also tend to form complexes, but these are less 

stable than the complexes of trialkylaluminum compounds. 

Complex formation is the principle of most methods for the determination 

of the activity of organoaluminum compounds. 

Electrical conductivity 

Solutions of alkylaluminum compounds in hydrocarbons are very poor 

conductors (conductivity of the order of 107° ohm. cm), When complex 

compounds are formed, the electrical conductivity increases by one or two 

orders of magnitude. If the electron-donating agent (amines, esters, etc.) 
is added continuously, a sharp maximum of electrical conductivity will 

appear at the equivalence point. As a rule, organoaluminum compounds 

form complexes with amines at the molar ratio of 1:1. Dialkylaluminum 
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hydrides, which form а nonconducting complex with isoquinoline at this ratio, 

are an exception. If the ratio dialkylaluminum hydride :isoquinoline is 1:2, 

the resulting complex has a high conductivity. During the titration of diethyl- 

aluminum hydride the electrical conductivity remains unchanged until 

1 mole of isoquinoline per 1 mole of diethylaluminum hydride has been added; 

thereafter, the conductivity increases and begins to fall again as soon as 

2 moles of isoquinoline have been added. The electrometric titration curve 

of mixtures of triethylaluminum with diethylaluminum hydride has at least 

two maxima. 

The sharp change in the electrical conductivity of solutions as a result of 

formation of donor-acceptor complexes is the principle underlying the 

different varieties of electrometric titration, proposed by several workers 

/59, 86'=90/. 

Potentiometric titration 

Bonitz /59/, who was the first to describe the direct isoquinoline 

titration, used the capacity of organoaluminum compounds to form complex 

compounds with some heterocyclic amines. He then improved the design of 

the apparatus employed in the determination, as a result of which the method 

has become a routine automatic method, which is mainly employed in 

routine control of the purity of triethylaluminum /86/. Other workers 
/87, 88/ also made use of potentiometric titration by isoquinoline. A 

platinum and a silver electrode were used. In the determination of diethyl- 

aluminum chloride in the presence of ethylaluminum dichloride, the former 

compound gives a complex with quinoline, the formation of which corresponds 

to a maximum on the potentiometric curve. Ethylaluminum dichloride does 

not form complexes with quinoline /88/. 
The observed potential jump in the titration of triethylaluminum is 

300 — 600 mV, which means that the determination can be performed to 

within 0.2 —0.4 abs.%. If triethylaluminum is determined together with 

diethylaluminum hydride, the hydride can be determined to withint 7 rel. %. 

The presence of diethylaluminum ethoxide does not interfere. Triethyl- 

aluminum etherate is also titrated against isoquinoline, but the potential 

jump at the equivalence point is smaller. This fact is utilized to increase 

the accuracy of the determination of diethylaluminum hydride. If ether is 

added to the solution to be titrated in an amount which is exactly equivalent 

to the triethylaluminum present, the potential jump of the diethylaluminum 

hydride determination will be larger /87/. Graevskii /88/ gave the potentio- 
metric titration curves of mixtures of alkylaluminum compounds. Good 

results were obtained in potentiometric titrations against organic bases 

such as pyridine /90/ and pyridine derivatives /89/, especially disubstituted 
and trisubstituted, since their solutions in benzene remain anhydrous and 

stable for a long time. Alkylaluminum compounds are determined by 1-, 2- 

and 3-methylpyridine, 2-ethylpyridine, 2-methyl-5-ethylpyridine, 4-ethyl- 

pyridine, or 2,6, 6-trimethylpyridine. Diethylaluminum hydride and ethyl- 

aluminum dichloride cannot be satisfactorily titrated by these reagents. The 

resulting complexes typically have a molar component ratio of unity. The 

titration is effected between a platinum and a silver electrode. Owing to 

the special design of the silver electrode the potential becomes stabilized 
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immediately after the reagents have been added; the potential difference at 
the equivalence point is 250 —400 mV. The maximum error is + 0.1— 0.2% 
1897. “This study gives the titration curves against certain ternary bases, 
at large potential differences. 

Conductometric titration 

Bonitz /59/ and Graevskii /88/ also studied the conductometric titration 
of these compounds. As was seen to be the case in the potentiometric 

titration of triethylaluminum and diethylaluminum hydride against isoquino- 

ohm=!.em-! «107° 

12 
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FIGURE 16. Conductometric titration of 

a mixture of triethylaluminum, diethyl- 

aluminum bromide and diethylaluminum 

ethoxide (т/п — molar ratio of the qui- 

noline consumed in the titration to the 

aluminum content in the sample). 

line, two conductivity maxima are noted, 

from which the content of each compound can 

be found. However, the results thus obtained 

can be erroneous /83/. Dialkylaluminum 
halides form conducting complexes with 

isoquinoline and with quinoline under the 

same conditions as trialkylaluminum 

compounds, so that individual determination 

of these compounds by conductometry is not 

possible. 

Graevskii /88/ performed a conducto- 
metric determination of diethylaluminum 

hydride, diethylaluminum bromide and 

diethylaluminum ethoxide, dissolved in 

cyclohexane; the titrant was quinoline and 

the titration was performed in a cell with 

nonplatinized platinum leaf electrodes, in an 

inert gas atmosphere. The cell was fed with 

1.5 —30 volt DC. The current intensity was 

measured with a microammeter or with an 

M-21 mirror galvanometer. The results 

obtained by conductometric titration were 

confirmed by potentiometric titration, but 

the conductivity maximum. was not as sharp as the emf jump during potentio- 

metric titration. Figure 16 shows the curve of conductometric titration of 

a mixture of triethylaluminum, diethylaluminum hydride, diethylaluminum 

bromide, and diethylaluminum ethoxide. The rise in the conductivity 

between the coordinate origin and the first maximum is due to the formation 

of high-conducting complexes of quinoline with triethylaluminum and diethyl- 

aluminum bromide. At the first maximum point all triethylaluminum and 

diethylaluminum bromide have reacted. The subsequent decrease in 

conductivity is due to the formation of the nonconducting complex 

(С2Н5)2АЛН - CoH;N, which reacts with excess quinoline to form the complex 
(CoHs5)2AlH - 2CgH7N, and the electrical conductivity of the system again 

increases. The location of the second maximum corresponds to the full 

conversion of the hydride to the latter complex with quinoline. When more 

quinoline is added, the conductivity of the mixture decreases, since 

quinoline is a nonconductor, while diethylaluminum ethoxide does not form 

a complex with quinoline. 
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Determination of dielectric constant 

During donor-acceptor complex formation the donor contributes both 

electrons to the bond and the electric charge symmetry is impaired. The 

donor acquires a partial positive charge, while the acceptor acquires a 

partial negative charge: 

Owing to the nonsymmetrical charge distribution in the donor-acceptor 

complexes, the resulting dipole moments are large, 4—6 D/91— 94/. When 
brought into contact with oxygen or with water, these complexes again 

decompose to give compounds with a dipole moment which is very small or 

nil. The degree of complex formation and the magnitude of the resulting 

dipole moments depend on the nature both of the donor and of the acceptor. 

Since the dielectric constant of the solution depends on the nature and on the 

number of the polar molecules it contains, the determination of the dielectric 

constant of the solvent will yield the concentration of the molecules formed 

and the magnitude of the dipole moment /92, 93/. 
It has already been mentioned that high dipole moments (4 —60) which 

result from the addition of ethers and amines to compounds of the type А1Вз, 

В2А1Н, R2AlHal, etc., may be used to determine the so-called activity by 

complexometric titration of the dielectric constant. The gradual addition of 

the donor to the solution of the organoaluminum compound results ina 

typical peak at the molar ratio of 1:1 and in a typical steep rise of the 

dielectric constant curve. is 

In this way it is possible to determine various alkylaluminum Е 

in the presence of each other (AlR3 in the presence of R2AlH, А1Вз in the 

presence of R2AlHal), since the dipole moments of their addition products 

differ from one another. It is also possible to make a direct determination 

of complexes which have not been isolated, if their dipole moment is larger 

than that of the other components /95/. 
Determination of alkylaluminum compounds by titration of the dielectric 

constant is performed ina special vessel, in which 50 ml of the sample 

solution are placed and the constants are then thermostated /95/. The 
titration cell is a Teflon-insulated condenser, with a working capacity of 

7 pF, ша circuit with a DC-meter, and can determine dielectric constants 

between 1 and 7.* 

The titrant is added from an automatic buret, the tip of which dips into 

the solution being titrated. The components are efficiently stirred by a 

magnetic stirrer. In this way the graphic representation of the results and 

the calculation of the equivalence values of the titration curves are greatly 

facilitated. During the determination of the dipole moment, about 3 minutes 

* In the initial mixtures containing 20 — 30 mmoles of the alkylaluminum compound in 50 ml of solvent, 

the variation of the dielectric constant is 50 — 100% of the dielectric constant of the solvent, which is fully 

sufficient for an accurate determination. 
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must be left to elapse between the addition of the titrant and the measure- 
ment of the dipole moment, in order to allow the heat of reaction to dissipate. 

Calorimetric method 

The calorimetric method is based on the tendency of trialkylaluminum 

compounds, dialkylaluminum hydrides and dialkylaluminum halides to react 

rapidly with electron donor compounds having an active hydrogen atom, with 

formation of complexes. Most of these reactions are strongly exothermal 

(10 — 20 kcal/mole). The liberated heat of reaction can be easily recorded 
if the reaction goes to completion, if the reaction rate is much larger than 

the titration rate and if the inertia of the titration rate corresponds to the 

inertia of temperature changes. Hoffmann and Tornow suggested that the 

calorimetric method be employed in the analysis of organoaluminum 

compounds. They described a method for the determination of the content 

of alkylaluminum compounds by calorimetric titration against amines and 

alcohols, involving the use of an automatic recording apparatus /96/. The 
determination is based on the formation of molecular compounds with ethers 

and with tertiary amines and on the solvolysis by alcohols. More than one 

compound may be determined on the same sample. 

The authors also applied their method to the determination of the heat 

effects of the reaction. The presence of inactive (in this case, oxidized) 

compounds does not interfere. Everson and Ramirez /97/ developed a 
method for a simple, rapid and accurate determination of alkylaluminum 

compounds by calorimetric titration of small samples. In particular, 

R3Al, В2А1Н, В2А1С1, RAICl, and ReAlOR were titrated against triethyl- 

amine, isoquinoline, 2, 2'-dipyridyl, dibutyl ether, acetone, tert-butanol, 

benzophenone, etc. These workers also published the heats of reaction of 

a number of alkylaluminum compounds (Table 10), Their own results in 
conjunction with the literature data made it possible to arrive at certain 

general conclusions as regards the applicability of individual compounds as 

titrants. It was shown, for example, that one titration of a mixture of a 

trialkylaluminum compound with dialkylaluminum hydride against amines 

will determine the contents of AlR3, of В2А1Н and also their overall activity. 

However, the determination of alkylaluminum hydrides is not very accurate, 

especially if the amounts to be determined are small. If the sample contains 

a large amount of a dialkylaluminum hydride in the presence of a trialkyl- 

aluminum compound, titrations against 2, 2'~dimethylpyridine or triethyl- 

amine gives satisfactory results for the sum total of the components, but 

not for the contents of individual compounds. If the titrant employed is 

isoquinoline, the determination of the dialkylaluminum hydride is even less 

accurate. Diphenyl ether and anisole react with AlR3 with evolution of a very 

small amount of heat and cannot be used as calorimetrictitrants. Titrations 

of individual AlR3 and ReAlH compounds against ethers and ketones give 

good results; the hydrides are determined much more accurately, and the 

reaction is more sensitive than in the titration against amines. The most 

suitable titrant is tert-butanol, since it reacts with AlR3 and with В2А1Н in 

one distinct step. The higher the molecular weight of the alcohol used as 

titrant, the slower will be the reaction and the less satisfactory the results 

obtained by calorimetric titration. 
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TABLE 10. Heats of reaction of alkylaluminum compounds /56, 96, 97/ 

Heat evolved (kcal/mole) in the reaction with 

Compound 

dibutyl ether tert -butanol triethylamine isoquinoline 

(CH) 3A1 11 41 14 20 

15.4 
(CH,)2A1H — — 10.1 — 

(С›НЫзА1 13 51 18 19 
11.0 15 20.7 

(C)H5),A1H = — 11 — 

(C3H7)3A1 — ет 14.6 — 

(130-С3НЭзА1 17 45 18 23 

(С4Но)А1 = | = 14.6 — 
(iso-C4Hg)5Al 18 44 22.4 23 

(iso- CyHg) ›А1Н й 37 = 25 

(CeHis)3Al 14 = ie ts 
(CgHy)3Al 12 38 14.0 13 

(СНУ „АТА — — 15.8 — 

(C,Hs)2A1Cl 11 39 16 iG] 

16.0 17 
C)HsAlCly 16 44 24 21 

| 

Colorimetric method 

Trialkylaluminum compounds react with compounds such as pyridine, 

isoquinoline, benzalaniline, etc., to give colored complexes, which make it 

possible to determine small amounts of alkylaluminum compounds. Trialkyl- 

aluminum compounds give colored molecular compounds in the ratio of 1:1, 

as follows /98/: 

AlR3+ C,H gN — AlR3 aren NC,H9 

AlRs-- RCH=SNR = AIR, < NIR)SCH—R 

Dialkylaluminum hydrides react to form colorless complexes if the molar 

ratio is 1:1; colored complexes are given if the molar ratio is 1:2. The 

color intensity of the complexes depends on the nature of the azomethine 

bonds: 

R,AIH-+RCH=NR —> R—CH»—N(AIR2)—R 

R—CH,—N(AIRa)R +RCH=NR —> R—CH2—N(AIR2)—R 

R—CH—NR 

The acid properties of organoaluminum compounds make it possible to 

effect the titration in the presence of ordinary acid-base indicators; these 

may be used in the determination of the equivalence point in the titration of 

alkylaluminum compounds against electron-donating reagents such as 

aromatic amines and ethers /32/. It was noted /99/ that when ап alkyl- 
aluminum compound is added to the indicator (Methyl Violet), the latter 

changes color from violet (basic form) to yellow or green (acid form). 
When the base is again added, the color turns back to violet: 
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[In+ AlR3] —> [AlR3—In] 

[AIRs—In]+@_S=n: mie [airs м. < p|tin 

Dialkylaluminum alkoxides do not form stable complexes with these 
reagents and do not change the color of the indicator. Bonitz /59/ utilized 
the red-colored complex of isoquinoline :dialkylaluminum hydride = 2:1 in 
the capacity of indicator in the volumetric titration of active trialkylaluminum 
compounds against isoquinoline. This method is suitable only if the added 

dialkylaluminum hydride behaves exclusively as indicator. 

Razuvaev and Graevskii /99/ developed an indicator method based on the 
titration of alkylaluminum compounds against dimethylaniline, pyridine, 
butyl acetate, ethyl acetate and ethyl ether in the presence of indicators 

which are readily soluble in organic solvents and give sharp equivalence 

points (e.g., Methyl Violet, Crystal Violet, Gentian Violet). The titration 
was conducted in the presence of excess of the organic base, which was 

determined by the spectrophotometric method, using the IM-2 monochro- 

mator. If this is done, all indicators used in the volumetric determination 

of the concentration of alkylaluminum compounds act as visual indicators. 

Other workers, who use triphenylmethane type indicators in the titration 

of organoaluminum compounds by electron-donating reagents of a similar 

type, found that most alkylaluminum compounds could be accurately and 

rapidly determined by this technique /100/. Triphenylmethane indicators can 
act reversibly if the amino groups are not fully methylated. 

Titration in the presence of visual indicators is applicable to dilute 

solutions of alkylaluminum compounds which are practically free from 

dialkylaluminum hydrides; this is because concentrated (above 30%) solutions 

of alkylaluminum compounds decompose the indicators in the presence of a 

dialkylaluminum hydride /99, 100/. 
Colored complexes of alkylaluminum compounds with nitrogenous 

compounds (e.g., benzalaniline, pyridine, isoquinoline, etc.) have charac- 

teristic absorption spectra. This fact may be utilized in spectrographic 

determination of a number of organoaluminum compounds /61, 98, 100 — 102/. 

Neumann /61/ developed a spectrophotometric method for the determina- 

tion of dialkylaluminum hydrides, in which the alkyl radical ranged between 

ethyl and dodecyl. The experimental error is + 2 rel.% and the sensitivity 

is 0.1%, if isoquinoline or benzalaniline are employed as the reagents. This 

method was used for several years on laboratory scale in various kinds of 

investigations and has also proved itself in industrial practice. 

Mitchen /101/, who studied the different stabilities of the colored complex 

bonds R2AlH - isoquinoline and AlR3 - isoquinoline, proposed a spectro- 

photometric method for a complete analysis of trialkylaluminum compounds 

and dialkylaluminum hydrides. This method is applicable to trialkyl- 

aluminum compounds only if the В2А1Н has been added to the sample as 

indicator. The author pointed out that his method is relatively simple and 

accurate (+3 rel.%) and found that the results agreed with those obtained by 

hydrolysis followed by gas analysis. The method was improved somewhat 

by Hagen and Leslie /100/. 
Wadelin /102/ reported a spectrophotometric isoquinoline titration 

method and applied it to the analysis of AlR3, in which the alkyl group 

ranged from methyl to hexyl. The spectrophotometric measurements were 

carried out at 460 mu. This wavelength is utilized to determine dialkyl- 

aluminum hydrides which contain trialkylaluminum compounds. 

127 



Il. ANALYSIS OF ЗАТВОР PRANSTT TON 

METALS 

All salts of transition metals employed as constituents of catalyst 

complexes are readily soluble in hydrochloric and sulfuric acids. Therefore, 

these compounds are most often analyzed by determining the metal ion in 

solution by any known method used in ore analysis /103 — 106/. 

The most frequently employed compounds of this type are titanium salts. 

It is often important to know not merely the total titanium content, but also 

the contents of titanium ions of the different valencies. Accordingly, the 

determination of titanium in the various valency states, and the main 

methods used in the analysis of other transition elements will be the main 

subjects of the sections which follow. 

1. DETERMINATION OF TITANIUM IN THE VARIOUS 

VALENCY STATES 

Titanium may be determined by volumetric, photocolorimetric and 

polarographic methods of analysis. 

The volumetric method is a simple technique for the determination of 

total titanium. It is based on the reduction of tetravalent titanium in Jones' 

reductor to trivalent titanium; this is followed by titration of trivalent 

titanium against ferric ammonium alum in the presence of ammonium 

thiocyanate as indicator. After all the trivalent titanium has been oxidized 

by the ferric salt, the first drop of the alum in excess forms the red Fe(CNS)s3, 

which indicates the end of the titration /107/. In order to prevent any 

oxidation of trivalent titanium by atmospheric oxygen, it is recommended 

that a small amount of saturated ammonium sulfate solution or glacial 

acetic acid be added to the solution. These reagents form stable complexes 

with Ti(III), as a result of which there is a large positive potential shift 

of the system Ti**/Ti* /108/. Alternatively, the titration of trivalent 
titanium may be effected in an atmosphere of carbon dioxide or nitrogen /105/. 

Trivalent and tetravalent titanium may be determined in the presence of 

each other. Trivalent titanium is determined directly; this is followed by 

the determination of the total titanium after reduction of Ti(IV) to ТИ in 

Jones' reductor. Trivalent titanium is determined by the method proposed 

by Tabakova and Solov'eva /109/, by introducing a known volume of a 
standard solution titanium salt into an accurately known amount of a 

solution of ferric ammonium alum in excess, after which the ferrous iron 

formed is titrated against permanganate. The content of the various forms 

of titanium is calculated from the consumption of the permanganate in the 

first and second titrations. 

The results of determinations of titanium of various valencies by this 

method showed satisfactory agreement with the results of cerimetric 

determination of trivalent titanium /110/ and those of colorimetric 
determination of tetravalent titanium /109/. 

The photocolorimetric method for the determination of titanium is based 

on the formation of a yellow complex of titanium with hydrogen peroxide in 

an acid medium /104/. The color intensity of the complex is independent 

of the acidity of the medium. The photometric determination is made using 

a blue filter. 
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In another method, Ti(III) and Ti(IV) are determined in aqueous ether 
solutions by taking advantage of the reaction between titanium ions and 
potassium thiocyanate /111, 112/. In neutral medium trivalent titanium 
ions are the only ones to form a dark-violet complex with potassium 
thiocyanate. In acid medium both Ti(III) and Ti(IV) form a dark-red complex. 

It was shown by a number of workers that titanium of different valencies 
can be determined by polarography. Zeltzer /113/ was the first to obtain a 
sharp reduction wave of Ti(IV) in dilute solutions of hydrochloric, sulfuric 
and nitric acids. According to Strubl /114/, polarographic determination 
of Ti(IV) in acid medium is not to be recommended, since titanium salts 
are hydrolyzed in weakly acid solutions, whereas in strongly acid solutions 
the wave is unsharp and merges with the wave corresponding to the discharge 

of hydrogen ions. This was also confirmed by Sinyakova /115/. It was 
found, on the other hand, that at a certain acidity value (0.1—0.5N solution) 

the height of the titanium wave is exactly proportional to its concentration 

in solution /116/. It was subsequently shown by Krylov et al. /117/ that 
Ti(IV) may be directly determined by polarography in sulfuric acid solution. 

Polarographic determination of Ti(IV) can also be effected in the presence 

of complexants, when sharp waves, corresponding to the reversible reaction 

Ti** = Ti**, are obtained. The reduction potential of titanium becomes 
more positive. Trilon B /115/, thiocyanates /118/ and oxalates /119, 120/ 
can be employed as complexants in the determination of titanium. 

Khoroshin and Fikhtengol'ts /121/ carried out the most detailed study of 
the polarographic determination of bivalent, trivalent and tetravalent 

titanium. They showed that titanium ions of different valencies can be 

determined by polarographic determination of Ti(III) and Ti(II) in two 
different samples, prepared under different conditions. One of the samples 

is dissolved in excess ferric ammonium alum in an inert gas atmosphere. 

Under these conditions Ti?* and Ti** are oxidized to Ti*: 

Ti2++ 2Fe3+ —» Ti4++2Fe2+ 

Ti3+-+ Еез+ —» Ti4++ Fe2+ 

The amount of the ferrous ion formed, which is equivalent to the sum of 

Ti?* and Ti**, is determined by the polarographic technique. A second 

sample of the catalyst 15 dissolved in 5N HCl ina continuous stream of an 

inert gas; the acid solution contains ammonium sulfate as the stabilizer of 

trivalent titanium. Under these conditions Ti” is converted to Ti** in 

accordance with the equation: 

TiCl, + HC] — TiCl3+-1/2H, 

The polarographic analysis of the solution thus yields the content of f Wa hea 

in the catalyst, as well as the sum of bivalent and trivalent titanium in the 

form of Т13*, If two samples, containing a mixture of titanium ions of 

various valencies, are analyzed, the content of Т12* and Ti* in the catalyst 

can be determined. If Ti2* is absent, the analysis becomes much simpler, 

and Т13* and Ti** can be determined оп the same sample, 
According to the authors, the average error involved in the determination 

of Т13* and Ti** is about 3.0%. The duration of the entire determination 
does not exceed 2— 3 hours. Aluminum present in the sample does not 

interfere. 
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2. PRINCIPAL METHODS OF ANALYSIS OF SALTS OF 

OTHER TRANSITION METALS 

Zirconium ions may be determined gravimetrically (e.g., by the phosphate 

or by the phenylarsenate method), as described in detail in the case of 

silicate rocks /103/. Zirconium can also be determined by the photocolori- 

metric method; the most sensitive reagent for this purpose is Xylenol 

Orange. It forms a yellow-red complex with zirconium, which is stable in 

moderately strong acid medium /104/. The color intensity is determined 
using an FEK-N-57 photocolorimeter witha No. 5filter. The analyticalerror 

is +0.002% Zr. Ferric ion and hexavalent molybdenum interfere, since 

they, too, form colored compounds with Xylenol Orange. 

Vanadium may be determined by colorimetric, gravimetric or volumetric 

methods, depending on the concentration and on the presence or otherwise 

of other elements in the sample. The colorimetric method is most often 

employed /122, 123/. The volumetric method is used for vanadium contents 
of the order of one percent or less /105/, 

The colorimetric method is based on the formation of the greenish-yellow 

phosphorus-tungsten-vanadium complex when phosphoric acid and sodium 

tungstate are added to an acid solution which contains vanadium. The color 

of the complex at once reaches the maximum intensity, if the concentration 

of sodium tungstate in solution is not less than 0.003 mole/liter. The order 

in which the reagents are added is important: phosphoric acid is added first, 

and is followed by sodium tungstate. The optimum concentration of 

phosphoric acid is 0.1M, while that of sodium tungstate is 0.006 М. Colori- 
metric determinations are made in an FEK-M photocolorimeter with a blue 

filter (55-8). Pentavalent vanadium may also be photometrically determined 

by aminophenol /123a/. The method is applicable to vanadium contents 

ranging from 103% to 2— 3%. Another original colorimetric method for the 

determination of tetravalent vanadium, developed by Poriomarev and 

Ratina /123/, is based on the redox reaction between tetravalent vanadium 
and ferric ion. This reaction takes place in alkaline and weakly alkaline 

media: 

Vi+4 Рез* —» V5+4 Fett 

The ferrous iron formed during the reaction can be very accurately 

determined colorimetrically using a, a'-dipyridyl, and the content of 

vanadium thus calculated. 

Ferrous iron reacts with a, a'-dipyridyl to form the soluble, intensely 

red-colored complex [Ее(С1оН8№2)з]*. Тре reaction is very sensitive and 
specific. The color is stable to atmospheric oxygen and attains the 
maximum intensity at pH 2.5—9. In more acid solutions the color develops 
slowly and does not attain the maximum intensity. 

The most popular volumetric method for the determination of vanadium 
is that proposed by Syrokomskii and Stepin /105/. The method is based on 
the redox reaction which takes place between the vanadium compound in 
sulfuric acid (at least 5N) and Mohr's salt: 

(У0)2($04)з3 + 2Ее$ 04 —> 20504 + Fe2(SOq)3 
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Phenylanthranilic acid is used as indicator. The solution of the vanadium 

compound becomes intense pink-violet. When the solution is titrated against 

0.02 М solution of Mohr's salt (NH4)2SQ4 - FeSO, - 6Н2О, the pink solution 

turns greenish-yellow on the addition of the last drop. The disadvantage of 

the method is that the titer of the solution of Mohr's salt must be verified 

every day. 

The determination of hexavalent chromium is based on the oxidation of 

diphenylcarbazide by the metal in acid solution. The resulting compound 

colors the solution red-violet. The intensity of the resulting coloration is 

matched against that of a standard solution of chromium. If an insufficient 

amount of the reagent is added, the hexavalent chromium continues to 

oxidize the colored compound and the color is discharged /104/. 

The most frequently employed volumetric method involves a preliminary 

oxidation of chromium to Cr(VI) (usually by potassium persulfate or sodium 
peroxide), which is then reduced to Cr(III) by the addition of a standard 
solution of ferrous sulfate. The excess ferrous sulfate is titrated against 

potassium permanganate solution until the green solution turns pale pink. 

The hexavalent chromium may also be titrated directly by ferrous sulfate 

in the presence of phenylanthranilic acid as indicator: 

K2Cr207+ 6FeSO4-+7H2S0, —> Cro(SO4)3+ ЗЕез(504)з- K2S04 + 7H20 

Both these methods yield equally accurate results /108/. 
The best method for the determination of manganese is the potentiometric 

titration, in which Mn(II) is oxidized to Mn(III) by potassium permanganate 
in pyrophosphate solution /124/. The method may be used to determine both 
large and small amounts of manganese. If the content of manganese is 

smaller than 1%, it is oxidized to permanganic acid by alkali periodate or 

ammonium persulfate in nitric acid, sulfuric acid or, better, phospho- 

sulfuric acid medium, and the color is matched against that given by a 

standard manganese solution /104/. Up to 0.001% manganese can be 

determined in this way. 

If the content of manganese in solution exceeds 1%, it may be determined 

by a volumetric method. These include the persulfate, persulfate-arsenite 

and other methods. The persulfate method, which is the one most frequently 

employed, involves the oxidation of Mn(II) to Mn(VII) by ammonium persulfate 
in the presence of silver nitrate as catalysts: 

2MnS0q4-+5(NH4)2S20g-+8H20 —> 2HMnO4+5(NH,)2$04-+ 7H2S04 

The oxidation is carried out in sulfuric or nitric acid solution in the 

presence of phosphoric acid as stabilizer /104/. 
The large number of publications on the determination of cobalt notwith- 

standing, many of the methods which have been proposed are unsatisfactory. 

The colorimetric and polarographic techniques are the most rapid. Thus, 

the colorimetric pyrophosphate-thiocyanate method will readily and rapidly 

determine cobalt concentrations between 0.01 and 1%. The method is based 

on the formation of a cobalt-thiocyanate complex in neutral or weakly acid 

medium. The complex is soluble in organic solvents (acetone, amyl 

alcohol, ether). The undissociated complex colors the solution an intense 

blue. The optimum conditions for the formation of the complex and an 

accurate determination of cobalt are ensured by introducing a small amount 
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of sodium pyrophosphate /106/. Cobalt may be colorimetrically determined 
by nitroso-R-salt (1-nitroso- 2-naphthol- 3, 6-disulfonic acid, sodium salt), 

which oxidizes Co(II) to Co(III) and colors the solution red owing to complex 
formation /125, 126/. Cobalt is polarographically determined with 

ammonium chloride as supporting electrolyte. Trivalent cobalt gives two 

waves, corresponding, respectively, to the reductions Co* + Со*%*, and 
Co* — Со?. The second wave Ei, -1.3 volt, is used in the determination. 

Cobaltous cobalt gives only one wave, with E:1,, =-1.3 volt /127/. 
Nickel is most often determined by photometric and trilonometric methods. 

In the photometric method, the color intensity of the brown-red complex of 

nickel with dimethylglyoxime /128/ is measured in alkaline medium in the 
presence of an oxidizing agent (ammonium persulfate, bromine water, etc.). 

The color intensity may be determined visually or photometrically. The 

method is applicable if the nickel content is 0.0005 — 3%. 

The trilonometric determination of nickel involves an ordinary titration 

of a hydrochloric acid solution of nickel against a solution of Trilon B, with 

murexide as indicator. Nickel reacts with.murexide to form an intense 

yellow-colored complex. During the titration against Trilon B, this complex 

is decomposed; nickel is complexed by Trilon B with displacement of the 

murexide and the solution becomes pink-violet at the equivalence point /104/. 
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Chapter У 

UTILIZATION OF COMPLEX ORGANOMETALLIC 
CATALYSTS IN POLYMERIZATION 

It has been stated in the introduction to this book that complex organo- 

metallic catalysts play an important part in polymerization processes. 

These catalysts are employed in industrial production of high-density 

polyethylene, polypropylene, and stereoregular rubbers of a quality 

comparable to that of natural rubber. The scope of application of complex 

catalysts keeps increasing, as does the number of monomers capable of 

being polymerized by these catalysts: these include not only hydrocarbons 

(olefins and dienes), but also a number of polar monomers — vinyl ethers, 

vinyl chlorides, olefin oxides, alkylene sulfides, etc. 

Up till recently /1 — 9/ most of the experimental data and most of the 
scientific studies published in the literature concerned the complexes of 

alkylaluminum compounds with vanadium or titanium halides. This group 

of complexes, more than any other so far studied in the laboratory, has 

found practical application in the polymerization of @-olefins and several 

other monomers in industry. The probable reason for it is that the electron 

structure of the atoms of these transition metals is most favorable to the 

formation of complexes which are stable and are effective catalysts of 

stereospecific polymerization processes, 

1. TYPES OF ORGANOALUMINUM CONSTITUENTS ОЕ 

COMPLEX POLYMERIZATION CATALYSTS 

The systems alkylaluminum compound — titanium chloride so far studied 

can be subdivided into four groups, depending on the nature of the constituent 

organoaluminum compound /10/. 
The first group includes compounds of the general formula Al(C2H5)oX, 

where X = CoHs, Gis Brel, ts Обо SCg6Hs, SeCgHs, NCs5H jo. 

The most frequently encountered compounds in this group are Al(C2Hs)3 

and А1(С2Н5)2С1, which have been studied in fair detail, especially in 

connection with the preparation of polypropylene /11, 12/. Organoaluminum 
compounds such as А(С2Нь)25СвНь and Al(C2Hs5)2SeCeHs react with TiCls to 
form catalysts which are highly stereospecific, almost as much as catalysts 

based оп Al(C2Hs5)2Cl.* On the other hand, compounds such as Al(C2Hs5)20C 6H5 
and Al(C2Hs5)2NCsHi9 do not form stereospecific catalysts, such as would 

* Here and in what follows the measure of "stereospecificity" of a catalyst will be polymerization of propylene 

to an isotactic polymer. 
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yield isotactic polypropylene under conventional conditions of polymerization. 

This is probably due to the formation of the dimeric complex: 

CgHs 
| 
O 

х 

2А(С5Н5)>ОСвНь — (CoH) 2A PCH) 
< 

| 
С 

These complexes are fairly stable at low temperatures, but are 

decomposed at elevated temperatures, with the result that they become 

catalytically active at about 130°C. The dimeric complexes are capable of 

reacting with Lewis bases: 

Ale(C2Hs)aX2+ 2D — 2D : Al(CgH5)2X 

where D is a Lewis base. 
The following sequence of various X groups reflects their relative 

tendency to complex formation: 

C2Hs << I < Br << Cl < Е < SeCgH; <: SC,gHs << OCgHs = NCsHy9 

The second group of organoaluminum compounds which may be constit- 

uents of catalytic systems includes a number of complexes of alkylaluminum 

compounds with Lewis bases О ' Al(C2Hs)3, where D is a Lewis base of the 
type (C2Hs5)20, N(CH3)3, etc. Depending on the strength of the Lewis base, 

the activity of the catalyst varies. If very strong Lewis bases such as 

pyridine or trimethylamine are employed, the active catalyst is not formed, 

probably owing to the formation of stable donor-acceptor complexes ‘of the 

type D-AIR3. Weaker Lewis bases such as diethyl ether react with 

titanium trichloride to form a stereospecific catalyst. According to other 

observations /12/, Lewis bases may be employed not only to adjust the 
stereospecificity of the catalyst, but also the molecular weight of the 

resulting polymer. 

The third group of organoaluminum compounds includes complexes of 

alkylaluminum compounds with metal salts in conjunction with a Lewis base, 

e.g., KCl : Al(C2Hs5)3 + (C2Hs)20. This complex together with titanium 
trichloride forms an effective catalyst, yielding a polypropylene which 

is about 80% isotactic. However, some salts of similar nature, such as 

sodium fluoride, do not form an active catalyst; the reasons for this are not 

clear. 

The advantage of using this type of organoaluminum compounds as 

component of a catalyst complex with transition metal salt is that these 

compounds are much less flammable than pure alkylaluminum compounds 

and are thus easier to handle. 

The fourth group of the catalyst systems includes organoaluminum 

compounds of the type Al(C2Hs5)X2 in conjunction with a Lewis base. The 

compound reacts with a Lewis base to form a very active stereospecific 

catalyst: 
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Polypropylene which has been polymerized by this catalyst is up to 98% 
isotactic. The active organoaluminum compound proper is Al(C2Hs)eCl, i.e., 
a compound of the first group. However, the compound is formed in situ 
and is therefore somewhat more effective than a previously prepared AlR2Cl. 

It thus follows from the results obtained by Natta and his school that the 

nature of the substituent in the organoaluminum compound affects not 

merely the activity (polymerization rate), but also the stereospecificity of 
the catalyst complex. 

2. EFFECT OF THE TRANSITION METAL IN THE 

COMPLEX CATALYST ON ITS ACTIVITY AND 

STEREOSPECIFICITY 

It may now be considered as conclusively established /9, 48/ that the 

identity of the transition metal which participates in the formation of the 

catalyst complex is of paramount importance in the course of the growth 

of the polymer chain, i.e., in the formation of a definite microstructure.* 

This was strikingly shown by a comparative study of homogeneous and 

heterogeneous catalyst complexes. 

As is well known, compounds of transition metals with unfilled d-orbitals 

form complexes with olefins, which catalyze the polymerization of vinyl 

monomers. The filled 7-orbitals of the olefin overlap the d-orbitals of the 

metal; conversely, the filled d-orbitals of the metal also overlap the empty 

antibonding orbitals of the olefin /13/. 
The double bond in the 7-complexes of transition metals with olefins are 

longer and thus also more active. Thus, the distance C —C in the complex 

[ Pt(CgH4)2NH(CHs)2] Cle is 1.47 A, while in the free olefin molecule it is 
1.34 А /14/. 

Depending оп the kind of metal orbitals which are overlapped by the 

m-orbitals of the olefin and on the extent of this overlapping, the resulting 

complexes of transition metal with the olefin may have different structures 

and thus also different reactivities. It follows that the structure and the 

properties of the polymer product will mainly depend on the type of the 

transition metal compound which constitutes the complex. The data given 

below indicate that there is a certain connection between the original form 

of the transition metal in the catalyst complex used in the polymerization 

and the structure of the polymer product /11/: 

Original form of transition metal Main type of stereoisomer 

in the catalyst complex in polymer 

1. Valency less than the highest valency. Salt Isotactic 

insoluble in reaction medium: TiCl,, TiCl3, 

УС, ес. 

2. Highest valency. Salt soluble in reaction Stereoblock 

medium: TiCl4, VCl4, etc. 

3. Oxidized form: TiCl(OR)3, Ti(OR)4, etc. Atactic 

* The microstructure of a polymer chain is understood to mean the mutual location of its constituent atoms 

and groupings, 
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A comparative study of heterogeneous (i.e., forming a solid salt of 

transition metal, e.g., TiCl3 during complex formation) and homogeneous 

(fully soluble in the reaction mixture) complex organometallic polymerization 

catalysts clearly showed that the presence of the solid phase often does not 

affect the chain structure or other properties of the resulting polymer at all. 

Thus, polymerization of ethylene in the presence of a soluble complex 

catalyst Sn(C¢Hs)4 + AlBr3 + VCl, /15, 16/ yielded а high-molecular, linear 

polyethylene, with a melting point of 144°C (the same as the melting point 

of the polymethylene obtained from diazomethane), with a very narrow 

molecular weight distribution. Another, heterogeneous complex catalyst {t5/ 

//Si(CHa)s 
N 

га \si(CHs)3 

De fe (СНз)з 

N 
\ gi (CHs)3 

VCl-+ CoH; —Al 

yielded an identical polyethylene, m.p. 144°C. This polymer was also 

distinguished by its uniform molecular weight. 

On the other hand, polyethylene prepared in the presence of the system 

ООН al 
Si(CH3)3 Dee 

\si(CHs)3 

displayed the chemical structure and the thermomechanical behavior of an 

ordinary Ziegler polymer /16, 45/. 
A similar effect was noted inthe study of the copolymerization of ethylene 

and propylene on homogeneous and heterogeneous catalyst complexes. 

The copolymers had a more uniform structure and molecular weight if 

prepared in the presence of vanadium rather than titanium, irrespective of 

whether the catalyst complex was homogeneous or heterogeneous /17, 18/. 
The above rule remains valid for the polymerization of butadiene as well, 

as may be seen from the following examples. 

A study of two types of cobalt catalysts — the heterogeneous system 

Al(C2Hs5)eCl + СоС1» and the soluble system Al(C2Hs)2Cl + СоС1» - pyridine 
/19, 20/ — showed that the presence of a solid surface in the system does 
not affect the stereospecificity of the catalyst during the polymerization 

of butadiene. The polymerization of butadiene in a homogeneous system at 

5°С was very rapid and the conversion was 100%. The resulting butadiene 

contained (in %): 

1,4-links with cis-configuration „еее. up to 98 

1,4-links with trans-configuration .....2..2.. 1—2 

UR CHILES I. ее on erie hy За 1-2 

The heterogeneous catalyst was not as active, but the microtacticity of 

the resulting polymer was exactly the same. 
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‚Мапу more examples of polymerizations of olefins and dienes in the 
presence of complex organometallic catalysts could be quoted; they all 
indicate that the action of homogeneous and heterogeneous catalyst systems 
is the same for a given transition metal constituent. 

However, phase relationships in the catalyst are a very relevant factor 
in the polymerization of a-olefins. All attempts to prepare isotactic poly- 
propylene in the presence of homogeneous catalyst systems have so far failed. 
On the contrary, it was found that certain homogeneous systems (of the 
bis-cyclopentadiene type), which catalyze the polymerization of ethylene, 
are practically inactive with respect to other @-olefins /47/. 

3. POLYMERIZATION OF ETHYLENE 

Two types of organometallic catalysts are employed in the industrial 

polymerization of ethylene to the high-molecular, technically valuable 

polyethylene. 

1. Complexes formed by the reaction between AlR3 and Т1С14. These are 

heterogeneous, i.e., are insoluble in the reaction medium owing to the 

reduction of the titanium to trivalent titanium and possibly also to lower 

valencies. 

2. Soluble catalyst complexes, mostly prepared from bis-cyclopenta- 

dienyltitanium dichloride (С5Нь)>Т1С1. and organoaluminum compounds. 

Both catalyst types are suitable for polymerizing ethylene in a hydro- 

carbon solvent (hexane, or simply purified gasoline), at 50 — 70°С and 

under atmospheric or slightly elevated pressure. 

The heterogeneous complexes AlR3 + TiCl, are the most readily available 

and the simplest to prepare. This is the catalyst used by most industrial 

undertakings manufacturing low-pressure polyethylene /21/. 

The overall content of the components of the heterogeneous catalyst 

system AlR3 + TiCl, is usually less than 1% of the medium in which 

polymerization is carried out. Under optimum conditions of the polymeri- 

zation, in which the purity of the starting ethylene is not less than 99.9%, 

and the system being practically free from moisture, sulfurous compounds and 

other harmful substances, the consumption of the catalyst is very low and 

the yield of the polyethylene is more than 1 kg per 1 gram of the catalyst. 

The use of the theoretically and practically attractive soluble catalyst 

systems reduces the catalyst consumption even further. The study of 

heterogeneous catalyst systems is difficult owing to the need for preparing 

catalyst samples with preset (reproducible) lattice properties of the solid 
phase and particle size. 

It may be expected that in soluble catalyst systems each ionic bond can 

react with the monomer and initiate a polymer chain growth. As a result, 

the consumption of a soluble catalyst will be much smaller than that of a 

heterogeneous catalyst, which has only a small proportion of active sites 

on its surface. From the technological point of view, homogeneous 

catalysts are much to be preferred, since when these are employed, it is 

much easier to remove the residual catalyst from the polymer. Natta et al. 

/22/ and Breslow /23/ were the first to note that high-molecular polymers 
are formed when ethylene is polymerized in the presence of soluble catalyst 

complexes consisting of bis-cyclopentadienyltitanium dichloride (Cs5Hs5)2TiCls 
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and ап organoaluminum compound. They showed that when (Cs5Hs5)2TiCl, is 
made to react with Al(C2Hs5)3, а "sandwich" structure of the formula 

(C5Hs)2TiClzA1(CsHs5)2 is formed, which then further reacts with Al(C2Hs)3. 

Shilov et al. /24— 26, 47/ studied the mechanism of the polymerization 

of ethylene in the presence of complexes of this type and showed that the 

mechanism is very probably ionic. Complexes containing pentadienyl 

compounds of metals other than titanium also proved active (20) “Vabtewtl 

illustrates the differences in the properties of polyethylene prepared in the 

presence of the soluble bis-cyclopentadienyl complex and in the presence 

of the conventional Ziegler catalyst. 

TABLE 11. Properties of polyethylenes prepared in the presence of complex catalysts of different types 

al) 

> Homogeneous bis-cyclo- Ziegier catalyst 
Parameter 3 sre 

pentadienyl complex А1В; + TiCl, 

И СУ СО о а is 2.3 2.3 

о еее 137 132 

ОИ ВУ Чо оо о ро обо ор 85 79 
Functional group content, %: 

CUTIE: Cy rs ool oo Е 0.05 0.86 
VAY ewe о ее ое о 0.036 0.044 

а ооо оо оо бою бес ос 0.006 0.007 

В ОО бооососо не 0.951 0.945 

Oxygen has an activating effect in the polymerization of ethylene in the 

presence of bis-cyclopentadienyl compounds: oxygen present in very small 

amounts (0.025 mole %) resulted in a considerably increased catalytic 
activity. The part played by oxygen was clarified in more detail, in the 

case of polymerization of ethylene in the presence of another catalytic, 

system on the base of tetraphenyltin /28 — 30/. This catalyst is formed on 
mixing together definite proportions of AlCl3 or AlBr3, tetraphenyltin and a 

small amount of a halide of vanadium (УС or УОС15) in cyclohexane or in 

another hydrocarbon. 

The polymerization of ethylene in the presence of this catalyst has been 

studied in detail /15, 16, 31/. The main component of this catalyst — 
tetraphenyltin — is stable to oxygen and to water, unlike several other 

organometallic compounds, in particular alkylaluminum compounds. The 

system forms a true solution, as indicated by the absence of Tyndall effect 

and by the fact that its catalytic effect is unimpaired after filtration through 

a bacterial filter with lu pore diameter. 

It has been shown that the first stage in the polymerization of ethylene 

in the presence of such a system is the reaction of tetraphenyltin with 

aluminum tribromide: 

Sn(CgHs)4+2AlBrs —> 2AlCgHsBr2-+-Sn(CgH5)2Bre 

The second stage consists in the formation of an active catalyst complex 

between AlCgHsBrz2 and VCl4; the transition metal supplies the vacant 

d-orbitals for the formation of the 7-complex with the olefin. 
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The introduction of the first monomer molecule and the formation of the 

active complex constitutes the act of initiation of the polymerization 

(Chapter II). The entry of the following monomer molecules (propagation 
of polymer chain) takes place by attack on the V—C bond, which is weak, 
as in all highly alkylated organoaluminum compounds. The role played by 

the "aluminum" part of the active complex, which is a typical Lewis acid, 

is probably to produce a preliminary coordination of the monomer molecules 

which facilitates their subsequent attack on the bond between carbon and the 

transition metal. 

The structure of the polyethylene obtained in the presence of the soluble 

complex differs from that of the polyethylene prepared using the ordinary 

Ziegler complex; the former is strictly linear (Table 12). 

TABLE 12, Structure of polyethylene prepared in the presence of homogeneous and 
heterogeneous catalyst systems 

In polyethylene prepared | In polyethylene prepared 

eis in the presence of in the presence of 

soluble catalyst system heterogeneous catalyst 

Sn(CgHs) 4+ А1Вгз+ УС! Al(C)Hs)3 + TiCl, 

MCU ое о Bo В 9 Bows Ь Orone 0.05 0.5 

Nase ооо оо ЗОВ СЕ 0.01 0.07 

ЩЕ ао и5 © Нерон | 0.003 0.008 

/ 
The catalyst system Sn(CgHs)4 + AlBr3 + VCl4, which makes it possible 

to conduct polymerizations of ethylene at a rapid rate, soon loses its activity. 

Attempts were accordingly made to find another soluble catalyst system, 

which would ensure a constant reaction rate for long periods of time. The 

organometallic constituent of such a complex was the hitherto unknown 

compound, which is a modified alkylaluminum compound containing both 

Al—C and А1 — М bonds. This compound is a weak reducing agent with 

respect to the transition metal salt, in particular TiCl4, which ensures the 

homogeneity of the system, and is at the same time sufficiently active to 

form a highly effective catalytic coordination complex. This complex ensures 

a prolonged polymerization of ethylene, which proceeds at a practically 

constant rate /45/. 
Other soluble organometallic complex systems, which catalyze the 

polymerization of ethylene, are also available. 

A complex catalyst of polymerization of ethylene, which is soluble in 

chlorinated hydrocarbons, is formed by the reaction between УС14 and 

А1(150- С4Но)>С1 /32/. The molecular weight of the polyethylene formed in 
its presence is high — about 10°, Such a polyethylene is difficult to work, 

but has certain industrial uses — in particular, the manufacture of loom 

shuttles — owing to its hardness. Studies of soluble complex polymerization 

catalysts are continuing. 

4, STEREOSPECIFIC POLYMERIZATION OF PROPYLENE 

AND OTHER UNSATURATED HYDROCARBONS 

Advances in the synthesis and in the various applications of complex 

organometallic catalysts are largely connected with the realization of 
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stereospecific polymerization of propylene and other unsaturated hydro- 

carbons, which has now become an industrial process practised in many 

countries. 
The principle of stereospecific polymerization is the selection of certain 

configurations of monomeric links during the polymerization process. If 

this selection can be controlled, the resulting polymers will be stereo- 

regular, 1.е., will have an ordered structure; they will therefore be capable 

of crystallization and will display a number of technically valuable properties 

such as a high strength, ready fiber formation, etc. 
If the polymerization is to be stereospecific, the monomer molecules 

about to participate in the polymerization must be preliminarily ordered. 

This is best achieved with the aid of organometallic complex catalysts 

which include compounds of transition metals. It has already been said that 

it is the bond between the carbon atom and the transition metal which is 

attacked. 

The simplest stereoregular polymer is polypropylene, the macro- 

molecules of which can be isotactic or syndiotactic. 

The two main problems in this field are the study of the formation of 

isotactic polypropylene and the oe of a process for its industrial 

manufacture. 

Best results were obtained in preparing isotactic polypropylene by using 

the complex catalyst system AlR2X + TiClz, where X is an atom of halogen 

or an ethyl group. This method was first proposed and studied in detail by 

Natta /8/, and the catalyst has now received general acceptance in the 
production of polypropylene. 

The form of TiCl3 crystals has an important effect on the stereospecific 

activity of the system. As is well known, four crystalline modifications of 

this salt are known — the a-, В-, y- and 6-forms. The brown B-TiCls3 is 

the least stereospecific, while the activities of the violet а-, y- and 6-forms 

are about the same. 

TABLE 13. Stereospecificity of systems catalyzing the polymerization of propylene 

Amount of isotactic Amount of isotactic 

polymer formed polymer formed 
Organometallic compound Organometallic compound 

at 15°C at 10°2°E at 15°C at T0°G 

Al(C)Hs) 21 99 — 100 96 —98 || Al(C)Hs), 80 — 85 80—85 

Al(C)Hs) ВЕ 87 — 98 94 —96 || Be(C,Hs )з 94 — 96 93 — 95 

Al(C)Hs)2Cl 96 — 98 91 — 94 

Table 13 shows /11/ the stereospecific effects of the active (violet) 
forms of TiCl3 in the catalyst systems on the polymerization of propylene. 

It follows from the table that systems containing Al(C2H5)2I are the most 
effective; however, Al(C2Hs5)2Cl is more readily available and its stereo- 

specificity is also satisfactory, so that it is used instead. Alkylberyllium 

compounds are not employed on account of their toxicity. 

It was repeatedly attempted to use catalyst complexes containing salts 

of transition metals other than titanium. Some of the results are shown 

in Table 14. It follows from these data that optimum conditions for the 

polymerization of propylene are ensured by employing complexes with 

lower valency titanium and vanadium chlorides. 
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TABLE 14. Yield of crystalline polypropylene as a function of the type of transition metal compound 
in the complex with AIR, /11/ 

= 
] 

Transition metal Yield of crystalline Transition metal Yield of crystalline 
compound polypropylene, % compound polypropylene, % 

TiCl, 80 — 90 ТС 45 — 50 

О TiBr, 40 — 42 
a-form 85 — 90 Til; 46 

В -form 40 — 50 Ti(OR), Traces 
TiBr, 44 ZnCl, 52 
Til, 10 УС 48 
ZiGl> 55 VOCI, 32 
Vek 10 — 75 
Crete 36 

Like polyethylene, polypropylene too may be prepared in the presence of 

soluble catalyst complexes. It must be remembered that, in the case of the 

heterogeneous catalyst systems described above, it is only a small 

proportion of the ionic bonds in the complex — those on the surface of the 

solid phase — that display catalytic activity. For example, the number of 

active (polymerization- promoting) sites in TiCl3 specimens used in the 
stereospecific polymerization of propylene is only a few units per 1000 

TiCl3 molecules. Such calculations are effected with the aid of alkyl- 

aluminum compounds tagged with radioactive carbon. In a soluble catalyst 

complex, on the contrary, each ionic bond is free to react with the monomer 

and thus initiate polymer chain propagation. 

However, stereospecific polymerization of propylene with the aid of 

soluble catalyst systems involves serious difficulties. In order for the 

course of a polymerization to be stereospecifically controlled, the monomer 

must be bound to the catalyst complex in a definite manner, i.e., the 

resulting complex between the catalyst and the monomer must have a 

definite spatial configuration. Such complexes may be formed by monomers 

which contain polar groups and by diene hydrocarbons with a second double 

bond, which then acts as a polar substituent. This complex formation 

cannot be realized if propylene is polymerized under ordinary conditions in 

the presence of soluble catalysts. | 
However, at low temperatures, when the molecular motion of the 

monomer is limited, propylene may be stereospecifically polymerized with 

formation of syndiotactic structure. 

The soluble catalyst systems employed for the purpose at —78°C included 

complexes between vanadium acetylacetonate or VCl, and anisole and 

А1В2С1 or AIR2gF. The yield of the syndiotactic polypropylene was very low 

/33/. Subsequent studies also failed to give a significant increase in the 

yield of this polymer. Soluble catalyst systems have not so far found use 

in industrial scale polymerization of propylene, but research on the subject 

is continuing. 

However, soluble complex catalyst systems proved effective in copoly- 

merizations of propylene and ethylene to elastomers. A number of catalyst 

systems, some of which are industrially employed, have been proposed 

for the copolymerization of ethylene and propylene to an amorphous rubber- 

like product /34 — 38/. Most of these systems contain vanadium compounds 
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in the capacity of transition metal compound: VO(CoHs)3, УО(С2Н5)2С1, 

vanadium acetylacetonate V(CsH7O2)3 or vanadyl acetylacetonate VO(Cs5H7O2)2. 

Experimental results showed that copolymerization of ethylene with 

propylene in all cases resulted in a copolymer of a homogeneous structure. 

The molecular weight distribution was narrow, as in the homopolymerization 

of ethylene. 

Soluble organometallic complexes are successfully employed in stereo- 

specific polymerization of diene hydrocarbons — butadiene and isoprene. In 

this way stereoregular rubbers are obtained, of a quality comparable to that 

of natural rubber. However, when dienes are polymerized in the presence 

of organometallic catalyst complexes, a number of special problems arise, 

the discussion of which is outside the scope of this book; we shall merely 

mention that very interesting theoretical and practical data were obtained 

in the course of the past few years /46/ on stereospecific polymerization of 

butadiene in the presence of organometallic catalysts based оп 7-allyl 

complexes of a number of transition metals. 

Organometallic catalyst complexes have also found use in the polymeri- 

zation of a-olefins other than propylene: butene-1, 3-methylbutene- 1, 

4-methylpentane-1 /21/. It was found that in the presence of complexes of 

the type AlR3 + TiCl, (ог AlR3 + TiCls) unbranched a@-olefins with 5 carbon 

atoms or more polymerize to give low-melting, mostly amorphous, low- 

molecular substances of little practical interest. 

If branched @-olefins are polymerized under similar conditions, the 

resulting polymers are high-molecular, stereoregular and crystalline, and 

have a higher melting point than polypropylene (Table 15), which is a 

desirable property. 
Polymers such as poly(3-methylbutene-1) and poly(4-methylpentene- 1) 

have found industrial utilization in the production of high strength, heat 

resistant polyhydrocarbon fibers. Heat-resistant organic glasses based on 

poly(4-methylpentene- 1) are known. = 

TABLE 15. Melting points of polymers prepared from different a-olefins in the presence of the complex 
catalyst AIR; + TiCl, 

Initial monomer Мерс Initial monomer Про 

Propylene 165 — 170 3-Methylbutene-1 250 

Butene-1 128 4-Methylpentene-1 230 — 240 

Pentene-1 80 4-Methylhexene-1 170 — 180 

Vinylcyclohexane may be polymerized in the presence of complex 

organometallic catalysts to yield the high-melting (above 300°C) polyvinyl- 

cyclohexane /51/. 
Organometallic complexes also catalyze the polymerization of acetylenic 

hydrocarbons — acetylene and its derivatives. The resulting polymers 

contain conjugated systems of С =С bonds. The simplest such polymer is 

the product of polymerization of acetylene itself: 

nHC=CH—[— CH=CH—CH=CH—CH=CH~—], 

Polymers with a system of conjugated double bonds display a number of 

unusual properties; in particular, they are semiconductors /39/. 
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Complex catalysts of the type AlR3 + Т1С or similar systems readily 
catalyze the polymerization of acetylene to a black-colored, polyconjugated 
compound. In this polymerization, the active catalyst species is formed by 
the reaction between Al(C2Hs5)3 and vanadyl acetylacetonate /40/: 

Our own investigations showed that this catalyst system is most active 

if the molar ratio Al:V =4. Аз triethylaluminum was replaced by 

Al(C2H5)2Cl and then by Al(C2Hs5)Cly, the catalytic effect in the polymerization 
of acetylene strongly decreased. 

Catalysts based on triethylaluminum and titanium tetrachloride are active 

in the polymerization of unconjugated diynes as well: 1, 6-heptadiyne, 

1, 7-octadiyne and 1, 8-nonadiyne /41/. The polymers contain a conjugated 

system and rings in the chain: 

(et 
CH сн С G 

77 и on я i on Bai 4 

Н.С сн. HC CH 
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The polymerization of various classes of hydrocarbons with the aid of 

organometallic complex catalysts has formed the subject of numerous 

studies. These studies are still continuing and the catalytic potentialities 

of the different organometallic systems are still far from exhausted. 

5. UTILIZATION OF COMPLEX ORGANOMETALLIC 

CATALYSTS IN THE POLYMERIZATION OF 

NONHYDROCARBON MONOMERS 

Immediately following the discovery and utilization of complex organo- 

metallic catalysts in polymerization reactions it was believed that they 

could not be utilized in the polymerization of nonhydrocarbon monomers, 

However, subsequent studies showed that the new catalysts can also be 

used to promote stereoregular polymerizations of a wide range of monomer 

compounds, i.e., vinyl chloride /42/. 
Poly(vinyl chloride) is even now the most common thermoplastic 

material, both as regards its production volume and its variety of applica- 

tions. It is thus natural that repeated attempts are being made to improve 

its properties, in particular its resistance to heat and its mechanical 

parameters. It is believed that one way to attain this objective is to produce 

crystalline, stereoregular poly(vinyl chloride). Ordinary catalysts of 
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stereospecific polymerization, based оп titanium chlorides and alkyl- 

aluminum compounds, cannot be employed in this case, since monomers 

with active halogens are usually decomposed by such catalyst systems. It 

was recently shown however /42a/, that if titanium fluoride is used instead 

of titanium chloride, the catalyst system Т1Е4 + Al(iso- C4Hg)3 will produce 
a stereoregular poly(vinyl chloride), though in a low yield. 

Crystalline poly(vinyl chloride) can also be prepared using the catalyst 

Al(C2Hs5)3 + TiCl3 in a saturated hydrocarbon medium, in the presence of 

special nucleophilic complexants as additives. It must be noted, however, 

that the literature data concerning the degree and type of stereoregular 

structure of the polymer are based on IR. spectroscopic data only and require 

confirmation. 

Complex organometallic catalysts are also successfully employed in 

stereospecific polymerizations of vinyl ethers ВОСН =CH2. Catalysts which 

can be employed in this way include both Ziegler type catalysts and a number 

of catalysts based on boron fluorides and alkylaluminum compounds, which 

act by a cationic mechanism /43/. These catalysts — the so-called Nakano 

catalysts — appear to form complex ions, which are capable of acting as 

multiple site catalysts: 

BF3+R3Al oe R,Al+ +[BFs- R]- 

[ВЕз. В]-+ВзА1 —> ReAIR+++[BFaR]- 

The principal features of stereospecific polymerization of several vinyl 

ethers have been studied in fair detail. 

Complexes of AlR3 with salts of transition metals are also active in the 

polymerization of alkylene oxides RCH — CHz when the oxygen ring is opened 

and polymers of the type: — 

ai Be а 

i 
are formed. 

Furukawa and Saegusa /44/ recently conducted interesting studies on the 

synthesis of polymers by the polymerization of polar monomers such as 

aldehydes, olefin oxides, etc. They showed that one of the most common 

industrial chemicals — acetaldehyde — can be polymerized to a crystalline 

polyacetaldehyde in the presence of organometallic compounds, mainly 

triethylamine in conjunction with a number of metal salts, water, alcohol 

and other compounds. A study of the polymer yield as a function of the 

composition of aqueous triethylaluminum showed that the compound 

(C2Hs5)2Al — О— Al(C2Hs5)2 is the most active. Catalysts of this type proved 
to be active in polymerization reactions of a large number of polar 

monomers. A recent achievement is the polymerization of other polar 

monomers such as B-isovalerolactam /44a/, tetrahydrofuran /49/ or methyl 
methacrylate /50/ in the presence of catalysts consisting of complex 

organometallic compounds prepared from alkylaluminum compounds and 

salts of transition metals. 
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Thus, the original scope of application of complex organometallic 
catalysts in macromolecular chemistry has now been much extended. This 
notwithstanding, their most important application is still the stereospecific 
polymerization of unsaturated hydrocarbons of different classes; this is at 
the same time their most extensive and most important industrial application. 
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Chapter VI 

OTHER UTILIZATIONS OF COMPLEX CATALYSTS 

In addition to serving as catalysts of the polymerization of olefins, dienic 

hydrocarbons and other organic monomers, complex organometallic 

compounds also catalyze dimerization, oligomerization and ring closure of 

various hydrocarbons. They have been recently employed to catalyze the 

hydrogenation, isomerization and alkylation of numerous aliphatic and 

aromatic compounds. They have also served, in toto or as individual 

components of the complex, to catalyze the preparation of metal carbonyls 

and 7-complexes of transition metals, and in the chemical fixation of 

molecular nitrogen. АП these studies are of high interest and deserve to 

be discussed in detail. 

1. PREPARATION OF LOW-MOLECULAR OLIGOMERS 

OF UNSATURATED HYDROCARBONS 

Dimerization and oligomerization of olefins 

Ziegler et al. /1/ were the first to report that the reaction of triethyl- 
aluminum with ethylene in the presence of colloidal nickel results in the 

formation of butene-1. Cobalt and platinum act ina similar manner. The 

process mechanism is catalytic between 100 and 120°C under 40 —60 atm 

pressure and the yield of butene-1 is high (more than 90%). It has been 
recommended that a small amount of an acetylenic hydrocarbon be added to 

the catalyst in order to ensure a steady rate of reaction. For a review of 

earlier publications on the dimerization of ethylene see /2, 3/. 

A number of effective catalysts have been recently proposed. A system 

with cobalt acetate or cobalt acetylacetonate as one component and triethyl- 

aluminum, diisobutylaluminum hydride, diethylaluminum ethoxide or 

sodium aluminum tetraethyl in benzene, heptane or tetrahydrofuran as the 

other, will dimerize ethylene even at 0°C /4/. Catalyst obtained by treating 
nickel acetylacetonate with triphenylphosphine and a large excess of 

(С2Н5)зА12С1з is extremely active /5/. Within 18 minutes 18.3. 10° moles of 
ethylene are dimerized by 1 mole of Ni(CsH7O2)2, and the latter still 
remains fully active. The product contains 94% butylene (almost exclusively 

butene- 2). 

The dimerization of propylene is also of major practical interest. It is 

the result of a reaction between propylene and tripropylaluminum /6/. 
During the first stage an unstable alkylaluminum compound is formed: 
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CH3—C H2—CH2—Al1+C3H¢ a ОНО И ` 

СНз—СН—СН.—А1 

It then reacts with propylene and is decomposed as follows: 

CH3—CH2—CHe CH3s—CH2—CHe CH3 

| +C3Hg — | Sf 

CH3;—CH—CH2—Al CH3—CH=CHe СН.СН.А1 

If the propylene dimer (2-methylpentene-1) is led out of the reaction 

mixture, the mechanism of the process becomes catalytic and a small 

amount of the alkylaluminum compound-/7 — 9/ or of its complex with a 

nickel salt /9a, 9b/ will suffice to dimerize the propylene. The dimerization 

of propylene has lately attracted much attention in connection with a new 

method for the synthesis of isoprene, which has the preparation of 2-methyl- 

pentene-1 аз its first stage. 2-Methylpentene-1 is then isomerized to 

2-methylpentene-2, which gives high yields of isoprene by liberation of 

methane: “ 

СНз—СН.—СН2 СНз—СН.—СН £ Seger Se 
|| —> | ВЕ 

СН—С=СНо CH3—C—CH3 

CH2,=CH 
| 4+ CH, 

CH3,—C=CHe 

The dimerization of ethylene in the presence of organoaluminum 

compounds may be considered as a special case of synthesis of higher 

olefins by the "growth" of alkylaluminum compounds and displacement of 

the olefin, when the rate of the latter process much exceeds the rate of 

the former: | 53 

А1С,Н,-+ (>На —>A1C2H4CoHs 
А1С>НаС>Нь + пС»Н4 —АЦСНа)„+1С5Нь 

А1(С>Н4) „+1 С2Нь —AlH+CHs=CH—(C2H,),CoHs 

AlH+ CoH, —>А1С.Н. р ес. 

If the displacement rate is slower than the propagation rate, the reaction 

will yield alkylaluminum compounds with long-chain alkyl radicals, which 

can in turn be converted to higher alcohols by oxidation, to acids by 

carbonation or to higher olefins. For an account of the theoretical and 

practical aspects of the propagation reaction the reader is referred to 

y2, 3, 10/. Here we shall merely mention the very characteristic reaction 

of chain propagation on bifunctional organoaluminum compounds, owing to 

which higher a, w-diolefins, diols and dibasic acids can be prepared. It 

was pointed out by Ziegler /10/ that many attempts were made to realize 

such reactions; they were unsuccessful, since the readily available diolefins 

with 4— 6 carbon atoms (butadiene, diallyl) are unsuitable for the preparation 

of bifunctional alkylaluminum compounds. In particular, under these 

experimental conditions diallyl became converted to methylenecyclopentane 

/11/. а, w-Diolefins with 8 — 10 carbon atoms have recently become available 
and these can be converted to bifunctional alkylaluminum compounds. 

Results of such studies have not been reported by Ziegler, but patent 

152 



literature contains several references to this subject. Thus, а patent /12/ 

has been taken out for the preparation of diols with 8 — 16 carbon atoms 

starting from butadiene, ethylene and alkylaluminum compounds. Butadiene 

reacts with (150-С4Но)2А1Н at 90 — 100°C for 4 hours with formation of 

tributenylaluminum, which is then treated with triisobutylaluminum and 

heated at 130 — 150°C until the evolution of isobutylene has ceased. In the 

resulting compound tetramethylene chains are bound to two aluminum atoms. 

When this compound is reacted with ethylene at 80 — 90°C, the alkyl chains 

first increased in size to Cg — Cig, after which oxidation was carried out. 

In another patent /13/a@, w-diolefins are prepared from ethylene and 

tris(3, 3-dimethylpentamethylenyl)dialuminum in toluene in the presence of 
0.1 — 1.0% of Ni, Co or Pd compounds (e.g., nickel acetylacetonate) and 

phenylacetylene. The reaction is carried out at 70°C and 60 atm for 

3 hours. The product is then treated with acidified methanol at —20°C and 

distilled. The main fraction (83% yield) distils over at 56 — 160°С / 100 mm, 
which corresponds to an average molecular weight of 201. 

Natta and Miyake /14/ studied the reaction of chain growth on derivatives 
of 1, 5-dialuminopentane. They showed that ring formation was absent. The 

compounds found after decomposition of the reaction product included Cs, 

Cy, Cg, Ci, С1з, etc., hydrocarbons. The chain length distribution 

approached the Poisson distribution. It was shown that all Al—C bonds 

react with the same probability throughout the reaction period. 

Linear and ring oligomerization of diolefins 

Wilke /15/ in 1957 succeeded in preparing the ring trimer of butadiene, 

trans-trans-trans-cyclododecatriene- 1, 5, 9 (CDT) from butadiene in the 

presence of the catalyst system (C2Hs5)2A1Cl — TiCl,: 

isle eet 
^^ 
С 

aie CH 

Il 
3CH»=CH—CH=CH,; —> HC CH 

Va Ss 
HC СН? 

а 
НН 

The yield of the reaction product shows considerable variation with the 

Al:Ti ratio; the maximum CDT yield is obtained if the value of this ratio is 

4.5, while if this ratio is 0.5 to 1.0, 1, 4-trans- polybutadiene is obtained. 

Other catalyst systems for the cyclotrimerization of butadiene were 

subsequently proposed /16/. Thus, CDT was prepared in 90 — 95% yield at 
40°C under atmospheric pressure in the presence of a catalyst formed by 

mixing diethylaluminum hydride with AlCl3 in benzene and adding TiCl, 

afterwards. High CDT yields were also obtained when the following 

catalysts were employed: СаН. — А1С1; — TiCl4; NiX, — AlR3— electron donor 
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(ether); СкгО2С12 — (С>Нь)зА1. The last-named system gives ап isomer 

mixture of CDT — trans-trans-trans-isomer and trans-trans~cis-isomer. 

Both CDT isomers were also prepared by passing butadiene through a 

benzene solution of (С›Нь)2АЛС1 and Ti(OC4Hg)4 /17/. The authors showed 

that the effect of the organic groups on Ti and Al atoms on the yield of the 

cyclotrimers is insignificant. An important factor is the Al:Ti ratio 

(optimum value 20) and the number of halogen atoms in the organoaluminum 

component. If the value of п in R3-,, AlX, is more than 1.5 or less than 0.5, 

the polymerization becomes linear instead of cyclic: according to Wilke 718/, 

the system (C2Hs5)3Al — Ti(OR)4 catalyzes the formation of 1, 2-polybutadiene. 

Miller /19/ cyclotrimerized butadiene with the aid of catalysts which, 
strictly speaking, did not contain organometallic compounds: a mixture of 

metallic aluminum, aluminum trichloride, titanium chlorides and NaCl in 

benzene. When FeCl3 was substituted for the titanium compounds, а 

mixture of CTD isomers and linear oligomers was obtained /20/. Zakharkin 

proposed a method for the preparation of cis-trans-trans-cyclododecatriene- 

1, 5, 9 by cyclomerization of butadiene-1, 3 in a solution of toluene in the 

presence of the catalytic system of TiAlgClg - CgHg and В2А1В', where В! is 

alkyl or halogen at the molar component ratio 2:1. 

It was shown by Wilke /21/ that in the presence of complex organo- 

metallic catalysts based on Ti and Cr, linear oligomers of isoprene and 

dimethylbutadiene can be formed. Subsequently, the butadiene dimer 

3-methylheptatriene-1, 4,6 was prepared in the presence of Co and Fe 

catalysts: 

СН. Н CHs 
| | | 

Ci, =CH CH: CHA CH CH aCthy — cH. SCH Ch Cn = n= Geo, 

The formation of this dimer was also noted by Otsuka et al. /22/ when 
butadiene was dimerized in the presence of [Co(CO)4l2—(C2H5)3Al. The other 
butadiene dimer — n-octatriene- 1, 3, 6 — was formed as the side product. 

A mixture of linear oligomers of butadiene may be obtained rapidly and 

in a high yield if cobalt catalysts are employed at 50 — 100°С /23/. These 
catalysts are formed by reducing cobalt salts in organic solvents in the 

presence of butadiene. The resulting brown-colored solutions probably 

contain butadiene complexes of cobalt, in which the valency of cobalt is zero. 

They react with butadiene to yield a mixture of dimers, trimers and 

tetramers of the general formula (С.Н), with (п + 1) double bonds, two of 

which are conjugated. The dimer fraction contains about 90% of 3-methyl- 

heptatriene-1, 4,6, while the remainder consists of n-octatriene-1, 3, 6. If 

arylphosphates are added, the catalytic effect becomes radically changed: 

the main conversion products of butadiene in such a case are cycloocta- 

diene- 1, 5 and vinylcyclohexene /24/, Similar results were also obtained 
by Japanese workers /25/. When cobalt was replaced by iron, the formation 

of a linear trimer was catalyzed /26/, 
We may still mention another, recent method /27, 27a/ of stereospecific 

preparation of 1, 4-dienes from 1, 3-dienes and ethylene. The components of 

the catalyst system are triethylaluminum and an iron salt: 

RR! RR’ 
| iP | 

cHp=¢—G=CHR' += CH, —> 1/,CHa= CH—CH2— C=C—CH2R"+ 
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+1/2CH3;—C=C—CHR”—CH=CHp (В, В’, R’ =H ог CHs) 

Cyclic trimerization of acetylenes 

Acetylenic hydrocarbons and some of their derivatives, much like 

diolefins, may form linear polymers or ring trimers in the presence of an 

organometallic complex catalyst. Linear polyacetylenes form a conjugated 

system of double bonds and for this reason display a number of interesting 

properties. The preparation and properties of these polymers — potential 

organic semiconductor materials — is the subject of intense studies and 

numerous publications /28, 29, 30/. The preparation of both high- molecular 

polyacetylenes and of linear oligomers has been reported /31, 32/. 

Of major interest is the use of complex catalysts in ring oligomerization 

of acetylenes to substituted benzenes. A review on the subject has been 

recently published /33/, and for this reason only the most interesting 
questions will be mentioned here. 

During a few years following the appearance of the work of Ziegler on 

the utilization of complex polymerization catalysts it was believed that the 

"acid'' hydrogen atom in acetylene is apt to destroy the catalyst. However, 

it was then shown by Natta et al. /28/ that both monosubstituted acetylenes 
and acetylene itself can become polymerized on such catalysts. The first 

communication concerning the preparation of cyclotrimers in the presence 

of Ziegler catalyst referred to disubstituted acetylenes /34/, but it was later 
found that cyclic trimers of monosubstituted acetylenes and of acetylene 

itself could also be obtained: 

3RC=CH 

| 

| | 
| | 

ave и. 
а n/\/\R 

R H 

Franzus et al. /34/ were the first to effect cyclotrimerizations of a 
number of disubstituted acetylenes (CH3C = CCH3, С2Н5С = CC2Hs5 and 
CgHsC = CC,Hs) under mild conditions in the presence of triisobutyl- 
aluminum — titanium tetrachloride catalyst. The yields of hexasubstituted 

benzenes were almost quantitative. None of the catalyst components 

produced cyclotrimerization by itself; when TiCl3 was used instead of 

TiCl4, the catalytic activity was lost. 

A number of 1, 3, 5- and 1, 2, 4-trisubstituted benzenes were prepared 

from mono-substituted acetylenes by Lutz /35/ who used the system triethyl- 

aluminum — titanium tetrachloride. A more stereospecific system is 

triisobutylaluminum — titanium tetrachloride, which was used by Reikhsfel'd 

et al. /36/ to prepare 1, 3, 5-tributylbenzene (more than 90% yield) from 
hexyne- 1 and 1, 3, 5-triphenylbenzene from phenylacetylene (the asymmetric 
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1, 2, 4-isomers were absent in the reaction products). These workers also 

showed /37/ that different acetylenic compounds could be co-cyclotrimerized. 

In this way it proved possible to prepare cyclic trimers of acetylenes which 

do not undergo cyclotrimerization when taken separately /38/. A study of 

this reaction in the presence of various titanilum- based catalyst systems 

/39/ confirmed that the active site of the reaction is the titanium atom. 

Cyclotrimerizations of certain acetylenes to alkylbenzenes have been 

realized in the presence of complex catalysts; such reactions are very 

difficult to realize by any other method. Thus, both isomers of tri-tert- 

butylbenzene (1, 3, 5- and 1, 2, 4-isomers) were first prepared directly when 
the system triisobutylaluminum — titanium tetrachloride was used as a 

catalyst /40/. Owing to the considerablé steric hindrances offered by the 

bulky tert-butyl groups, previous attempts at cyclotrimerization of tert- 

butylacetylene on other catalysts had been unsuccessful. 

It was shown by Hoover et al. /41/ that vinylacetylene can be converted 
to trivinylbenzene in the presence of Ziegler catalyst at 0 — 10°C. Itis 

seen that triple bonds only participate in this reaction. 

The formation of benzene derivatives from acetylenes is not specific to 

titanium catalysts. Titanium tetrachloride may be replaced by VCl4 /42/, 
VOCI3 /42, 43/, СгО>С1ь /44/, or СоС1ь /45/. Nevertheless, systems 
containing tetravalent titanium are the most active (in the presence of 

trivalent titanium the polymerization becomes linear /29, 36/) if the ratio 
A1R3:TiCl4 = 3 to 4. Cyclic trimerization of isopropenylacetylene in the 

presence of different catalysts has been recently studied /46/; Ziegler 
catalysts gave the highest yields of the cyclic products. 

A catalyst system other than complex organometallic compounds was 

proposed by Luttinger /47/ for the cyclization of acetylenes. It consists of 

a salt of a Group VIII metal and a hydride reducing agent (alkali metal 

borohydrides and aluminohydrides). The highest yields of benzene deriva- 

tives were obtained with cobalt salts, irrespective of the valency of this 

metal in the initial salt. The system NiCl, — NaBH, proved the most 

suitable for linear polymerization of acetylenes. 

2. ISOMERIZATION OF OLEFINS IN THE PRESENCE 

OF COMPLEX CATALYSTS AND THEIR COMPONENTS 

Organometallic complex catalyst systems may produce isomerization 

of olefins. Chauvin and Lefebre /48/ studied the rate of migration of the 

double bond in different substituted olefins (C4—Cg) in the presence of 

catalysts formed by the reaction between triethylaluminum and salts of 

transition metals. They showed that the catalytic effect is significant only 

if the system contains chromium, iron or nickel salts. Thus, pure butene-1 

was passed through а solution of the catalyst (C2Hs5)3Al — NiCl2 - 2Cs5H5N 
(molar ratio Al:Ni = 4:1) in pentane or hexane at the boiling temperature 

of the solvent. The result was evolution of gas consisting of 71.9% of 

trans-butene-2, 25.6% of cis-butene-2 and 2.5% of the unreacted butene- 1. 

Back isomerization of trans-butene-2 did not take place under these 
conditions; insignificant conversion of this compound to the cis-isomer and 
butene- 1 was noted. The authors studied the isomerization of a number of 
pentenes and hexenes. They showed that the composition of the isomeri- 
zation products of butene-1 is close to that thermodynamically calculated, 
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but this was not the case for the isomerization of pentenes. 4-Methyl- 

рещепе-1 and 4-methylpentene- 2 displayed a very weak migration of the 

double bond to the tertiary carbon atom. The activity of the isomerization 

catalyst sharply decreases when triphenylphosphine is added to the system. 

In the view of the authors, olefin isomerization proceeds via an intermediate 

m- allyl complex. 

A patent has been taken out /49/ for the isomerization of olefins in the 

presence of a system constituted by a trialkylaluminum compound and a 

tetraalkyl o-titanate (or vanadate), at a molar ratio of aluminum to titanium 

between 2 and 8. These systems catalyze, first and foremost, the isomeri- 

zation of unbranched olefins. Thus, butene-1 yielded a mixture of cis- 

butene- 2 (67%) and trans-butene-2 (28%) within 15 minutes at 20°C. 
Isomerization of olefins during polymerization effected on Ziegler- Natta 

catalysts is the subject of a number of recent studies /50 — 56/. 
It was found by Symcox /50/ that the polymerization of butene-2 and 

pentene- 2 in the presence of (C2Hs5)3Al — TiCl, catalyst between —10°C and 

+ 100°C yields polybutylene-1 and polypentene- 1. Formation of high- 

molecular, isotactic polybutene-1-was noted during the polymerization of 

cis- and trans-butene-2 in the presence of the system (C3Hs5)3Al — TiCl3 /51/. 

These workers found that, in the presence of a catalyst, butene-2 is 

isomerized to an equilibrium mixture of butene-1, cis- and trans-butene- 2; 

the composition of the mixture is in agreement with that calculated from 

the free energies of formation. Thus, butene-2 is first isomerized to 

butene-1, which then polymerizes in the conventional manner. 

A comparative study of the polymerization of a number of @- and 

B-olefins in the presence of AlR3— Т1С1з catalysts at 80°C showed /52/ that 

a-olefins polymerize practically without isomerization (polymerization rate 

higher than isomerization rate), while all unbranched B-olefins give ап 

isomer distribution which is close to the equilibrium value. Branched 

B-olefins do not seem to be isomerized to a-olefins at all. 

Aubrey et al. /53/ recently showed by IR spectroscopic and chromato- 

graphic methods that when octene-1 or octadecene-1 is polymerized in the 

presence of А1(С›Н5)з — TiCl, catalyst, the nonpolymerized olefin contains 

{гапз-1, 2-substituted ethylene (the cis- isomer is not formed), the amount 

of which increases with the concentration of the catalyst, temperature and 

duration of the reaction, and with the change in the Al:Ti ratio (pure 
(С2Н5)зА1 does not produce isomerization). The isomer with nonterminal 

double bonds does not copolymerize with the @-olefin, but is not inert 

during the polymerization. If its concentration in the starting olefin is high, 

the yield and the molecular weight of the resulting polymer decrease. 

Schindler /54/, who studied the isomerization of olefins which occurs 
during their polymerization on Ziegler- Natta catalysts, using deuterated 

ethylenes, assumes that the catalyst has two active sites, one of which is 

responsible for the chain growth, while the other is responsible for the 

isomerization. Isomerization takes place only in the presence of catalysts 

which contain active sites, preferably those containing ТР?* ions. Such 

catalysts contain a strong reducing agent (А1Вз), while their Al:Ti ratio is 

large. If AlR3 is replaced by AlReCl, isomerization cannot take place. 

According to Schindler, the isomerization proceeds as follows: 
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The presence of individual components of Ziegler catalysts and their 

conversion products may bring about secondary changes in the polymeric 

polydiene chain (cis-trans-isomerization, migration of double bonds, 

cyclization). This is the result of the high cationic activity of the compounds 

employed as constituents of Ziegler catalysts (В2А1С1, RAIClz, Al1Cls, 

TiCl,, etc.). It is known that the internal double bonds are very reactive in 

cationic processes. 

If solutions of natural rubber are treated with reagents such as AlR2Cl, 

А1ВС12 or TiCl, (60°C, 12 hours), the number of cis-1, 4-links in the chain 

decreases considerably, and the total unsaturation decreases somewhat as 

well /57/. During cationic polymerization of dienes the growing polymer 

cation readily reacts with the double bond of the chain proper; this in 

conjugation with favorable steric probability results in the formation of 

six-membered ring structures. Similar considerations apply to the reaction 

between the polymer chain and cation-active substances /57—61/. It was 

shown by Ermakova /57/ that such reactions are intramolecular even in 

concentrated solutions: 

~CH2,CH=CHCH2CH2CH=CHCH2»CH,CH=CHCH2~ 

Га 
Ф 

~CH2CH=CHCH2CH2CH =CHCH2CH»CHCHCH.~ 

| к 
~CH,CH =CHCH2CH,—CH 

/\® 
-~—-CH.+CH, CH 20 SYN 

1 и, tpl Sil oa 
R—CH. CH; PAs 

Чей, 

Cationic primers (e.g., alkylaluminum halides activated by water, etc.) 
may produce migration of hydrogen along the chain with formation of 

conjugated double bonds /57/: 

—CH2,CH=CH—CH2CH2,CH=CHCH,~ 

| 
—CH,CH=CH—CH.CH=CH—CH».—CH2~ 

| 
—СНСН=сСН—СН=сНнН—СН.СН.СН»— 

The high reactivity of internal double bonds in cationic processes is the 
reason for their ready cis-trans-isomerization in the presence of 
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alkylaluminum halides, aluminum trichloride, titanium tetrachloride, etc. 

When cation-active components add on to the double bond, the cyclization is 

preceded by the formation of а 7-complex, which seems to readily undergo 

cis-trans-transitions /57 — 58/. 
Ermakova /57/ studied the isomerization of 3-methylpentene-2 as a model 

of the repeating unit of polyisoprene chain, in the presence of C2HsA1Cl, 

and TiCly. After this olefin had been heated at 60°C for 3 hours with 

С2Н5А1С1» (3.6 mole %) the concentration of the cis-isomer decreased from 

85.6 to 43.8%, while the concentration of the trans-isomer increased 

correspondingly. 

We must also mention the very interesting studies on the 1, 3-polymeri- 

zation of olefins in the presence of complex catalysts. Yuguchi and Iwamoto 

/62/ studied the polymerization of propylene with a catalyst produced by the 
reaction between triethylaluminum with the adduct of VCl, and ferric 

acetylacetonate (1:1). It was found that, depending on the experimental 

conditions (in the first place on the identity of the solvent employed), the 

product consists either of polypropylene of conventional structure or of 

ethylene-propylene copolymer and even of pure polyethylene. The latter 

structures may be formed if a hydrogen atom migrates from the methyl 

group to the neighboring carbon atom and the molecule is then polymerized 

in position 1, 3: 

ее 

| 
CH3 Jo 

>[—CHeCHeCH2—], 

CHe=CH 

| 
СНз 

Тре degree of displacement of the hydrogen atom during polymerization 

will depend on the identity of the solvent: ordinary polypropylene was 

obtained in heptane; ethylene-propylene copolymer was obtained in benzene 

(especially at elevated temperatures and pressures); crystalline poly- 

ethylene was obtained in dichloroethane under atmospheric pressure. 

Infrared spectra of the polymer formed in benzene show a weak absorption 

band at 1156 cm’, which indicates that the methyl group content in the 

polymer is low. The polymer is an amorphous copolymer of ethylene and 

propylene, which contains up to 58% of ethylene links. X-ray study of the 

polymer obtained in dichloroethane confirmed that its structure is identical 

with that of crystalline polyethylene. 

It was shown by Gol'dfarb at an earlier date /63/ that isobutylene can be 

1, 3-polymerized. The polymer was prepared in the presence of triethyl- 

aluminum — TiCl, catalyst, at an Al:Ti ratio above 5 and its spectra showed 

a very high content of methylene groups. This means that the polyiso- 

butylene product contained not only repeating units of conventional structure, 

but also polypropylene links: 

he снг 

| 
>) —СН.—С— 

CH3 | 
а СН сне 
ОН а 

у 

| 
СН 
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Korneeva et al. /64/ recently studied the polymerization of isobutylene 

in the presence of the catalyst systems (C2Hs5)3Al — VOCIs, С2Н5АЦМ($1Вз)2]2— 

УОС13 and С2Н5АЦМ($1Вз)2|2 — Т1С14. These workers showed that the poly- 

merization takes place on the complex as a whole and not on its individual 

components. Study of IR spectra of the polymer product showed that its 

methylene group content was much higher than that of ordinary polyiso- 

butylene, as indicated by the changes in the optical density ratio of the 

2925 cm? (symmetrical С —H stretching vibrations in CH2- groups) to the 

2960 cm band (symmetrical С —H stretching vibrations in CH3- groups). 

This ratio was 0.64 in polymer prepared in the presence of TiCl4, but was 

0.9 and 1.13, respectively, in polymers prepared in the presence of 

(С2Н5)зА1 — УОС13 and С>Н-АЦМ($1Вз)2|2 — VOCIs3. 

3. ALKYLATION CATALYSTS 

Since aluminum chloride is one of the conventional catalysts of alkylation 

of aromatic compounds, it could be expected that alkylaluminum halides, 

too, would catalyze alkylation reactions. In fact, it was shown in 1957 by 

Groizeleau /65/ that а small amount of hexaethylbenzene is formed by the 

action of ethylaluminum sesquibromide on benzene. The reaction between 

benzene and ethyl bromide in the presence of (C2Hs5)3AlgBr3 yielded up to 40% 
hexaethylbenzene, while not exceeding 1.5% when aluminum chloride or 

aluminum bromide was used as catalyst. This catalyst was also employed 

by Nicolescu et al. -/66/ in the alkylation of aromatic hydrocarbons by 

cyclohexene. When cyclohexene was made to react with benzene in the 

presence of (C2Hs5)3AlgBr3 at 80 — 120°C and under atmospheric pressure 

(benzene :cyclohexene = 1:1.5), the yield of the alkylate attained 76.5%. The 

alkylate contained up to 20% monocyclohexylbenzene and more than 30% 

dicyclohexylbenzene. The authors pointed out that aluminum catalyst in the 

form of an organic compound is much to be preferred to Al1Cl3: it is much 

more readily soluble in aromatic compounds and — most important — is 

much more active than AlCl3. A high yield of the alkylate is obtained even 

if the catalyst concentration is as low as 0.01 mole of the catalyst per 

1 mole of cyclohexene (for А1С1з, 0.12 —0.3 moles of the catalyst are needed 

per mole of the olefin). It is assumed that the alkylation involves the 

formation of an intermediate triple complex of the organoaluminum 

compound, aromatic hydrocarbon and olefin: 

Bade 6=с И 
C.Hg+RoAIX = [СН © aie at sah 

| 

This complex is then decomposed with the formation of an organo- 
aluminum compound: 

ee ei 
= => &Н—С-СН+ВАХ 

| ieee 

A patent /67/ has been taken out for the alkylation of benzene by olefins 
with three carbon atoms or more in the presence of AIRCl, as catalyst. 
Benzene smoothly reacts with propylene in this way even at 25°C. It is 
interesting to note that propylene alone is the reactive species in the 
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mixture C3Hg—Ce2H4. The reaction product contained 48.9% of unreacted 

benzene, 34.9% of isopropylbenzene, 12.2% of diisopropylbenzenes and 4% 
of triisopropylbenzenes. Ethylbenzene was not detected. 

According to another patent /68/ alkylbenzenes with 8 — 16 carbon atoms 
in the side chain are prepared in the presence of systems much like complex 

organometallic catalysts. It is interesting to note that the process includes 

an alkylation and a propagation reaction. The catalyst system consists of 

AlX3, A1R,X3-, (В is alkyl, aryl or cycloalkyl) and halides of Ti, V, Zr, Cr 

or Fe. If it is desired to obtain the maximum yield of the most important 

fraction (Б.р. up to 216°C /1 mm, i.e., CgHi7 to CigH33 in the side chain), 
the ratio of AlX3 to AlR,X3-, Should be 0.3 to 0.1, while the ratio between 

the number of alkyl groups in AlR,X3-n and the total number of moles of the 

transition metal halide should be 0.1 to 1.0. Thus, when 3 liters of dry 

benzene, containing 10 g A1Cl3, 1.4 ml of 92% (C3Hs5)3Al and 1.9 g ТС, 
were reacted with ethylene at 30°C, 324 grams of the desired fraction 

(38% of total alkylate) were obtained, while at 50°C, 398 grams (61% of total 
alkylate) were obtained. 

Ethylation of benzene in the presence of catalysts based on alkylaluminum 

chlorides and alkyl chlorides was studied by Nicolescu and Serban /69/. 

4. UTILIZATION OF COMPLEX CATALYSTS AS 

REDUCING AGENTS 

Catalysis of hydrogenation 

Complex metal hydrides are widely used in chemical practice as 

hydrogenation agents /70/. It was recently found that the reaction between 

these compounds and salts of transition metals yields highly effective 

catalysts of hydrogenation of olefins. Takegami et al. /71/ used systems 
based on LiAlH, and CoCl, or FeCl; and carried out /72/ a detailed 

investigation of the hydrogenation of styrene in the presence of the catalyst 

system LiAlH,— ЕеС]1.. An active catalyst is obtained if the ratio FeCl: 

: LiAlH, is unity. The solvents which were employed included several 

ethers (diethyl ether, dibutyl ether), tetrahydrofuran, dioxane and diethylene 

glycol. It was shown that the rate of hydrogenation of styrene in various 

solvents varies in the following sequence: 

dibutyl ether > diethyl ether > tetrahydrofuran > diethylene glycol > dioxan 

The active catalyst is not formed in hydrocarbon solvents, but the 

addition of a small amount of tetrahydrofuran results in the appearance of 

catalytic activity. More basic compounds (pyridine, triphenylphosphine, etc.) 

substantially reduce the activity of the system. 

Various organoaluminum compounds can be used instead of the complex 

metal hydride to catalyze the hydrogenation of olefins. Heptane- soluble 

and toluene-soluble catalysts have been reported /73/ which are active 

under mild conditions. They have AlR3 and tetraalkoxytitanium as their 

constituent compounds and are active at 25 — 50°C under 2.4—2.7 atm 

hydrogen pressure. A complex hydrogenation catalyst, formed by the 

reaction between trialkylaluminum and a transition metal carboxylate has 

been proposed (e.g., nickel 2-ethylhexanoate and triethylaluminum) /74/. 
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A very detailed study of olefin hydrogenation in the presence of Ziegler- 

type homogeneous catalysts was carried out by Sloan et al. /75/. Catalysts 
were obtained by the reaction between triethylaluminum or triisobutyl- 

aluminum and compounds of Ti, Zr, V, Cr, Mo, Mn, Fe, Co, Ni, Pd and Ru, 

mostly acetylacetonates, and in the case of Ti, V and Zr also with alkoxides. 

All these substances catalyzed to some extent the hydrogenation of various 

mono-, di-, tri- and tetrasubstituted olefins (octene-1, cyclohexene, etc.). 

The hydrogentation was carried out under mild conditions (30 — 50°C, about 
3.5 atm hydrogen pressure). The most active systems were those based on 

triisobutylaluminum and iron and cobalt acetylacetonates. The latter system 

(Al:Co = 6:1) ensured a complete hydrogenation of cyclohexene within only 

20 minutes at 30°C. In addition, the system (С5Н5)›Т1С1. — Al(C2Hs5)3 
(equimolar ratio), which is homogeneous during the hydrogenation, was also 

studied; octane was obtained in 70% yield from octene-1 at room temperature. 

It was shown that if butyllithium is employed instead of an alkylaluminum 

compound, the hydrogenation rate decreases markedly. According to the 

authors, the true catalyst species is the hydride compound of the transition 

metal, which is formed as follows: 

Alfts4-M Xi —> А ВМХ 

where M is the transition metal and X are the groups bound to it. 

The organometallic compound RMX,_; reacts with hydrogen, with 

formation of hydride 

RMX,-1+He2 es RH+ HMX,_1 

which adds onto the double bond of the olefin: 

ee OY! ay c—C +HMX,_1 — yy Aer ks 

The newly formed organometallic compound reacts with hydrogen, when 
НМХ,_, is again liberated: 

H— NO—C0 MX ya + Hi ere H—No—C¢ -н+нмх, 1, etc. 

A recent publication /76/ deals with the results of a kinetic study of the 
hydrogenation of olefin (cyclohexene and heptene- 1) in the presence of 
homogeneous catalysts prepared from triethylaluminum and (С5Н5)2Т1С1ь 
or V, Cr, Mn, Fe, Co and Ni acetylacetonates. It was found that the stage 
which determines the reaction rate is the interaction of the initially formed 
transition metal hydride with the olefin. At the ratio Al:M = 10, the activity 
of the catalysts of hydrogenation of cyclohexene decreases in the sequence 
Со> Ni Ее> Сг. A similar series is also obtained for the hydrogenation 
of heptene- 1: 

CO > Ni > Fe >Cr >Ti > Mn > V 

The hydrogenation reaction is then complicated by isomerization. One 
or two minutes after the catalyst and the olefins have been mixed together, 
heptene- 2 and heptene- 3 could be chromatographically detected inthe sample. 
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After the completion of the hydrogenation heptane alone was present in the 

sample, which shows that the isomerization merely consisted in a shift of 

the double bond. Hydrogenation of alkylaromatic hydrocarbons have also 

been studied /76а/. 
It will be noted that the employment of the above hydrogenation catalysts 

is of practical interest, because the reaction can be conducted under mild 

conditions; since the system is homogeneous, each metal atom is able to 

participate in the catalysis. 

Preparation of metal carbonyls (reductive carbonylation) 

The reducing properties of alkylaluminum compounds were utilized by 

several workers to prepare carbonyl complexes of certain transition metals. 

Zakharkin et al. /77/ prepared carbonyls of Cr, Mo and W by reacting 

triethylaluminum or diisobutylaluminum hydride with the metal chloride in 

the presence of carbon monoxide. The reaction was conducted in an ether 

solution at 120 — 130°C and under 30 — 50 atm pressure of carbon monoxide. 
When triethylaluminum was employed, the yields of the final products were 

as follows: Сг(СО) 54%; Mo(CO)g 70%; W(CO)g 86%; they were somewhat 
higher when diisobutylaluminum hydride was used instead of triethylaluminum. 

Podall /78/ used the same method of preparation of these rare compounds. 
He noted that the yields of metal carbonyls prepared in the presence of 

alkylaluminum compounds were much higher than those obtained by Grignard 

synthesis, and that almost no free metal was formed. The synthesis of 

metal carbonyls was conducted in two steps. Thus, for instance, a 

suspension of СгС1з in ether was mixed with an ethereal solution of triethyl- 

aluminum at 0°C, after which carbon monoxide was fed in and the mixture 

was heated at 100 —115°C under about 200 atm pressure for 5 Ч hours. The 

yield of Сг(СО)5 was 76% under these conditions. Subsequently /79/ this 
worker reported the synthesis of manganese carbonyl, which is very difficult 

to prepare. Podall et al. /80/ made a special study of the effect of different 

factors on the syntheses of carbonyls of Cr, Mo, W and Mn. They showed 

that the yield of carbonyl strongly depends on the nature of the initial metal 

salt. In the system metal salt — triethykaluminum in benzene the yields of 

the carbonyls decreased in the following sequence: 

WCl.g > MoCl, > Cr(CsH700)3 > Mn(OCOCHs)2 > CrCls » MnCle 

The carbonylation process is also materially affected by the nature of 

the solvent. For the system СгС13з — (С2Н5)зА1 (Al:Cr = 6:1) at 115°C, the 
yield of Cr(CO)g in diethyl ether was 85%, in benzene 20%, and in pyridine 

only 10%. The best solvent for the preparation of manganese carbonyl 

(Al(C2Hs5)3 :Mn(OCOCH3)2 = 4:1) was diisopropyl ether (yield 56%), while the 
yield in pyridine was less than 1%. The yield of manganese carbonyl may be 

increased to 80% if the Al:Mn ratio is increased to 9:1, but this is 

technically inconvenient in preparative work. Table 16 shows the optimum 

conditions for the syntheses of chromium, molybdenum and tungsten 

carbonyls under ~ 200 atm pressure of carbon monoxide (yields below 90%). 

The activity of the system markedly depends on the identity of the organo- 

aluminum compound. The synthesis of manganese carbonyl from manganous 
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acetate in benzene at 100°C and Al:Mn = 4:1 showed that the activities of 
the organoaluminum components decreased in the following sequence: 

(iso -CyHg)3Al >> (СаНь)зА1 > (С2Нь)зА1Н >> (CH3)3Al > (C2Hs)3A12Cly 

The yields of the carbonyl product decrease from 45% to 1% in this series. 

On the contrary, trimethylaluminum is more active than triethylaluminum 

or triisobutylaluminum in the preparation of chromium, molybdenum and 

tungsten carbonyls. 

TABLE 16. Synthesis of metal carbonyls ~ 

Initial salt Ratio А1В} : salt Temperature, °C Е Solvent 

CrCl, 5:1 115 Ether, benzene 

МоС15 4:1 65 Benzene 

М Св 9:1 50 s 

It was noted that if much time is allowed to elapse between the preparation 

of the catalyst and the delivery of carbon monoxide, the metal may separate 

out as element and the carbonylation reaction is then much slower. It is 

believed that triethylaluminum reacts with the metal salt to form ethyl 

derivatives of the metals, which may either decompose with the liberation 

of elementary metal, or may react with CO to yield the metal carbonyl. 

The alkylation of the metal is the rate-determining stage. 

The process of "reductive carbonylation" in its different varieties forms 
the subject of several US patents. The use of organic compounds of B, Ga, 

Zn, Cd and other metals is recommended /81/ and also the use of Group Ia 

metals /82, 83/. A method for the preparation of chromium, molybdenum 

and tungsten carbonyls by reaction with triethylaluminum in tetrahydrofuran 

under low pressures of carbon monoxide has been patented /84/. 

Szabo and Marko /85/ recently reported the preparation of cobalt carbonyl 
by this method /79, 80/. The catalyst was prepared by mixing hexane 
solutions of cobalt stearate with triethylaluminum. About 1.5 mole of CO 

per mole of cobalt was absorbed during 16 hours at room temperature. 

The highest rates of absorption were noted when the Al:Co ratio in the 

catalyst was between 1 and 6. The main product was dicobaltooctacarbonyl 

Co2(CO)s; Со(СО)12 and propionylcobalt tetracarbonyl C2zHsCOCo(CO),, 
identified as the adduct with triphenylphosphine, were also isolated. The 

last-named compound is formed by the attack on the Co —C bond by the 

carbon monoxide molecule and proves that an alkylcobalt compound is 

formed in the first stage of the process. 

Preparation of 7-complexes of transition metals 

The review by Bennett /86/ on the subject of olefin and acetylene 
complexes of transition metals deals with the general problem of preparation 

of metal complexes by treating the metal salt with an olefin in the presence 

ofastrong reducing agent. The author noted that the method is not 

frequently used, since the reducing agent itself often decomposes the 

164 



olefin or the resulting complex. However, as early аз 1960 Wilke /44/ 
succeeded in preparing a nickel complex of cyclododecatriene by reacting 

nickel acetylacetonate with trans-cyclododecatriene in the presence of an 

organoaluminum compound. 

The method in fact proved to be of general application, including the 

preparation of several unstable complexes. According to Wilke /16/, the 

principle of the method is the following: transition metal compounds in the 

presence of electron donors (olefins or acetylenes as well as phosphines, 

arsines, etc.) are reduced under suitable conditions by metal alkyls or 

metal hydrides. Complexes are formed, in which the transition metal has 

a lower valency than in the starting compound. According to Wilke, the 

reaction involves the formation of unstable alkyls of transition metals as 

the intermediate stage. The preparation of many complexes of transition 

metals by this method has been patented /87, 88/: the complexes include 

[СэНаз] Ni; [CgHigleNi; Nil P(CgH5)3l4; NilP(C6Hs)slo; Col P(C6Hs)3] 4; (CgH17)1-2Co; 
(CeHi4)aTi; Pd[ P(CeHs)3] $ NilSb(CgHs)3l4; NilAs(CgHs5)3]. Many complexes 
proved to be active in the oligomerization of diolefins /89/. The reducing 

agents used in the preparation of these complexes included trimethylalu- 

minum, triethylaluminum and, most often, (C2Hs5)2AlOCoHs. 

Wilke and Herrmann /90/ prepared ethylene complexes of the type 
(R3P)2Ni - С2На, where В, is phenyl, ethyl, cyclohexyl, etc., in a similar 
manner. These compounds were obtained in almost quantitative yield by 

the reaction between nickel acetylacetonate and PR3 in the presence of 

(C2Hs)2A1OC2Hs (Ni: P = 1:2) ina solution of benzene saturated with ethylene. 

Complexes containing styrene, @a-methylstyrene, etc., were prepared by 

displacement of ethylene from these compounds. 

Tsutsui and Chang /91/ employed this general method to obtain 7-complex 
bis-arene complexes of transition metals. They heated mixtures of the 

transition metal halide, triethylaluminum and aromatic hydrocarbon ina 

normal aliphatic solvent (heptane) for 10 — 30 minutes at 130 —140°C. After 

cooling to below 0°C methanol was added and the resulting mixture was 

hydrolyzed by water in the air. In most cases the hydrolyzate contained the 

m-complex ion as hydroxyl, which could be isolated as salt. Complexes of 

chromium with toluene, xylene, mesitylene, diphenyl and fluorene, as well 

as bis-mesityleneiron were prepared in this way. Bis-arene complexes of 

chromium, with benzene rings interconnected by a polymethylene chain have 

also been prepared /92/; thus, for instance, 1, 1-(8, y-diphenyltetramethy- 
lene )-bis-benzenechromium (compound I) was prepared by reacting CrCls 
with trans-stilbene and triethylaluminum in boiling heptane. It was precipi- 

tated as iodide and was recrystallized from chloroform and heptane: 

C,H.CH =CHE,H, + Crci, + (C,H,), М — сн, 
« : п # | 

И CH — СН, 
WU 

Cr 
ee eran hens ИЕ 

y М | 

I 

According to Tsutsui and Chang /91/, the reduction of the transition 

metal compound results in the formation of an organometallic compound, which 

decomposes to yield organic radicals and "radical'' metal, which is not in 
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its ground state and which yields the bis- arene complex in the presence of 

aromatic donor molecules. 

It should be pointed out that the intermediate organometallic compound 

can be stabilized under suitable conditions, e.g., if electron- donating 

ligands are present in the complex. Thus, dipyridyl complexes of iron and 

nickel with o-bonds between the metal and the ethyl group could be prepared 

/93/. They were prepared by the reduction of iron and nickel acetylacetonates 

by (C2H5)2Al0C2Hs5 or (C2Hs5)3Al in ether in the presence of а, a'-dipyridyl 

between — 20°C and 0°C; the yields were 50% Fe and 70% Ni. The complexes 

are stable out of contact with air: 

RR Pe RUAN oe vas Аи 
е 

< \/ |“ У < Sn? Noss 
=” С›Нь == ree 

Both these complexes actively catalyze the cyclooligomerization of butadiene. 

Dialkylnickel compounds R2Ni, stabilized with а, a'-dipyridyl (R= CHs, 

С2Н5) or with two molecules of tris-(2-biphenylyl) phosphite (R= CH3), were 

recently prepared by Wilke and Herrmann /94/. The last-named complex 

was prepared by the reaction: 

-45°C 
oe 

toluene 
Ni(C5 702) ot 2(СНз)зА1 +} 2P(OCgH4CgH5)3 

—> [P(OCgH4CgH5)3]2Ni(CHs3)2 | 2(CH3)2A1(C5;H702) 

We may also mention the preparation of a very unusual substance — 

bis-tritylnickel — which is unusually stable for an alkyl of a transition 

metal /95/. This compound was prepared in over 90% yield by reacting a 
solution of nickel acetylacetonate in benzene with (C2Hs5)gAlOC2Hs in the 

presence of excess hexaphenylethane at 0°C: 

Ni(C;H7O2)2 + 2(С>Н5)>А10 СН + (CgHs5)gCr ——> 

—> (CgHs5)3CNiC(CgH5)3 + 2(C2H5)2A1(0 C2Hs5)(C5H702) 

Chemical fixation of molecular nitrogen 

Complex organometallic catalysts have recently found a new, very 

promising field of application: they are used in fixation of atmospheric 

nitrogen. The problem of converting molecular nitrogen to chemical 

compounds which would be assimilable by living organisms is of paramount 

scientific and economic importance, The methods employed at present 

(synthesis of ammonia etc.) require very drastic operating conditions: high 

temperatures, high pressures, etc. These processes are, as a rule, 

catalytic, but the catalysts employed are greatly inferior to the biochemical 

catalysts produced by different microorganisms (certain algae, tuber 

bacteria, etc.). These organisms assimilate nitrogen under mild conditions 

and at a rate which is beyond the wildest dreams of present-day technology. 
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The nature of the active sites responsible for the activation of the nitrogen 

molecule is still unclear, but a very important point which must be borne in 

mind is that the biological nitrogen-fixing systems all contain compounds 

of a number of transition metals (Mo, Fe, Co, etc.). It is believed /96/ that 
the nitrogen molecule interacts with the metal-bearing enzyme as follows: 

Diesel ®—Me + м, —> Ф— ме — ||| — NH, 
N 

Here, Ф — Ме is an enzyme which contains at least one atom of the transition 

element. Other enzymes supply active hydrogen, as a result of which the 

bound nitrogen is converted to a readily assimilable form. 

It could accordingly be expected that 7-complexes of № with compounds 

of transition metals would be obtainable outside a biological system as well. 

Catalytic systems which produce polymerization of olefins and acetylenes 

were considered first /96/. It had been noted, in fact /96, 97/, that catalyst 
systems constituted by a salt of a transition metal and an organic compound 

of Li, Mg, Al (or LiAlH,) are capable of fixing molecular nitrogen. The 
nitrogen fixation was directly confirmed by experiments involving the use 

of radioactive isotope М /98/. 

TABLE 17. Absorption of molecular nitrogen by various catalyst systems (10 hours at room 

temperature under 150 atm pressure) /96/ 

ЕЕ. 

Yield of NH, during 

Catalyst system Solvent upset ysis) sphere 
1 mole of transition 

metal 

CrCl, — LiAlH,* Ether 0.02 
ь 0.07 

CrCl; — C,HsMgBr у 0.017 
MoCl; — C,HsMg Br ь 0.08 

WClg — С›Н5МВВЕ | 0.15 
FeCl, — C,HsM gBr a 0.09 

TiCl,— C,HsMgBr у oF O10 

TiC], — (iso-C4Hg),A] Heptane 0.25 

(Cs5H5)2TiCl, — CpHsMgBr* Ether 0.67 
’ 0.84 

Tetrahydrofuran 0.40 

(C5Hs)2TiCl, — С.Н Нергапе 0.50 
CrCl, — CH,Mgl Ether 0.04 
CrCl, — CzHsMgBr у 0.17 
CrCl; — C3H7MgBr 0.30 

* Pressure 1 atm, 

Table 17 shows the results of Vol'pin and Shur /96/ on the chemical 
fixation of nitrogen on various systems consisting of a salt of a transition 

metal and an organic compound of a Group I— Ш metal. It is seen from 

these data that the amount of the reacted nitrogen depends on several 

factors: nature of solvent (absorption decreases with increasing solvation 

capacity of the solvent), nature of the organic group bound to the metal, 

the pressure in the system, etc. Another important factor is the ratio 
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between the organometallic compound and the transition metal salt (optimum 

values: 9 moles LiAlH, ог RMgX and 3 moles of AlR3 per 1 mole of the 

transition metal). The absorption of nitrogen was fully suppressed when 

substances capable of competing with nitrogen in complex formation (carbon 

monoxide, diphenylacetylene) were introduced as additive to the reaction 

mixture. This is also the reason for the low yields of ammonia when salts 

of transition metals are replaced by their phosphine complexes: 

[P(CeHs)sleTiCly, [P(CeHs)3loFeCl3, etc. /99/. When molecular hydrogen was 
introduced together with nitrogen into the catalyst systems, the activity of 

the system remained unaffected or else gradually decreased. 

It was subsequently noted, however /100/, that when homogeneous 

hydrogenation catalysts were employed, the absorption of nitrogen by the 

system Ti(OC2Hs5)4 + (iso- С4Но)зА1 (Al: Ti = 6) in toluene considerably 
increased on the introduction of molecular hydrogen. The absorption of 

nitrogen may also take place from nitrogen-hydrogen mixture, if the active 

catalyst complex is first deposited on a carrier /101/. This was experi- 
mentally demonstrated for the system FeCl3 — C4HgLi (1:10) on alumina 

and other solids as carriers. 

Fixation of molecular nitrogen by systems of salts or complexes of 

transition metals, magnesium and iodine (molar ratio Мех :Mg:I, = 1:10:5) 

was recently described /102/. .Such systems are often more active than 

those containing organometallic compounds. Highest yields of NH3 were 

obtained when titanium compounds were used. Similar results were obtained 

when Mgl, was substituted for elementary iodine. 

Vol'pin and Shur /96/ suggested a tentative mechanism for the absorption 

of nitrogen. In their view, molecular nitrogen becomes activated by 

complex formation with the transition metal hydride or alkyl, which is 

formed as intermediate product. Such a complex can be a typical 7-complex: 

Ум —Ме <— || 
я, N 

or a metal carbonyl-like complex: 

SMe! NWN —> > Me=NH=N-) — > Mel —N=NG) 

In such a complex nitrogen can be reduced to ammonia or may form a 

compound of the nitride type. 

According to these workers, complex formation between nitrogen and the 
metal ions in a lower valency than in the initial salt is not very likely; the 
same applies to the possible formation of nitrides with the free metal in the 
active state, obtained by decomposition of metal alkyl or metal hydride. It 
must be pointed out that experiments on the nitrogen absorption by systems 
which do not contain Me —C or Me —H bonds /102/ are in contradiction with 
this mechanism. It is assumed by Shilov and Nechiporenko /103/, who 
studied the fixation of nitrogen by the system (C5Hs5)2TiCl» — CoHsMgBr, that 
nitrogen reacts with the active metal formed by decomposition of the initially 
produced hydride, with formation of nitrides as the final product. 
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Chapter УП 

TECHNIQUES EMPLOYED IN WORKING WITH 
COMPONENTS OF CATALYST COMPLEXES 

The components of catalyst complexes used in various branches of 

chemistry are highly reactive towards different compounds, including water 

and oxygen. 

Titanium tetrachloride and vanadium tetrachloride are the transition 

metal salts most often employed. They fume strongly in the air, owing to 

the reaction with atmospheric moisture, with formation of hydrogen chloride. 

As a result, they become less active in polymerization processes. Trivalent 

titanium and vanadium salts are also oxidized in the air to the tetravalent 

state, which also strongly affects their catalytic activity in the complex. 

Organoaluminum compounds are much more reactive than transition metal 

salts. They spontaneously catch fire in the air, and explode in contact with 

water, the explosion being accompanied by self-ignition. 

Only fragmentary literature information /1—7/ is so far available on 

safe working techniques, first aid and antifire precautions to be taken 

during the industrial manufacture of these compounds; the detailed review 

by Knap et al. /1/ is the only exception. 
In this chapter an attempt is made to summarize all the information 

available on the subject for the benefit of industrial undertakings and research 

laboratories. 

1, CERTAIN CHARACTERISTIC PROPERTIES OF 

ALKYLALUMINUM COMPOUNDS 

Alkylaluminum compounds display a strong affinity to oxygen and water; 

this particularly applies to trimethylaluminum, triethylaluminum, diethyl- 

aluminum hydride, diethylaluminum chloride, triisobutylaluminum and 

diisobutylaluminum chloride, which are very dangerous in use. Table 18 

represents the results obtained by Baratov et al. for the flash points and 

limiting detonation concentrations of alkylaluminum compounds in the air. 

It is seen from the table that these products are spontaneously flammable 

at very low temperatures, except for diisobutylaluminum chloride /8/. It 

was found that if alkylaluminum compounds are diluted with hydrocarbons, 

their flash points become higher. Thus, for instance, a 40% solution of 

triethylaluminum in gasoline undergoes spontaneous cdmbustion only at 

room temperature, while a 15% solution does not undergo spontaneous 

combustion at all. Solutions of crude trialkylaluminum compounds which 

contain finely dispersed active aluminum also catch fire. The danger of 
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spontaneous combustion of lower alkylaluminum compounds and dialkyl- 

aluminum halides is further intensified by possible exothermal side reactions 

which result in the liberation of gaseous products. 

Another reason for the great danger of explosion, produced by spontaneous 

combustion or even simply by heating (especially as regards triisobutyl- 

aluminum), is that alkylaluminum compounds decompose on being heated 

with formation of olefins. The decomposition of triisobutylaluminum begins 

at a temperature as low as 50°C, and the decomposition rate rapidly 

increases with the temperature. As a result, the concentration of the gases 

per unit volume increases and the detonation limit is attained. 

We have already mentioned that one of the most dangerous reactions is 

that between alkylaluminum compounds and oxygen. This reaction is highly 

exothermal and takes place spontaneously when the substances are brought 

into contact. If alkylaluminum compounds are stored in closed vessels, 

any oxidation will be accompanied by thermal decomposition, with the result 

that a high pressure will build up and the vessel will be likely to burst. The 

heat evolved during such an oxidation is comparable to the heat of combustion 

of octane /1/. 
In our view, the highly dangerous reactions between alkylaluminum 

compounds and oxygen still involve a smaller risk than working with vessels 

and apparatus which contain even traces of water. In working with alkyl- 

aluminum compounds, water will be found to be the most active substance, 

obviously except for special oxidizing agents such as Н2О2, etc. Such 

reactions are instantaneous, highly exothermal, explosive, and are 

accompanied by spontaneous combustion. Alcohols, acids, primary and 

secondary amines react violently with alkylaluminum compounds, but less 

so than water. These compounds can be arranged in the following series 

of reactivity with respect to alkylaluminum compounds: 

Н›0О > С›Н5ОН > CgsHi70H > В2МН 

TABLE 18. Flash points and spontaneous combustion range of the most important alkylaluminum compounds 

Flammability range, vol.% 

Compound Flash point, °C 

Muveth yl alum TR ui yy rowsy evenelte vs) oniels -68 

Triisobutylaluminum,......... о 
Diethylaluminum chloride ....... -60 

Diisobutylaluminum chloride ..... 2 

It is not recommended, accordingly, to use these compounds as heating 
agents in the preparation of alkylaluminum compounds. If an alkylaluminum 

compound is allowed to leak into the atmosphere on plant premises, white, 

musty-smelling fumes appear. These fumes are also formed if dilute 

solutions of these compounds are oxidized in the air. It was shown by 

Sanotskii /9/ that the reaction between alkylaluminum compounds and the 
atmosphere yields a complex mixture of oxidation and hydrolysis products; 
its major components are aluminum aerosol, alumina, hydrogen chloride 

(in the case of alkylaluminum chlorides) and unsaturated hydrocarbons. 

174 



Subsequent studies confirmed these results; moreover, а number of other 

compounds were identified in the mixture /10/, including various alcohols 
and aldehydes, carbon monoxide and alkyl halides (in the case of decompo- 

sition of alkylaluminum chlorides). It will be noted that the concentration 

of the alumina aerosol increases owing to the settling of the particles. It 

was also found that most of the hydrolysis products in the atmosphere are 

not found free, but are adsorbed on aerosols /9/. 
Triethylaluminum, diethylaluminum chloride and diisobutylaluminum 

chloride, present in respective concentrations of 10, 11 and 20 mg/liter 

of aerosol proved 100% lethal to white rats; they all proved 50% lethal 

at about 7 mg/liter; the absolutely transferable concentrations are 

2—3 mg/liter. It was also found that the toxicity of the compounds varies 

with atmospheric humidity. Advanced poisoning is accompanied by irritation 

of the mucous membranes of the eye and upper respiratory ducts, and by 

the depression of the central nervous system. The consumption of oxygen 

decreases at the same time. The dead rats displayed plethora of the brain 

and of the internal organs and also acute emphysema and small subpleural 

hemorrhages. It was established that the maximum permissible concentra- 

tion of trialkylaluminum compounds and alkylaluminum chlorides in the 

atmosphere on plant premises is about 0.0007 mg/liter (aerosol) and 
0.0001 mg/liter (hydrogen chloride). 

Concentrated alkylaluminum compounds which have come into contact 

with the human skin at first cause intense pain, which then gives way toa 

strong burning sensation on the skin; this eventually disappears. Single 

blisters then form on the place of contact, their size varying from that of 

a bean to that of a child's fist. Anton'ev and Raben /11/ studied the origin of 
the burns produced by alkylaluminum compounds and the treatment of such 

burns. They found that if a secondary pyococcal infection is present, the 

contents of the blisters are turbid, and the blister itself is surrounded by 

a bright-red inflamed ring, 2— 3mm wide. The blisters are easily ruptured 

by external traumas and may even burst spontaneously. The sore heals 

very Slowly, but no scars are left. The burned areas become covered 

by thin, pinkish epidermis, which may subsequently assume secondary 

hyperpigmentation. 

The treatment consists in aseptic opening of the blister and in twice-daily 

application of linol* dressings. This treatment was successfully applied by 

Dolgov et al. /12/ in the treatment of radiation burns on the skin. 
A study of the effect of organoaluminum compounds on the main brands of 

construction steels showed that practically all of them are suitable for the 

construction of apparatus, ducts and installations used in the manufacture of 

these compounds. They are also inert toward tin and silver solders. The 

most suitable lining materials are copper and Teflon. Flexible polyethylene 

hoses are very Suitable for working with trialkylaluminum compounds; 

these hoses are unsuitable for working with alkylaluminum halides. Rubber 

hoses may be used only if the time of contact with the products is limited /1/. 
All fabrics are attacked by alkylaluminum compounds, even in an inert 

gas medium. 

[* Mixture of methyl esters of fatty acids found in linseed oil.] 
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2. WORKING TECHNIQUES 

Owing to the specific properties of organoaluminum compounds just 

described, working with them requires a special technique, both in the 

laboratory and during production on an industrial scale. 

All contact of alkylaluminum compounds with oxygen and water must be 

avoided. This is achieved by flushing all apparatus, installations and vessels 

with dry nitrogen or argon, purified from oxygen. The flushing is continued 

until the last traces of atmospheric oxygen and water have been removed; 

the permissible residual content of oxygen is 0.01 vol.%, that of water not 

more than 0.01%. | 

Experimental work is most often conducted in airtight metallic apparatus. 

If glass vessels must be employed, they must be made of thick-walled, 

heat-resistant glass, and the amounts of alkylaluminum compounds involved 

must not exceed 50 в. i 
Working with alkylaluminum compounds in special apparatus of different 

designs has been described in detail /13, 14/. Averyuseful technique is to 

work in special airtight nitrogen chambers. In its simplest form, the 

nitrogen chamber consists of a box made of organic glass, permanently 

sealed to a metallic bottom. One or two walls of the box are fitted with 

holes for rubber gloves to be used when handling the materials or the 

equipment inside the box. One of the side walls, contains a lock chamber, 

through which materials may be taken in or out of the chamber. Special 

ducts leading into the lock chamber and the main chamber serve to pass a 

stream of nitrogen free from all traces of moisture. The chamber must be 

airtight; it is usually kept under excess pressure of nitrogen in order to 

prevent penetration of air. 

Small amounts of alkylaluminum compounds may be destroyed by 

combustion in a special place reserved for the purpose, after previous 

dilution with petroleum or mineral oil; if such a place is not available, the 

solution may be decomposed by any higher alcohol at a low temperature. 

When the decomposition is complete, some water is added and the reaction 

mixture is heated to complete the decomposition. It is recommended that 

large amounts (more than one liter) of alkylaluminum compounds be burned. 

Industrial plants engaged in the manufacture of organoaluminum 

compounds must have perfectly airtight equipment and installations. The 

electrical leads must be screened in order to ensure airtight, explosion- 

proof installations /15/. 
Storage and transport of organoaluminum compounds must follow the 

procedures prescribed for easily flammable substances /17/. They should 

be stored and transported in steel tanks or other metal vessels, which have 

been made airtight by means of valves. Before filling, the metal vessel 

should be carefully cleaned of all extraneous matter, dried and filled with 

dry nitrogen to an excess pressure of 3—5 atm. Only then is it permissible 

to proceed with the filling of the vessel with the organoaluminum compounds, 

through dry pipes, flushed with dry oxygen-free nitrogen. It is recommended 

to maintain a small overpressure (about 0.1 atm) of nitrogen in vessels 

employed for the storage of organoaluminum compounds, in order to prevent 

penetration of air. 

If a small sample of the compound is to be withdrawn from metallic 

vessels into glass receivers for analysis or research purposes, the 

receivers should be airtight, and should be provided with airtight stopcocks 
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lubricated with grease which is resistant to organoaluminum compounds. 
The glass receivers and the tubes interconnecting the vessels should be also 

carefully flushed with purified, dry nitrogen, passed through a route 

including the entire space inside the vessel /17/. 

3. SAFETY MEASURES, FIRST AID AND FIRE PRECAUTIONS 

If the measures just described are adopted, the products cannot leak 

outside the installation and the danger of fire and to the health of the workers 

will be reduced to a minimum. However, when working with alkylaluminum 

compounds one must always be prepared for the possibility of their catching 

fire at any moment. Accordingly, the work must be carried out very 

cautiously and deliberately. 

All precautions notwithstanding, accidents may always happen. It was 

pointed out by Anton'ev and Raben /11/ that these occur most frequently 
during attempts to transfer small amounts of substances from one vessel 

to another with disregard of the safety rules. Such accidents most often 

result in burns. It is accordingly necessary to work behind protective 

screens made of organic glass. When pouring liquid products, protective 

goggles (or baffle visors made of organic glass) must be used, as well аз 

leather gloves to protect the skin. Personnel in industrial plants producing 

organoaluminum compounds should wear protective clothing; such clothing 

is best made of so-called metallized fabrics or leather. This is a fabric 

or leather cloth coated with a thin layer of aluminum and aluminum oxide 

powder. If a small amount of an alkylaluminum compound has been inadvert- 

ently touched, the affected place should be washed with a large amount of 

water or kerosine, rubbed with alcohol and dressed with linol, supplies of 

which should always be available in the first aid box or first aid station of 

the laboratory or of the industrial plant. If the burn is extensive (i.e., ifa 

large surface is affected), the affected part should be washed with a stream 

of water (best of all in a special shower room), after which medical 
assistance should be sought. 

If a solution of an alkylaluminum compound has been spilled and large 

concentrations of white fumes are evolved as a result, gas masks with ап 

anti-fume filter must be put on; if it is necessary to stdy in the fire zone 

for a longer time, insulating oxygen counter-gases should be released. 

Since alkylaluminum compounds must be produced on a large scale which 

constitutes a considerable fire hazard, attempts have been made in many 

countries to develop suitable procedures for fighting these fires. It was 

found that a number of conventional fire-fighting agents do not give satis- 

factory results with alkylaluminum compounds. Water and aqueous fire- 

fighting agents are unsuitable, since they react with the compounds. Carbon 

dioxide is suitable for quenching small fires, but not if the fire is extensive 

/8/. Dry chemical fire extinguishers and chlorobromomethane are employed 

against fires in thin layers and in the bulk. These substances, while more 

effective than carbon dioxide, are incapable of dealing with the fire 

completely and of preventing the fire from spreading /18/, Thus, the important 
consideration is not so much the choice of a suitable chemical, as the choice 

of an agent which would absorb the residual matter and thus prevent the 

fire from spreading. 
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Tseratskii, who studied spontaneous combustion and fire-fighting 

techniques when working with alkylaluminum compounds, proposed a fire- 

fighting substance, consisting of a dry chemical containing a bicarbonate 

base and a dry, finely ground graphite sorbent, which can be conveniently 

released from dry chemical extinguishers /18/..,The technique resembles 
that employed in extinguishing liquid fires by means of an ordinary dry 

extinguishing agent. Tseratskii's fire-fighting substance acts as follows: 

in the first stage, the flame is extinguished, after which the residual 

alkylaluminum compound is absorbed, so that the fire is prevented from 

spreading. The organoaluminum compound undergoes a slight decomposition 

on being brought into contact with the fire-fighting substance, but this does 

not interfere with the extinction of the fire.. The ratio of the extinguishing 

agent to any single alkylaluminum compound varies between 8:1 for fire- 

fighting in the bulk, and 10:1 for extinguishing a thin layer fire. 

Baratov et al. suggested that the most effective fire-fighting agent 

available — SI-2 — be used for fighting alkylaluminum fires. The expenditure 

of the SI-2 composition in extinguishing burning organoaluminum compounds 

in a concentrated form, in layers not more than 10 cm thick, is 1 kg 

composition per 2 kg of the alkylaluminum compound. The agent SI-2 may 

be applied from special fire-extinguishers or else from stationary and 

mobile installations /8/. Another suitable fire-extinguishing agent is sodium 
chloride, treated with a 0.05% aqueous solution of fuchsine. Burning dilute 
solutions of alkylaluminum compounds (not more concentrated than 10%) 

may be extinguished with mechanical air foam and with a sheet of finely 

dispersed water droplets. 

Bibliography 

1. Knap, J. et al. — Ind. Eng. Chem., 49:874. 1957. 

2. Nobis, J. — Ind. Eng.Chem., 49(12):44А. 1957, 

3. Hamprecht, С. andH.Muehlbauer. — GFR Patent 1004179. 1957. 

4. Chem. Eng. News, 34:4826. 1956. 

5. Chem.Age, 77:963. 1957. 

6. s€hempabor.u. Вех.,. 5:216, 1958, 

7. Ind. Eng.Chem., 50(7):77А. 1958. 
8. Ryabov, Т.У. (еацог). Pozharnaya opasnost' veshchestv i materialov 

(Fire Hazard of Substances and Materials) (Handbook). — Stroiizdat. 
1966. 

9. Sanotskii, I.V. Materialy nauchnoi sessii po toksikologii vysokomo- 
lekulyarnykh soedinenii (Data of the Scientific Session on Toxicology 
of High- Molecular Compounds), Moskva-Leningrad, p.50. 1960. 

10. Krivoruchko, F.D. — Gigiena i Sanitariya, 8:57. 1966. 
11. Anton'ev, A.A. and A.S.Raben. — Gigiena Truda i Profzabolevanii, 

5:51. 1965. 
12. Dolgov, А.Р. et al. — Trudy У Vsesoyuznogo s"ezda dermatologov, 

Leningrad, p. 249. 1961. 
13. Kocheshkov, К.А. and A.N.Nesmeyanov. Sinteticheskie metody 

v oblasti metallorganicheskikh soedinenii 3 gruppy (Methods for the 
Synthesis of Organic Compounds of Group III Metals). — Izd. AN 
SSSR. 1945, 

178 



14. 

Во 

16. 

dts 

18, 

Nesmeyanov, A.N. andR.A.Sokolik. Metody elementoorgani- 

cheskoi khimii (Methods of Heteroorganic Chemistry). — Izd. 

"Nauka." 1964. 
Cikernowsov. Nba AeNekutim, and Ver. bedorov. Gernieti- 

cheskie khimikotekhnologicheskie mashiny i apparaty (Hermetic 

Chemical Processing Machines and Devices). — 12а. ''Mashino- 
stroenie."' 1965. 

Kostin, N.V. Tekhnika bezopasnosti raboty v khimicheskikh labora- 

toriyakh (Prevention of Work Accidents in Chemical Laboratories). 

17а. Мет. 1966. 

Zhigach, А.Е. and D.S.Stasinevich. — Веа 51 i metody 

issledovaniya organicheskikh soedinenii, No.10:177. 1961. 

Zeratsky, Е. — Hydrocarbon Process. Petrol. Refiner, 40(8):145. 

1961. 

179 



AN KazSSR 

AN SSSR 

Е KhI 

IL 

IN KhS AN SSSR 

LTI 

MGU 

NIISS 

NIITEKhIM 

OKhN 

VIMS 

VMS 

ZhAKh 

ZhFKh 

Akademiya Nauk Kazakhskoi SSR 

Akademiya Nauk SSSR 

Fiziko -Khimicheskii Institut 

Izdatel' stvo Inostrannoi Litera- 

tury 

Institut Neftekhimicheskogo 

Sinteza im. A. У. Topchieva 

Akademii Nauk SSSR 

Leningradskii Tekhnologicheskii 

Institut imeni Lensoveta 

Moskovskii Gosudarstvennyi 

Universitet 

Nauchno-Issledovatel' skii Institut 

Sinteticheskikh Spirtov i 

Organicheskikh Produktov 

Nauchno-Issledovatel' skii Institut 

Tekhniko-Ekonomicheskikh 

Issledovanii po Khimii 

Otdelenie Khimicheskikh Nauk 

(Akademii Nauk SSSR) 

Vsesoyuznyi Nauchno -Issledova - 

tel’ skii Institut Mineral' поро 

Syr' ya 

Vysokomolekulyarnye Soedineniya 

Zhurnal Analiticheskoi Khimii 

Zhurnal Fizicheskoi Khimii 

180 

LIST OF ABBREVIATIONS APPEARING IN THE TEXT 

Academy of Sciences of the 

Kazakh SSR 

Academy of Sciences of the 

USSR 

Institute of Physical 

Chemistry 

Foreign Literature 

Publishing House 

Topchiev Institute of 

Petrochemical Synthesis 

of the Academy of 

Sciences of the USSR 

Lensovet Leningrad 

Technological Institute 

Moscow State University 

Scientific Research Institute 

of Synthetic Alcohols 

and Organic Products 

Scientific Research Institute 

for Technical and 

Economic Investigations 

in Chemistry 

Department of Chemical 

Sciences (of the Academy 
of Sciences of the USSR) 

All-Union Scientific 

Research Institute for 

Raw Minerals 

High-Molecular Compounds 

(Journal) 

Journal of Analytical 

Chemistry 

Journal of Physical 

Chemistry 



ZhNKh 

ZhOKh 

ZhPKh 

Zhurnal Neorganicheskoi Khimii Journal of Inorganic 
Chemistry 

Zhurnal Obshchei Khimii Journal of General 

Chemistry 

Zhurnal Prikladnoi Khimii Journal of Applied 

Chemistry 

181 



Г ИЕ: 5a р 

pure ay Serials bee ieee 
‘ 

` 

я я gy. ey 5 Л | 

Ро т ` “a К. 

Pe ee i 
a Tatu 

) у с . Е и I 
у 1 — oe ШИ 

. : £ ти" ‹ 4 bra S чате ев 1 $ A с АИ р J 

; у es АИ, и on = Рут, ie HEA ve Sos Ts lf cay we | 

+ | ~ Hi р ч q vi , i } i" . у 4 Е. 

. SIRS NP ale ? А 

й 4 ye ba yl oe у 

т Е LE ca 

И | . — 
< 

‚ ~ = i : 
р | \ = Kalas р oa PVG SH el, ДЕТ 

. ом 
Е 

= a ee ed . р - 
1 В в а — Е = в oa р 

у a г т 
| 

j = a es 
“a у > н 5 а м a “. ac 4 ¥ 

/ 
te 

% + 

й 

if = ® & 4 

: a 
cea 3 . т 

у ) 7 * si ay vam 
= Py 1 = 

ы —. $ и Siu = 43 
his . 

. by > 

ues, Wi ic ee Tie < 
ыы | . и wt. = 

Tees i Neca Gee Liaw oo (Sey 
й са € | ь са ая 

=e As MM aye ae Tae, Ee 

: ` > в | 

sia в oye i ens: it ae 
ma = _ ps ee ee ee ОО 

i) = ech = « 
у ри 

я ям и Се т. >> у т [> 

eran 

“it iy 

nf & 

= 7 

" " ot обо 

_ к q if 

Fons 7 hil 

© 









Я 

р ря и И И и и И т и ий ie ‘eit iat H ied И ии ВИ 
ии iste i ies и И fille ee iH ani И iat ay ane 
Hits ee НН и и я и ий ри И И ie iii ae ii wert И а: НИ 
о и И Hy И ИТ ИИ Hy И ря Ви НИИ ИЯ Ge sie i oe И О и. Ни т И И ее И 
fat й x Ht Иа eit ии На М] ИА 
fa ie И ore i ИИ ий и ee Ben eet He ie К ay И 

И ne slit i НИ И И Я р ПИ ий я ИИА 
rahe enh ини И О И (itt Mabie КИ и 
И _ i и И Я И ИХ й Я И Bt ad Me ia site И ИИ И 

Я a as о И. Hi _ 
} а a 5 И ИИ ata Y Ни ie fy й ett 

+ te Ни _ о i ius ti ha ae a ae) tt Я и ИЯ И И 4 y Е, 
т {os alah Bie KEM Я й НИИ Я то has И и ИЯ ИИ 
ИИ в: “i ce He oe ti ike ИЯ Ни 

fale И ИХ $ ии Poo Seva ht КИ 

ie _ о ne dant tite ee И 
и Я ae ie ee Sonnet 
а tats M И te 

oe os ee i Ha + re Ai й ы и И 
т: ae the ie И О Я КИК iene 
im a и и ИЯ 

и С г И ИИ И Po але, ие ОУ о И И И nf te 
OD agitate 4506 К? ais 

Baan Е Я я о В 
+ ee т и ы Я oy 

aes, 

ee 
НН yt 

ae ee их __ и. й 

И fats 
Kania fe ие Я 

р ae 5 sci НИ ее 
НИ р р 

of oe же их ty 4 oh 
4 ae их Hearts $: ия eo 

м ие р И te ane is i 

= ee 

ihe И 
и Я 

6, ahha! 

Relator ae 

ая 

в 

Е: 

к о 
Я _ $ ae

 i 

ро Sete este, 
a cet ee a Nis

 о tye es th 

_ ee a8 о ‘I We a! ste 
|. oS О rabies OM ROSY oe ae м м ts % 

в x ie at КО tty saat ыы Sih у Hite Rs . я a ae cu ae sy 

SS к НЙ ASR AEN ee bth Rak м м a — м sits 

к tt sya Be $ оо Te os а Nah Saye By Oo as 

x 3 х on SENT 

м о 
_ Уи a 

esate 
> 

АИ 
sie 
о 

ds 
2 ae и Хх В 


