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SUMMARY 

Ebullioscopic data is presented for a variety of trialkylalanes, dialkylalkoxy- 
alanes, and dialkoxyalkylalanes in a noncomplexing solvent under standardized 
conditions. Intermolecular association of these materials occurs to an extent consistent 
with the steric limitations of the alkyl and alkoxy groups bound to aluminum. 
Generalities concerning steric limitations and their relationship to intermolecular 
association of organoaluminum compounds are presented. 

INTRODUCTION 

Organoaluminum compounds are known to exist in solution as intermolec- 
ularly associated compounds. That the degree of association (i) of organoaluminum 
compounds in noncomplexing media is to a large extent determined by the structure, 
size, and/or inductive effects of the alkyl and alkoxy groups bonded to aluminum is 
apparent by examination of the chemical literature. Several approaches to the problem 
of intermolecular association have provided data which must be clarified before a 
thorough understanding of such phenomena is possible. 

This work has been limited to study of the structural factors responsible for 
intermolecular association for the following types of compounds: RJl (trialkyl- 
alanes); R,Al(OR’) (alkoxydialkylalanes); and RAl(OR’)2 (dialkoxyalkylalanes)*. 
No attempt was made to study compounds of the type AI( since ample and 
reliable information is available in the chemicai literature to characterize these 
systems adequately l-‘. The method chosen for obtaining molecular weight data has 
been previously described by Ashby4. 

The information obtained in this study was derived by analysis of molecular 
weight data. Molecular weight data was obtained ebullioscopically in n-pentane. 

* In the subsequent discussion, the designation of organometallic derivatives of aluminum will be as 
follows: @)&I will bereferred to as trialkylalanes; similarly, systems such as (R),Al(OR’) and (R)Al(OR’), 
will be referred to as alkoxydialkylalanes and dialkoxyalkylalanes, respectively. The suffi alane rather than 
aluminum is preferred for the sake of brevity and because of a growing trend to use of this terminology. 
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RESULTS AND DISCUSSION 

A. Tri-n-alkyldanes 
Experbqental data obtained during the study of the trialkylalanes is presented 

in Table 1 and represented graphically in Fig. 1. Although molecular weight data for 
the trialkylalanes examined in this study is already present in the chemical litera- 
ture5- l’, some of these systems were re-examiu$ under standardized conditions over 
a wide concentration range such that comparative evaluation of the experimental 
molecular weight data would be possible. 

From Fig. 1 it is apparent that in dilute solutions these systems fall into two 
general categories, ir 2 and iz 1 (i.e., dimers and monomers). The%-n-alkylalanes 
which are the least sterically hindered represent the most highly associated class of 
trialkylaianes (iz2). Figure 1 demonstrates that, for a given concentration, as the 

TABLE 1 

EBULLIOSCOPIC DATA FOR TRJALKYLALANES IN n-PENTANE 

System studied Stoichiometric i cake 
molality range range 
examined obtained 

iat 
infnite 
dilution 

Number of 
determinations 

(CA)& 0.200-1.86 2.00-2.01 2.00 6 
(n-C&)3U 0.045-1.83 1.92-i-72 1.97 10 

~-~;1d$ n- a 17 0.231-1.99 0.027-1.77 1.78-1.54 1.77-1.45 1.89 1.77 11 9 

ho-Cd% d3Al 0.070-0.471 1.01-0.97 1.02 8 
CCH~(CH,),CH(CIHS)CH,I~AI 0.162-1.00 0.93-0.91 0.93 6 

15L ! 1 1 1 , * 1 * 0 , I I , I , I I I , 
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Fig 1. Association of trialkylalanes in n-pentane. 
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length of the alkyl group is increased the observed i values at m=O decrease pro- 
gressively from the value of 2. 

Model equilibria (l)-(4) have been proposed to explain concentration de- 
pendent changes of intermolecular associationg,12V13. Assumption of such equilibria 

2R& G== R&I - - - -R,AIH+ oletin (1) 

2 R,AI = (R&l), (2) 

nA 1=4 (3) 
24 +A,;3A, =Ai; ----;qA, =A, (4) 

either individually or collectively cannot generate concentration dependent molecular 
weight data in agreement with experiment. Such equilibria do not adequately describe 
the shape of the plotted i value data_ Hence, the best interpretation of the experimental 
data indicates that the tri-n-alkylaianes are essentially dimeric and do not participate 
in equilibria such as Equations (l)-(4) under these experimental conditions and within 
the concentration ranges studied*. The progressive trend to diminished i values (ic 2) 
as a function of concentration and solute formula weight is adequately explained in 
terms of deviations from ideal behavior as described by Ashby”. 

Examination ofthe limited data presented for branched trialkylalanes indicates 
rather dramatically that the steric requirements of the aIky1 groups bound to alumi- 
num is the predominate factor determining the experimentally observed i values for 
these systems,The data indicates clearly that trineopentylalane and tris(2-ethylhexyl)- 
alane are monomeric within experimental error. Such findings are consistent with 
cryoscopic data previously reported for triisobutyialane and tris(2,4,4_trimethyl- 
pentyl)alane”*’ which indicates that generally all trialkylalanes exhibiting alkyl 
branching B to aluminum arc monomeric. Presumably, alkyl branching o1 to aluminum 
will in all cases produce monomeric trialkylalanes as reported for triisopropylalane6 
and tri-t-butylalane” in noncomplexing solvents. 

Steric conditions involving the alkyl groups bonded to aluminum appear to 
be the dominant factor determining the degree of association of triaikylalanes. Exa- 
mination of molecular models for the dimeric tri-n-alkylalanes demonstrates nicely 
that the n-alkyl groups can easily be arranged such that steric interactions involving 
the alkyl groups are largely nonexistent. Similar models for the more highly branched 
trialkylalanes show the steric interference of the alkyi groups to be progressively more 
difficult to minimize as the steric demands of the alkyl groups increase. Hence, di- 
minished association as a consequence of steric factors nicely explains the experiment- 
ally observed data. 

* Equilibrium (1) oc other equilibria involving disproporhmation of trialkylalanes is essential for 
understanding the chemistry of these systems at elevated temperatures. Under the conditions of this study 
no olefins were observed. Hence, Equilibrium (1) or similar equilibria are not significant in determining the 
degree of association for the trialkylalanes. 

Reactions of trialkylalanes are believed to proceed through the monomer which implies an equi- 
librium according to Equilibrium (2). The resuIts of this study do not contrast this idea but simply imply 
something concerning the equilibrium position for Equilibrium (2). At the lowest concentrations examined 
in this study, the trialkylalanes were essentially dimeric (i.e., the degree of association is at a maximum). 
Calculation of equilibrium constants (K+) at these concentrations show minimum values of - 102-103. 
Such values are close to the values reported For triethylalane by Hoffmar?. 
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_l3I D~l~ylul~ox~olune8 
Experimental data obtained from the study *fd~~ia~~xy~~ is presented 

51 Table 2 and rqM.sented graphically in Fig. 2 Table 2 shows that data were obtained 
from systems having variously substituted alkyl and alkoxy groups bonded to alu- 
&urn, From this data and reliable liiterature data5*X4- 16, generalizations concerning 
the factors which determine the degree of association for these systems are easily 
obtained; 

Fig& 2 demcmstrates that generally the ~~y~a~~xy~a~~s are dimeric in 
ntiture. In these systems there appears to be no syster&tic manner in whic_b the ex- 

TABLE 2 

System stud&i Stoichiometric i value iat Nder of 

molafity range Jwngf? infinite detm- 
e_xizn&ed obrnineif ~i~u&io~ rnj~aii~~s 

&3w&-CZH5f 0.038-1.97 2.01-2.14 203 9 
GNd&O-n-G%3~ 0.044-1.14 1.99-207 2.02 8 
(C~~~)~~(~U_C~~~,) 0.077-1.01 2.07-2.19 2.14 

Gkm&w-~G%J O&62-i-14 2.3~2x7 2.46 ; 
(C~H~)~(~i-C~~~) 0”09&-1.11 2.24-2.21 2.26 7 
(C,H,),M~o-CH,CH(C,H,)(CH,),CH,J 0.076-1.16 2.14-2.05 2.14 10 

(C2HS)AW-ne*CSHzJ 0_0924.@7. 2.16-1.92 2.08 ‘. (i-C&I,),Ai(O-i-C.&I,) 0.078-0.832 2.0%i.90 2.07 6” 
(n”CsH,s)2At(O-I?-C,H,tJ) 0.067--&316 1.X&1.80 1.84 6 

Consxntration fm) 
Fig. 2 Association of di&yialk0xyaknes in n-pentane. 
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perimentally determined i values change as a consequence of variations in the sub- 
stitution patterns of the alkyl and alkoxy groups bonded to aluminum This general- 
ization is consistent with literature reports for related systems5, for systems such as 
CJ-L)&COWW31~ C(CH,),CHCH,I,AICOC(CH,),l, and (n-GH&~[OC- 
$?$J ’ .14 and for (CH,),Al[OC(CH,)(C,H,)J16, all of which are reported to be 

bnly the methoxydialkylalanes for which molecular weight data are avail- 
able5*ls appear to be associated beyond the dimeric state. The most thermodynamical- 
ly stable form for these systems appears to be the trimer although ‘H NMR suggests 
that immediately after formation (methanolysis) the methoxides are also dimeric, 
being formed in a rate-controlled process l5 Attempts to study the ciialkylaluminum . 
methoxides in the course of this study were curtailed by the insolubility of these sys- 
tems in n-pentane. 

Examination of the i value plots in Fig. 2 shows that within experimental 
error the individual i values are somewhat more internally consistent for the dialkyl- 
alkoxyalanes than for the trialkylalanes which indicates that the dialkylalkoxyalanes 
behave more ideally in solution than the trialkylalanes. In this respect these systems 
are classic. 

The i value plots for the dialkylalkoxyalanes indicate that generally these 
systems are dimeric over a wide concentration range ; and equilibria involving dimeric 
and other more or less associated species are not operative. Equilibria between the 
dialkylalkoxyalanes and disproportionation products produced according to 
Equation (5) appear to be nonexistent in noncomplexing solvents. Such findings are 
consistent with the literature report which stipulates that equilibria such as Equation 

2 R,Al(OR’) =R~l+RAl(OR’), (5) 

(5) are important only under specialized conditions involving donar solvents”. 

C. Dialkoxyalkylalanes 
To date no references have appeared which specify or imply anything concem- 

ing the molecular complexity of the dialkoxyalkylalanes. Very few references are made 
to these systems as a discrete or well-characterized class of compounds, although they 
are referred to as intermediates formed during direct oxidation processesr8. 

The present study does not present the dialkoxyalkylalanes as a well-charac- 
terized class of compounds_ However, on the basis of the molecular weight data pre- 
sented, it can be said that the dialkoxyalkylalanes exist as a class of compounds and 
that the factors influencing the degree of association of these systems as observed 
experimentally in pentane solution were expected in view of similar trends apparent 
for the trialkoxyalanes l- 3. 

Experimentai molecular weight data obtained during the study of the di- 
alkoxyalkylalanes is presented in Table 3 and represented graphically in Fig. 3. The 
structures of the alkyl and alkoxy groups bound to aluminum were varied systematic- 
ally to determine the manner in which the degree of association varies as a consequence 
of these changes. Figure 3 shows that, as with the trialkylalanes, the most reliable 
molecular weight data is obtained under dilute conditions or preferably from extra- 
polation to infiite dilution_ Examination of Fig_ 3 shows that at infinite dilution the 
dialkoxyalkylalanes fall into three general categories : i z 2, i z 3, and is 4. 
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TABLE 3 
. 

EBULLioSbOPIC DATA FOR DIALKOXYALKYLALANES IN n-PENTANE 

system studied Stoichiometric i value i fat Number of 
moblity range range infmite deter- 
examined obtained dilution minations 

(C,Hs)AI(O-n-CsH,)z 0.059-0.865 4.13-3.72 4.20 7 
GHs)AI(O-n:GH,), 0.079-0.678 4.03-2.63 4.17 .7 
(C,Hs)AI(O-n-C&I& 0.022-0.904 3.90-3.34 3.94 7 
(C,H,)AI(O-n-C&,& 0.090-0.767 4.15-3.56 4.24 7 
(C,Hs)AI@-i-GH& 0.251-1.275 3.94-3.76 3.97 6 
(C,Hs)AI(O-i-CsH& 0.085-1.696 3.17-2.90 3.22 7 
(C,H~)AIEO-CH,CH(C,H5)((=H2)3CH312 O.O&-1.716 3.76-3.37 3.80 5 
(C,H,tAI(O-=eC,H, 32 0.254-0.892 2.14-1.93 2.30 7 
(n-Cd-b)A1(0-n-C,H13)t 0.073-0.469 4.07-3s 1 4.16 7 
(i-C.&fAl@-n-GH& 0.030-0.916 3.79-3.40 $82 7 
(i-C,H,)Al(O-i-C,H,), 0.128-0.626 3.22-3.13 3.22 6 
(i-C,H&Xl(O-see-CoH,)z 0.03G-o.794 2.031.97 2.93 I 7 
(neo_CsH, ,)a@-n-&H& 0.058-0.494 3.08-3.01 3.07 5 

@-C.sH,+UO-C&)z 0.034-0.46 1 3.14-3.28 3.10 (n-C,H,3)AI(O-n-C,H,3), 0.053-0.285 3.03-2.65 3.22 : 
(n-C&,3)AI(O-i-C~H& 0.105-0.620 3.04-2.97 3.02 6 
(n-C,H,~)AI(O-sec-C,H,), 0.084-0.598 2.22-2.16 2.20 7 
[CH3(CHJ3CH(C,HS)CH,$kl(O-i-C4H9)2 0.097-0.489 2.81-2.71 2.82 6 
[CH3(CH,)sCH(C,H,)CH&41(O-set-C,H,), 0.027-0.508 2X-2.06 213 7 

Concentration (m) 

Fig. 3. Association of dialkqxyalkylalanes in n-pentane. 

A survey of the molecul& weight data present& for the dialkoxyalkylalanes 
shows that the representative i_ values for these systems decrease from an upper 
limiting value of 4 by nearly integer increments in a manner which is wholly consistent 
with steric limitations about aluminum. The degree of association appears to be a . 
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Trialkvialanes 
-1. The degree of association for trialkylalanes appears to depend on the sub- 

stitution pattern rather than the number of carbon atoms comprising the alkyl 
groups bound to aluminum_ 

2. Trialkylalanes which exhibit no branching of the alkyl groups bound to 
aluminum are in general dimeric (is 2). 

3. Trialkylalanes which exhibit branching of the alkyl groups bound to 
aluminum at the /? positions by 1 or 2 additional alkyl groups are generally mono- 
meric (ir 1). 

4. Trialkylalanes which have aluminum bound to the secondary or tertiary 
alkyl groups (i.e., single and double substitution on carbon a to aluminum)aregenerally 
monomeric (i g 1). 

5. Trialkylalanesdo not appear to participatein associative equilibria involving 
monomer and other more highly associated species in concentration dependent fashion 
under the conditions of this study. 

Dialkylalkoxyalanes 
1. The degree of association for the dialkylalkoxyalanes depends insignificantly 

on the substitution pattern or the number of carbon atoms in the alkyl and alkoxy 
groups bound to aluminum. 

2. Dialkylalkoxyalanes formed by methanolysis of trimethylalanes and tri- 
ethylalanes are trimeric (ir 3). 

3. Dialkylalkoxyalanes other than methoxy derivatives are in general dimeric 
(iE 2). 

4. Dialkylalkoxyalanes do not participate in associative equilibria involving 
dimeric and more or less highly associated species in concentration dependent fashion 
within the concentration ranges studied. 

Dialkoxyalkylalanes 
For systems having a residual ethyl group bound to aluminum: 
1. If the alkoxy groups are composed of oxygen bound to an n-alkyl group, ig4. 
2. If the aikoxy groups are singly branched in positions 8, - - -, co relative to 

oxygen, i 2 4. 
3. If the alkoxy groups are singly branched a to oxygen, ir3. 
4. If the alkoxy groups are doubly branched p to oxygen, iz2. 
For systems having a residual n-hexyl group bound to aluminum : 
1. If the alkoxy groups are composed of oxygen bound to an n-alkyl group, 

ir 3. 
2. If the alkoxy groups are singly branched p to oxygen, iz3. 
3. If the alkoxy groups are singly branched Q to oxygen, is2 
For systems having a residual isobutyl or 2-ethylhexyl group bound to 

aluminum : 
1. Ethe alkoxy groups are composed of oxygen bound to an n-aikyl group, iz4. 
2. If the alkoxy groups are singly branched in the CL position, ir2. 
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EXPERIMENTAL 

Solvent preparation 
Normal pentane (Phillips, 99 m/o) used as solvent in these experiments was 

acid washed and distilled (90% “center-cut-J through a 1 inch by 2-foot glass helix- 
packed column. The solvent was stored in tightly sealed, amber glass bottles over 3A 
molecular sieves. 

Source, analysis and handling of triaZkylalanes 
The trialkylalanes (Texas Allcyls or Ethyl Corporation) used in these ex- 

periments were analyzed for hydride and alkyl content (total activity) by titration 
with pyridine using phenazine as indicator. Aluminum analyses were performed by 
hydrochloric acid hydrolysis followed by complexiometric titration with cyclo- 
hexanediaminetetraacetic acid (Hexaver) using dithizone as indicator. When the total 
activity and aluminum analysis of the aluminum were within 5 % and 0.5 %, respec- 
tively, of the theoretical values, they were used without further questioning their 
composition_ 

The trialkylalanes, tri-n-octylalane and tris(2-ethylhexyl)alane were syn- 
thesized by conventional displacement reactions with triisobutylalane as substrate 
and appropriate olefms. Trineopentylalane was prepared according to the method of 
Pfohl”. 

Prior to chemical analysis, the neat trialkylalanes were in all cases transferred 
to all glass containers and stored under a dry argon atmosphere. 

Preparation and chemical analysis of dialkylalkoxyalanes and dialkoxyalkylalanes 
The dialkylalkoxyalanes and dialkoxyalkylalanes were in all cases freshly 

prepared by alcoholysis of the respective trialkylalanes prior to performing ebullio- 
scopic experiments with them. The liberated hydrocarbons were removed by vacuum 
distillation. 

Aliquots of the product were submitted for NMR analysis to determine the 
ratio of alkyl to alkoxy groups bound to aluminum This method of analysis was favored 
in cases where the alkyl and alkoxy groups bound to aluminum contained six carbon 
atoms or less. Samples of organoaluminum compounds prepared in this way could 
also be analyzed to determine the ratio of alkyl to alkoxy groups bound to aluminum 
by acid hydrolysis of an aliquot of the sample solution and subjecting the liberated 
alkanes and alcohols io GLC analysis. The latter method of analysis was favored for 
cases in which the alkyl and alkoxy groups bound to aluminum contained six or more 
carbon atoms. 

If the product was a mobile liquid, it was used neat for ebullioscopic studies. 
If the product was a viscous oil or a solid, weighed amounts of solvent and alnminum 
compound were mixed to produce a mobile liquid mixture. 

Ebrtllioscopic equipment 
A basic description of the type of equipment and accessories used in this in- 

vestigation has been described previously by AshbyQ The ebullioscope so described 
was modified in the following manner. In order to facilitate smooth boiling while the 
system was in use, the bottom of the boiling chamber was modified to include several 
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pIatmum pins which extended from the solution under investigation, through the 
bottom of the ebullioscope, and into the oil bath heating system With the exception 
of 3 inches of the bottom of the boiling chamber and the condenser, the entire ebullio- 
scope was fitted with a silvered Dewar jacket to help provide a constant thermal gra- 
dient within the system while in use. 

Molecular weight determinations 
MolecuIar weight studies were performed in n-pentane at 740 mmHg. Tem- 

perature measurements were made with a conventional differential Beckmann 
thermometer. Temperatures measured in this manner were considered accurate to 
0.001”. No stem corrections were made for the exposed portions of the thermometer. 

Equations and calculations 
Equation (6) was derived from the Clapeyron-Clausius relationship with the 

assumption of an ideal but not necessarily a dilute solution4. 

X,=1-eexp 
-(l%z:B) (6) 

The terms are defined as follows: X,=mole fraction of solute; AT, = boiling point 
elevation ; M 1 = molecular weight of solvent ; K, = the molal boiling point; elevation 
constant (2.34 for the system used at 740.0 mmHg). The necessity of this extended 
equation for the calculations has been described elsewhere’4*28. 

Determination of K, 
Determination of the molal boiling.point elevation constant, KB. for use with a 

particular solvent-ebullioscope system was accomplished by operating the system with 
a preweighed amount of solvent and adding weighed quantities of a nonvolatile solute 
(n-pentadecane). The data obtained in this manner over the concentration range from 
0 to 02 molal provided a straight-line plot whose slope was I&. A least squares pro- 
gram to obtain the most reliable value for Ku was used. Values obtained for replicate 
determinations of KB in this manner were within & 1.4% of the average value for n 
determinations. 

The results of the experiments are calculated in terms of intermolecular solute 
association values called i values4. 

i - KM1 1 

TM2 AT,M,/lOOOK, -’ 1 I (7) 
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