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Summary 

Poly(Walkyliminoalanes) have been synthesized directly from aluminum and 
primq amines under hydrogen pressure_ In particuiar, hesamers (HA1NR)6 
were obtained from iso-C3H3NH2, set-C,H.+NH, and cyclohexylamine, oc*&mers 
(H_41ZII’R)II from n-C,HtNH2, and a mixt.ure of oligomers from C2H5NH2 and 
n-C4H4NHI. Tetramer (HAlNR), has been isolated from a mixture of various 
imino derivatives, starting from tert-C,H,NH,_ The reaction was induced by an 
activator_ A number of activators have been screened for the synthesis of (HAlN- 
iso-C3H7),, with the result that Na and NaAIHj have been formed to be the most 
active. 

The mechanism of the reaction is discussed; aluminum amides [ Al( NH-iso- 
C,H1)J1 and ( iso-C3H,XH-AlK-iso-C3H,)4 are intermediates in t-he synthesis of 
(HAlN-iso-C,H:),. 

Introduction 

In a preliminary communication [ 11 we reported the novel synthesis of poly- 
(Walkyliminoalanes) (PIA) by the one-step reaction 1 from powdered aluminum 
and primary amines, under hydrogen pressure in hydrocarbon solvents: 

Al + RNH2 -, l/n (HAlNR), + $ Hz (1) 

In particular, by this route we achieved the synthesis of (HAlN-iso-G,H,), from 
iso-C,H,NH= and of (HAlN-n-C3H,)B from n-C,H,NH2. Starting from tert- 
C4H9NH2, tetramer (HA~N-~~I-&C~H~)~ was separated from a mixture of imino- 
alane derivatives [ 11. Subsequently, we have studied different linear and branch- 
ed primary amines, as well as modified reaction conditions. 
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The reaction of isopropylamine has been examined in 
characterization of some reaction intermediates have led 
mechanism_ This paper will discuss these recent results. 

Results and discussion 
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detail; the isolation and 
to a proposed reaction 

Influence of the amine 
In Table 1, the results of the reaction of several amines are reported, using 

SaAlH, as activator_ The reaction of an amine with a secondary carbon atom in 
the cl-position, e.g. iso-C,H,NH,, set-C,H,NH,, or cyclohesylamine. yields a 
very pure PI-1 hesamcr. (HAlNR),_ These data are consistent with the general 
behaviour of such amines to give PI.4 hesamers, independent of the method of 
synthesis [ 2.31. Mass spectrometry. ‘H NMR and S-ray measurements on these 
products are identical with those of PIA prepared by different routes [ 2,3]. In 
the case of (H/UN-iso-C&:), (I), the replacement of hydrocarbon solvent- with 
diethyl ether noticeably accelerates the reaction, with no effect on the structure 
and purity of the final product. The molecular structure is again the t.ypical 
closed hesameric cage [ 41. For cyclohesylamine, if the PI-4 is recovered by 
simple evaporation of the filtered reaction misture, the yield is not quantitative. 
because of its only partial solubility in hydrocarbons and some ( HAlN-C,H )I la 
is removed with the excess of unreacted aluminum powder. However, the PI-1 
may btb recovered quantitatively by extraction with boiling benzene. 

From n-C,H,KH, in toluene. reaction 1 yields practically pure PIA octamer, 
( H.41~-n-C~,H7jR (II), purified by cry-stabization from hesane. Single cryxtal S- 
ray analysis reveals a closed cage structure [ 51. In contrast to n-propylamine, 
other linear amines, such as ethylamine and n-butylamine. give a mixture of PIA 
oligomers ( HAllGR j, with n variable between 6 and 10. These products, char- 
acterized by mass spectrometry and ‘H NMR, are similar to those already ob- 
tained from compleses of AH, and ethyl, n-propyl, or n-butylamine ]Z]_ 

In the case of linear amines. the substitution of toluene by diethyl ether does 
not benefit the reaction rate and it also influences the structure of the PI-4 ob- 
tained from n-C2H1NH2, giving a misture of various PI-4 oligomers. Starting from 
ethyl- or n-butylamine in ether solvent, products with an atomic ratio N/Al > 1 
are obtained, indicating a very slow reaction which does not reach completion 
under our experimental conditions. The isolated compounds are. in fact, inter- 
mediates in the PIX synthesis. For example, employing n-butylamine we have 
isolated a hesamer (RNH-_XlNR)6 (III)_ The more abundant ions in its mass 
spectrum, m/e 1020 and Q’ii, are assigned to the ions M__ and (JZ - C,H:)‘. re- 
spectively. The fragmentation of the C-C bond adjacent to nitrogen, respon- 
sible for the fragment at m/e 977, is a previously-not.ed characteristic of the 
mass spectrum of PIA [ 21. III reacts easily with AlH3 - N(CH,), in ether to give 
a mixture of PIA oligomers (prevailing hesamer), according to reaction 2. 

(RNH-AlNR)6 + 6 AlH3 - K(CHJ)3 - 12/n (HAlNRj, + 6 H2 (2) 

tert-C#,NH, displays an even lower reactivit.y with aluminum in toluene. We 
have reported previously that the reaction gives a mixture of imino derivatives 
with an atomic ratio N!Al > 1; from this mixture, a pure tetramer (HAlN-tert- 
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C,Hs), has been separated by fractionation [ l]_ The reaction in diethylether 
yields a product having an atomic ratio N/Al = 2.8, probably aluminum tris- 
amide_ 

Reaction conditions 
Tk effect of varying reacticn conditions on the synthesis of (HAlN-iso- 

C3H,)6 was studied owing to its interest as a polymerization catalysi f6]. 
In the absence of an activator, no reaction occurs between iso-C3H7NH2 and 

Al at high temperature and under a pressure of hydrogen, either in aromatic sol- 
vent (p = 200 kg cm-‘, lSO°C) or in diet.hyl ether (p = 180 kg cm-‘, llO°C). 

In Table 2 some results are reported relating to the use of various activators 
(5 mole 70 with respect to the amine) under the same experimental conditions. 
&Although many activators promote reaction 1, the reaction rates differ. The 
highest activity is shown by Na or NaAlH*_ 

If a very large escess of aluminum with respect to amine is used (in the pres- 
sence cf an activator for the fast run), unreacted may be utilized for 
subsequent syntheses of (HA~K~s~-C~H~)~, after the product solution is de- 
canted- Further addition of an activator is unnecessary, because of the pro- 
moting effect of the small amount of (HA~N-~~o-C~H,)~ remaining with the un- 
reacted aluminum. In such a case, in diethyl ether under the conditions reported 
in Table 1, the synthesis of (HAlN-iso-C,H,), requires less than 1 h. 

TABLE 2 

THE ISFLWENCE OF DIFFER’ENT ACTIVATORS OS THE REACTION OF XLZ;‘_MINUU WITH ISO- 

PROPYLAMISE = 

Activator 

(rnrnO1) 

- 

Xa 
<lO.S) 
Na sand 

(10) 
LiAIH~ 

(10) 
S.¶AlHa 

(9.4) 
SaAlW;, 

(10) 

AIEt3 

(10) 
AIHj . N(CH3)3 
(10) 
(HAD&i-h)6 

(l-6) 
(HAIN-i-R)6 
(1-i) 

[ AI(NH-i-R)3 12 b 

(50) 

Solvent 

0llI~ 

Heptane 

(280) 
ToIuene 

(280) 
Toiuene 

(280) 
Toluene 

MIO) 
Diethsl 

ether 

(280) 
Toluene 

(280) 
Toluene 
(280) 
Toluene 

(280) 
Toluenc 

(2801 
Toluene 

(230) 

Reaction conditior~ _Alomic ratio .V?AI 
- to the reaction solu- 

t T OH2 1 tion 

(h) c;o <kg crnoz) 

12 175 200 1.10 

10 180 200 1.06 

10 180 200 200 

10 180 200 1.02 

4 100 170 0.98 

10 180 200 1.70 

10 180 200 1.98 

10 180 200 2.00 

16 180 200 1.12 

16 180 210 1.76 

a Geneallv the IoIIou-ing amounts were used: aluminum (MO mmol). iso-C3H7NHz (180 mmol~. b AIU- 

minum (250 mmoI> was used in the absence of iso-C3H7NH2. 
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Reaction rnechanisnz 
Study was again focused on the reaction with isopropylamine. The reaction 

between aluminum and the amine does not occur in the absence of hydrogen, 
even at high temperature (200GC) and in the presence of an activator (NaAlH,). 
It is therefore reasonable to postulate that the formation of a transient hydridic 
species of aluminum (i.e.&H,) is responsible for the reaction with the amine. 
The activator, or it.s derivatives from reaction, contribute to the formation of 
this transient species by stabilization (i.e. by complexation) for the limited time 
of the reaction. 

If the reaction is quenched at an atomic ratio N/-L\1 = 2 in solution, or if less 
efficient activators are used, a tetramer (RNH--;UNR)J (IV) is isolated as sole 
product. The more abundant ions in its mass spectrum, m/e 568, 553 and 509, 
are assigned to the molecular ions (M”), (M - CH3)? and (M - RNHz)‘, respec- 
tively- The ‘H KhIR spectrum (Fig. 1) is characterized by three sets of lines with 
relative intensities 2 : I2 : 1. The set with relative intensity 12 consists of -two 
equal intensity doublets at f S-53 and r 8_6T_ The set with intensity 2 consists 
of three septets centered at T 6.46, T 6.54 and r 6.50, with the last septet double 
in intensity with respect to the other two. Finally, a doublet of relative inten- 
sity 1 is observed at 7 9.76. 

These results suggest for IV a cubic structure (V). This structure is confirmed 
by spin-decoupling experiments which show that signals at T 6.46 and at r 6.54 
consist of a doublet of septets due to the CM protons of the isopropylamino groups 
outside the cage coupled with adjacent. CH3 (r 8.67) and NH (r 9.76). The 
coupling constants are J(CH,--CH-) = 6.4 Hz, and J(-CH-NH-) = 8.5 Hz. The 
doublet at T 8.53 and the septet at T 6.50 have been assigned to CHa and CH 

components of isopropyl imino groups_ 

I I I I I I 

4 6 t’ 

Fig. 1. *H NMR spectrum in benzene of (iso-C3H?NH-AIS-iso-C3H7)~. 



Crystals of IV are easily formed from the hydrocarbon or diethyl ether solu- 
tions and its molecular structure is now under single crystal X-ray investigation. 

The hypothesis that IV is an intermediate of the reaction leading to (HXlN- 
iso-C3H1)6 is confirmed by the reaction of IV with aluminum under Hz pressure 
(200 kg cm-‘) in t.oluene at 180°C to give I as sole product (reacrio;: 3). This re- 

3 (RXH-AlNR). + 12 Al + 6 Hz - 4 (H:\lNR)b (3) 

(iv f (1) 

action is accelerated by Na_~lH-f,_ Furthermore IV reacts wit.h _AlH, - XR3 to form 
I (reaction 4): while IV is formed from I in the presence of iso-C7H+Hz (reac- 
tion 5j_ 

3 (RNH-_A.lNRj, + 12 AlH, - N(CHJjS - 4 (H~NRj,+ 12 Hz + 12 X(_Clilj, (4) 

(I\‘) (1) 

2 (HAINR), f 12 RNH, - 3 (RNH-AlNR), + 12 Hz t. 5) 

(1) (iv ) 

Finally, the reaction of IV with iso-C,H,NHz gives dimer [Al(XH-iso-C,H,),12 
(VIj (reaction 6). 

(RKH-AlNRj, + 4 RNI-1: = 2 [XI(KHR)J, (6) 

The mass spectrum of the dimer shows abundant fragments at m/e 334, 286 and 
284 assigned to (32 - IGHR)‘, fM - 2XHRj* and (A1 - BRNH,)‘, respectively, 
plus the low intensity molecular ion at m/e 402. It-s ‘H NMR spectrum consists 
of three sets of lines with relative intensities 1 : 6 : 1 and chemical shifts similar 
to those of IV. These signals are thus assigned to the -CH-, CH3-- and -NH- 
groups, respectively, of the isopropylamine radicals. 

As in IV, CH is coupled with NH in VI, wit.h J(-CH--NH-j = 12 Hz. How- 
ever, the NH doublets in VI indicate at least three magnetically non-equivalent 
sites. Furthermore, the multiplicity of the CH, CH3 and NH signals (Fig. 2) sug- 
gests a more complicated situation for these groups in \7. At low temperature, 
signals due to CH3 protons tend toward two sets of bands at r 8.63 and at r 8.77. 
On the basis of the relative intensities, they are assigned to CH3 in external and 
bridged NHR groups, according to structure VII. Probably different conformers 
are possible for VII, due to rotation of isopropyl groups around the N-C bond. 
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(Sate that, according to reaction 6, VI gives IV under conditions which remove 
amine from the reaction misture.) 

The assumption that VI is an intermediate in the formation of IV is supported 
by the following chemical observations. VI reacts with Al under pressure of I-l, 
to give IV, (reaction 7), @(Hz) = 200 kg cm-‘, 180°C without other activators): 

4 [ LU(NHR)~]: + 4 Al 5 3 (RNH-AINR), + 6 Hz (7) 

(L.1) (IV) 

In the absence of hydrogen, reaction 7 does not occur. Furthermore, VI reacts 
with an equimolecular amount of AIHj - N(CH3)3 to give IV, or with an excess 
to give I (reactions 3 and 9): 

4 I-WNHR),], + 4 AlH, - N(CH,), -* 3 (RHN-_AlNR)a + 12 H2 + 4 N(CH& (3) 

IAl(NHR),]z + 4 AlHx - N(CHs)s- (H.AlNR)6 + 6 H, + 4 N(CH& (9) 

(VI) (1) 



The synthesis of PIA from aluminum tris-amides and AlH, has previously been 
reported iTi]_ We have now verified that PIA formed in reaction 9 is a hesa- 

merit closed cage (I-MN-iso-C,H,),. 
On the basis of the above espeGmenta1 evidence, the general mechanism for 

the formation of (H-MN-iso-C,H?), from aluminum and isopropylamine may be 
reasonably postulated as follows. 

1st step: 

6 RNH, + 2 AlH, --, [ Al( NHR)>12 + 6 Hz 

2 _4l+ 3H> 

2nd step: 

4 [Al( NHR)J 1: + 4 AIHJ - 3 (RNH-_AlXR); + 12 Hz 

(VI) ir (IV) 

3rd step: 

4 Al + 6 Hz 

3 (RtiH-AlKR), + 12 AlH, -, 4 (H_XINR)f. + 12 Hz 

(IV ) I? .I (1) 

12 Al + 18 H, 

Experimental 

Reagents and soluen ts 
Powdered aluminum Walter Marx A9 and Eckart Werke XS 081 were used 

with the same results. As a precaution. commercial aiuminum was deosygenated 
before reaction by milling 20 h at room temperature with 2% mole of Al(C,H,), 
in toluene or heptane. Before use, A1(C1_H5):, was completely removed by filtra- 
tion. The milled aluminum was then washed several times with toluene or hep- 
tane and with the reaction solvent. However, syntheses of PIA carried out with 
commercially fresh samples of aluminum showed this treatment to be unnec& 
sarg-- 

Commercial samples of pure amines were dried by distillation from KOH. All 
solvents were pxified and dried by standard methods and all syntheses and phy- 
sicochemical characterizations were carried out under nitrogen_ 

Chemical analyses and physicechemical measurements 
IMethods previously reported have been used [2]. In particular, for the analy- 

sis of nitrogen, the Kjeldahl apparatus was used for direct determination of more 
volatile amines obtained on hydrolysis of a tared sample. 

Synthesis of poi_v(N-alkytiminoarlanes) 
A typical preparation is the following. A mixture of powdered aluminum 



(200 mmoi), purified as reported above, toluene (280 ml), NaAlH, (9-4 mmol) 
and isopropylamine (180 mmol) were introduced into a one liter autoclave fur- 
nished with an anchor stirrer. HZ (135 kg cme2) was then introduced and the 
autoclave was heated at 180°C; the pressure rose to ca. 200 kg cm-r. The reac- 
tion mixture was heated at these conditions for 10 h; the autoclave was then al- 
lowed to cool to room temperature_ After removal of hydrogen, the reaction 
solution was filtered to remove escess aluminum. In this solution the N/Al at- 
omic ratio was 1.02. The solvent was removed by evaporation in vacua. The sol- 
id white residue was dried (10 h, room temp., 1 X 10e3 Torr) and analyzed 
(Found: Al, 30.5; N. 16-4s: Hactib, 11.5 meq/g_ C3HAA1N calcd.: Al, 31.7; N, 

16.5%; I~a=ti,.c 11.7 meqlg). 

iso-C,H,NH, (32 mmol) in benzene (15 ml) was added to a stirred solution of 
(iso-C,H,NH-AlN-iso-C,H?)J (4 mmol; 16 mg-at.. of aluminum) in benzene-(25 
ml). The reaction mixture was refluxed for 7 h and left overnight. Then the sol- 
vent was evaporated under vacuum. The oily residue was dried and analyzed 
(Found: Al, 13.5; N, 19.6. C9HrJ.AlN3 calcd.: Al, 13.6; N, 21.2%). By heating at 
140°C and at 1 X lo-’ Torr this compound decomposed into amine and starting 
(iso-C,H$iH-AlN-iso-CAH:).,. 

Synthesis of (iso-c’~INH-_~iI~r-iso-CJI;); 
(a) A misture of powdered aluminum (200 mmol) purified as reported above, 

toluene (280 ml), AlH, - N(CH,), (10 mmol) and iso-C,H,NH, (180 mmol) was 
introduced into a one liter autoclave furnished with an anchor stirrer. Hydrogen 
(140 kg cm-‘) was introduced and the autoclave was heated at 175°C while the 
pressure rose to ca. 200 kg cm-‘_ The reaction mixture was stirred at these con- 
ditions for S h, then the autoclave was allowed to cool to room temperature. 
The reaction solution was filtered and the solvent was removed in vacua. 

In the solid residue the atomic ratio N/Al was 2.0; mass spectrometry and 

‘H NMR indicated the formation of (iso-CjH,NH--AlN-iso-C,H;)J as sole prod- 
uct_ Crystals of this compound separated easily from hydrocarbon solution 
cooled to 0°C; they were recovered by decantation, dried under vacuum (10 h, 
room temp_. 10bJ Torr) and analyzed (Found: Al, 19.3; N, 20.0. C,H,,AlN, 
calcd.: Al, 19.0; N, 19.7%). 

(6) A mixture of powdered aluminum (200 mmol), purified as reported above, 

toluene (280 ml), [A1(NH-iso-CJH1)3]2 (50 mmol; 100 mg-at. of Al) was intro- 
duced in one liter autoclave furnished with an anchor stirrer. Hydrogen (140 kg 
cm-‘) was introduced and the autoclave was heated to 175”C, while pressure 
rose to ca. 200 kg cm-“. The reaction mixture was stirred for 2 h at these con- 
ditions, then the autoclave was allowed to cool to room temperature. The atomic 
N/Al ratio in the solution was 2, and the mass spectrometry and ‘H NhIR indi- 
cated the formation of (iso-C,H,NH-MN-iso-C,H7)4- 

The solvent was evaporated in vacua and the solid residue was dried under 
vacuum and analyzed (Found: Al, 18.9; N, 19.5. C~H,&1N2 calcd.: Al, 19.0; N, 
19.7%). 

(c) iso-C,H,NH= (100 mmol) in toluene (50 ml) was added to a stirred solu- 
tion of (HAlN-iso-C,H,), (16.5 mmol) in toluene (250 ml) and the reaction mix- 



ture was introduced in a one liter autoclave furnished with an anchor stirrer. 
The misture was stirred at 170°C for 9 h. After 9 h, mass spectra of the reaction 
solution contained intense ions due to (iso-C,H,NH-MN-iso-C,H,)J as well as 
other species (i.e. ions at m/e 344). The ‘H NMR spectrum agreed with a pre- 
dominance of ( iso-C3H7NH-MN-iso-&Hi)+ which was separated in the pure 
form from the crude oil product (N/Al = 2) by sublimation (140°C; 5 X lo3 
Torr). In ca. 2 h the sublimed compound was recovered in 55% yield with re- 
spect to the aluminum content of the crude product and analyzed (Found: Al, 
19.1; N, 19.1. C,H1&NZ calcd.: Al, 19.0; N, 19.7%). Its ‘H NhlR spectrum 
showed pure (iso-C,HtXH-AIN-iso-CJH~)A. In the residue from subhmation 
(containing 39% of aluminum of the crude product) the atomic N/AI ratio was 
1.66, indicating partial decomposition with formation of amine. ‘H NhIR again 
shows typical signals of (iso-C,H,NH-_AIK-iso-C~H~)A_ The more volatile oil frac- 
tion (containing 3% of aluminum of crude product) consisted of [Al(NH-iso- 
C3H7)3]1 (N/AI was 3-03). 

(d) [A~(XH-~~O-C,H,),]~ (33.5 mmol; 67 mg-at.. of aluminum) in toiuene (50 
ml) was dropped slowly into a stirred solution of AlH3 - N(CH,)s (33.5 mmoi) 
in toluene (50 ml). The reaction mixture w-as reflused for 15 h. Then the reac- 
tion solvent was evaporated in vacua. The solid residue was shown to be pure 
(isa-C,H7NH-AlN-iso-C,H,), by its i H N-MR spectrum_ 

Synthesis of (HALT-iso-C,H,}, f rom (iso-CzH,~L’H-_~il~i-i~~-C~1)4 
(a) _AlH3 - N(CHx)3 (12 mmcl) in tohrene (30 ml) was added slowly to a stirred 

solution of (iso-C,H$H-AlN-iso-C3Ht), (3 mmol; 12 mg-at. of aluminum) in 
toluene (70 ml). The reaction mixture was stirred at room temperature (24=C) 
3 h and was then reflused for 1 h_ The reaction solution was filtered to remove 
traces of aluminum powder and the solvent was evaporated in vacua. The solid 
residue was dried under vacuum and analyzed (Found: Al, 31.1: N, 15.9%; 
Hacrive 12.0 meq/g. C,H&lN &cd.: Al, 31.7; N, 16.5%; Hactive 11.7 meqfg). 
Mass spectrometry and ‘H NMR showed the formation of pure (HAM-iso-C,H,),. 

(b) -4 mixture of powdered aluminum (120 mmol), purified as above reported, 
toluene (280 ml), (iso-C,H,NH-_AlN-iso-C3H:)4 (25 mmol; 100 mg-at. of alu- 
minum) and Z\ia.AlH, (10 mmol) was introduced into a one liter autoclave fur- 
nished with an anchor stirrer. Hydrogen (135 kg cme2) was introduced and the 
autoclave was heated to lSO”C, while the pressure rose to ca. 200 kg cm-‘. The 
reaction mixture was stirred in these conditions for 10 h; then the autoclave was 
allowed to cool to room temperature. In the reaction solution the atomic ratio 
Xj_Al was 1.03. The solvent was removed in vacua; the solid residue was dried 
under vacuum and analyzed (Found: AI, 31.0; N, 16.0%; Hactive 11.5 meq/g. 
CsH&h’ calcd.: Al, 31-7; N, 16.5%; Hactivc 11.7 meqig). Mass and ‘H NMR spec- 
tra indicated the formation of pure (HAlN-iso-C,H,),. 
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