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Summary 

New homogeneous catalysts based on aluminum hydride derivatives and 
transition metal compounds for the hydrogenation of unsaturated hydrocarbon 
substrates are described. A feature of these catalysts is their high activity under 

very mild experimental conditions. Some aspects of the activity of aluminum 
hydrides cocatalysts are discussed, with particular reference to their molecular 
structure and to the hydridic hydrogen/transition metal atomic ratio. 

Introduction 

The catalytic hydrogenation of mono-olefins by alkylaluminum-transition 
metal systems was described some years ago by Sloan et al. [ 11. Later a number 
of active systems involving alkylaluminums [ 21, as well as alkyllithium [ 31, 
Grignard reagent [43, lithium aluminum hydride 151 and its alkoxy derivatives 
[6], sodium bis(2-methoxyethoxy)aluminum hydride [7] and sodium boron hy- 
dride [8] are reported. However, the simpler derivatives of aluminum hydride 
have not been considered as hydrogenation cocatalysts. It is known that the 
complexation of AIHg with organic Lewis bases or the partial substitution of its 
hydridic hydrogens by various ligands, (e.g., halogen, NR, and NR groups) 
leads to compounds with significantly different properties C9 1. The behaviour 
of simpler aluminum hydrides as components of catalytic systems for the ste- 
reospecific polymerization of mono- or di-olefins varies in activity with the na- 
ture of the aluminum hydride derivati;ve [lOI_ The fact that these compounds 
are usually soluble in hydrocarbons and that some of them, i.e. HAl(NR&, 
(HAINR),, (n = 4-10) can now be synthesized directly from aluminum, amines 
and hydrogen [11,12] have heightened interest in this class of reducing agents. 
We therefore extended the research to the use of such hydrides to the homoge- 

+ To whom correspondence should be addressed. 
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neous catalytic hydrogenation of unsaturated hydrocarbons. This paper des- 
cribes some results obtained with binary catalysts based on aluminum hydride 
derivatives and transition metal compounds, involving some comparisons also 
with analogous systems based on alkylaluminum compounds. 

Results and discussion 

AlH, - N(CH&, AlHCl:! - O(C2H&, AlH,N(CH&, HAi[N(CH,),Iz and 
(HAlNR), (R = t-C,H,, IZ = 4; R = i-&H,, n = 6; R = n-C3H7, n = 8) were suit- 
able for investigation_ These show significant differences in physico-chemical 
properties, arising from varying nature of the ligands and thus the varying 
degrees of acidity of the aluminum atoms [9,10]. After combination with 
derivatives of cobalt, nickel, iron, titanium and vanadium, the act.ivity of the 
resulting catalysts was tested in the hydrogenation of olefins with different 
steric hindrances. In every case the catalysts were soluble and so hydrogenation 
occurred in solution_ 

Table 1 lists some results obtained with catalytic systems based on aluminum 
hydride derivatives and organic salts of cobalt(H). As expected from the results 
with trialkylaluminums [l] , the hydrogenation reactivity is in the following 
order: terminal > disubstituted > trisubstituted > tetrasubstitutecl olefins- The 
systems based on Coheq were more active than those based on Coacac2. At 
constant atomic ratio H */Co (H * = hydridic hydrogen) the nature of the alu- 
minum hydride derivatives influences the activity. In particular, for the hydro- 
genation of 4-vinylcyclohexene the order of activity is AlH3 - N(CH,), r 
AIHCL:! - O(Wb)z > AIW’J(C%)2 > (HAlN-i-C,H,), > (HAlN-n-&H,), > 
(HAIN-t-C,H9),. A rather different order was found for the hydrogenation of 
isoprene, with AlH,N(CH,), less active than (HAlN-i-&H,), and (HAlN-n- 
GH7)t3- 

Thus the right choice of the aluminum compound can favour selective partial 
or complete hydrogenation of a diolefin; for example 4-vinylcyclohexene is 
reduced primarily to 4-ethylcyclohexane using A1H3 - N(CH3)3/Cohes, and to 
4-ethylcyclohexene by using (HAlN-t-C4H9)4_ 

Under our conditions, these reactivity differences are apparent for hydroge- 
nation of diolefins, but do not show up with a-olefins, because of the high 
activity of the catalytic systems investigated_ It is noteworthy that diolefins can 
be quantitatively hydrogenated, without secondary oligomerization reactions, 
under milder conditions than are needed for trialkylaluminums, which were 
reported [2] to reduce butadiene and isoprene at 90--110” C and at 40 kg/cm’ 
of hydrogen pressure. 

The catalytic activity depends on the aluminum/transition metal ratio, as is 
usual in other binary systems [ 2,7 J _ However, the variation of the hydi-ogena- 
tion activity with this ratio appexs to be influenced by the nature of the alumi- 
num hydride derivative_ Our studies were limited to the activities of various 
nitrogen derivatives, i.e. AlH, - N(CH&, HAl[N(CH,),], and (HAlN-i-&H,)b, 
with Cohex, (as a function of the atomic ratio H */Co) in the hydrogenation of 
1-hexene, cyclohexene (Fig. 1) and isoprene (Fig. 2, 3 and 4). AlH,-N(CH& is 
more active than (HAlN-i-C3H7)6, which is more active than HAl[N(CH3)J2. 
However, the activities of AIHJ -.N(CH3)3 and HAl[N(CH,),] 2 peak at H */Co = 
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Atomic Rrtio H,,t/Co 

Fig: 1. HJ’drogenation of 1-hesene to n-hexanc and of cvclohexene to cvclohesane as a function of the 
Hactive/cobalt atomic ratio with aluminum hydride derivatives/cobalt(II) 2-ethylhexanoate systems. 
Conditions: toluene 20 ml; Cohesz 0.1 mmol: Hz pressure 2 atm; 30°C and A: 1-hexene 20 mmol: 
NH3 - N(CH3)3: time. 15 min: - 1-hesene 20 mmol; (HAIN-i-C3XIy)h, time 15 min; 0: cyclohesene 20 
mmol, (HAIN-i-C3H,)e, time 30 min. The reaction components were mixed in the following order: sol- . 
x.ent. cobalt compound, alane and olefin, then the reaction mixture was pressured with hydrogen. 

6-7 and 3, respectively, whereas the activity of (HAIN-i-&H,), is greatest at 
H */Co = 6; this activity then remains constant or decreases very slowly. The 
literature contains a brief report [6] of similar behaviour for lithium butoxy- 
aluminum hydrides, which when used in conjunction with cobalt salts show a 

l lsopentane 

0 2-Methyl-2-butene 

p 2-Methyl-l -butene 

A d-Methyl-l -butene 

q Unconverted isoprene 

Atomic Ratio H&Co 

Fig. 2. Hydrogenation of isoprene as a function of the H active/cobalt atcmic ratio with AIH3 - N(CH3)3/ 
Cohex2 c&a&tic systems. Conditions: toluene PO ml; Cohexz 0.1 mmol; isoprene 10 mmol; Hz pressure 
2 atm. t!_-e 30 min. The reaction components were mixed as indicated in Fig. 1. 
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gonal cage structure (III). On the other hand, HAl[N(CH,),], behaves like 
AIH, - N(CH,), in spite of the different ligands. 

The results for the hydrogenation of 4-vinylcyclohexene or isoprene with 
(HAlN-i-C3H,),/Cohex, (Table 2) indicate that the activity decreases upon use 
of ethereal in place of aromatic solvents and also upon addition of primary 
amines or alcohols_ The latter also allows partial hydrogenation_ Furthermore 
pre-formed catalysts are generally more active than those prepared in the pres- 
ence of olefin. The (HAlN-i-C,H,),/Cohex, system retains a high activity after 
use, allowing successive hydrogenations (Table 3). 

Table 4 lists results with Niacacz. Its activity is generally similar to that of 
aluminum hydrides/Coacac, systems and lower than that of analogous systems 
based on Cohex,. As with the cobalt systems, the order of activity is AIH3-N- 

TABLE 2 

YIELDS IN THE HYDROGENATION OF DIOLEFINS WITH (HAIN-i-C3H7)6/Cohex2 SYSTEhI IN 
VARIOUS SOLVENTS OR IN THE PRESENCE OF ADDITIVES = 

Diolefin catalyst h Additive Hydrogenation Yield in different solvents 
(mmol) product 

Toluene Diethyl Tetra- 
ether hydro- 

furan 
__-_c ---_-- 

1 4Ethylcycloherene 42.5 = 4-Vinylcyclohexene S 74 - 
4-Ethylcyclohexane 57.5 26 

4Vinylcyclohexene S 

4-Vinylcycloherene S C2H50H c &Ethylcyclohexene 99 

(6.6) 
4Ethylcyclohexane 1 

4-Vinylcyclohexene P 

1soprene S 

Isoprene P 

- 

- 

- 

13.5 45 
86.5 55 

3-Methyl-1-butene - 12 
2-Methyl-1-butene - 40 
2-Methyl-2-butene 5 30 
Isopentane 95 18 

- 

32 

38 
30 

~---- 

{~o~%:%-butene 
25.5 

100 74.5 

o See Table 1 for the conditions generally used. ’ S = catalyst “in situ”; the reaction components were 
mixed in the following order: solvent. olefin. cobalt compound. (HAlN-i-C3H7)s. and additive if any. P = 

preformed catalyst: order of mixing: solvent. Cohesz. (HAIN-i-C3H7)e and olefin. c Diolefin 20 mmol. 
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TABLE 3 

HYDROGENATION OF OLEFINS FED IN SUCCESSIVE STEPS WITH (HAIN-i-C3H7)6/Cohex2 o 

Olefin Olefin 
addition (mmol) 

Reaction Hydrogenation 
time product 

(min) (yield (%)) 

1st 1-Octene (20) 10 n-Octane (100) 
2nd 1-octene (20) 15 n-Octane (100) 
3rd 1-Octene (20) 20 n-Octane (103) 
4th 1-Octene (20) 30 n-Octane (100) 
5th Cyclohexene (20) 60 Cyclohexane (100) 

- 

-- 
o Init-klIS toluene (20 mi). Cohexz (0.1 mmol). (HAIN-i-C3H7)6 (0.6 mmol) were mixed and I-octene v..as 
then added. The mixture was pressured with Hz (2 atm) and stirred at 30°C to complete hydrogenation. 
Then oIefin solutions in toluene (12 ml) were added successively and hydrogenated under the same 
conditions. 

TABLE 4 

HYDROGENATiON OF OLEFINS WITH CATALYTIC SYSTEMS BASED ON ALUMINUM HYDRIllE 
DERIVATIVES AND NICKELBIS(ACETYLACETONATE) = 

_~___ 

Olefin Hydrogenation Hydrogenation yield with different alanes 

product 
AIH3. AIHzN(CH3)z (HAIN-i-C3H7)6 

N(CH3)3 
- 

4Vinylcyclohexene { 4Ethylcyclohexene 19 27 74.5 

4Ethylcyclohexane 81 73 25.5 

Isoprene {;zewiE-butene 

o See Table 1 for reaction conditions. 

34.5 17 56 
65.5 35 44 

(CH,), > AlH,N(CH,), > (HAlN-i-C3H7)6 in the hydrogenation of 4-vinylcyclo- 
hexene and AlH3 - N(CH3)3 > (HAIN-i-C,H7), > AIH,N(CH,), in the hydroge- 
nation of isoprene. 

Table 5 summarizes the more significant results with compounds of other 
transition metals. Fairly good results were obtained with Cp,TiCl, or Ti(O-i- 
C3H7)4~ however, activities were lower than with. Co and Ni systems, and the 
catalyst had to be aged with an excess of hydride at high temperatures_ Systems 
based on vanadium and iron compounds were not very active. This distin- 
guishes aluminum hydrides from trialkylaluminums; Al(i-C,Hy),/Feacac3 has 
been reported to have a high hydrogenating activity [2], approaching that of 
trialkylaluminum-cobalt compounds systems. Thus, with the exception of 
iron, the catalytic activity of various transition metals when combined with alu- 
minum hydrides is the same as with trialkylaluminums, viz. Co N- Ni > Ti > V. 

Experimental 

Reagan ts and soEven ts 
(a) Aluminum hydride derivatives. NH3 - N(CH& was prepared from LiAIH_-I, 

and (CH,),N - HCl [ 151, and treated with t-C,H,NH, or (CH,),NH, to give 
(HAlN-t-C,H,), [ 161 or dimethylaminoalanes [9,13] _ HAlCl, - 0(C2H5)2 was 
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made by reaction of LiAlH, with AlC13 [ 173 (HAN-i-C3H7& and HAln-n-C,H,), 
were obtained by direct synthesis from aluminum and the corresponding.amine 
under a pressure of hydrogen [ 121. 

(b) Transitiolz metal compounds. V[N(C,H5),], was prepared by a published 
method [18]. The other compounds were commercial products: Co(acetylaceto- 
nate), Merck-Schuchardt, dried under vacuum; Co(2-ethyl hexanoate)z K&K, 
Wacetylacetonate), Merck-Schuchardt, Cp,TiCl, Fluka, after crystallization 
from THF, Ti(0-i-C3H7)4 Schuchardt after distillation, VO(O-n-C,Hg)z Fluka, 
after distillation. 

(c) Olefirzs. Pure commercial products were dried over molecular sieves and 
distilled. 

(cl) Soloerzts were purified and dried by standard methods. All reactions were 
carried under nit,rogen. 

Analytical measurements 

Aluminum and transition metal compounds were analyzed by known 
methods. 

The products from the hydrogenation were analysed by gas chromatography 
(Fractovap, C.Erba apparatus); j3$‘-osydipropionitrile (30%) supported on 
Chromosorb P (5 m) was used for products from 1-hesane, 2-methyl-2-butene, 
and isoprene (2 m) for products from 1-octene, cyclohexene <and 4vinylcyclo- 
hexene and of Carbowas 20 R4 + terephthalic acid (10%) on Chromosorb P, 
(3 m) for products ffom 1-octene and cyclohesene. 

Hydrogenafion tests 

Hydrogenations were carried out. in a 0.25 1 autoclave provided with an inlet 
valve for hydrogen and manometer and thermostz?ted by immersion in an oil 
bath. The reaction mixture was stirred magnet.ically. 

A typical run was as follows. At room temperature, Coacacz (0.1 mmol) in 
toluene (1.5 ml) and then NH, - N(CH3)3 (0 .2 mmo!) in toluene (1 ml) were 
added to a stirred solution of 4vinylcyclohexene (10 mmol) in to!uene (17.5 
ml) in a 50 ml two-necked flask. The mixt.ure was introduced into the auto- 
clave thermostatted at 30” C under vacuum, pressured with H2 at 2 aim and 
stirred for 1 h under these conditions. Hydrogen was then removed and the 
solution analyzed by.gas-chromatography. The conversion of 4vinylcyclo: 
hexene was quantitative, givin g 4-ethylcyclohesane (96% yield) and &ethyl- 
cyclohesene (4%). 
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