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The reactions of alkali metal aluminum hydrides with magnesium halides in ether solvents were investigated as possible 
routes to magnesium aluminum hydride [Mg(AlH4)2]. The ability of these reactions to produce Mg(AlH4)z depended on the 
nature of the alkali metal, the halide, the solvent, and the solubility of the alkali metal halide by-product. Contrary to 
previous reports Mg(AlH4)z could not be prepared by the reaction of LiAlH4 and magnesium bromide in diethyl ether. 
This reaction regardless of the nature of the halogen or solvent was found to produce an equilibrium mixture (LiAlH4 + 
MgBrz LiBr + BrMgAlH4) which varied in its composition depending on the amount of LiAlHl used but which did not con- 
tain any detectable amount of Mg(AlH4)z. Magnesium aluminum hydride was prepared in a pure form as the ether solvate by 
the reactions of NaAlH4 and MgClz in tetrahydrofuran and NaAlH4 and MgBrn in diethyl ether. Magnesium aluminum hy- 
dride is insoluble in both diethyl ether and tetrahydrofuran; thus it was separated from the NaCl and NaBr by-products 
by Soxhlet extraction. Because of the solubility of NaI in tetrahydrofuran, Mg(AlH4)z as the tetrakis(tetrahydr0furan) 
solvate was prepared halogen free by the reaction of sodium aluminum hydride and magnesium iodide. Halogenomag- 
nesium aluminum hydrides (XMgAlHd, where X = C1 and Br) were prepared in tetrahydrofuran by the reaction of sodium 
aluminum hydride and the magnesium halide in 1 : 1 stoichiometry. Infrared spectra and powder diffraction data are 
presented for all of the compounds prepared. 

Introduction 
The preparation of magnesium aluminum hydride 

(Mg(AlH&) was first reported in 1950 by Wiberg and 
B a ~ e r . ~ - ~  The preparation of this new hydride was 
reported by three different synthetic routes represented 
by eq 1-3. Magnesium hydride (MgH2) was reported 

4MgHz + 2AIC13 + Mg(AlH4)z + 3MgClz (1) 
MgHt -+ 2AlH3 --+ Mg(AlH4)z (2 ) 

2LiAlH4 + MgBrz -+ Mg(AlH4)n + 2LiBr (3 ) 

to react with both aluminum hydride (AlH3) and alu- 
minum chloride (A1C13)2-4 in diethyl ether to produce 
Mg(AlH4)2 whereas the third method involved the reac- 
tion of LiAlH4 with MgBrz in diethyl e ther .2~~ The Mg- 
(AlH4)z produced was reported to be soluble in diethyl 
ether and to decompose a t  140'; however few experi- 
mental details concerning the preparations were given. 

Hertwigs reported the preparation of Mg(AlH& by 
hydrogenolysis of a Grignard reagent in diethyl ether 
followed by the addition of aluminum chloride to the re- 
action product. Reactions 4-6 were suggested to de- 
scribe the course of the reaction. However again few 
4RMgX + AlXa + 4H2 --f 

XMgAlH4 + 3MgXz + 4RH (4) 

(5) 3RMgX f ~41x3 f 3Hz + AlH3 + 3MgXz + 3RH 

2XMgAlH4 + Mg(AlH4)z + MgXz (6) 

experimental details were given. Hertwig'$ report 
seemed reasonable since earlier we had shown6 that hy- 
drogenolysis of Grignard reagents produces a mixture of 

(1) T o  whom all inquiries should be sent a t  the Department of Chemistry, 
Georgia Institute of Technology, AtEanta, Ga. 

(2) E. Wiberg and R.  Bauer, Z. Natuvfovsch., 6b, 397 (1950). 
(3) E. Wiberg, Angew. Chem., 66, 16 (1953). 
(4) E. Wiberg and R. Bauer, Z. Natuvjovsch., lb ,  131 (1952). 
(5) A. Hertwig, German Patent 921,986 (1955). 
(6) W. E. Becker and E. C. Ashby, J .  Org. Chem., 29, 954 (1964). 
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MgH2 and magnesium halide. Therefore, the MgHe 
produced by hydrogenolysis of the Grignard compound 
in the reaction reported by Hertwig could have reacted 
with AlC13 to form ~'vT~(AIH*)~ in a similar way to that 
previously reported by Wiberg. The suggested XMg- 
AlH, could then have arisen from the redistribution of 
Mg(AlHJ2 and MgC12. 

Some time ago we had the occasion to prepare Mg- 
(AlH& by the reaction of NaAlH4 and MgClz in di- 
methyl ether' and noticed that the physical properties 
of this compound were different from the properties re- 
ported by Wiberg for Mg(A1H4)2. The Mg(AlH& 
prepared by us was insoluble in diethyl ether and de- 
composed a t  180". 

In 1966 Czech workers8 verified the preparation of 
Mg(AlH& by the reaction of NaAIHl and MgC12. Al- 
though elemental analysis data were presented, no in- 
frared or X-ray powder diffraction data were given. 

It would appear that there is some confusion in the 
literature concerning the preparation and properties of 
Mg(AlH4)Z. Since the reaction of a complex metal hy- 
dride with MgX2 in ether solvent to produce Mg- 
(A1Ha)z is such a fundamental reaction, we decided to 
study this reaction in detail. 

Experimental Section 
All operations were carried out either in a nitrogen-filled glove 

box equipped with a recirculating system to remove oxygen and 
waters or on the bench using typical Schlenk-tube techniques. 
All glassware was flash flamed and flushed with nitrogen prior to 
use. 

Instrumentation.-Infrared spectra were obtained using a 
Perkin-Elmer Model 621 high-resolution infrared spectrophotom- 

(7) Ethyl Carp., British Patent 905,985 (1962). 
(8) J. Plesek and S. Hermanek, Collection Czech. Chem. Commun., 31, 3060 

(1966). 
(9) T .  L. Brown, D.  W. Dickerhoof, D.  A. Bafus, and G. L. Morgan, 

Rev. Sci. Instv., 33, 491 (1962). 
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TABLE I 
X - R A Y  1'OTVDER PATTERNS (MAIN LINES) 

Compd d ,  

Mg(XIHs)2,4THF 8 i 6  
7 22 
5 84 
5 50 
4 13 
3 82 
3 22 

BrMgAlHs .4THF 

ClMgXlHs .4THF 

I/Ia 

111s 

vs 
ni 
m 

ni 
ni 

vs 

11.7 S 

9.71 m 
8.04 S 

7.11  S 

6.19 m 
4.385 vs 
3 .86 in 

11 3 m 
9 4  m 
8 0  m 
7 0  m 
6 15 m 
5 69 m 
5 24 m 
4 75 m 
4 1  S 

eter. Sodium chloride cells were used. Spectra of solids were 
obtained in Nujol which had been dried over sodium wire and 
stored in a drybox. No change was observed in the spectra of 
either solutions or mulls after standing in the cell for some time. 
I t  is therefore concluded that no interaction of the products 
studied with the cell windows takes place. 

X-Ray powder diffraction patterns were run using a Debye- 
Scherrer camera of 114.6-mm diameter using Cu Kcu (1.540 A )  
radiation with a nickel filter. Single-walled capillaries of 0.5" 
diameter were used. These were filled in the drybox and sealed 
with a microburner. 

Reagents.-Tetrahydrofuran and benzene (Fisher Certified 
reagent) were distilled over sodium aluminum hydride im- 
mediately before use. Diethyl ether (Fisher Certified reagent) 
was distilled over lithium aluminum hydride immediately prior 
to use. 

Mercuric halides (Baker Aualyzed) mere dried under vacuum 
and used without further purification. Triply sublimed mag- 
nesium was obtained from Dowr Chemical Co. It was washed 
with diethyl ether and dried under vacuum prior to use. 

Lithium and sodium aluminum hydrides were obtained from 
Ventron Metal Hydrides Division. Diethyl ether and tetra- 
hydrofuran solutions of these complex metal hydrides were 
prepared by adding dry, freshly distilled solvent to an appro- 
priate amount of the solid complex metal hydride. The resulting 
solution was then filtered through a coarse glass fritted filter 
funnel to which had been added dried Celite filter aid. The 
resulting clear solutions were standardized by EDTA titration 
of aluminum. 

Preparation of Magnesium Halides in Diethyl Ether and 
Tetrahydrofuran.loJ*-In a typical preparation of magnesium 
halides in ether solvents, 2 g of magnesium was added to 20 g 
of the appropriate mercuric halide in a 500-ml round-bottom 
flask with a magnetic stirring bar. Two hundred and fifty milli- 
liters of diethyl ether was then distilled into the flask containing 
the mixture. The solution was stirred overnight and filtered. 
The solutions were then standardized by magnesium analysis 

(10) B .  K .  Lewis, Dissei taf ion A b s l i . ,  20, 2341 (1960). 
(11) E. C. Ashby and R. C .  Amot t ,  J .  0i .gaimi~zelal.  Cheiii. (Amsterdam), 

14, 1 (1968). 
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10.5 
7 9  
5 . 9  
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4.03 
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(EDTA) and halogen aualysis (Volhard method). The niagne- 
siuni to halogen ratio was 1.0:2.00 =t 0.05 in all cases. 4 qualita- 
tive test for residual mercury in the solutions was negative using 
ferrocyanide and 2,2 '-dipyridyl. The solutions were also tested 
for solvent impurities by hydrolyzing a sample of the solution 
with distilled water in benzene. The organic matter was then 
salted out of the water layer into the benzene. The benzene 
layer was then subjected to analysis by glpc. Only diethyl 
ether !vas found to be present in the original solution of MgXt. 

A different method for the preparation of magnesium chloride 
in diethyl ether had to be used. This was necessary since MgCl2 
is insoluble in diethyl ether and i t  would have been difficult to 
separate the MgC12 from the Hg by-product in the previous 
method. Anhydrous hydrogen chloride in diethyl ether was 
added to a diethyl ether solution of ethylmagnesium chloride a t  
room temperature in 1 : 1 molar ratio. The precipitate which 
was formed was washed with diethyl ether and dried under 
vacuum. Anal. Calcd for MgC12.(CtHj)20: Mg, 14.36; C1, 
41.89. Found: Mg, 14.30; C1, 41.29. 

Analytical Procedures.-Halogen analysis was carried out by 
the Volhard method. Aluminum analysis was carried out by 
titration with EDTA. Magnesium analysis was carried out by 
titration with EDTA. Magnesium analysis in the presence of 
aluminum was carried out by masking the aluminum with 
triethanolamine. Lithium analysis was carried out by flame 
photometry. Hydridic hydrogen analysis was carried out by 
hydrolyzing a weighed sample of the compound and measuring 
the volume of gas evolved after passiug i t  through a Dry Ice- 
acetoue trap to remove ether. The amount of ether solvated to 
a compound was assumed by difference. 

General Procedures for Infrared Studies.-A measured amount 
of magnesium halide in solution was added to a three-neck, 
500-ml, round-bottom flask equipped with a three-way stop- 
cock, an addition funnel, and a Dry Ice condenser. The solution 
of alkali metal aluminum hydride was added in a stepwise 
fashion in order to establish MA1H4:MgX2 mole ratios of 0.5: 
1.0, 1.0:1.0, 1.5:1.0, 2.0:1.0,  and 3.0:l.O. After each addition 
the solution was stirred for 15 min and any precipitate formed was 
allowed to settle. A sample of the supernatant liquid was taken 
with a syringe through the three-way stopcock (under strong 
nitrogen flush) and the infrared cell filled in the drybox. A11 
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TABLE I1 
INFRARED DATA (SOLUTION SPECTRA, C M - ~ )  

Mg(A1H4)z .4THF BrMgAlH4.4THF LiAlH4. (ClH&O 
1730 m 1725 s 1740 s 
800 w 795 m 755 m 
750 m 760 m 

ClMgAlH4.4THF BrMgAlH4. (C2H6),0 LiAlH4.THF 
1715 s 1780 s 1691 s 
795 m 760 m 760 m 
760 m 

NaAlH4 . T H F  
1680 s 
772 m 

reactions were carried out such that the resulting concentration of 
the reaction mixture was between 0.1 and 0.2 M .  

General Procedure for the Isolation of Intermediates.-The 
alkali metal aluminum hydride was added to the magnesium 
halide in a ratio of 1.0: 1.0. Any solid formed a t  this ratio was 
filtered and analyzed, and its infrared spectrum and X-ray 
powder pattern were obtained. The resulting solutions were 
then fractionally crystallized, the separate fractions were 
analyzed, and their infrared spectra and X-ray powder patterns 
were obtained. 

A.  Reactions of NaAlH, and MgX2 in Tetrahydrofuran. ( 1 )  
Reaction of Sodium Aluminum Hydride and Magnesium Chlo- 
ride in Tetrahydrofuran.-When NaA1H4 was added to MgClz 
in T H F  in a mole ratio of 0.5:1.0, a precipitate was formed. 
The infrared spectrum of the solution a t  this point showed bands 
a t  1715, 795, and 760 cm-1. At a NaAlH4:MgClz ratio of 
1.0:  1 .0 the bands a t  1715 and 795 cm-' increased in intensity and 
more precipitate was formed. Elemental analysis and an X-ray 
powder pattern of this solid showed i t  to be NaCI. At a Na- 
A1H4:MgClz ratio of 1.5: 1.0 the intensity of the infrared bands 
noted above decreased and more precipitate was formed. At 
a 2.0: 1 .O ratio, no infrared bands appeared in the AI-H stretching 
and deformation regions and more precipitate was formed. At 
a 3.0:l.O ratio bands appeared a t  1680 and 772 cm-I char- 
acteristic of NaA1H4 in tetrahydrofuran. AT0 more precipitate 
was formed. The solid was filtered and gave an X-ray powder 
pattern consisting of lines for XaC1 and some other substance. 
This solid was then subjected to Soxhlet extraction with tetra- 
hydrofuran. A white solid was obtained from this extraction 
which gave lines in the powder pattern which were the same as 
the lines in the previous pattern with the NaCl lines subtracted 
(see Table I) .  The infrared spectrum of this solid showed ab- 
sorption bands a t  1725, 1025, 920, 875, 785, and 740 cm-l. 
A 77% yield of Mg(AlH4)z.4THF was obtained. Anal. Calcd 
for Mg(AlH4)2.4THF: Mg, 6.49; Al, 14.41; H ,  2.13. Found: 
Mg, 7.06; Al, 14.90; H,  2.24. 

In  a separate experiment, NaA1H4 was added to MgClz in 
tetrahydrofuran in a mole ratio of 1.0: 1.0. A precipitate formed 
which was filtered. The resulting filtrate was then subjected to 
crystallization by solvent removal. The infrared spectrum of this 
solid in Nujol gave bands a t  1730, 1070, 1030,920, 880, and 745 
cm-I. For the major lines in the X-ray powder pattern see 
Table I. Anal. Calcd for ClMgAlH4.4THF: C1, 9.36; Mg, 
6.41; -41, 7.12; H,  1.05. Found: C1, 9.58; Mg, 6.77; Al, 
7.22; H,  1.13. 

Sodium Aluminum Hydride and Magnesium Bromide in 
Tetrahydrofuran.-The course of the reaction of NaA1H4 and 
MgBrz in tetrahydrofuran was followed by infrared .analysis. 
The results were similar to those reported for the previous system. 

In a separate experiment, the solution containing the reaction 
product of NaAlH4 and MgBrz in a mole ratio of 1 . O : l . O  was 
treated in the same way as the ClMgAIH4 solution. The infrared 
spectrum of the solid in Nujol gave absorption bands a t  1715, 
1070, 1030, 915, 875, 795, and 745 cm-l. The X-ray powder 
pattern is shown in Table I. Anal. Calcd for BrMgA1H4.4THF: 
Br, 18.88; Mg, 5.74; A1, 6.37; H ,  0.94. Found: Br, 19.49; 
Mg, 6.40; Al, 6.91; H, 0.96. 

(2) 

TABLE I11 
INFRARED DATA (MULL SPECTRA, CM-') 

Mg(AlH4)z .4THF Mg(AlH4)z.BTHF Mg(AlH4h 
1725 s 1785 s 1855 s 
1025 s 1730 s 1830 s 
920 w 
875 m 
785 s 
740 s 

Mg(AlH4)2*2(CzHS)zO ClMgAlH484THF ClMgAlHa. 2THF 
1800 s 
1285 w 
1190 w 
1150 m 
1090 m 
1045 s 
995 w 
895 w 
740 s 

BrMgAlH4.4THF 
1715 s 
1070 w 
1030 m 
915 w 
875 m 
795 s 
745 s 

1730 s 1775 s 
1070 w 1030 m 
1030 m 880 m 
920 w 810 m 
880 m 745 m 
745 s ClMgAlH4 

1850 s 
1830 s 

BrMgAIHl (CzHs)zO 
1830 s 
1290 w 
1260 w 
1190 w 
1150 w 
1090 m 
1040 m 
1000 w 
900 w 
750 s 
720 s 

IMgAlH4. (CeHa)zO 
1800 s 
1285 w 
1190 w 
1150 w 
1090 m 
1050 m 
900 m 
890 w 
810 s 

(3)  Sodium Aluminum Hydride and Magnesium Iodide in 
Tetrahydrofuran.-At 0.5 : 1 .O addition of a solution of NaAlHd 
in tetrahydrofuran to solid MgIz in tetrahydrofuran, the infrared 
analysis of the filtrate showed an absorption band a t  1730 cm-'. 
At a 1.0:l.O ratio, a shoulder appeared on the low-frequency 
side of the absorption band noted above. The intensity of the 
band a t  1730 cm-' was not increased. The X-ray powder pattern 
of the solid after the 1 : 1 addition showed it  to be a mixture of 
MgIz. 6THF and Mg(AlH4)z + 4THF. Further addition of NaAIH4 
increased the intensity of the shoulder until a t  a ratio of 10: 1.0 
the entire band centered a t  1680 cm-'. A yield of 58y0 for 
Mg(AlH4)2.4THF was obtained. The solid a t  10: 1.0 addition 
was analyzed. Anal. Calcd for Mg(AlH4)*.4THF: Mg, 6.49; 
Al, 14.41; H, 2.13; I, 0.0. Found: Mg, 7.06; Al, 14.93; 
H, 2.24; I ,  0.0. Infrared and X-ray powder pattern data are 
given in Tables 1-111. 

B. Reactions of LiAlH, and MgXz in Tetrahydrofuran. (1) 
Lithium Aluminum Hydride and Magnesium Chloride in Tetra- 
hydrofuran.-At a 0.5 : 1 .O ratio of LiA41H4 in tetrahydrofuran 
to MgCL in tetrahydrofuran, infrared analysis of the clear filtrate 
showed absorption bands a t  1715, 795, and 760 cm-'. At  a 
1 .O: 1.0 ratio these bands increased in intensity and broadened 
somewhat. At 1.5:l.O ratio the bands increased in intensity, 
and a shoulder appeared a t  the low-frequency side of the 1715- 
cm-I band. At a 2.0: 1.0 ratio these bands increased in intensity, 
and a t  a 3.0: 1.0 ratio, what was the shoulder in the previous 
addition became the main band and was centered around 1691 
cm-'. The band a t  760 cm-l broadened and its intensity in- 
creased to a greater extent than the 795-cm-' band. (LiAlH4 
in tetrahydrofuran has infrared absorption bands a t  1691 and 
763 cm-I.) No precipitate was observed even a t  3.0: 1.0 addition. 

In a separate experiment, LiA1H4 was added to  MgClz in 
tetrahydrofuran in 1 : 1 ratio. The solvent was then removed 
under vacuum and the infrared spectrum and X-ray powder 
pattern of the resulting solid were obtained. The solid was 
shown to be a mixture of LiCl and ClMgAlH4. 4THF. 

Lithium Aluminum Hydride and Magnesium Bromide in 
Tetrahydrofuran.-Similar results were obtained as in the 

(2) 
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previous system. KO precipitate was observed even a t  LiAlH4 
to MgBrn ratios as high as 5 . O : l . O .  

Lithium Aluminum Hydride and Magnesium Iodide in 
Tetrahydrofuran.-When LiXlH4 in tetrahydrofuran was added 
to Mg12 in tetrahydrofuran, no absorption bands appeared in 
the infrared spectrum of the solution which were different from 
those of pure solvent until a LiA1H4:MgIz ratio of greater than 
2.O:l.O was attained. Akt this point absorption bands a t  1691 
and 760 cm-1 appeared indicative of L M H 4  in solution. The 
precipitation of solid material in this reaction was obscured by 
the fact that the MgIz reactant is insoluble in THF.  The X-ray 
powder diffraction pattern of the solid product showed the com- 
pound to be Mg(A1H4)2.4THF. A yield of 85% for Mg(hlH4).  
4THF was obtained. 

C. Reactions of NaAIHa and MgXz in Diethyl Ether. 
Sodium Aluminum Hydride and Magnesium Bromide in Diethyl 
Ether.-Magnesium bromide in diethyl ether was added to 
SaAIH4 in diethyl ether in a ratio of 1.0:2.0.  The solution was 
stirred for 4 days. At the end of this time no bands in the I1-H 
stretching and deformation regions were found in the infrared 
spectrum of the solution. An X-ray powder pattern of the solid 
showed lines due to XaBr and some other compound which was 
not MgBrz or NaAIH4. The infrared spectrum of the solid had 
bands a t  1800, 1285, 1190, 1150, 1090, 1045, 995, 895, and 740 
cm-I. The white solid was subjected to Soxhlet extraction. 
The infrared spectrum of the resulting solid in Xujol exhibited 
absorption bands a t  1800, 1285, 1190, 1150, 1090, 1045, 995, 
895, and 740 cm-'. The X-ray ponder diffraction pattern is 
given in Table I. The total yield of Mg(AlH4)~.2(C~H~)20 was 
80%. Anal. Calcd for M ~ ( A I H ~ ) ~ . ~ C ~ H S O :  Mg, 10.37; AI, 
23.03; H, 3.41. Found: Mg, 9.43; AI,  23.96; H, 3.50. 

D. Reactions of LiAlH4 and MgXz in Diethyl Ether. (1) 
Lithium Aluminum Hydride and Magnesium Chloride in Diethyl 
Ether.-Lithium aluminum hydride in diethyl ether was added 
to MgClt in diethyl ether in a mole ratio of 2.0: 1 .O. The solution 
was stirred for 2 days. The solid obtained was analyzed. Anal. 
Found: C1, 50.43; Mg, 2.96; Al, 7.27. The X-ray powder 
pattern showed only LiCl. The infrared spectrum of the solid 
gave no definite bands in the AI-H stretching region. After 
removing some of the solvent from the filtrate a solid was ob- 
tained and analyzed. Anal. Found: C1, 16.17; Mg, 12.53; 
Al, 24.02; Li, 3.15. The X-ray powder pattern gave lines for 
LiCl and some other compounds. The infrared spectrum of the 
solid gave bands a t  1845, 1780, 1190, 1150, 1090, 1040, 995, and 
900 cm-I. 

When LiXlH4 was added to MgC12 in diethyl ether in a mole 
ratio of 1.0: 1.0, the precipitate obtained was analyzed. Anal. 
Found: The X-ray 
powder pattern showed lines for LiCl and another compound 
which did not correspond to the compound in the 2 : l  case. 
The solid obtained by removing the solvent from the filtrate was 
analyzed. Anal. Found: C1, 22.42; Mg, 12.99; AI, 10.84; 
Li, 1.27. In 
addition to the lines for LiC1, other lines were observed which 
corresponded to the second solid in the 2 :  1 case. The infrared 
spectrum of this solid gave bands a t  1800, 1260, 1195, 1150, 
1095, 1045, 1000, and 900 cm-'. The solution spectra of the 
2 :  1 and 1:l case both gave absorption bands a t  1780 cm-1 and 
shoulders on the low-frequency side. 

Lithium Aluminum Hydride and Magnesium Bromide in 
Diethyl Ether.-At a 0.5: 1.0 ratio of LiAlHl to MgBrn in diethyl 
ether, absorption bands a t  I780 and 760 cm-' appeared in the 
infrared spectrum of the solution. .4t a 1.0: 1.0 ratio a shoulder 
on the low-frequency side of the l'iSO-cm-' band appeared. At 
a 1.5: 1.0 ratio, the bands increased in intensity and the band a t  
760 cm-l broadened. Xt a 2.0: 1.0 ratio, the bands a t  1780 and 
1740 cm-1 were of equal intensity. At a 3.0: 1.0 ratio the bands 
a t  1740 cm-' increased in intensity. 

A precipitate was initially formed which gave an indefinite 
analysis. However, it contained only 2% of the total magnesium. 

In a separate experiment, lithium aluminum hydride in diethyl 
ether was added to MgBrt in diethyl ether in a mole ratio of 

(3) 

CI, 43.91; Mg, 7.25; AI, 11.66; Li, 6.17. 

The X-ray powder pattern gave lines for LiCl. 

(2)  

1 .O: 1.0. The solvent was then removed and a solid was obtained. 
The X-ray powder pattern showed LiBr but not LiAlHl or 
MgBrz.(C2He)z0. For the infrared spectrum of the solid in 
Nujol see Table 111. Anal. Calcd for LiBr + BrMgX1H4. 
2(CzH5)20: Li, 1.89; Br, 43.65; Mg, 6.64; XI ,  7.37. Found: 
Li, 1.87; Br, 40.74; Mg,  6.45; XI, 6 .G .  

Lithium Aluminum Hydride and lllagnesium Iodide in 
Diethyl Ether.-No infrared absorption bands other than diethyl 
ether appeared up to  a LiXlH4 : MgIz ratio of 1.0 : 1 .O. 9 white 
solid was obtained up to this ratio and analyzed. Anal. Calcd 
for IMgAIH4.(C2H6)10: I,  49.53; Mg, 9.49; A I ,  10.53. Pound: 
I, 49.23; Mg, 9.52; -&I, 10.67. Addition of more LiA1H4 gave 
infrared bands corresponding to LiA1H4. A yield of product was 
727,. For the X-ray powder diffraction pattern and infrared 
spectrum of the solid see Tables I and 111. 

Reaction of Magnesium Aluminum Hydride and Magnesium 
Chloride in Tetrahydrofuran.--When equimolar amounts of 
M ~ ( X ~ H ~ ) Z  and MgCL in T H F  were mixed, the resulting solution 
gave an infrared spectrum corresponding to that of ClMgXIHI. 
The removal of the solvent gave a solid whose infrared spectrum 
and X-ray powder pattern were identical with those of CIMg- 

Reaction of Lithium Bromide and Magnesium Aluminum 
Hydride in Diethyl Ether.-I%'hen equimolar amounts of LiBr 
and Mg(AlH4)% were mixed in diethyl ether, the resulting solution 
exhibited infrared absorption bands a t  1780, 1740 (both of 
equal intensity), 793, and 762 cm-1. See Figure 2. 

(3)  

AlHi * 4THF. 

Results and Discussion 
In  the present study LiA1H4 and NaAIHd were al- 

loved to react with hlgCl9, hlgBrz, and MgIz in diethyl 
ether and tetrahydrofuran. I t  is important that this 
reaction was studied in such detail since the course of 
the reaction is dependent on the nature of the alkali 
metal, the halide, the solvent, and the solubility of the 
alkaki metal halide by-product. The discussion will be 
divided roughly into two parts (eq 7 ) ,  namely, those 
combinations of reactants that produce Mg(AlH4)z as 
the reaction product and those Combinations of react- 
ants that  either stop a t  the XhlgA1H4 stage or produce 
an equilibrium mixture of products. 

MAIIIa 
MAlHa + MgX2 ---+ MX + XMg41H4 -4 

MX + iVlg(AlH4)2 ( 7 )  

IVhen NaAIHl was allowed to react with MgClz in 
tetrahydrofuran in a mole ratio of 1.0: 1.0, a white pre- 
cipitate appeared which was shown by elemental and 
X-ray powder pattern analyses to he NaC1. The in- 
frared spectrum of the reaction solution showed bands 
a t  1715, 795, and 7G0 cm-'. None of these bands cor- 
responds to Na41H4 but they are characteristic of the 
A1-H stretching and deformation regions. When this 
solution was subjected to fractional crystallization, suc- 
cessive fractions gave elemental analyses corresponding 
to the empirical formula CIMgAIHI~ 4THF. The X-ray 
powder pattern of this solid shows no lines due to Mg- 
Clz.2THF, h,lg(A1H4)2. 4THF, NaA1H4, or NaC1. 
Furthermore, the infrared spectrum of this solid shows 
bands a t  1730, 1070, 1030, 920, 880, and 745 cm-' 
which are not characteristic of either MgClz or Mg- 
(A1H4)2.4THF. Also no bands characteristic of big-H 
n-ere observed. It would appear then that the product 
produced in this reaction is C1MgAlH4.4THF and not 
a physical mixture of MgClz and Mg(AlH4)2 or iClgC12, 
MgH2, and A1H3. 
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As one adds more NaA1H4 to the MgCl2 in tetrahy- 
drofuran until the mole ratio is 2.0 : 1.0, more precipitate 
is formed and the infrared spectrum of the solution 
shows no bands in the A1-H or Mg-H stretching and 
deformation regions. The infrared spectrum of this 
solid in Nujol shows bands a t  1725, 1025, 920, 875, 785, 
and 740 cm-'. The X-ray powder pattern of the solid 
showed NaCl in admixture with some other compound. 
The elemental analysis of the solid was consistent with 
a mixture of NaCl and Mg(A1H4)2.4THF. Soxhlet 
extraction of this solid with tetrahydrofuran yielded 
crystals which produced an analysis consistent with 
Mg(AlH4)z -4THF. The infrared spectrum of the 
solid-extracted product was the same as the original 
product mixture and the X-ray powder pattern showed 
all the lines of the mixture after subtracting out the 
lines due to NaC1. The infrared and powder pat- 
tern data of the extracted solid were not consistent with 
the description of the product as a physical mixture of 
MgH2 and A1H3. Thus it appears clear that the reac- 
tion of NaAlH4 and MgC12 in tetrahydrofuran proceeds 
stepwise to produce first the soluble ClMgAlH4 and 
then the insoluble Mg(AlH& 

T H F  
NaAlH4 + MgCl, --f ClMgAIH4 + NaCl (8 )  

T H F  
ClMgAIH4 f KaAlH4 --f Mg(AIH4)z f NaCl (9) 

When MgCl2 in tetrahydrofuran was added to Mg- 
(A1H4)2 4THF, the insoluble Mg(AlH4)2 dissolved. 
The resultant solution produced an infrared spectrum 
identical with that exhibited by ClMgAlH4. Frac- 
tional crystallization of the solution yielded solid frac- 
tions whose X-ray powder patterns and infrared anal- 
yses were consistent with those of C1MgAlH4 ' 4THF 
prepared from NaAlH4 and MgC& in 1 : 1 stoichiometry 

MgClz + Mg(A1Ha)n --ic 2ClMgAlH4 (10) 

Since the reaction of NaA1H4 with MgClz in tetrahydro- 
furan is a stepwise reaction to produce ClMgAlH4 and 
then Mg(A1HJ2, any Mg(AlH4)2 formed in the initial 
stages of the reaction would rapidly redistribute with 
MgC12 to form ClMgAlH4. The Mg(A1H4)2 formed in 
these reactions was insoluble in tetrahydrofuran, diethyl 
ether, and the common nonprotic organic solvents con- 
trary to the earlier reports by WibergsZp4 

When NaA1H4 was allowed to react with MgBr2 in 
THF,  results similar to the reactions with MgCl2 were 
observed; ;.e., a t  a 1 : 1 ratio BrMgA1H4 was formed and 
a t  a 2 :  1 ratio Mg(AlH& was formed. Since sodium 
bromide is also insoluble in tetrahydrofuran, Mg- 
(AlH& produced in this reaction contains 2 molar equiv 
of NaBr. 

Magnesium aluminum hydride could be prepared 
essentially halogen free by allowing NaAlHl and Mg12 
to react in tetrahydrofuran a t  a mole ratio of 10 : 1.0. 
Since the NaI by-product is soluble in THF,  Mg(A1HJ2 
precipitates from solution halogen free. Attempts to 
prepare IMgAlH4 in THF were unsuccessful owing to 
the disproportionation of this compound to MgIz and 
Mg(AlH4)z in tetrahydrofuran. Since both MgI2 and 

T H F  

Mg(AIH& are insoluble in THF,  elemental analysis in- 
dicates an empirical formula IMgA1H4. However in- 
frared and powder diffraction analyses show that this 
solid is a physical mixture of Mg12 and Mg(A1H4)? 
(eq 11). This disproportionation was demonstrated 

T H F  
NaAIH4 + MgIz + NaI + [IMgAlH4] + 

0.5MgIz -1 f 0.5hfg(hlH4)2 4 (11) 

further by adding IMgAlH4 - (C2H&0 to tetrahydro- 
furan (eq 12). The reaction was very exothermic and 

T H F  
2IMgAlHa + (CzHs)zO MgIz.6THF -1 + 

Mg(AIH4h.4THF 4 4- (CzHs)zO (12) 

the resultant solid produced an infrared spectrum and 
X-ray powder pattern consistent with those of a mix- 
ture of MgI .6THF and Mg(AlH4)z -4THF. 

A second reaction which produces Mg(AlH& essen- 
tially halogen free is that between LiA1H4 and MgI2 in 
tetrahydrofuran a t  a mole ratio of 3 :  1 or 4:  1. Here 
again the disproportionation of IMgA1H4 to MgIz and 
Mg(AlH& prevents the isolation of IMgAlH4 in THF.  
The solubility of the LiI by-product enables the Mg- 
(A1H4)2 to be obtained halogen free 

T H F  
2LiAIH4 + MgIz --f Mg(AlH4)z + 2LiI (13) 

When NaAlH4 was allowed to react with MgBr2 in 
diethyl ether a t  a mole ratio of 2.0 : 1.0, a white precipi- 
tate formed. This solid was shown by X-ray powder 
diffraction and infrared data to be a mixture of NaBr 
and Mg(AlH4)z (eq 14). Thus i t  is possible to prepare 

2NaAlH4 f MgBrz 4 Mg(AlH4)z + 2NaBr (14) 

Mg(A1H4)2 in both tetrahydrofuran and diethyl ether 
using the specific combination of reagents described. 

The reactions described until now have been reason- 
ably straightforward. When the alkali metal alumi- 
num hydrides were added to the MgXz in 1 : 1 stoichiom- 
etry, XMgAlH4 was formed. Upon addition of more 
MAlH4, the XMgAlH4 reacted further to form Mg- 
(AlH4)Z. In most of these cases the insolubility of the 
alkali metal halide by-product or of the MgIz seems to 
play an important role. If now we concentrate on the 
reactions where the alkali metal halide by-product is 
soluble, we see that the reaction proceeds in a somewhat 
different fashion. 

When LiAIH4 was allowed to react with MgCl2 in 
tetrahydrofuran in a 1.0: 1.0 ratio, the reaction filtrate 
exhibited infrared absorption bands corresponding to 
ClMgAlHb as was observed in the reaction of MgCh 
with NaAlH4 in tetrahydrofuran. No precipitate 
formed in the reaction since LiCl is soluble in tetrahy- 
drofuran. When the 1.0: 1.0 ratio of reactants was ex- 
ceeded, the bands due to ClMgA1H4 did not decrease in 
intensity as in the previous cases. Instead as more 
LiA1H4 was added, bands due to the LiAlH4 increased in 
intensity. Thus, instead of Mg(A1H4)2 being produced, 
an equilibrium resulted as shown in eq 15. 

(CZH6)ZO 

T H F  
LiAlH4 + MgClz ClMgAlH4 + LiCl (15) 
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Figure 1.-Reaction of LiX1H4 and MgBra in diethyl ether. Ratio of LiAlH4:MyBrl: (1) ( C S H ; ) ~ ~ ,  ( 2 )  0,5:1,0, ( 3 )  1 . U : l . U ,  (4) 
1.5:1.0, (5) 2.0:1.0, (6) 3.0:l.O. 

In  order to determine if ClMgXlHJ was the actual 
intermediate being formed, LiAlHA was added to MgC12 
in tetrahydrofuran in a 1 : 1 ratio. The solution was 
then fractionally crystallized and the resulting solids 
were subjected to X-ray, infrared, and elemental anal- 
yses. All of the analyses showed that C1MgA1H4. 
4THF and LiCl were the major products present. 

Similar results were obtained when LiAlHd and MgBra 
mere allowed to react in tetrahydrofuran (eq 16). The 
products of this reaction are BrMgAlH,. 4THF and 
LiBr. Here no solid was formed in the reaction even 
when the LiAIHi: MgBrl ratio was 5.0 : 1.0, once again 
indicating the lack of formation of Mg(A1H4)l (insoluble 
in tetrahydrofuran). Lithium bromide is soluble in 
tetrahydrofuran. 

THF 
LiAlH4 + 1VlgBr9 BrMgXlHd + LiBr (16) 

The reaction of LiAlH, and MgBre in diethyl ether, 
previously reported by Wiberg to form Mg(AlH4)2, also 
showed this equilibrium behavior. The equilibrium in 
diethyl ether may not lie as far to the right as in tetra- 
hydrofuran (eq 16) since the LiA1H4 appears in the so- 
lution spectrum sooner than in tetrahydrofuran. A 
small amount of initial precipitate was formed; how- 
ever it was found to contain less than 2 7 ,  of the total 

magnesium in the reaction. ru’o additional precipitate 
was formed even at an LiA1Hd:MgBr2 ratio of 3:  1. 
The equilibrium nature of the reaction of LiAIHl and 
MgBrz in diethyl ether was verified by the infrared ex- 
amination of the reaction solution as the LiAlH4 was 
added to the MgBr2. Figure 1 shows that even a t  an 
LiAIHA: MgBr2 ratio of 0.5: 1.0, unreacted LiA1H4 is 
present in the reaction mixture. The AI-H stretching 
band (1740 cm-l) and the A1-H deformation band 
(735 cm-l) characteristic of LiAlH, in diethyl ether 
increases as the LiAlH4 : hlgBr2 ratio increases. At  the 
LiAlH,: MgBrz ratio of 2 : 1 it  is clear that the spectrum 
represents a mixture of BrMgAlH? and LiAlHl in ap- 
proximately equimolar quantities rather than Mg(A1- 
HJ2 reported by Wiberg (compare the spectrum for 
Mg(AlH4)2.2(C2H5)20 in Figure 2) .  

In  order to test the equilibrium hypothesis an ether 
solution of LiBr was added to Mg(AIHJz obtained by 
the reaction of NaAlH4 and MgBrz in diethyl ether. 
The resulting solution (eq 17) produced absorption 

LiBr + MglAlH4)* -+ BrMgAlH4 + Li41H4 (17) 

bands of equal intensity a t  1780 and 1’7.20 cm-’. (Li- 
AlH, in diethyl ether has an absorption band a t  1740 
cm-1 and BrMgAlH, has an absorption band a t  1780 

(C2Ha)zO 
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Figure 2.- Mg(AlH4)~.2(CzHs)~0 in Nujol; ( 2 )  Mg(AlH4)n + LiBr 3' LiA1H4 + BrMgAlH4: (3) LiAlH4 in (CzH&O. 

cm-I in diethyl ether.) The infrared spectrum (Figure 
2 )  was consistent with that expected for a mixture of 
LiA1H4 and BrMgXlH4. The spectrum was also iden- 
tical with the solution spectrum of the 2.0 : 1.0 addition 
product of LiAlH4 to MgBr2 (eq 18). 

2LiAIH4 + MgBrz e BrMgAlHd + LiBr + LiAlHa (18) 

In diethyl ether the reaction of LiAIHl with MgIz (eq 
19) was found to proceed in a similar fashion to the reac- 
tion of LiAlH4 and MgBr2. At a stoichiometry of 1 : 1, a 
white solid was obtained which was shown by infrared, 
X-ray powder diffraction, and elemental analyses to be 
IMgAlH4. (C2H&0. Further addition of LiAlH4 did 
not produce Mg(AlH&. 

(CzHs)rO 

(CzHdzO 
LiAlH4 + MgIz w IMgAIH4 + LiI (19) 

The results of the reaction of LiA1H4 and MgC12 in 
diethyl ether are somewhat confusing. There is evi- 
dence that both ClMgAlH4 and Mg(AlH& are formed. 
Both the 1 : 1 and 2 : 1 reaction mixtures appear to con- 
tain ClMgAlH4. In the 2 : 1 case there is evidence also 
that some Mg(A1H4)2 is formed. 

Infrared studies in the solid state of the compounds 
prepared indicate that the degreeof covalent bonding be- 
tween the magnesium and the tetrahydridoaluminate 
group is dependent upon the degree of solvation. This 
is especially true in the case of the tetrahydrofuran sol- 
vates. Both Mg(AlH4)2 and ClMgAlH4 are obtained 
from tetrahydrofuran solution as the tetrakis(tetra- 
hydrofuranates) . The four tetrahydrofuran solvate 
molecules probably exist in a tetrahedral arrangement 
about the magnesium atom. This would increase the 
size of the cation thereby stabilizing the molecule. 
The solid-state infrared spectra of Mg(AlH& .THF 
and ClMgAlHr . T H F  both exhibit single sharp bands 

(25-50 cm-I half-width) a t  1725 and 1730 cm-l, respec 
tively. Since the bands are not split, the four hy- 
drogens on the AlHd group must be equivalent with no 
bridging. This would be consistent with an ionic 
model. 

On the other hand, when two of the tetrahydrofuran 
solvate molecules are removed from the tetrakis solvate, 
the infrared spectrum of the resulting solid shows that 
the A1-H stretching band has moved to a higher fre- 
quency and split into two bands a t  1785 and 1730 cm-l. 
This indicates that the compound has become more 
covalent and that there are probably bridging hydro- 
gens as indicated by the two bands. If Mg(AlH& is 
completely desolvated, the A1-H stretching frequency 
shifts t o  an even higher frequency and remains split 
with bands a t  1855 and 1830 cm-I. 

When ClMgA14'4THF is dissolved in benzene and re- 
crystallized, the solid obtained contains only two T H F  
solvate molecules. The infrared spectrum of this solid 
shows that the A1-H stretching band has shifted to a 
higher frequency. However, the band is not split, al- 
though it is somewhat broad and is centered a t  1775 
cm-'. Upon complete desolvation the AI-H stretching 
band again shifts to a higher frequency and this time 
splits into two bands: 

These data indicate that upon desolvation Mg(AlH4)2 
and ClMgAlH4 exhibited more covalent character 
through bridging hydrogens. Lithium aluminum hy- 
dride in the solid state, which is considered to be co- 
valent, has two bands in the solid-state infrared spec- 
trum a t  1770 and 1625 em-'. 

1850 and 1830 cm-I. 

Summafy 
In summary, the reactions of complex metal hy- 

drides with magnesium halides in ether solvents can be 
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divided into two classes. The first class includes those equilibriunl is produced according to 
reactions which produce an insoluble alkali metal 
halide by-product. These reactions produce a t  a 1 : 1 
MAlH4 + MgXz stoichiometry an isolatable XMgAlHd 
compound and upon addition of more I\IA1H4 produce 
Mg(AlH4)2 in good yield. An exception to this is the 
MgIz case in THF.  Here the “IMgA1H4” dispropor- 
tionates to MgIz and Mg(AlH4)s immediately so that 
“IMgAlH4” cannot be isolated from tetrahydrofuran 
solution. The second class includes those reactions 
where the alkali metal by-product is soluble. Here an 

h.IAlH4 + MgXA e XMgAlH4 f MX (20) 

Magnesium aluminum hydride is not formed even when 
MAlH4 is added in excess. 
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Solution calorimetric measurements of the enthalpies of the reactions of XeOd(aq) with HI(aq) and of Is(c) with HI(aq) 
have been used to determine a value of 99.94 f 0.24 kcal mol-’ for AHfo(XeOa.96.15H20) a t  298.15’K. The electrode 
potentials of the Xe-XeOs couple in acidic solution and of the Xe-HXeOd- couple in basic solution were deduced to be 
2.10 3t 0.01 and 1.24 i: 0.01 V, respectively. 

Introduction 

Xenon trioxide, Xe03, and its derivatives are perhaps 
the most unexpected of the noble gas compounds. 
Solid xenon trioxide is explosively unstable and has an 
enthalpy of formation of 96 + 2 kcal mol-’.* Solutions 
of Xe03 in dilute aqueous acid, although they are 
potent oxidizers, show no evidence of spontaneous 
decomposition, and because of this, they have received 
more experimental attention than has the dangerous 
solid. A reliable quantitative determination of the 
thermodynamic oxidizing power of these solutions is 
therefore of considerable practical value. Inasmuch as 
reactions of aqueous XeOs are irreversible, this oxidizing 
power can only be measured thermodynamically. 

The present investigation was undertaken to obtain a 
precise value for the enthalpy of formation a t  298.15OK 
of aqueous Xe03, aHE029a,lj[XeOy(aq)], from calorimet- 
ric measurements of the enthalpies of the reactions 
between Xe03(aq) and HI(aq) and between 12(c) and 
HI(aq) according to the processes 
XeOdaq) + 9I-(aq) + 6H+(aq) + 

Xe(g)  4- 3IWaq) + 3HLW) (1) 

IP(c) + I-(aqj -+ Is-(aq) ( 2 )  

These results, when combined with auxiliary ,, thermo- 
chemical data from the literature, yielded a precise 
value for AHfo(Xe03.9G.15HzO). 

(1) This work was performed under the auspices of the United States 

(2) S. R. Gunn in “Soble Gas Compounds,” H. H.  Hyman, Ed.,  Uni- 

(3) E. H.  Appelman and J. G. Malm, J. Am. C h i n .  Soc., 86 ,  2141 (1964). 

Atomic Energy Commission. 

versity of Chicago Press, Chicago, Ill., 1063, p 149. 

Experimental Section 
Materials. XeOs(aq) .-Xenon trioxide was prepared by 

hydrolysis of XeFs, which was synthesized by the reaction of 
xenon with a large excess of fluorine a t  300’ and about 100 atm 
pressure.4 Hydrolysis was effected by passing a stream of argon 
over the XeFG and then through water.5 The product was puri- 
fied by treatment with magnesium oxide, hydrous zirconium 
phosphate, and hydrous zirconium oxide.3 A rotary evaporator 
was used to  concentrate the resulting solution a t  room tempera- 
ture. The XeOs assay, 3.1394 + 0.0006 (standard deviation) 
equiv kg-l (in vacuo), was determined by iodometric titration,a 
using a thiosulfate solution that had been standardized against 
Mallinckrodt Primary Standard grade KIOI (manufacturer’s 
assay, 99.9 5-1 00.05 yo). 

Potentiometric titration of the XeOa solution indicated the 
presence of 0.010 equiv kg-I of strong acid, presumably per- 
chloric acid introduced during the purification  operation^.^ 
Measurements with a fluoride electrode (Orion Research, Inc. ) 
revealed the presence of 6 X 10-6 mol kg-I of fiuoride. No 
metallic impurities were detected by emission spectrography. 

HI(aq) .-Constant-boiling hydriodic acid was prepared by 
fractionation of reagent grade 48y0 HI,  followed by dilution to 
the required concentration with argon-saturated, twice-distilled 
water. The distillation and dilution operations were carried out 
in an inert atmosphere and in subdued light to prevent premature 
oxidation of the HI .  Two HI solutions were made, the concen- 
trations of which were determined to be 0.197 and 0.177 A!f by 
titration with standardized KaOH. The HpO :HI molar ratios 
for these solutions were calculated to be 279.18 and 310.90, 
respectively, based on the published densities.6 The solutions 
were stored in dark bottles in an inert atmosphere. 

12(c).-Iodine crystals (Electronic Space Products, Inc., LOS 

(4) C. L. Chernick and J. G. Malm, I m v g .  Syn. ,  8 ,  258 (1966). 
( 5 )  B. Jaselskis, T. hI. Spittler, and J. L. Huston, J .  A m .  C h e m  Soc., 88 ,  

(6) “International Critical Tables,” Vol. 111, McGraw-Hill Book Co., 
2149 (1966). 

Inc., New York, N. Y., 1028, p 55.  


