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A1 NMR Spectra

The 27A1 NMR spectra of (C 4 H 9 ) 4 N + AlH 4 _ n (OR)„- prepared in the reaction of (C 4 H 9 ) 4 NA1H 4
with R O H (R - CH 3 , C 2 H 5 , /-C 3 H 7 , r-C 4 H 9 , «-C 5 H U , n-C 9 H 19 , cyclo-C6Un,
C6H5,
CH 3 OCH 2 CH 2 ) in benzene show — in contrast to the Li + and Na + salts — a distinct H-splitting,
which has allowed to ascertain: 1) the presence of all members (n = 0—4) in solution, 2) the Al
chemical shift and AI —H coupling constant of all individual classes, namely (n = 0): 101.6 ppm,
quintet 174 Hz; (n = 1): 114-123 ppm, quartet 184-193 Hz; (n = 2): 103-112 ppm, triplet
197-219 Hz; (n = 3): 7 5 - 9 1 ppm, doublet 218-237 Hz; (n = 4): 5 1 - 7 3 ppm, singlet, 3) increased shielding in the order: CH 3 < n-R = i-R = sec-R < C 6 H U
C 6 H 5 < r-C 4 H 9 . The
anomalous "sagging" pattern of the curve: d 27 Al vs. number of OR groups, is interpreted on the
basis of significant differences among Al and H and OR in electronegativity.

Introduction

MA1H4

Alkoxohydridoaluminates (AHA), the 2—4 members of the AlH 4 _„(OR)„~ family (1 n = 0, 2 n = 1, 3
n = 2, 4 n = 3, 5 n = 4), are regarded either as
intermediates in the reduction of the carbonyl group
with tetrahydridoaluminates or as easily accessible
reducing agents. The vision of tailoring reducing
agents and modifying their reducing power for
chemo-, regio-, stereo- or enantio-selective reductions of selected groups in molecules has been the
reason for great interest in A H A [1, 2]. These expectations have been, however, only partially fulfilled
due to the inadequate knowledge of the stability and
the corresponding disproportionations of A H A .
Alkoxohydridoaluminates are prepared by the use
of one of the three general methods:
A. The alcoholysis of
[3-5]:
MA1H4

— H2

MAlH(OR) 3

R

MAlH 3 (OR)

tetrahydridoaluminates

— rl 2

MAlH 2 (OR) 2

H

S > MAl(OR) 4

— rl 2
(1)

""2
B. The reaction of tetrahydridoaluminates with
ketones R - C O - R ' (R, R' = alkyl, aryl) in solutions [6]:
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>
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(2)

C. The exchange of ligands among the individual
I—V members [3]:
MA1H4 + MAI (OR) 4 *
MAlH 3 OR + MAlH(OR) 3 , etc.

(3)

The mutual exchange of ligands (Method C), in
contrast to the irreversible procedures A and B, has
the character of an equilibrium reaction, and that is
why the less stable A H A can disproportionate to
more stable ones [3, 7, 8]. The stability of salts containing the 2—4 anions is relatively low, and depends
on many factors and, thus e.g. in the Li T salts, it
drops from 4 to 2 [7],
For the comprehension of the regio- and stereospecificity of reductions with A H A the following
must be known:
1) The actual composition and mutual ratio of
components 1—5 in solutions of a given AI: H : OR
ratio,
2) the rate of mutual ligand exchange among the
present species,
3) the reducing power of individual 1—4/M+ in
combination with the steric accessibility and reducibility of the given group in the substrate, and
4) the structure, i.e. steric requirements and, consequently, the stereospecificity of each reducing
agent 1—4 present in the given solution.
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Despite more than a thousand papers dealing with
A H A [1,2] and the great effort of many teams [e.g.
3, 7 - 2 0 ] , no contribution (except [21]) provide information on the real composition of the reducing solutions described by an appropriate stoichiometric
M^AlH 4 _„(OR)„ - formula. At present, almost thirty
years after the discovery of A H A only a rough
knowledge of the disproportionation of some 2—4
exists, but the genuine composition of solutions
showing definite A l : H : O R ratios are not known.
This can be explained by the application of indirect
physical methods for the analysis of A H A solutions,
such as ebullioscopic molecular weight [9, 10] and
conductance measurements [9, 11] or IR [12, 13] and
NMR spectroscopy [14, 15] which provided information on the properties of the bulk but not on the
presence and ratio of individual components.
A promising method of monitoring the individual
1—5 species in solutions is 27AI NMR spectroscopy.
Until now, however, only a few contributions exist
dealing with the A H A species resulting from the
reactions of LiAlH 4 [15, 20, 21, 23, 24] or NaAlH 4
[20, 21] with alcohols such as CH 3 OH [20, 23],
C 2 H 5 OH [20], /-C3H7OH [20], r-C 4 H 9 OH [20, 23,
24], C 9 H 1 9 OH [20], CH 3 OCH 2 CH 2 OH [20, 25], with
phenols [21] or with compounds containing the C = 0
group such as acetaldehyde [20], acetone [20], and
ethyl acetate [20] in tetrahydrofuran. Sufficiently distinct signals were observed only in the case of disproportionation products, namely the quintet of A1H 4 at approx. 100 ppm and the singlet of Al(OR) 4 ~ in
the region of 50—70 ppm [20, 21]. From the signals
belonging to A H A only imperfectly resolved doublets of monohydridoaluminate 4 were observed in the
case of methyl [20], ethyl [20], /-propyl [20] and t- butyl
[20] derivatives. Other signals of the above-mentioned compounds — if visible at all — were not Hsplit and, therefore, not assignable. Due to this fact,
the real 27A1 chemical shifts of the 2 and 3 anions
were unknown and, consequently, their presence in
solutions was not determinable.
All 27A1 NMR spectra reported so far were obtained with instruments working at relatively low
magnetic fields, i.e. at frequencies of 23.0 MHz [20,
21, 24] and 25.2 MHz [23],
The present study, therefore, focused on the problem indicated in paragraph 1), i.e. on seeking a system which would allow unambiguously to reveal and
specify all 1—5 members with basic alkyls R in solu-
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tions by the 27A1 NMR spectroscopy at the frequency
of 52.1 MHz.
Results and Discussion
A 27A1 NMR (52.1 MHz) study of the reaction
products of LiAlH 4 with alcohols in diethyl ether
proved not to be very useful due to split signals —
doublets — only with a few trialkoxohydridoaluminates (R = smaller «-alkyls, r-butyl, phenyl)
(Fig. l a ) . In all other cases, the signals were broad
and without lines splitting which did not allow any
definite assignment. In contrast to the literature data
[20, 21, 23], we have also found signals in the region
above 100 ppm.
Similar, but somewhat better was the situation
with the NaAlH 4 /nROH/monoglyme system in which
the signals were sharper, better visible, but the Hsplitting was observed only with the same signals as in
the case of the lithium analogs (cf. Fig. l b ) .

a) LiAIH4 + 3 CH 3 OH
diethyl ether

b) NaAIH 4 +
2 CH3OH
monoglyme

120

160
27

Ai(H 2 o) 6

80

40

ppm

Fig. 1. A1 NMR (52.1 MHz) spectrum of the products of
reaction: a) LiAlH 4 + 3 CH 3 OH in diethyl ether at ambient
temperature; b) NaAlH 4 + 2 CH 3 OH in monoglyme at
ambient temperature.
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An
outstanding
improvement
has
been
achieved, however, by changing (C 4 H 9 ) 4 N + for the
Li + or Na + cation in alkoxohydridoaluminates. All
[AlH 4 _„(OR)„]N(C 4 H 9 ) 4 ion pairs are soluble not
only in tetrahydrofuran (THF) or 1,2-dimethoxyethane (monoglyme) but also in aromatic hydrocarbons in which the Al atom is not affected by the
donicity of the solvent. Moreover, the (C 4 H 9 ) 4 N +
cation, in contrast to Li + or Na + , cannot catalyze on
OR/H exchange [26], thus increasing the stability and
lowering the possibility of disproportionation of the
individual 2—4 anions. The expected weak interaction of the 1—5 anions with NR 4 + cation were confirmed by the individual 27A1 NMR signals which
were substantially narrower than those of Li + or Na +
salts and showed a distinct H-splitting, corresponding to the number of H-atoms on the central
aluminum atom (Fig. 2). This fact has made possible
the revelation of all the 27 Al signals present, to determine their 27 Al chemical shifts, as well as H-splittings
and, consequently, to assign the signals to individual
anions.
For following the effect of alkyls on the 27A1 NMR
chemical shifts and on chemical equilibria of 1—5
[M + = (C 4 H 9 ) 4 N + ] in solutions, basic series of
alkoxohydridoaluminates with R = CH 3 (a), C 2 H 5
(b), /-C3H7 (c), r-C 4 H 9 (d), n-C 5 H„ (e), n-C 9 H 19 (f),
cyclo-C,H„ (g), C 6 H 5 (h), CH 3 OCH 2 CH 2 (i), and

n = 1—4 were prepared by procedures A and C and
their 27A1 NMR spectra were measured in benzene at
52.1 MHz using 10 mm NMR tubes sealed under nitrogen.
Our 2 7 AI NMR study clearly shows that in the case
of the (C 4 H 9 ) 4 N + cation, all five 1—5 members are
always present in benzene solutions, irrespective of
the alkyl R ( a - i ) , the ratio of A l : H : O R and the
preparation method. The mutual ratios of 1—5 members, as determined from the proton decoupled
spectra, did not change significantly with increasing
temperature ( 2 0 - 8 0 °C), but in the case of bulky
alkyls they were found to depend on the method of
preparation. A detailed study on the effects influencing the ratio of the 1—4 members will be a matter of a
forthcoming paper.
Chemical shifts d 27 Al of the 1—5 members [M + =
(C 4 H 9 ) 4 N + ] depend negligibly on temperature and
occur at 22 °C in the following regions: 1: 101.6 ±
0.3, 2: 114-123, 3: 103-112, 4: 7 5 - 9 1 , 5:
5 1 - 7 3 ppm (cf. Table I).
The 2 < 3 < 1 < 4 < 5 sequence of signals ordered
according to the increased shielding of the aluminum
nucleus has been found to differ distinctly from those
of the boron, carbon and silicon ZH 4 _„(OR)„
analogs, with which the tetrahydrido derivatives
( B H r [27], CH 4 [28], SiH 4 [29]) are strongly
shielded, i.e. they resonate at lower frequencies than

(C4H9)4N AIH 4 + 2 CH3OH
benzene

140

120

I

100

80

60

1
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r

Fig. 2. 27AI NMR (52.1 MHz) spectrum
of the products of reaction
[(C 4 H 9 ) 4 N]A1H 4 + 2 C H 3 O H in benzene
at ambient temperature.
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Table I: 27AI Chemical shifts of [(C 4 H 9 ) 4 N]AlH 4 _„(OR)„,
present at 22 °C (70 °C) in benzene solutions, prepared
according to the Methods A and C. Standard: external
A1(H20)63+C13/H20.

R

1

2

3

4

5

CH3

101.6
100.9

121.1
120.9

111.5
111.5

90.6
90.6

72.6
72.0

C2H5

101.6
100.9

118.2
117.9

108.3
107.7

87.8
87.3

68.3
69.5

<-C3H7

101.6
100.9

118.7
118.2

108.2
107.7

87.8
87.1

70.7
69.1

t-C4H9

101.6
101.0

122.8
122.3

108.6
108.3

75.5
74.4

51.6
51.8

N-C5HU

101.6
100.9

118.7
118.3

108.2
107.8

87.6
87.1

70.8
69.1

/7-C9H19

101.6
100.9

118.5
118.2

107.1
108.0

87.0
87.1

70.4
69.3

cyclo-C6 H U

101.6
100.9

115.0
114.7

103.0
103.3

85.1
84.2

66.8
65.8

C6H5

101.6
100.9

115.5

103.1

77.6
76.1

53.3
52.6

CH 2 CH 2 OCH 3 101.6
100.9

119.8
119.5

109.7
109.5

88.6
88.3

71.6
69.4

their tetraalkoxo derivatives. For this anomalous sequence, two explanations were considered:
1) The participation of Al atom in five-coordination (generally a shift to lower frequencies), which
could be due to a high donor character of O R ligands
and of a growing acceptor power of aluminum with
increasing number of electronegative O R groups
(eq. (4)):

R0 V /OFT
RO

X

0R

R
RO1 A OR 2 "
/ \l
RO-Af
Al—OR
1

RO

VOR

2) The result of a considerable difference in the
electronegativity (EN) of aluminum (EN = 1.50) and
substituents: H (2.20), O R (3.55), and/or of a participation of aluminum in the lone electron-pair of the
O R groups A l - O - R .
The former hypothesis can be rejected due to the
following facts:
a) The negative charge of the Al(OR) 4 ~ anion
greatly decreases the tendency to dimerization, according to eq. (4).

b) The shielding of 27A1 in Al(OR) 4 ~ rises with
increasing steric hindrance of the alkyl group R: CH 3
< C 2 H 5 = /-C3H7 < f-C 4 H 9 : the order found thus has
an opposite trend than expected for the dimerization
of tetraalkoxoaluminates.
c) <327Al of 5 b , c does not change with temperature
up to 110 °C in toluene, as observed with ethyl and
sec-alkyl [Al(OR) 3 ]„ oligomers with which the content of five-coordinated Al (resonating at approx.
40 ± 5 ppm) changed to the benefit of tetra-coordinated Al (resonating at ca. 61 ± 2 ppm) [30],
d) The four-coordinated Al atoms in [Al(OR) 3 ]„
show for C 2 H 5 , /-C 3 H 7 and r-C 4 H 9 derivatives similar
c5Al chemical shifts [29] as Al(OR) 4 ~ anions.
e) The 27 Al signal of (C 4 H 9 ) 4 N + Al(OC 2 H 5 ) 4 ~
(68.3 ppm) occurs at a similar frequency as the 27 Al
signal of ethanol solution of NaAl(OC 2 H 5 ) 4
(71.3 ppm, W 1/2 51 Hz) which was found to be monomeric under these conditions [31].
These observations strongly support the idea that
the M + Al(OR) 4 ~ molecules do not dimerize in solutions, and thus the 27 Al signals present in the region
of 52—72 ppm belong to these individual compounds
with tetra-coordinated aluminum. A similar view was
expressed by Turova et al. [32] on the basis of a
narrow 27 Al signal of NaAl(OC 2 H 5 ) 4 in ethanol.
Implicitly, the same conclusions can be drawn for 4,
3 and 2 types due to the fact that the acceptor character of aluminum significantly drops with a decreasing
number of attached O R groups. A low intermolecular A l - O R - -Al coordination follows also from small
line widths of the individual 2, 3 and 4 27 Al signals.
In the light of the above conclusions, the latter
hypothesis was examined. The dependence of <527A1
of 1—5 on the number of alkoxo ligands was found to
have the character of a U-curve. Such a "sagging"
pattern has been also observed with analogs of other
central atoms such as 29Si [28, 33, 34], 31 P [35, 36]
and 119Sn [37, 38]. The earlier explanation of the deviation from additivity — the predominant (p—d);r
interaction between the central atom and the lone
electron-pair of an adjacent substituent [28, 35] —
was re-examined [33, 36] and differences in a-charges
on the central atom were found to be dominant.
Our preliminary calculations have shown that both
the U-character and the exceptional 2 < 3 < 1 < 4 <
5 shielding sequence conform roughly with the Engelhardt-Radeglia approximation [33, 36, 37], i.e.
they are caused primarily by great differences in electronegativities not only between the aluminum and
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adjacent substituents (H, O R ) but also between the
H (EN = 2.2) and O R (3.55) substituents themselves. To what extent the latter interaction is involved in the AI N M R product is under investigation.
With mixed haloaluminates AlX 4 _ n Y„~, it was
found earlier [39] that a stepwise exchange of Y for X
brings no regular changes in the 27 Al chemical shifts.
A good agreement ( < 1 ppm) was, however,
achieved by calculating <327A1 using the pairwise additivity constants R ] , T] ,Y and RJ ,Y [40]. The values
?7X,Y have been found almost identical when calculated from A1X 3 Y", A1X2Y2~ or A1XY3~. This is,
however, not the case with the AlH 4 _„(OR)„~ compounds with which the pairwise ?7H,OR constants increase significantly when calculated from 2, 3 and 4
X X

Y

X

(77H.OCH3: 13.3, 20.6, 28.3; ?7H,O-C,H5: 12.3, 20.0, 28.0;
*7H,O-i-C3H7: 12.3, 19.9, 27.2; Vn.o-.-c^- 8.2, 20.8,

32.3 ppm). The reason for the failure of pairwise additivities with alkoxohydridoaluminates is, very
likely, the diverse nature of the H~ and O R " ligands
which differ substantially in electronegativities, and
of which only O R is able to form the A l - O (p—d)7r
interaction. Analogous properties are very likely a
reason of unsuccessful c327A1 calculations of the 2—4
members obtained when using trigonal additive
parameters [41, 42].

Coupling constants 7 A I - H increase successively
with increasing number of electronegative OR
groups, i.e. from 1 to 4 and show practically the same
values (in Hz) at 22 and 70 °C: 174 (1), 184-192 (2),
197-217 (3) and 2 2 4 - 2 3 7 (4) (cf. Table II). This
trend is similar to those, observed for C—H [43] and
B - H [26] interactions.
Conclusions
1) The 27AI N M R spectra of
(C 4 H 9 ) 4 N + AlH 4 _„(OR)„~ indicate not only relatively
weak cation—anion interactions (likely of Coulombic
nature) but also an imperceptible autocomplexation
of the 1—5 anions in benzene solutions.
2) The solutions of a defined AI: H : OR ratio contain always all 1—5 species, irrespective of the preparation method (A—C), A l : H : O R ratio and character of R ( a - i ) .
3) In contrast to the Li + or Na + salts of the
1—5 anions, the stability and disproportionation
of which in solutions is given by the extent of
ether—cation —anion interactions, the behavior of
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Table II:
Coupling
constants
7AI-H
HZ
of
(C 4 H 9 ) 4 N + AlH 4 _„(OR)„-, 1 - 5 , present at 22 °C (70 °C) in
benzene solutions, prepared according to the Methods A
and C.

R

1

2

3

CH3

174
174

b
184

b

b

208

224

C2H5

173.7
174

/-C 3 H 7

174
174

185
185
b

203
210
b

240
230
b

173.8
174.4

219
b

237

/-C4H9

192
b
b

N-C5HN

174
174

f2-C9H]9

quintet quartet triplet

4

5

doublet singlet 2
650
320
700
230
720
270

b
b

190
b
b

217
218
b
b

173.7
174.2

b
b

b
b

b
b

1000
310

cyclo-C6HU

174
174

b

b

174
174

197
b
b

224
b
b

260
140

C6H5

192
184
b
b

b

241
236

CH 3 OCH 2 CH 2 173.8
173.8
a
b

193
184

217

80
40
910
450

120
60
320
140

Line width at half height (Hz);
wide signal, unresolvable.

(C 4 H 9 ) 4 N + AlH 4 _„(OR)„ compounds is governed
mainly by the equilibrium stability of the appropriate
weakly solvated 1—5 anions a—i.
4) Due to weak interactions among the
AlH 4 _„(OR)„ - anions, the (C 4 H 9 ) 4 N + cation and benzene, it is possible to anticipate that the reducing ability
will decrease in the order: A1H4~ > AlH 3 OR~ >
AlH 2 (OR) 2 ~ > AlH(OR) 3 ~, and the stereospecificity will increase with growing steric requirements of
the alkoxy group: O C H 3 < OC 2 H 5 < 0 - / - C 3 H 7 <
0-r-C4H9.
5) The calculations of 27 Al chemical shifts of 2—4
by means of pairwise additivities and trigonal additive parameters fail. A similar failure can be expected in general with all tetra-substituted compounds having two or more substituents which differ
mutually in electronegativity or in the ability to form
jr-back-donation interactions with the central atom.

Experimental
The 27A1 NMR spectra (52.128 MHz) were measured using a Varian XL-200 N M R spectrometer. The
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samples were sealed in 10 mm tubes under argon with
a capillary containing the standard, an aqueous solution of [Al(OH 2 )6]Cl 3 . The spectra of 0.2 M benzene
solutions of 1—5 were measured without lock, the
field stability varied in the range of ± 5 Hz. The
quadrupole broadening was reduced partially by
measuring spectra at elevated temperatures (70 or
80 °C).
All reactions and manipulations were carried out
under dry argon. Alcohols and solvents were dried
over molecular sieves and distilled over CaH 2 prior
to use. NaAlH 4 for the preparation of (C4H9)4NA1H4
contained 97.15% of the theoretical amount of Al
(Al: Na: H~ = 1:1.03:3.97).
Preparation of [(C4H9)4N]AIH4 was a slight modification of a method described by Bakum [44]: A solution of 7.89 g NaAlH 4 (0.142 mol) in 200 ml of T H F
was added during 10 min to a stirred solution of
(C 4 H 9 ) 4 NBr (45 g, 0.139 mol) in 700 ml of dry T H F
at 40 °C. The reaction mixture was allowed to cool to
rooms temperature and stirred for 4 h. After 1 d
storing the precipitated sodium chloride was filtered
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