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Different Reactivity Patterns in the Reactions of the Homologous
Trimethylelement Compounds EMe; (E = Al, Ga, In) with Methylhydrazine
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The trimethylelement compounds EMej (E = Al, Ga, In) fol-
lowed three different reaction courses upon treatment with
methylhydrazine, H,N-N(H)Me. AlMej; reacted at room tem-
perature by releasing 1.5 equiv. methane to yield the ses-
quihydrazide (Me,Al);[p-NH-N(H)Me]gAl (1), which in the
solid state has a hexacoordinate central aluminum atom and
six hydrazido groups in the bridging positions to the three
terminally arranged AlMe, groups. Dissociation occurred
upon dissolution, and the dialuminum compound Me,Al[p-
NH-N(H)Me],Al(Me)[NH-N(H)Me] (2), containing one ter-
minal hydrazido group, was identified unambiguously by
NMR spectroscopy. GaMe; gave a simple adduct, Me;s-
Ga«<N(H)Me-NH, (3), under the same reaction conditions.

Boiling toluene was required to initiate a secondary reaction
with the release of methane. A bicyclic tetragallium com-
pound, 4, in which a twofold deprotonated hydrazide, [HN-
NMe]?, bridges four gallium atoms, was the result. Each pair
of gallium atoms on both sides of the central hydrazinediide
ligand is further bridged by the monoanionic hydrazide [HN—
N(H)Me] to yield two annelated, five-membered Ga,N3 het-
erocycles. A similar compound, 5, was directly obtained from
the reaction of InMe; with methylhydrazine at room tem-
perature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The synthesis of organoaluminum, -gallium, and -indium
hydrazides found some interest in recent research, because
these compounds may be applicable in material chemistry
as molecular precursors for the deposition of the corre-
sponding nitrides.'! Another important aspect is the inter-
esting coordination behavior of hydrazido ligands, which is
caused by two directly connected donor nitrogen atoms and
has afforded a broad variety of different structural motifs in
former investigations.”! Simple adducts between hydrazines
and trialkylelement compounds or alkylelement halides re-
sulted from donor—acceptor interactions without secondary
reactions.*~°1 Hydrazides obtained by the release of hydro-
gen, alkanes, or lithium halides were monomeric in a few
cases only owing to steric shielding!'%! or through the coor-
dinative saturation of the central atoms by a side-on coordi-
nation of the hydrazido group through both nitrogen
atoms.':12l Most compounds gave dimeric formula units
with four-, five-, or six-membered heterocycles and 1,1- (ge-
minal) or 1,2-bridging (vicinal) functions of the N-N
bonds.[>72-12-231 Oligomers possessing a cage-like arrange-
ment of metal and nitrogen atoms or oligocyclic derivatives
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are known to a lesser extent.[36-16:17.24-261 The synthesis of
these hydrazides was accomplished essentially by four pro-
cedures: (i) Reactions of trialkylelement compounds or di-
alkylelement hydrides with hydrazines by the release of
alkanes or elemental hydrogen; (ii) salt elimination by the
treatment of dialkylelement halides with lithium hydrazides,
or, quite similarly, by the reaction of hydrazine adducts of
element chlorides with butyllithium; (iii) amide replacement
by the treatment of aminoalanes with hydrazines; (iv) ad-
dition of Al-H bonds to the C=N double bonds of 2,3-
diazabutadienes or diazenes (hydroalumination). The last
method involved aluminum trihydride as a starting reagent
and afforded very interesting and unprecedented oligomeric
hydrazides possessing singular heterocyclic or cage-type
structures,® but it could not be transferred to dialkylalu-
minum hydrides or any gallium hydride.?”? With few excep-
tions only, most reactions involving hydrogen or alkane eli-
mination afforded the monoanionic hydrazido ligand. From
our former experience, we know that a second deproton-
ation to yield the corresponding dianion cannot be realized
even under more drastic reaction conditions in most cases,
because the cleavage of the N-N bond is the favored reac-
tion at elevated temperatures. Such reactions were observed
for small substituents attached to gallium, such as hydrogen
atoms or methyl groups.'®!7-23 In order to generate dian-
ionic hydrazides and to systematically investigate their co-
ordination properties, we therefore treated the compounds
EMe; (E = Al, Ga, In) with methylhydrazine, which, to the
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best of our knowledge, has not been employed for the syn-
theses of gallium or indium hydrazides before. We hoped
to isolate metal-rich hydrazides possessing unprecedented
configurations and bridging situations of the hydrazido li-
gand.

Results and Discussion

Reaction of Trimethylaluminum with Methylhydrazine

The reaction of the starting compounds in an equimolar
ratio at room temperature afforded a colorless precipitate,
which dissolved immediately with gas evolution. In accord-
ance with the corresponding reaction of trimethylgallium,
we suppose that an adduct of both components had formed
intermediately, which was consumed by the release of meth-
ane in a fast secondary reaction. The reaction was finished
after a relatively short period of one minute only. After con-
centration and cooling of the solution to —-30 °C, colorless
crystals of product 1 precipitated. Crystal structure deter-
mination (see below) revealed that the expected dimeric hy-
drazide, [Me,Al-N(H)-N(H)Me],, had not formed. In-
stead, a tetraaluminum compound resulted, which had six
methyl groups and six bridging hydrazido ligands
(Scheme 1). The specific reaction of the components in a
molar ratio of 4:6 [AlMes/H,N-N(H)Me] afforded crystals
of sesquihydrazide 1 in an almost quantitative yield of 91 %.

The constitution of 1 was clarified by crystal structure
determination and elemental analysis. The mass spectrum
showed the molecular peak minus one N-Me fragment,
which is a reasonable decomposition pathway for these hy-
drazides.[®l However, the results of the NMR spectroscopic
characterization in solution did not agree with the relatively
symmetrical molecular structure. We observed resonances
of three chemically different hydrazido ligands in an equiva-
lent ratio and three different methyl groups attached to alu-
minum. Molar mass determination by cryoscopy in benzene
gave clear evidence that the tetraaluminum compound did
not exist in solution. We found an excellent agreement with
a dialuminum species, Al,Me;[N(H)-N(H)Me]; (2), which
corresponds to half the molar mass of the tetraaluminum
compound. The equilibrium between compounds 1 and 2 is

represented in Scheme 1. The occurrence of three different
resonances of the methyl groups attached to aluminum is
caused by the molecular symmetry of 2: one methyl group
of the AlMe, moiety is in a cis position to the terminally
arranged hydrazido ligand, while the other one is cis to the
methyl substituent of the second aluminum atom. The ob-
servation of three chemically different hydrazido groups
may indicate a frans arrangement for the bridging hy-
drazides, so that only one of the inner N-H bonds neigh-
bors the terminal hydrazido group. This configuration cor-
responds to the one usually observed for dimeric dialkylalu-
minum, -gallium, or —indium hydrazides containing four-
membered E,N, heterocycles (see Introduction).

Crystal structure determination verified the occurrence
of an unusual tetraaluminum sesquihydrazide, Al[p-N(H)-
N(H)Me]¢(AlMe,); (Figure 1).[281 This represents a singular
structural motif for hydrazides containing heavier group 13
elements. The inner aluminum atom is octahedrally coordi-
nated by six nitrogen atoms of different hydrazido ligands.
The AI-N distances to that aluminum atom are close to the
average value of 203.2 pm. The angles N-Al-N deviate only

Figure 1. Molecular structure and numbering scheme of 1; the ther-
mal ellipsoids are drawn at the 40% probability level; hydrogen
atoms are omitted for clarity. Important bond lengths [pm] and
angles [°]: AII-N11 202.8(1), A11-N21 202.5(1), AI1-N31 204.5(1),
AI2-N11 193.7(1), AI3-N21 193.7(1), AI3-N31’ 193.9(1), N11-
NI12 146.0(2), N21-N22 145.5(2), N31-N32 146.2(2), N11-All-
NI1" 83.87(7), N21-All-N31" 82.17(5), N11-AI2-N11" 88.76(7),
N21-AI3-N31" 87.25(5), AllI-NI1-Al2 93.69(5), All-N21-Al3
94.38(5), A11-N31-Al3" 93.69(5); Al3’, N11’, and N31’ generated
by —x, y, —z + 0.5.
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slightly from the ideal angles of 90 and 180°. As expected,
the strongest deviations are observed for the four-mem-
bered Al,N, heterocycles (82.7° on average), which result
from the bridging function of all hydrazido ligands between
the inner aluminum atom and the terminal AlMe, groups.
Thus, each of these rings has two exocyclic N-N bonds. The
AI-N distances to the terminal AlMe, groups containing
tetrahedrally coordinated aluminum atoms are considerably
shorter (193.8 pm on average) than those to the central
hexacoordinate aluminum atom. The N-N distances
(145.9 pm) correspond to standard values.

Reactions of Trimethylgallium with Methylhydrazine

The reaction of equimolar quantities of trimethylgallium
and methylhydrazine afforded an oily product in quantita-
tive yield, which was identified as the adduct Mes-
Ga<N(H)Me-NH, (3) by the characteristic ratio of the
signal intensities in the 'H NMR spectrum (Scheme 2).
Those adducts are expected to be formed in the first step
of all reactions of hydrazines with alkylelement compounds
(E = Al, Ga, In). Secondary reactions may afford the hydraz-
ides by the release of hydrogen or alkanes either spontane-
ously or upon heating. As mentioned in the Introduction,
some adducts could be isolated in previous studies and were
characterized by crystal structure determinations. Interest-
ingly, in the reactions of methylhydrazine described here,
only the adduct of trimethylgallium was stable enough to
be identified and characterized unambiguously by standard
methods.

v,

H

" ;N—N\
e

GaMe; + HoN-N(H)Me \Ga H
VAN
Me Me

Scheme 2.

Dissolution of the oily product in cyclopentane and cool-
ing to —30 °C afforded colorless crystals of 3, which were
rather sensitive towards air and melted below room tem-
perature. Nevertheless, we were able to prepare and handle
a single crystal at low temperature and to determine its
crystal structure (Figure 2). The result verifies the forma-
tion of an adduct. The gallium atom has a distorted tetrahe-
dral coordination sphere. The Ga—N bond (211.4 pm) is ex-
pectedly longer than that in gallium hydrazides, in which a
negatively charged nitrogen atom is bonded to gallium. As
is usual for neutral hydrazines, the N-N distance (144.5 pm)
is in the lower range of N-N bond lengths. Interestingly, it
is observed for the first time that the hydrazine ligand
bonds through the nitrogen atom that bears the alkyl group.
Methylamine is a stronger base than ammonia by the nega-
tive inductive effect of the methyl group.l?”! Thus, the nitro-
gen atom attached to the methyl group may be the most
basic center of methylhydrazine, and the constitution of 3
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may therefore be the generally favored one. Steric repulsion
between the alkyl groups of the hydrazine ligands and the
alkyl groups attached to the aluminum or gallium atoms
may compensate for the stronger basicity, and usually the
coordination occurs through the sterically less shielded
NH, nitrogen atom.!

Figure 2. Molecular structure and numbering scheme of 3; the ther-
mal ellipsoids are drawn at the 40% probability level; hydrogen
atoms with the exception of hydrazine hydrogen atoms are omitted
for clarity. Important bond lengths [pm] and angles [°]: Gal-N1
211.4(2), N1-N2 144.5(3), Gal-N1-N2 110.6(2).

To understand its unusual coordination mode, com-
pound 3 was investigated by quantum chemical methods.
The corresponding tri(zerz-butyl)gallium methylhydrazine
adduct was included in order to test the influence of steric
shielding. Different conformers with respect to the rotation
around the N-N bond were considered and optimized.
SCS-MP2 single-point calculations were conducted for the
energetically most favored structures of both trialkylgallium
derivatives. Figure 3 presents the lowest energy conformers
of each isomer and the relative energies of isomer pairs with
respect to the coordination of the hydrazine ligand. Obvi-
ously, in the most stable adduct of trimethylgallium with
methylhydrazine, the hydrazine ligand is coordinated by the
methylated nitrogen atom (cf. 3 and 3"). The result does not
depend on the quantum chemical method used (the values
obtained with PBE-D differ by less than 0.7 kcalmol™' from
the corresponding SCS-MP2 values). This observation is in
accordance with the intuitive prediction that the basicity
of the nitrogen atom is enhanced by alkyl substitution. In
contrast, the coordination of methylhydrazine through the
NH, nitrogen atom is more favored for the tris(zert-butyl)-
gallium adducts (3a and 3a’). Clearly, these calculations
confirm the influence of steric interactions between the
alkyl groups attached to the gallium atoms and to the hy-
drazine ligands. Only trimethylgallium seems to be small
enough to allow for the intrinsically favored coordination
of the alkyl-substituted nitrogen atom.

Solutions of adduct 3 in toluene could be stirred at room
temperature for several days without any hint of decompo-
sition or a secondary reaction. Gas evolution started only
upon heating these solutions to 90 °C, and completion of
the thermolysis reaction required stirring in boiling toluene

www.eurjic.org 545



FULL PAPER

W. Uhl, T. Abel, A. Hepp, S. Grimme, M. Steinmetz

3a (+1.8)

3' (+1.5)

3a' (0.0)

Figure 3. Optimized geometries of the trimethylgallium methylhydrazine adduct 3, its isomer 3’, and the corresponding tris(zerz-butyl)-
gallium compounds 3a and 3a’ [PBE-D/TZV(d,p)]. Relative energies [SCS-MP2/TZV(2df,2dp)] of the isomer pairs in kcalmol .

for 2 h. An amorphous colorless powder precipitated from
the reaction mixture after concentration and cooling to
—-30 °C. Recrystallization from cyclopentane afforded the
crystalline compound 4. Crystal structure determination re-
vealed a bicyclic structure containing four gallium atoms
and a doubly deprotonated hydrazinediide ligand in the
bridging position. The molecular structure is given in
Scheme 3. Optimization of the stoichiometric ratio of the
starting compounds to the ideal one according to Scheme 3
resulted in compound 4 in 74% yield. The '"H NMR spec-
troscopic characterization proved to be rather difficult, and
more resonances than expected were observed. At room
temperature we could separate two similar sets of reso-
nances for different molecular species (see Experimental
Section). In both cases, their assignment is in agreement
with the bicyclic structure of 4. Any suggestion for the re-
spective constitution in solution is rather speculative. The
differences may result from frozen conformations or from
compounds having a second endocyclic N-N bond to form

a six-membered heterocycle. Similar compounds possessing
AN, rings including two N-N bonds and exclusively
monoanionic hydrazides were obtained in our group several
years ago.l'3-29231 Two further resonances occurred in the
Ga-CH; range of the spectrum ('"H NMR: § = —0.03 and
—0.21 ppm, '3C NMR: 6 = 2.7 and —6.2 ppm; in each case,
the second resonance has the highest intensity). Also these
resonances seem to be involved in the equilibrium at room
temperature, and their intensity changed with temperature.
Upon heating of the sample to 370 K, the '"H NMR spec-
trum showed the expected shape with four resonances of
equal intensity for the four chemically different methyl
groups attached to gallium (6 = —0.10, —-0.29, -0.33, and
—0.37 ppm). All signals were still relatively broad at that
temperature, which prevented an unambiguous assignment,
in particular for N-H resonances. A peak corresponding to
the molar mass of 4 was detected in the mass spectrum. Its
isotopic pattern was in excellent accordance with a calcu-
lated one.

4 EMe; + 3 HyN-N(H)Me
(E=Ga, In)

E=Ga:112°C

Scheme 3.
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The bicyclic structure of compound 4 was confirmed by
a crystal structure determination (Figure 4). Two five-mem-
bered Ga,Nj3 heterocycles are annelated by a common H—
N-N-Me moiety. This situation resembles the bicyclic
backbone of the hydrocarbon [3.3.0]-octane. Thus, one hy-
drazine molecule is twofold deprotonated. Each nitrogen
atom of that inner group is bonded to two gallium atoms.
A very interesting structural motif results, in which a hy-
drazido ligand bridges four atoms of a group 13 metal.
Both dimethylgallium groups on each side of the inner N-N
bond are further bridged by a nitrogen atom of an exocyclic
hydrazido ligand to complete the five-membered rings.
These rings have an envelope conformation in which the
inner nitrogen atoms, N32 (or N3A) are 74 and 81 pm
above the planes spanned by the atoms Gal, N11, Ga2,
N31, and Ga4, N21, Ga3, N31, respectively (76 and 78 pm
for the second position of the disordered hydrazinediide
moiety). The hydrogen atom and the methyl group of the
central hydrazinediide are in a trans arrangement across the
N-N bond. In contrast, both terminally arranged exocyclic
N-N bonds are on the same side of the bicyclic ring system.
The result of this particular molecular symmetry is four
chemically different methyl groups attached to gallium,
while the monoanionic exocyclic hydrazido groups have an
identical chemical environment. Owing to the disorder of
the central hydrazinediido ligand, we abstain from a dis-
cussion of the N-N bond lengths. The angles N-Ga—N in
the heterocycles are close to 95°. A similar compound was

Figure 4. Molecular structure and numbering scheme of 4; the ther-
mal ellipsoids are drawn at the 40% probability level; hydrogen
atoms with the exception of the hydrazine hydrogen atoms are
omitted for clarity. N3A and N3B are from the disordered inner
hydrazine ligand; N3A is attached to the methyl group. Important
bond lengths [pm] and angles [°]: Gal-N11 200.1(3), Gal-N31

205.2(8), Gal-N3A 201.9(7), Ga2-N11 200.8(3), Ga2 N32
205.6(9), Ga2-N3B 203.0(6), Ga3 N2l 201.6(3), Ga3 N3l
201.5(8), Ga3-N3A 206.0(6), Gad4 N21 200.2(3), Gad N32
200.3(9), Ga4-N3B 203.0(6), NII-NI2 143.6(5), N21-N22
144.5(5), N31-N32 151(2), N3A-N3B 149(1), N11-Gal N31

95.2(2), N11-Gal-N3A 95.1(2), Gal-N11-Ga2 108.9(2), N11—
Ga2-N32 96.5(3), NI11-Ga2 N3B 94.3(2), Ga2 N32-Gad
117.3(4), Ga2-N32-N31 104.7(7), Ga4-N32-N31 104.6(8), Ga2—
N3B-Gad4 117.3(3), Ga2 N3B-N3A 112.7(5), Ga4 N3B-N3A
114.6(5), N32-Ga4 N21 94.2(3), N3B-Ga4 N21 95.8(2), Gad—
N21-Ga3 107.0(1), N21-Ga3-N31 94.92), N21-Ga3 N3A
94.9(2), Ga3-N31-N32 112.3(6), Ga3-N31-Gal 117.6(4), Gal—
N31-N32 113.6(7), Ga3-N3A-N3B 104.1(5), Ga3-N3A Gal
117.0(3), Gal-N3A-N3B 105.5(6).
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obtained by the reaction of trimethylgallium with hydraz-
ine, H,N-NH,, without reference to the formation of an
intermediate adduct.[??]

Reaction of Trimethylindium with Methylhydrazine

The formation of an adduct similar to the gallium com-
pound 3 was not observed for the corresponding reaction
of trimethylindium and methylhydrazine. Instead, slow gas
evolution started immediately after the addition of the
hydrazine to a solution of trimethylindium in n-pentane at
room temperature. The reaction required 14 h to be com-
pleted (Scheme 3). A colorless solid precipitated, which was
insoluble in common organic solvents (cyclopentane to
chloroform) and was removed by filtration. Its constitution
is unknown. Concentration of the filtrate and cooling to
30 °C yielded colorless crystals of compound 5 in 71%
yield (based on the optimized stoichiometric ratio given in
Scheme 3). According to the results of a crystal structure
determination, compound 5 is isostructural to the tetragal-
lium compound 4 described before. In contrast to 4, the
NMR spectroscopic characterization of 5 gave the expected
resonances already at room temperature without any sign
of an equilibrium of different forms in solution. Four sing-
lets were obtained for the four chemically different methyl
groups attached to indium. The methyl groups attached to
the exocyclic N-N bonds gave one doublet caused by the
coupling to the hydrogen atom bonded to the same nitrogen
atom. Expectedly, a quartet was detected for this proton.
H-H coupling across the N-N bond was observed for few
compounds only. Accordingly, the N-H protons of these
hydrazido ligands gave a singlet, which is broadened as a
result of the quadrupole moment of the nitrogen atoms.
Two further resonances occur for the methyl group and the
hydrogen atom of the doubly deprotonated hydrazinediide.
The integration ratio is in accordance with the calculated
one. According to these results, trimethylindium seems to
be more reactive than the corresponding gallium compound
with respect to the deprotonation of hydrazines by methane
elimination.

The molecular structure of 5 is depicted in Figure 5. The
tetraindium derivative is isostructural to compound 4. It
consists of two five-membered In,Nj3 heterocycles annelated
by a twofold deprotonated hydrazine. Each nitrogen atom
of that hydrazine coordinates two indium atoms, and an
exocyclic hydrazide bridges pairs of indium atoms on the
same side of the central N-N bond. Once again, the mole-
cule has an approximate mirror plane across the atoms
H21, N21, N22 and C221. The central group does not show
a disorder similar to 4, which allows for a discussion of the
gradual increase of the N-N bond lengths on going from
the monoanionic exocyclic to the dianionic endocyclic
hydrazine groups (146.1 pm on average vs. 148.2 pm). This
increase has been observed before?! and may be caused by
the stronger electrostatic repulsion between both negatively
charged nitrogen atoms in the formally dianionic ligand.
The smallest distances were usually determined for neutral
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hydrazines, however, the differences become smaller and an
overlap of the respective ranges of distances force a cautious
interpretation. An envelope form results once again for
both five-membered heterocycles with the inner nitrogen
atom N22 73 and 84 pm above the average planes of the
remaining atoms. The normals to the planes of the four
coplanar atoms in each heterocycle include an angle of 22°.
All In—-N distances are in a narrow range between 221.7 and
226.5 pm and do not show any dependency on the charge
of the hydrazine ligand.

Figure 5. Molecular structure and numbering scheme of S; the ther-
mal ellipsoids are drawn at the 40% probability level; hydrogen
atoms with the exception of the hydrazine hydrogen atoms are
omitted for clarity. Important bond lengths [pm] and angles [°]:
Inl-NI1 221.7(3), In1-N22 224.4(3), In2-N11 221.7(3), In2-N21
221.7(3), In3-N21 226.5(3), In3-N31 221.8(3), In4-N22 222.6(3),
In4-N31 222.5(3), N11-N12 145.9(4), N21-N22 148.2(4), N31-
N32 146.2(4), N11-In1-N22 92.2(1), In1-N11-In2 108.0(1), N11-
In2-N21 94.1(1), In2-N21-In3 113.2(1), In2-N21-N22 115.4(2),
In3-N21-N22 114.6(2), N21-In3-N31 92.4(1), In3-N31-In4
106.9(1), N31-In4-N22 92.7(1), In1-N22-In4 115.5(1), In1-N22—
N21 109.8(2), In4-N22-N21 105.2(2).

Conclusion

A surprising variability of reaction courses was observed
upon treatment of the compounds EMe; (E = Al, Ga, In)
with methylhydrazine. A sesqui compound Al,Me;[NH—
N(H)Me]; (2) or its dimer 1 resulted with trimethylalumi-
num. It was formed by the release of 1.5 equiv. methane per
formula unit of the starting trialkylaluminum compound.
A double deprotonation of hydrazine did not occur. The
starting point of all reactions may be the formation of ad-
ducts by an interaction of a nitrogen lone pair with the
coordinatively unsaturated aluminum, gallium, or indium
atoms. However, only in the case of trimethylgallium were
we able to unambiguously identify and isolate such an ad-
duct, namely compound 3. The secondary reaction by the
release of methane required boiling toluene for completion.
Twofold deprotonation occurred, and in bicyclic product 4,
a formally dianionic H-N-N-Me group bridges four gal-
lium atoms. Trimethylindium afforded the corresponding
product, 5, directly at room temperature. These differences
may depend on the strongly differing polarity of the E-C
bonds. The lowest polarity is expected for the Ga—C bond.
Accordingly, a persistent adduct is formed, and drastic con-
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ditions are required to release methane. The higher polarity
of the In—C bond and hence the stronger basicity of the
methyl group favor the attack on methylhydrazine already
at room temperature. Trimethylaluminum is the most reac-
tive compound possessing the most basic methyl groups in
this series. However, twofold deprotonation of the hydra-
zine did not occur under the given conditions. The con-
siderable charge transfer to the hydrazide ligands caused by
the relatively low electronegativity of aluminum may reduce
the acidity of the remaining N-H bonds.

Experimental Section

General: All procedures were carried out under an atmosphere of
purified argon in dried solvents (n-pentane and cyclopentane over
LiAlH,, toluene over Na/benzophenone). InMe; was obtained ac-
cording to a literature procedure.?”) Commercially available meth-
ylhydrazine was distilled prior to use and stored under argon. MO-
CHEM GmbH (Marburg, Germany) kindly supported us with do-
nations of AlMe; and GaMes. The assignment of the resonances
in the NMR spectra is based on HMBC, HSQC, ROESY, and
DEPT135 data.

Reaction of Trimethylaluminum with Methylhydrazine; Synthesis of
1: Trimethylaluminum (0.51 g, 7.08 mmol) was dissolved in n-pen-
tane (30 mL) and treated with methylhydrazine (0.56 mL, 0.49 g,
10.65 mmol) at room temperature. A colorless solid precipitated,
which dissolved completely after a few seconds to yield a clear solu-
tion. The dissolution process was accompanied by gas evolution.
The mixture was stirred for 0.5 h and subsequently concentrated in
vacuo. Colorless crystals of compound 1 precipitated upon cooling
of the solution to —30 °C. Yield: 0.75 g (91 %), m.p. (argon, sealed
capillary): above 105 °C, gas evolution, gray solid at 300 °C. Tetra-
aluminum compound 1 dissociated in solution to give the dialumi-
num derivative 2. Thus, the NMR spectroscopic characterization is
based on 2. '"H NMR ([Dg]toluene, 400 MHz, 300 K): § = —0.39,
—0.44, and —0.45 (s, each 3 H, AlMe, and AlMe); 2.31 (s, 3 H,
terminal NHNHMe), 2.38 (d, 3/ i = 6.4 Hz, 3 H, i-NHNH Me),
242 (d, 3Jy u = 6.0 Hz, 3 H, w-NHNHMe), 2.53, 2.54, and 2.55
(s, br., each 1 H, NHNHMe); 4.47 (s, 1 H, terminal NHNHMe),
4.64 (q, 3y = 6.4Hz, 1 H) and 4.92 (q, 3Jy.u = 6.0Hz, 1 H,
both p-NHNHMe) ppm. '3C NMR ([Dgtoluene, 100 MHz,
300 K): 0 = -8.8 and -9.8 (AlMe, two resonances coincide at 9.8);
42.4 (Me of both bridging NHNHMe groups), 42.8 (Me of ter-
minal NHNHMe) ppm. IR (CsBr, paraffin): ¥ = 3410 (vw), 3247
(m), 3213 (m), 3142 [w, v(NH)], 2921 (vs), 2853 (vs), 2786 (sh,
paraffin), 1455 (vs), 1376 (vs, paraffin), 1187 [m, 6(CH3)], 1133 (w),
1080 (m), 1015 (w), 976 (w), 940 (vw), 893 [w, V(CN), v¢(NN)], 851
(vw), 816 [vW, V,(NN)], 724 (vw, paraffin), 658 (vw), 521 (w), 415
(m), 400 (m), 382 (m), 317 [s, v(AIC), v(AIN)] cm™!. MS (EI, 70 eV):
mlz (%) = 457 (1) [M — (N-Me)]*, 407 (9) [M — 2 (NH-Me) —
H]*, 377 (100) [M — 3 (NH-Me) — H]". C;,H;3AlLN;, (468.5):
caled. C 30.8, H 10.3, Al 23.0, N 35.9; found C 31.1, H 10.8, Al
23.1, N 35.4. Molar mass in solution (cryoscopy, benzene): calcd.
234.3 gmol ! for the dialuminum compound 2; found: 242 gmol .

Reaction of Trimethylgallium with Methylhydrazine; Synthesis of
Adduct 3: Trimethylgallium (1.42 g, 12.4 mmol) was dissolved in n-
pentane (30 mL) and treated with methylhydrazine (0.66 mL,
0.57 g, 12.4 mmol) at room temperature. The mixture was stirred
for 0.5 h, and the solvent was removed in vacuo. A colorless, highly
viscous liquid consisting of pure adduct 3 remained in an almost
quantitative yield (1.94 g, 98%). Purification by distillation failed
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because of decomposition. Recrystallization from cyclopentane
(20/-30 °C) yielded colorless crystals, which immediately melted
upon warming to room temperature. 'H NMR ([Dg]toluene,
400 MHz, 240 K): 6 = —0.27 (s, 9 H, GaMe3), 1.72 (d, 3Jy. g =
6.2 Hz, 3 H, NMe), 2.35 (d, 3Jy_u = 4.8 Hz, 2 H, NH,), 2.63 (m,
1 H, NHMe) ppm. '3C NMR ([Ds]toluene, 100 MHz, 240 K): § =
-6.9 (GaMe), 40.7 (NMe) ppm. IR (CsBr, paraffin): ¥ = 3345 (w),
3287 (w), 3224 [w, v(NH)], 2938 (vs), 2854 (sh, paraffin), 1607 [s,
S(NH)], 1451 (s), 1377 (s, paraffin), 1305 (vw), 1189 [s, 8(CH,)],
1140 (w), 1110 (w), 1080 (m), 1014 (m, br.), 859 [m, v(CN),
Vs(NN)], 727 [vs, vos(NN)], 677 (w), 603 (w), 546 (vs), 522 [w,
v(GaC), v(GaN)] cm™'. MS (EI, 70 eV): m/z (%) = 145 (11), 147
(8) [M — Me]*; 99 (100), 101 (84) [GaMe,]*". C4H,5sGaN, (160.9):
caled. C 29.9, H 9.4, Ga 43.3, N 17.4; found C 29.0, H 8.8, Ga
44.1, N 18.0.

Thermal Decomposition of the Adduct 3; Synthesis of 4: Trimeth-
ylgallium (2.31 g, 20.1 mmol) was dissolved in toluene (25 mL) and
treated with methylhydrazine (0.80 mL, 0.70 g, 15.2 mmol) at room
temperature. The mixture was slowly heated. Gas evolution started
at about 90 °C. After 2 h under reflux, the solution was cooled to
room temperature, concentrated and stored at —30 °C. Compound
4 precipitated as a colorless amorphous solid. It was recrystallized
from cyclopentane for further purification. Yield: 1.97 g (74%),
m.p. (argon, sealed capillary): 87 °C. '"H NMR (CgDg, 400 MHz,
300 K): Isomer I (see Results and Discussion): 6 = 0.08, —0.16,
—-0.18, and -0.31 (s, each 6 H, GaMe); 1.71 {s, 2 H, H-NGa, of
[N(H)-N(H)-Me] }, 2.05 {d, 3Jy g = 6.5Hz, 6 H, Me-N-H of
[N(H)-N(H)-Me] }, 2.63 {q, 3Juu = 6.5Hz, 2 H, H-N-Me of
[N(H)-N(H)-MeJ}, 2.78 [s, 1 H, H-NGa, of the dianion "N(H)-
N(Me) ], 2.88 [s, 3 H, Me-NGa, of the dianion N(H)-N(Me) ]
ppm; Isomer II: 6 = 0.04, -0.19, —0.23, and —0.28 (s, each 6 H,

Eur|IC

European Journal
of Inorganic Chemistry

GaMe); 2.09 {d, 3Jy u = 6.5Hz, 6 H, Me-N-H of [N(H)-N(H)—
Me] '}, 2.39 {q, 3/ u = 6.5 Hz, 2 H, H-N-Me of [N(H)-N(H)-
Me] }, 2.59 [s, 3 H, Me-NGa, of the dianion N(H)-N(Me) ], 3.00
[s, 1 H, H-NGa, of the dianion N(H)-N(Me) ] (H-NGa, of the
monoanionic ligand [N(H)-N(H)-Me]  was not observed) ppm.
13C NMR (C¢Dg, 100 MHz, 300 K): Isomer I: 6 = -5.4, 7.4, -9.1,
and -9.9 (GaMe); 41.1 [ N(H)-N(Me) ], 42.6 {{N(H)-N(H)-Me] }
ppm; Isomer II: 6 = -5.6, -7.4, -8.3, and —10.0 (GaMe); 41.4
[[N(H)-N(Me) ], 42.6 {{[N(H)-N(H)-Me] } ppm. IR (CsBr, paraf-
fin): ¥ = 3617 (m, br.), 3564 (sh), 3292 (s), 3238 (s), 3177 [s, v(NH)],
2953 (vs), 2916 (vs), 2857 (vs), 2792 (sh, paraftin), 1884 (m, br.),
1846 (m), 1767 (sh), 1736 [m, S(NH)], 1468 (vs), 1366 (vs, paraftin),
1204 [vs, 8(CH3)], 1067 (s), 1018 (s), 961 (s), 932 [sh, V(CN),
Vs(NN)], 856 (s), 820 (s), 731 [vs, br., v,s((NN)], 579 (s), 527 (s), 478
[m, v(GaN), v(GaC)] cm'. MS (EI, 70 eV, only the most intensive
peaks are given, the isotopic patterns are in complete agreement
with the calculated ones): m/z (%) 530 (5), 532 (12), 534 (13), 536
(5) [M]*; 515 (13), 517 (35), 519 (34), 521 (16) [M — Me]*.
C,1H33GayNg (533.3): caled. C 24.8, H 7.2, Ga 52.3, N 15.8; found
C254,H 7.3, Ga 51.5, N 15.5.

Reaction of Trimethylindium with Methylhydrazine; Synthesis of 5:
Trimethylindium (1.71 g, 10.7 mmol) was dissolved in n-pentane
(80mL), treated with methylhydrazine (0.43mL, 0.37g,
8.04 mmol), and stirred at room temperature for 12 h. Immediately
after addition of the hydrazine, a colorless solid of unknown consti-
tution precipitated, and gas evolution was observed. The solid was
removed by filtration, it is insoluble in common organic solvents.
After concentration of the filtrate and cooling to —30 °C, colorless
crystals of hydrazide 5 precipitated. Yield: 1.36 g (71%), m.p. (ar-
gon, sealed capillary): 70 °C. '"H NMR (C¢Dg, 200 MHz, 300 K):
0=-0.13,-0.12, -0.11, and 0.11 (s, each 6 H, InMe); 1.71 {s, 2 H,

Table 1. Crystal data and structure refinement for the compounds 1, 3, 4, and 5.[&%]

1 3 4 5
Formula C12H48A14N]2 C4H15GaN2 C] ]H38Ga4N6 C] |H3gln4N6
Temperature [K] 153(2) 153(2) 153(2) 153(2)
Crystal system monoclinic monoclinic triclinic monoclinic
Space groupl! C2/c (no. 15) P2,/c (no. 14) P2,/c (no. 14) P2,/n (no. 14)
a [pm] 1375.3(2) 795.9(2) 1309.5(1) 1015.64(7)
b [pm] 1193.1(2) 726.6(1) 1470.7(1) 2047.7(1)
¢ [pm] 1651.6(3) 1434.2(3) 1252.3(1) 1137.73(7)
a [°] 90 90 90 90
A1° 98.078(4) 98.920(4) 111.388(2) 91.919(1)
y[° 90 90 90 90
Y [1073°m3) 2683.2(8) 819.3(3) 2245.6(3) 2364.8(3)
V4 4 4 4 4
Deiea. [gem™3] 1.160 1.304 1.578 2.005
u [mm'] 0.197 3.268 4.750 3.854
Crystal size [mm] 0.20 x 0.15% 0.09 0.46x0.30x0.21 0.16X0.13 < 0.09 0.32x0.26 X 0.24
Radiation Mo-K,; graphite monochromator

Theta range for data collection [°] 2.27=60=30.05 2.59=0=31.05 1.67=0=27.56 1.99 =60=30.00

Index ranges -19=h=19 ~l1=h=11 ~-l6=h=17 -l4=h=14
-16=k=16 -10=k=10 -19=k=19 -28=k=28
-23=]=23 -20=/=20 -l6=/=16 -15=/=15

Independent reflections 3932 [Ryy = 0.0398] 2488 [Ryy = 0.0437] 5173 [Rin = 0.0545] 6858 [Ryy = 0.0362]

Parameters 158 80 238 221

R = Z||F,| — |FIZ|F,| 0.0430 (3274) 0.0402 (1993) 0.0404 (3687) 0.0290 (6165)

[I>20(1)]

WRy = {Ew(|F,)> — |[F)EIFPHY? 0.1093 0.0965 0.0989 0.1019

(all data)

Max./min. residual electron density 0.398/-0.225 0.943/-0.662 1.121/-0.635 0.982/-0.884

[10% em3]

[a] Program: SHELXL-97;13?I solutions by direct methods, full-matrix refinement with all independent structure factors. [b] See ref.?3! for

CCDC reference numbers.
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H-NIn, of [N(H)-N(H)-Me] }, 2.07 {d, 3Jy_y = 6.2 Hz, 6 H, Me—
N-H of [N(H)-N(H)-Me]}, 2.43 {q, 3Jy.u = 6.2Hz, 2 H, Me-
N-H of [N(H)-N(H)-Me] }, 2.82 [s, 3 H, Me-NIn, of the dianion
“N(H)-NMe) ], 297 [s, | H, H-NIn, of the dianion N(H)-N-
(Me) ] ppm. 3C NMR (C¢Dg, 100 MHz, 300 K): 6 = 9.6, -9.2,
-8.8, and -6.1 (InMe); 44.3 (NHMe), 45.4 (Me-NIn,) ppm. IR
(CsBr, paraffin): ¥ = 3379 (vw), 3269 (w), 3217 (m), 3156 [m,
V(NH)], 2955 (vs), 2920 (vs), 2857 (vs), 2774 (s, paraffin), 1634 (w),
1593 [w, 6(NH)], 1462 (vs, paraffin), 1445 (vs), 1406 (w), 1377 [w,
S(CH3)], 1341 (s, paraffin), 1240 [m, 3(CH3)], 1165 (vs), 1070 (m),
1026 (vs), 941 [s, V(CN), v{(NN)], 866 (s), 797 (m), 689 [vs, br.,
Vas(NN)], 554 (vw), 507 (m), 471 [w, v(InN), v(InC)] em~'. MS (EI,
70 eV): mlz (%) = 714 (2) [M]*; 699 [M — Me]* (3); 552 (5), 554
(37), 555 (4) [M — InMe, — Me]*. C;H33IngNg (713.7): caled. C
18.5, H 5.4, In 64.4, N 11.8; found C 18.7, H 5.8, In 63.7, N 12.6.

Crystal Structure Determinations: Single crystals of compounds 1
and 5 were obtained from the reaction mixtures in n-pentane upon
cooling to —30 °C, crystals of 3 and 4 from cyclopentane at —30 °C.
The crystallographic data were collected with a Bruker APEX dif-
fractometer with graphite-monochromated Mo-K,, radiation. The
crystals were coated with a perfluoropolyether, picked up with a
glass fiber and immediately mounted in the cooled nitrogen stream
of the diffractometer. The crystallographic data and details of the
final R values are provided in Table 1. All non-hydrogen atoms
were refined with anisotropic displacement parameters; hydrogen
atoms attached to carbon were calculated on ideal positions and
allowed to ride on the bonded atom with U = 1.2U.y(C). With the
exception of 4, the positions of the hydrazine hydrogen atoms were
taken from difference Fourier maps and refined without restric-
tions. The molecules of 1 reside on crystallographic twofold rota-
tion axes. Compound 4 showed a disorder of the central H-N-N—
Me group. Its nitrogen and carbon atoms were refined on split
positions with occupancy factors of 0.44 and 0.56. Only in this
case, the hydrazine hydrogen atoms were considered in fixed posi-
tions.

Quantum Chemical Calculations: Wave function (SCS-MP2)B34 and
density functional theory (DFT) calculations have been performed
with slightly modified versions of the TURBOMOLE suite of pro-
grams.® In all treatments, the RI approximation®® for the two-
electron integrals has been used. The geometries were optimized
with the PBE functional®”! together with an empirical dispersion
correction (PBE-D).381 As AO basis, the triple-zeta (TZV) sets of
Abhlrichs et al.? have been employed. For the structural optimiza-
tions, we used one additional polarization function on all atoms
[TZV(d,p)], while for SCS-MP?2 single-point energy calculations, a
set of three polarization functions [TZV(2df,2dp)] was employed.
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