FULL PAPER

New Carbaalanes — (AlMe)g(CCH,Me)s(C=C—Me) and the THF Adduct
(AlMe)g(CCH,;Me)sH-2THF
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The hydroalumination of Me,Al-C=C-Me with a large ex-
cess of Me,AlH afforded the arachno-carbaalane (Al-
Me)g(CCH,;Me)sH (4) by the release of AlMej. 4 is almost
insoluble in noncoordinating solvents and could not be puri-
fied by recrystallization. On an attempt to recrystallize 4 from
a THF solution, the adduct (AlMe)g(CCH,Me)sH-2THF (5)
was isolated as the first stable ether adduct of a carbaalane.
Crystal structure determination revealed a cube of eight alu-
minium atoms, five faces of which are bridged by C-CH,Me
groups. The sixth face is p,-bridged by a hydrogen atom, and

two opposite aluminium atoms of this face are coordinated
by one THF ligand each. When the excess of dimethylalumi-
nium hydride was reduced and the starting compounds were
employed in a 1:2.1 molar ratio, an incomplete hydroalu-
mination reaction led to the formation of the carbaalane (Al-
Me)g(CCH,;Me)5(n-C=C-Me) (6), in which the bridging hy-
drogen atom of 4 is replaced by an alkynido group. 2 Al NMR
spectroscopic data of all the characterized carbaalanes are
reported and supplemented by 2 Al NMR chemical shift cal-
culations.

Introduction

Carbaalanes!!! constitute a new class of compounds con-
taining clusters of aluminium and carbon atoms. They are
easily obtained by hydroalumination of dialkylaluminium
alkynides using an excess of the corresponding dialkylalu-
minium hydride.>~4 Two completely different structure
types have so far been observed. One may be described by
a cube of eight aluminium atoms (1, Scheme 1), the six
faces of which are occupied by five C—CH,—R groups and
one hydrido or alkynido ligand. Compound 2 (Scheme 1)
may be derived from this cubic arrangement, but it has a
unique structure with one vertex unoccupied and possesses
only seven aluminium atoms. The three remaining Al, faces
are still occupied by C—CH,—R groups, while the open site
of the cluster is coordinated by one hydrogen atom and two
alkenido ligands containing C=C double bonds. This struc-
ture results from an incomplete hydroalumination reaction,
and the formal addition of one equivalent of ethylalumi-
nium dihydride to complete the Alg cube is missing. The
second principal type of carbaalane has a closo-configura-
tion on the basis of its structure and electron count (3;
Scheme 1) and is a remarkable analogue of the closo-borate
anion [B;H;;]>".’! The bonding situation in the carba-
alanes has been studied by quantum-chemical calcula-
tions.™ They revealed a delocalized multi-centre bonding
with only weak direct Al—Al interactions. We report herein
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Scheme 1

on the synthesis and structure of further carbaalane derivat-
ives and their characterization by 2’A1 NMR spectroscopy.

Results and Discussion

Synthesis of (AlMe)g(CCH,Me)sH (4) and its
THF Adduct (5)

The reaction of dimethyl(propynyl)aluminium with a
large excess of dimethylaluminium hydride has been re-
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ported by our group only recently.[*! As a main product, we
isolated the heptaaluminium carbaalane (AIMe),(CCH,-
Me), H, in 63% yield, which possesses the closo-structure 3
shown in Scheme 1. In all of these reactions, we observed
the formation of a hitherto uncharacterized by-product [4;
Equation (1)], which is almost insoluble in nonpolar solv-
ents such as pentane or toluene and could not be purified
by recrystallization. It was isolated as an amorphous and
highly pyrophoric powder in about 30% yield. Owing to its
insolubility and unknown purity, 4 was characterized only
by its '"H NMR spectrum, which was recorded from a very
dilute solution in [Dg]benzene. The data obtained were
clearly indicative of an arachno-type structure similar to
compound 1 in Scheme 1. Two resonances of equal intens-
ity were observed for the methyl groups attached to alumi-
nium in a quite normal range (6 = —0.20 and —0.15). The
signal of the hydrogen atom bridging an Al face of the
cluster is shifted downfield (6 = 5.68) compared to that in
dialkylaluminium hydrides containing p,-bridging hydrogen
atoms in four- or six-membered heterocycles.!”) A similar
shift has been observed in all carbaalanes isolated to date.
Two triplets (0 = 1.04 and 1.33) and two quadruplets (8 =
1.93 and 2.33), each pair with an intensity ratio of 4:1, were
observed for the ethyl substituents of the cluster carbon
atoms. These observations are in accordance with the pro-
posed arachno structure, in which four of these substituents
are adjacent to the hydrogen-bonded face, while one is op-
posite to this face.
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All attempts to recrystallize 4 from dilute solutions in
noncoordinating solvents failed. In some cases, we were
able to successfully recrystallize carbaalanes from THEF, in
which they are usually quite soluble and they do not form
any kind of stable THF adduct. Clearly, the aluminium
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atoms of the carbaalanes are such weak Lewis acids that
the coordination of THF molecules even at the open faces
of these clusters has never previously been observed. Upon
treatment of 4 with THF and slow evaporation of the solv-
ent at room temperature, we obtained colourless crystals.
However, an X-ray structure determination (see below)
showed that a THF adduct of compound 4 had been
formed in which two opposite aluminium atoms of the hy-
drogen-bonded face of the cluster were each coordinated by
one THF molecule [5; Equation (1)]. The ether molecules
are tightly bound to the aluminium atoms, and no dissoci-
ation was observed upon storing of the crystals in vacuo at
1073 Torr and 50 °C. Compound 5 is thermally very stable
and does not decompose at temperatures below 260 °C. The
NMR spectroscopic characterization in [Dg]THF at room
temperature showed two quite narrow singlets due to the
methyl groups attached to aluminium, two triplets and two
quadruplets (each pair with an intensity ratio of 4:1) due to
the ethyl substituents bound to the cluster carbon atoms,
and one singlet due to the bridging hydrogen atom. The
chemical shift of the latter (8 = 4.19) shows the most signi-
ficant deviation from the resonances of the starting com-
pound 4 and is closer to the shifts normally observed for
alkylaluminium hydrides. The cluster carbon atoms exhibit
chemical shifts of & = 20.5 and 21.5, which are strongly
downfield shifted compared to the resonances normally ob-
served with coordinatively saturated aluminium atoms (6 =
—8.8 and —9.4 for the terminal methyl groups) and may be
caused by the particular delocalized bonding situation in
these clusters. Two resonances were observed in the 2’Al
NMR spectrum (6 = 155 and 56), which are discussed in
more detail below. Two THF molecules were detected for
each formula unit of 5, in accordance with the result of the
crystal structure determination. More complicated NMR
spectra were expected in view of the molecular symmetry
detected in the solid state, indicating a fast exchange process
in THF solution at room temperature. This process is
frozen only at very low temperatures, and at —110 °C a
splitting of both methyl resonances was observed [0 =
—0.41 and —0.56 (coalescence at about 225 K) and & =
—0.49 and —0.51 (coalescence at about 202 K)]. The activa-
tion barrier was estimated!”! from these data to be about
45 kJ mol 1.

A crystal structure determination of 5 revealed a struc-
ture similar to that of 1># (Figure 1) with a cube of eight
aluminium atoms. However, two opposite aluminium atoms
of the hydrogen-bonded face are coordinated by a THF
molecule. The Al-C distances to the terminal methyl
groups (average 196.8 pm) do not depend on the coordina-
tion sphere of the aluminium atoms and are shorter than
those within the cluster (203.8 to 213.3 pm). The Al—Al
separations are 293.4 pm at the hydrogen-bonded face and
258.3 pm for the remaining eight edges of the Alg cube. The
latter are similar to those observed for 3c—2e Al—X—Al
interactions (X = H, CH3)[®l and are shorter than those of
Al—Al single bonds in tetraalkyldialuminium(4) derivatives
R,AI-AIR,.P! All these parameters were similarly deter-
mined in carbaalanes of type 1.>4 The most notable devi-
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Figure 1. Molecular structure and numbering scheme for com-
pound 5; thermal ellipsoids are drawn at a 40% probability level;
methyl groups have been omitted for clarity; hydrogen atoms are
drawn with arbitrary radii; selected bond lengths (pm): Al-1-C-1
196.8(3), Al-2—C-2 197.5(4), Al-3—C-3 196.4(3), Al-4-C-4
196.3(3), Al-1-C-10 210.7(3), Al-1-C-20 205.7(2), Al-1-C-30
209.4(3), Al-2—0-1 197.9(2), Al-2—C-10 204.4(3), Al-2—C-30
205.5(3), Al-3—C-20 203.8(2), Al-3—C-30 211.5(3), Al-3—C-10’
213.3(3), Al-4—C-30 204.8(3), Al-4—C-10" 205.7(3), Al-4—H-1
173(1), Al-1—-Al-2 259.3(1), Al-1-Al-3 258.4(1), Al-1-Al-3’
258.4(1), Al-2—Al-4 293.0(1), Al-2—Al-4" 293.7(1), Al-3—Al-4
257.1(1); C-10" and Al-3" were generated by —x + 3/2,y, —z + 1/2

ation from these recently published structures is a greater
distortion of the hydrogen-bonded face with strongly dif-
fering transannular Al—Al distances of 483.2 pm
(Al2—AI2', unsupported) and 331.8 pm (Al4—Al4’, hydro-
gen bonded). The latter distance resembles that in the tri-
meric compound [(Me;C),AlH]; containing a six-mem-
bered Al;Hj heterocycle with three p,-bridging hydrogen
atoms.['” The THF molecules are bound to the aluminium
atoms AI2 and Al2" with relatively long AI—0O “dative” dis-
tances of 197.9 pm.!'!l The oxygen atoms of the ether mole-
cules lie slightly below the plane spanned by the four alumi-
nium atoms of the hydrogen-bonded face of the cluster
(37.6 pm; angle Al2'---A12—01 9.6°). Owing to this lateral
coordination of THF, the Al(2)—C bonds are almost per-
pendicular to this plane (angle Al2'-+Al2—C2 94.5°; for
comparison Al4'---Al4—C4 54.4°).

Synthesis of (AlMe)g(CCH,Me)s(n-C=C—Me) (6)

In a further reaction, we reduced the excess of dimethyl-
aluminium hydride from about 6:1 required for the syn-
thesis of 4 and 5 according to Equation (1) to a molar ratio
of only 2.1:1. Once again, a strongly exothermic reaction
was observed on stirring a mixture of the hydride and the
alkynide at room temperature without a solvent and a
bright-yellow solid precipitated. After 1 h at room temper-
ature, all volatile components (AlMes) were distilled off in
vacuo and the yellow residue was recrystallized from warm
toluene. Bright-yellow crystals of compound 6 were isolated
in 39% yield after cooling to —30 °C [Equation (2)]. Ac-
cording to the NMR spectra, the mother liquors still con-
tained considerable quantities of 6, but in all cases we were
unable to isolate a second pure fraction. Compound 6 was
identified as the carbaalane (AlMe)g(CCH,Me)s(u-C=C-
Me), which is similar to compound 4 but has a bridging
propynido group instead of the bridging hydrogen atom.
The formation of 6 according to Equation (2) requires a
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stoichiometric ratio of the starting compounds of 1 (alkyn-
ide) to 1.7 (hydride). Thus, we still employed a slight excess
of the hydride, but further reduction of the hydride concen-
tration did not result in an improved yield of 6.

10 MepAlH + 6 MepAl—C=C—CH;

X | @

6 (Al = AlMe; C = CCH,CH3)

An absorption at 2019 cm ! was detected in the IR spec-
trum due to the stretching vibration of the C=C triple
bond. Compared to the corresponding vibration of the
starting compound Me,Al-C=C—-Me (2109 cm 1), a
shift of about 90 cm ™! to lower wavenumbers was observed.
An even lower value (1957 cm™') was found for a similar
compound with benzyl instead of ethyl groups bound to the
cluster carbon atoms.[l In this case, the weakening of the
C=C triple bond, which may be caused by the particular
Hy-bridging arrangement in the cluster, was also verified by
an increased C—C bond length and by quantum chemical
calculations. NMR spectroscopic characterization proved
quite difficult owing to the very low solubility of 6 in or-
ganic solvents. In contrast to compound 4, small quantities
of 6 could be dissolved and handled in THF at room tem-
perature without the formation of a stable ether adduct;
thus, all spectra were recorded in dilute [Dg]THF solutions.
The terminal methyl groups attached to aluminium exhibit
two equivalent resonances in the expected ranges of the 'H
and '3C NMR spectra (8 = —0.36, —0.44 and & = —7.7,
—8.9, respectively). The cluster carbon atoms resonate at
0 = 21.5 and 17.5, which, as discussed above, is further
downfield than expected, and a shift of 6 = 88.2 was ob-
served for the bridging carbon atom of the propynido li-
gand (8 = 117.0 in the benzyl compound cited above).
Only one resonance was observed in the 2’Al NMR spec-
trum (8 = 153); a shoulder may be present at § = 130 owing
to a marked asymmetry of this signal (see below). A crystal
structure determination of 6 revealed a strong disorder of
the propyne group, which partially occupies all faces of the
Alg cube (not shown). As a result of this disorder, an almost
undistorted cube of eight aluminium atoms is obtained,
with an average Al—Al distance of 265.8 pm; this represents
a reasonable mean value between the three different dis-
tances expected for a regular structure, as discussed previ-
ously for compound 5 and the corresponding benzyl deriv-
ative.[*]

In contrast to the dimethylaluminium starting com-
pounds, the sterically slightly more shielded ethyl deriva-
tives diethylaluminium hydride and diethylaluminium pro-
pynide do not react exothermically at room temperature.
The mixture was heated to 50 °C without a solvent for 18 h
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to complete the reaction. As expected, triethylaluminium
was formed, which was distilled off in vacuo. An orange
residue remained, which, according to its '"H NMR spec-
trum, contained a carbaalane cluster accompanied by a
considerable amount of impurities. However, we did not
succeed in isolating a pure component by recrystallization
or sublimation. Moreover, the sterically more shielded di-
isopropyl derivatives did not react exothermically at room
temperature and had to be stirred at 50 °C for 18 h to com-
plete the reaction. Owing to the low volatility of triisobutyl-
aluminium, the mixture was subsequently heated in vacuum
to 80 °C for 2 h to completely remove this by-product. The
oily, light-yellow residue was redissolved in diisopropyl
ether. After several weeks at —70 °C, only trace amounts of
a colourless solid (7) were isolated. On the basis of the re-
sults of the NMR spectroscopic characterization (see Exp.
Sect.), we suppose that 7 has a closo-type structure
(Scheme 2) with two opposite Al—Al edges bridged by hy-
drogen atoms. As required by such a structure, we observed
three clearly resolved >’Al NMR resonances (see below).
Single crystals suitable for a crystal structure determination
were not obtained. A concentrated solution of bis(zert-bu-
tyl)aluminium hydride and the corresponding propynylalu-
minium compound in toluene was heated for 20 h at 50 °C.
NMR spectroscopic monitoring of the reaction showed the
complete consumption of the starting compounds, but no
evidence was found for the formation of a carbaalane clus-
ter. Despite many attempts to recrystallize the crude prod-
uct from various solvents, we did not succeed in isolating
any pure component of the mixture.

7 (Al = AliPr; C = CCH,CH3)

Scheme 2

27A1 NMR Spectra of Carbaalanes

For the first time, we have investigated the 2’Al NMR
spectra of carbaalanes in a systematic manner. 2’Al NMR
shifts are known to be very sensitive to the coordination
sphere at the central aluminium atoms, and coordination
numbers of three, four, five, or six give characteristic shifts
of & = 270, 170, 120, and 0, respectively.['”l Furthermore,
27Al NMR chemical shifts, in combination with quantum
chemical NMR shift calculations, have previously been
shown to be useful for the identification and characteriza-
tion of aluminium cluster compounds.['3~ 131 However, the
unequivocal interpretation of 2’Al1 NMR spectra is difficult
owing to the quadrupole moment of aluminium and the
usually broad line width of the resonances. The overlap of
signals often prevents a clear assignment, especially in those
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cases in which chemically different aluminium atoms are
present, as in the carbaalanes.

To facilitate the interpretation of the experimental spec-
tra, we performed quantum chemical ?Al NMR shift cal-
culations for most of the carbaalanes under consideration
and in this way investigated the usefulness of 2?Al NMR
spectroscopy for the identification and characterization of
carbaalanes. The results of the experimental and the com-
putational investigations are summarized in Table 1. Ex-
perimentally, only one broad resonance is observed for
most carbaalanes; this is in line with the calculations, which
yield values within the rather narrow range of 6 = 150 to
210 for the >Al chemical shifts of all the considered carbaa-
lanes. In some cases, shoulders could be identified, but it
seems that in most cases these result from strong aniso-
tropies of the main resonances.

As expected, the arachno-type compounds exhibit two Al
NMR signals, which are found experimentally at around
6 = 80 and 140, while the calculations predict values
around & = 160 and 180 to & = 210. According to the
calculations, the 2’Al signal at lower field corresponds to
the aluminium atoms close to either the bridging hydrogen
atom or the bridging CCR group. The signal shows a slight,
though not very pronounced, dependence on the bridging
group. The resonances at higher field on the other side are
due to the remaining aluminium cluster atoms. They appear
to be rather insensitive to the nature of the bridging group
and the substituents at the carbon atoms in the cluster.

In principle, the more open alkenido derivatives have five
distinct aluminium atoms. The calculations predict 2’Al
NMR signals for these in the range & = 155 to 172. Only
for the F-containing derivative are higher values of 6 = 184
and 200 found for the aluminium atoms close to the
bridging fluorine atom. Experimentally, very broad reso-
nances with one (R = H) or two maxima (R = F) are ob-
served. One of the resonances of the fluorine derivative has
quite an unusual chemical shift of 3 = —28.

For the closo form, the calculations again predict values
in the range of 8 = 150 to 170. The experimental value of
§ = 157 for one of the carbaalanes seems to be in satisfac-
tory agreement with the theoretical predictions. However,
three clearly resolved resonances (5 = 145, 79, and —38)
are observed for 7.

Overall, it appears that the 2’A1 NMR spectra of carba-
alanes typically consist of one broad resonance, for which
a clear assignment, even with the aid of quantum chemical
shift calculations, is rather difficult. Our experimental and
computational results also suggest that the sensitivity of the
27A1 NMR shifts to structural features of the carbaalanes
is not very pronounced and that 2?Al NMR spectroscopy is
not a particularly promising tool for future investigations
of such compounds.

Experimental Section

General: All procedures were carried out under purified argon in
dried solvents (toluene and THF over Na/benzophenone; n-pent-
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Table 1. Experimental and computed 2’Al NMR spectroscopic data of carbaalanes (104.3 MHz, § in ppm relative to [AI(H,O)¢]** as an
external standard, W}, in Hz, shoulders with uncertain chemical shifts in italics; the asterisk* denotes uncertain values as a consequence

of impurities)

Al C R 5 (W) Bcomputed Solvent |Ref.
c AlMe |CCH,Ph |H 142 (10200); 100 159-164 (4x), 176-180 (2x), 209-215 (2x) |CeDg  |[2)
Al//—k AIEt |CCH,Ph  |H 130; 85 (10900) - CeDs  |[4]
Al 7 Al
R/\C/ % AlMe |CCHPh  |C=CPh 130; 80 (6300) 162-166 (4x), 173-175 (2x), 206-209 (2x) |CeDs | [4]
s \C! C
X /\4‘1’/ AlMe |CCH,CH; |C=CCH; (6) | 153 (3100); 130 163-166 (4x), 187-191 (4x) 0C4Dg |-
AR AL
\&C// Al AlMe |CCHPh |F 62 (6500); -20 (13000)* - CeDe  |[16]
AlMe |CCH,CH; |H/THF (5) [155 (3700); 56 (6800) 160-163 (4x), 195-203 (4x) 0C4Dg |-
C.
A
S
R// \/ ( AlEt |CCHsPh |H 170; 149 (8800); 100 159-172 CeDs |13
C C
w /},IHC\//{/ AlEt |CCHPh |F 110; 74 (12000); 20, -28 (10000) | 152, 160, 168, 184, 200 Dy [[16]
Al— 0N
\C//Al
Vs
PhHC
R N R
X}Z/l%/\ AlEt |CCHoPh  |C=CPh,H | 110; 66 (4500) 156-171 CeDs | [3]
/ Al
A/l%\\(‘\A/ AlMe |[CCH>CHj3 |H 157 (4200); very broad base 155, 164-170 (6x) CgDg [4]
\l /\"LI/ ‘ (up to ~ 60 ppm)
L= AliPr [CCH,CH3 [H (7) 145 (6900); 79 (5600); - CeDg |-
-38 (> 10000)
ane and nm-hexane over LiAlH;). The compounds to yield single crystals of the THF adduct 5. M.p. (argon, sealed

Me,Al-C=C—CH;, Me,Al-H,['" Et,Al-H,!'"l iPr,Al—H,lI!"]
tBu,Al—H,' Et,Al-CL!7 iPr,Al—Br,l' 7l and tBu,Al—CI!8! were
synthesized according to literature procedures. — 'H and '3C NMR
shifts were assigned on the basis of 'H, '*C, HH-COSY, HMQC,
and HMBC spectra. Shifts are reported on the 4 scale in ppm rela-
tive to residual nondeuterated solvent signals (‘H) or the signals of
the deuterated solvent ('3C) as internal standards, or relative to
[AI(H,0)6]** (*Al) as an external standard.

Synthesis of (AlMe)g(CCH,Me)sH (4): Dimethylpropynylalumin-
ium (0.604 g, 6.29 mmol) was dissolved in excess dimethylalumi-
nium hydride (2.301 g, 39.6 mmol) and the solution was stirred at
room temperature. A strongly exothermic reaction occurred after
some minutes and a colourless solid precipitated. After stirring for
2 h, all volatile components were distilled off in vacuo. The vessel
containing the residue was thoroughly evacuated to 1073 Torr and
then the dried product was redissolved in toluene (40 mL). After
filtration and cooling to —30 °C, an amorphous, extremely pyro-
phoric precipitate of the product 4 was deposited. The mother li-
quor contained a closo-carbaalane derivative similar to 3, the isola-
tion and characterization of which has been reported previously.
Owing to its low solubility, 4 could not be purified by recrystalliza-
tion from noncoordinating solvents. Yield of the crude product:
0.201 g (29% based on propynylaluminium). — 'H NMR (very di-
lute solution in C¢Dg, 200 MHz, 298 K): & = —0.20 and —0.15
(2's, 12 H each, AlMe), 1.04 (t, 12 H, 3Jyy = 7.3 Hz, CH; of ethyl),
1.33 (t, 3 H, 3Jyu = 7.5 Hz, CHj; of ethyl opposite to bridging H),
1.93 (q, 8 H, 3Jyy = 7.3 Hz, CH, of ethyl), 2.33 (q, 2 H, 3Jyu
7.5 Hz, CH, of ethyl opposite to bridging H), 5.68 (s, 1 H, AIH).

Synthesis of (AlMe)s(CCH,Me)sH-2THF (5): Compound 4 was
dissolved in THFE. The solution was slowly concentrated under
slightly reduced pressure at room temperature over several weeks
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capillary): 260 °C (dec.). — '"H NMR ([Dg]THF, 500 MHz, 300 K):
8 = —0.44 (s, 12 H, methyl at Al-1, Al-3), —0.43 (s, 12 H, methyl
at A-12, Al-4 of the hydrogen-bonded face), 1.04 (t, 12 H, 3Jyy =
7.3 Hz, CH; of ethyl), 1.05 (t, 3 H, 3Jyy = 7.3 Hz, CHj; of ethyl
opposite to the bridging hydrogen atom), 1.99 (q, 8 H, *Jyy =
7.3 Hz, CH, of ethyl), 2.05 (q, 2 H, 3Jyy = 7.3 Hz, CH, of ethyl
opposite to the bridging hydrogen atom), 4.19 (s, 1 H, AlH); coor-
dinated THF: 6 = 1.77 and 3.62 (each m), part of the THF was
replaced by [Dg]THF and was detected as free THF in solution. —
'"H NMR ([Dg]THF, 400 MHz, 165 K): § = —0.49 and —0.51 (25,
6 H each, methyl of Al-1, Al-3), —0.41 and —0.56 (2's, 6 H each,
methyl of Al-2, Al-4), 3.98 (s, 1 H, AlIH), broad resonances of the
ethyl groups at & 1.0 and 1.9. — 3C NMR ([Dg]THF,
125.8 MHz, 300 K): 6 = —9.4 and —8.8 (AlMe); 20.5 (cluster car-
bon atom C-20, see Figure 1), 21.5 (cluster carbon atoms C-10 and
C-30), 23.1 (CH3; of ethyl, C-12 and C-32), 24.35 (CH, of ethyl, C-
11 and C-31), 24.40 (CHj; of ethyl, C-22), 24.5 (CH, of ethyl, C-
21), 68.2 (CO of coordinated THF), 26.4 (Cy of THF). — 3C
NMR ([Dg]THF, 100.6 MHz, 202 K): § = —10.6, —10.3, —8.5, and
—7.8 (AIMe). — >?Al NMR: See Table 1. — IR (CsBr, paraffin):
v = 1616 m (vAIH), 1458 vs, 1376 vs paraffin; 1314 s, 1269 m
(0CH3), 1196 m, 1176 s, 1078 m, 1066 m, 1025 s, 1004 s, 920 m,
874 s, 801 s (vCC, vCO, 6CHs3) 721 vs, 679 vs [br. vVAIC(Me)] 465
m, 426 m, 388 m, 344 m, 30l m, 275 m (VAIC, 8CC). —
C31HgAlgO, (686.7): caled. Al 31.4; found Al 31.2.

Synthesis of (AlMe)s(CCH,Me)s(n-C=C—Me) (6): Dimethylpro-
pynylaluminium (1.665 g, 17.3 mmol) was treated with dimethyl-
aluminium hydride (2.102 g, 36.2 mmol, 2.1 equiv.) without a sol-
vent at room temperature. After about 1 min, a strongly exothermic
reaction occurred and a bright-yellow solid precipitated. The mix-
ture was stirred for 1 h and then all volatile components were re-
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moved in vacuo. The yellow residue was redissolved in warm tolu-
ene (50 mL). The yellow, air-sensitive product was isolated after
cooling the solution to —30 °C. Yield: 0.654 g (39%), m.p. (argon,
sealed capillary): 240 °C (dec.). — 'H NMR ([Dg]THF, 500 MHz,
300 K): 6 = —0.44 (s, 12 H, methyl groups of the aluminium atoms
at the bottom of the cluster), —0.36 (s, 12 H, methyl groups of the
aluminium atoms of the propynido-bridged face), 1.03 (t, 12 H,
3Juu = 7.3 Hz, CHj; of ethyl), 1.08 (t, 3 H, 3Juyy = 7.3 Hz, CH;
of the ethyl group opposite to the bridging propynido group), 1.99
(q, 8 H, 3Jyu = 7.3 Hz, CH, of ethyl), 2.07 (q, 2 H, 3Jyy = 7.3 Hz,
CH, of the ethyl group opposite to the bridging propynido group),
2.41 (s, 3 H, CH; of the propynido ligand). — '3C NMR ([Dg]THF,
125.8 MHz, 300 K): 8 = —8.9 and —7.7 (AlMe), 8.8 (CH; of the
propynido ligand), 17.5 (cluster carbon atom opposite to the
bridging propynido ligand), 21.5 (remaining cluster carbon atoms),
23.5 (CHj; of ethyl), 24.1 (CH, of ethyl opposite to the propynido
bridge), 24.3 (CHj3 of the ethyl group opposite to the propynido
bridge), 25.0 (CH, of ethyl)*, 88.2 (bridging C of the C=C triple
bond), 162.3 (B-C of C=C triple bond); *obscured by solvent sig-
nal. — 2’Al NMR: See Table 1. — IR (CsBr, paraffin): v = 2019
m, 2010 m (vC=C, splitting possibly caused by Fermi resonance)
1460 vs, 1377 vs (paraffin) 1322 s, 1186 vs, 1082 m, 1067 m, 1031
vs, 879 vs, 788 m (vCC, 6CH3), 663 vs [br. vAIC(Me)] 437 m, 402 w,
344 w (VAIC). — CysHssAlg (582.6): caled. Al 37.1; found Al 37.2.

Synthesis of Et,Al-C=C—Me:l') A mixture of n-butyllithium
(15.0 mL, 1.6 M solution in n-hexane, 24.0 mmol) and n-pentane
(20 mL) was cooled to —70 °C. Dried (P40,0) gaseous propyne was
then passed over the solution for half an hour. A colourless solid
precipitated. The resulting suspension was allowed to warm to
room temperature and stirred until the gas evolution had ceased.
A solution of diethylaluminium chloride (2.601 g, 21.6 mmol, 0.9
equiv.) in n-pentane (20 mL) was then added dropwise at room tem-
perature. The mixture was stirred for 1 h and filtered. The solvent

was removed in vacuo and the oily residue was employed directly
for further reactions without purification. Yield: 1.955¢g (73%
based on Et,AlICl). — 'H NMR (C¢Dg, 300 MHz, 300 K): & = 0.43
(q, 4 H, 3Jyuy = 8.1 Hz, CH,), 1.25 (s, 3 H, C=C—CH3), 1.39 (t,
6 H, 3/ = 8.1 Hz, CH; of ethyl). — 3C NMR (C4Ds, 75.5 MHz,
300 K): 6 = 2.4 [AIC(EY)], 5.3 (CHj; of propyne), 9.6 (CHj of ethyl),
86.3 and 134.5 (C=C). — ?7Al NMR (C¢Dg, 104.3 MHz, 300 K):
5 = 146 (W), = 4000 Hz). — IR (CsBr, paraffin): v = 2149 s,
2101 vs (vC=C), 1463 vs (paraffin), 1407 s, 1393 s (3CHs), 1375 s
(paraffin) 1303 vw, 1227 w, 1194 w, 1167 w, 1101 w, 1056 s, 988 vs,
974 sh, s, 951 s, 919 m, 899 s, 868 m, 808 m, (br. vCC, 6CH3) 656
vs (br. VAIC), 541 s, 469 sh, s, 406 s, br., 346 s, 312 m (VAIC, 6CC).

Synthesis of iPr,Al-C=C—Me: A solution of n-butyllithium
(15.6 mL, 1.6 M in n-hexane, 25.0 mmol) and n-hexane (20 mL) was
cooled to —70 °C. Dried (P40,0) gaseous propyne was passed over
the solution for half an hour. A colourless solid precipitated. The
mixture was then allowed to warm to room temperature and stirred
until the gas evolution (butane, excess propyne) had ceased. A solu-
tion of diisopropylaluminium bromide (4.568 g, 23.7 mmol, 0.95
equiv.) was then added dropwise at room temperature. The re-
sulting suspension was stirred for 3 h, then filtered, and all volatile
components were removed from the filtrate in vacuo. The waxy
residue was employed without further purification. Yield: 2.179 g
(61% based on iPr,AlBr). — 'H NMR (C4Dg, 200 MHz, 300 K):
5 = 0.76 (septet, 2H, 3Jyy = 7.5Hz, AICH), 1.32 (s, 3 H,
C=C—CH,), 1.41 (d, 12 H, 3Juy = 7.5 Hz, CHj; of isopropyl). —
13C NMR (C4¢Dg, 50.3 MHz, 300 K): 8 = 5.9 (CH; of propyne),
12.1 [br., AIC(iPr)], 21.1 (CHj; of isopropyl), 136.8 (C=C); only
one resonance of the C=C triple bond was detected. — *?Al NMR
(C¢Dg, 104.3 MHz, 300 K): 6 = 138 (W}, = 5000 Hz). — IR (CsBr,
paraffin): v = 2149 w, 2098 vs (vC=C), 1461 vs, 1377 vs (paraffin),
1305 w, 1261 m, 1206 w, 1169 sh, w, 1120 m, 1055 s, 1028 sh, m,
972 s, 957 s, 910 w, 873 s, 835 w, 801 m, (br. vCC, 6CHj3), 723 m,

Table 2. Crystal data, data collection parameters, and structure refinement of compounds 5 and 6/

5 6
Formula C31H6()A1802 C26H56A18
Crystal system monoclinic tetragonal
Space group P2/n; No. 13 120 14/m; No. 87 29
V4 2 2
Temperature [K] 193(2) 193(2)
dearea. [glom?) 1.175 1.172
a [pm] 1059.7(1) 1061.62(5)
b [pm] 1093.6(1) 1061.62(5)
¢ [pm] 1689.7(3) 1464.21(9)
° 97.63(2) 90
V [1073° m3) 1940.8(5) 1650.2(2)
p[mm™1 0.236 0.262
Crystal size [mm] 0.40 X 0.34 X 0.31 0.36 X 0.36 X 0.34
Diffractometer STOE IPDS
Radiation Mo-K, radiation; graphite monochromator
Range [°] 2.15 to 25.93 3.84 to 25.84
Index ranges -2=h=12 -2=h=12
-13=k=13 -13=k=12
-20=/=20 -17=1=17
Independent reflections 3758 [R(int) = 0.0406] 828 [R(int) = 0.0414]
Reflections F > 4c(F) 2987 685
Parameters 257 55
R = X||F,| — |FJIZ|F,| [F > 40(F)] 0.0511 0.0553
WR? = [Zw(FZ — F2)2[Zw(F2)*]Y? (all data) 0.1539 0.1831
Max./min. residual [10%° e/m?] 0.896/—0.567 0.318/—0.648

[al Programs: SHELXTL-Plus, SHELXL-97;2! solutions by direct methods; full-matrix refinement with all independent structure factors.
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699 w, 622 vs (br. VAIC), 563 sh, m, 532 s, 457 s, 402 m, 350 m
(VAIC, 8CC).

Reaction of iPr,Al—H with iPr,Al—C=C—Me: Diisopropylpropy-
nylaluminium (1.090 g, 7.17 mmol) was treated with diisopropylal-
uminium hydride (3.466 g, 30.4 mmol) and the resulting mixture
was heated to 50 °C for 18 h. In order to distil off triisopropylalum-
inium, the mixture was heated in vacuo to 80 °C for 2 h. The oily,
light-yellow residue was treated with diisopropyl ether. After filtra-
tion, the solution was cooled to —70 °C to furnish a small quantity
of a colourless solid (7) after several weeks. Yield: <1%. — 'H
NMR (CgDg, 500 MHz, 300 K, the numbering scheme is given in
Scheme 2): ethyl groups at C-1 and C-2: § = 1.19 (t, 6 H, 3Juy =
7.4 Hz, CH3)*, 2.18 (q, 4 H, *Jyy = 7.4 Hz, CH.); ethyl groups at
C-3 and C-4: 8 = 1.19 (t, 6 H, 3Jyy = 7.4 Hz, CH3)*, 2.18 (q, 4
H, 3Jyy = 7.4 Hz, CH,); isopropyl groups at Al-1 and Al-2: § =
0.90 (m, 2 H, 3Jyy = 7.7 Hz, AICH), 1.46 (d, 12 H, 3Jyy = 7.7 Hz,
CHs); isopropyl groups at Al-3, Al-4, Al-5, and Al-6: 6 = 0.85 and
0.95 (2m, each 2 H, 3Jyy = 7.7 Hz, AICH), 1.37 and 1.38 (2d,
each 12 H, 3Jyy = 7.7 Hz, CHs); isopropyl group at Al-7: § = 0.46
(septet, 1 H, 3Jyy = 7.7 Hz, AICH), 1.41 (d, 6 H, 3Jyy = 7.7 Hz,
CHs); 4.53 (s, 2 H, AIH) (*assignments may be interchanged). —
13C NMR (C¢Dg, 125.8 MHz, 300 K): ethyl groups at C-1, C-2, C-
3, and C-4: 8 = 21.2 and 23.1 (CH,), 23.9 and 25.3 (CHy); cluster
carbon atoms C-1 to C-4: & = 18.0 and 27.0; isopropyl groups at
Al-1 and Al-2: & = 13.0 or 13.3 (AIC, uncertain), 21.0 (CHs); iso-
propyl groups at Al-3, Al-4, Al-5, Al-6: 6 = 6.2 and 10.3 (AIC),
21.6 and 21.8 (CHj;); isopropyl group at Al-7: § = 9.8 (AIC), 21.7
(CH3). — ?Al NMR: See Table 1.

Synthesis of (Me;C),AlI-C=C—Me: Li—C=C—Me was synthe-
sized as described above (5.3 mL of a 1.6 M solution of n-butylli-
thium in n-hexane, 8.48 mmol). A solution of bis(zerz-butyl)alumi-
nium chloride (1.490 g, 8.44 mmol) in n-hexane (20 mL) was added
and the mixture was stirred at room temperature for 3 h. After
filtration and concentration, a colourless solid was obtained upon
cooling the solution to —30 °C. The product was further purified
by recrystallization from n-hexane. Yield: 1.172 g (77%, based on
tBu,AICI); m.p. (argon, sealed capillary): 96 °C (dec.). — '"H NMR
(CsDs, 200 MHz, 300 K): 8 = 1.31 (s, 18 H, CMes3), 1.49 (s, 3 H,
C=C—-CH,;). — 3C NMR (C4¢Dg, 100.6 MHz, 300 K): 8 = 5.6
(CHj; of propyne), 18.4 [br., AIC(tBu)], 31.8 (CH; of tert-butyl),
135.6 (C=C); only one resonance of the C=C triple bond was de-
tected. — 2’Al NMR (C¢Dg, 104.3 MHz, 300 K): § = 130 (W;,, =
5000 Hz). — IR (CsBr, paraffin): ¥ = 2092 vs, 2058 w, 2047 w
(vC=C), 1464 vs, 1378 vs (paraftin), 1308 m, 1262 m, 1178 m, 1127
w, 1043 m, 1002 s, 966 s, 939 s, 891 w, 846 w, 812 vs (vCC, 6CH3),
722 s, 663 vw, 631 w, 587 vs (VAIC), 541 s, 442 vs, 418 vs, 356 vs
(VAIC, 6CC).

Crystal Structure Determinations: Single crystals of compounds 5
and 6 were obtained by very slow concentration of solutions in
THF at room temperature over several weeks. Crystal data and
structure refinement parameters are given in Table 2.12? The carbon
atoms of the THF molecules and one ethyl group (C-31, C-32) of
compound 5 showed a disorder; these atoms were refined in split
positions. Compound 6 is severely disordered and the propynido
group is distributed over all six faces of the cluster.

Quantum Chemical Calculations: The structures of the carbaalanes
1 (with Al = AlMe and R = CCPh as well as H, respectively), 2,
3 (with Al = AlMe and AlEt, respectively), 4, and 6 were optimized
at the density-functional theory (DFT) level®) employing the
Becke—Perdew (BP86) functional® together with an auxiliary ba-
sis set approximation for the Coulomb energy (RI-DFT).[>5I A po-
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larized split-valence basis SV(P)*® was used in all calculations,
with the parentheses indicating that polarization functions have
been considered only for non-hydrogen atoms as well as the hydro-
gen bonds.

27A1 NMR chemical shifts were computed employing the gauge-
including atomic orbital (GIAO) Hartree—Fock self-consistent-
field (HF-SCF) method®” using a polarized double-zeta (dzp) ba-
sist?8 for Al, C, and F and a DZ basis for all nonbridging hydrogen
atoms. Relative shifts were obtained with [AIH,]™ as an internal
reference and a 8(*’Al) value for [AIH4]~ of § = 101 %1 (the abso-
lute shielding computed for [AlH4]~ at the GIAO-HF-SCF/dzp
level is 517.1 ppm). For the parent system of 5 (all ethyl and methyl
groups replaced by hydrogens), the accuracy of the calculated shifts
was checked in GIAO-HF-SCF calculations using a larger polar-
ized triple-zeta (TZP) basis,*! as well as in electron-correlated cal-
culations using second-order Moller—Plesset perturbation theory,
i.e. GIAO-MP2.1*! According to these calculations, the accuracy
of the computed shift can be estimated to be in agreement with
previous >’Al NMR chemical shift calculations on aluminium clus-
ter compounds within § = 20—30.113141 All calculations were car-
ried out with the TURBOMOLE program package.!

Acknowledgments

We are grateful to the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie for generous financial support.

1'W. Uhl, F. Breher, Eur. J. Inorg. Chem. 2000, 1.

2l'W. Uhl, F. Breher, Angew. Chem. 1999, 111, 1578; Angew.

Chem. Int. Ed. 1999, 38, 1477.

W. Uhl, F. Breher, A. Liitzen, W. Saak, Angew. Chem. 2000,

112, 414; Angew. Chem. Int. Ed. 2000, 39, 406.

W. Uhl, F. Breher, J. Grunenberg, A. Liitzen, W. Saak, Organo-

metallics 2000, 19, 4536.

O. Volkov, W. Dirk, U. Englert, P. Paetzold, Z. Anorg Allg

Chem. 1999, 625, 1193; E. H. Wong, L. Prasad, E. J. Gabe, M.

G. Gatter, Inorg. Chem. 1983, 22, 1143.

(Me,AlH)s: 8 = 2.92; (Et,AlH)s: 8 = 2.75; (iPr,AlH);: 6 =

2.71. O. T. Beachley, Jr., L. Victoriano, Organometallics 1988,

7, 63.

H. Giinther, NMR-Spektroskopie, Georg Thieme Verlag,

Stuttgart, 1983, p. 229.

R. G. Vranka, E. L. Amma, J. Am. Chem. Soc. 1967, 89, 3121;

J. C. Huffman, W. E. Streib, J Chem. Soc., Chem. Commun.

1971, 911; A. Almenningen, G. A. Anderson, F. R. Forgaard,

A. Haaland, Acta Chem. Scand. 1972, 26, 2315.

Ol W. Uhl, Z. Naturforsch. B., Chem. Sci. 1988, 43, 1113; R. I.
Wehmschulte, K. Ruhlandt-Senge, M. M. Olmstead, H. Hope,
B. E. Sturgeon, P. P. Power, Inorg. Chem. 1993, 32, 2983; N.
Wiberg, K. Amelunxen, T. Blank, H. Noth, J. Knizek, Organo-
metallics 1998, 17, 5431.

UO1'W. Uhl, Z. Anorg. Allg. Chem. 1989, 570, 37.

I A, Haaland, in Coordination Chemistry of Aluminum (Ed.: G.
H. Robinson), VCH, New York, 1993; W. Uhl, M. Koch, S.
Pohl, W. Saak, W. Hiller, M. Heckel, Z. Naturforsch., Teil B
1995, 50, 635.

121 R, Benn, A. Rufinska, H. Lehmkuhl, E. Janssen, C. Kriiger,
Angew. Chem. 1983, 95, 808; Angew. Chem. Int. Ed. Engl. 1983,
22, 779; R. Benn, A. Rufinska, Angew. Chem. 1986, 98, 851;
Angew. Chem. Int. Ed. Engl. 1986, 25, 861; J. F. Hinton, R. W.
Briggs in NMR and the Periodic Table (Eds.: R. K. Harris, B.
E. Mann), Academic Press, London, 1978.

U31J. Gauss, U. Schneider, R. Ahlrichs, C. Dohmeier, H.
Schnockel, J Am. Chem. Soc. 1993, 115, 2402.

141 C, Klemp, M. Bruns, J. Gauss, U. Hiussermann, G. Stdsser,

L. Van Wiillen, M. Jansen, H. Schnockel, J Am. Chem. Soc.

in press.

3

[4

[5

[6

[7

[8

3065



FULL PAPER

W. Uhl, F. Breher, A. Mbonimana, J. Gauss, D. Haase, A. Liitzen, W. Saak

51 C. Dohmeier, H. Schnockel, C. Robl, U. Schneider, R.
Ahlrichs, Angew. Chem. 1993, 105, 1714; Angew. Chem. Int. Ed.
Engl. 1993, 32, 1655.

161 W. Uhl, F. Breher, B. Neumiiller, J. Grunenberg, A. Liitzen, W.
Saak, Organometallics, in press.

U7 H. Lehmkuhl, K. Ziegler, in Methods of Organic Chemistry
( Houben-Weyl), 4th ed., Thieme-Verlag, Stuttgart, 1970; vol.
XII1/4, pp. 58—59.

U81'W. Uhl, J. Wagner, D. Fenske, G. Baum, Z. Anorg. Allg. Chem.
1992, 612, 25.

1191 The synthesis of Et,Al—C=C—Me by a very complicated route
has been reported previously; its characterization was incom-
plete: H. Demarne, P. Cadiot, Bull. Soc. Chim. Fr. 1968, 205;
A. Almenningen, L. Fernholt, A. Haaland, J Organomet.
Chem. 1978, 155, 245; see ref.[14].

201 International Tuables for Crystallography, Space Group Sym-
metry (Ed.: T. Hahn), Kluwer Academic Publishers, Dordrecht,
Boston, London, 1989, vol. A.

P SHELXTL-Plus, Release 4.2 for Siemens R3 Crystallographic
Research Systems, Siemens Analytical X-ray Instruments Inc.,
Madison, USA, 1990; G. M. Sheldrick, SHELXL-97, Program
for the Refinement of Crystal Structures, Universitit
Gottingen, 1997.

122 The crystallographic data for 5 and 6 (excluding structure fac-
tors) have been deposited with the Cambridge Crystallographic

3066

Data Centre as supplementary publication nos. CCDC-160388
(5) and -160389 (6). Copies of the data can be obtained free of
charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. [Fax: (internat.) +44 (0)1223
336033; E-mail: deposit@chemcrys.cam.ac.uk].

1231 See, for example: R. G. Parr, W. Yang, Density-Functional The-
ory of Atoms and Molecules, Clarendon Press, New York, 1989,
and references therein.

(241 A. D. Becke, Phys. Rev. 1998, 438, 3098; J. P. Perdew, Phys.
Rev. 1996, B33, 8822. }

251 K. Eichkorn, O. Treutler, H. Ohm, M. Hiser, R. Ahlrichs,
Chem. Phys. Lett. 1995, 240, 283.

(261 A, Schiifer, H. Horn, R. Ahlrichs, J Chem. Phys. 1992, 97,
2571.

[271 R. Ditchfield, Mol Phys. 1974, 27, 789; K. Wolinski, J. F. Hin-
ton, P. Pulay, J Am. Chem. Soc. 1990, 112, 8251; M. Hiser, R.
Ahlrichs, H. P. Baron, P. Weis, H. Horn, Theoret. Chim. Acta
1992, 83, 455.

(281 H. Noth, Z. Naturforsch., Teil B 1980, 35, 119.

(291 J. Gauss, Chem. Phys. Lett. 1992, 191, 614; M. Kollwitz, J.
Gauss, Chem. Phys. Lett. 1996, 260, 639.

39T R. Ahlrichs, M. Bir, M. Hiser, H. Horn, C. Kdlmel, Chem.
Phys. Lett. 1989, 162, 165.

Received June 8, 2001
[101209]

Eur. J. Inorg. Chem. 2001, 3059—3066



