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Synthesis and Structure of the “Dialuminyne”
Na,[Ar'AlAlAY'] and Na,[(Ar"Al);]: Al-Al
Bonding in AlLNa, and Al;Na, Clusters**

Robert J. Wright, Marcin Brynda, and Philip P. Power*

The synthesis of R,AlAIR, (R = CH(SiMej;),) by Uhl in 1988
marked a key development for compounds with Group 13
metal-metal bonds because it was the first example of a stable
molecule with an Al—Al bond to be structurally character-
ized." In the early 1990s it was shown that this compound and
its gallium congeners, as well as related aryl-substituted
derivatives, could be reduced to afford anions of the type
[R,MMR,]- (M=AIl or Ga, R=CH(SiMe;),*™ or C¢H,-
2,4,6-iPr;>%) which had M—M bonds of formal order 1.5
owing to occupation of a s orbital by a single electron. Later
work expanded these initial results to several other classes of
Group 13 compounds with metal-metal multiple bonds,!”
including most notably the “digallyne” Na,[Ar*GaGaAr*]
(1; Ar* = CgH;-2,6-(CgH,-2,4,6-iPr3),)® of Robinson and co-
workers, the bonding of which has attracted considerable
debate.”! This compound has a trans-bent, planar C-Ga-Ga-C
array, a short Ga—Ga bond length of about 2.32 A, and a
formal Ga—Ga triple bond (by analogy with alkynes). The
only related Group 13 element derivative of this type is the
closely related compound Na,[Ar'GaGaAr'] (2; Ar'=CsH;-
2,6-(C4¢H;-2,6-iPr,),), which has very similar structural param-
eters to those of 1 but whose flanking aryl rings do not carry a
para-iPr substituent.!'*1!
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Since 2000, however, work on the isoelectronic neutral
Group 14 element derivatives RM'M'R (M’ = Si,[1>14 Ge [1>19)
Sn," Pb;[¥ R = bulky organic or silyl group) has progressed
to the extent that stable homonuclear species for each
member of the series have now been isolated and structurally
characterized. In addition, a series of related neutral
Group 13 metal ArMMAT’ derivatives (M = Ga,l'*!!] In,[""]
TI®) has been reported. These results prompted us to
attempt a similar advance for the heavier Group 13 element
alkyne analogues, especially in the case of aluminum, which is
of key importance as the first metal of the p-block elements.!
We now describe the synthesis and characterization of the
first “dialuminyne” species Na,[Ar'AlAIAr] (3) and the
“cyclotrialuminene” Na,[(AlAr");] (4; Ar” = CH;-2,6-(C¢H,-
2,4,6-Me;),).

Compounds 3 and 4 were synthesized by reduction of
solutions of Ar'All, (5) and Ar”All, (8) in diethyl ether with
excess sodium [Eq. (1)]. The reduction of 5 initially leads to 6,

2 ArAll _-E—ET IAP)AIAIAT)! _z—:;» ArAIAIAF 2N Na,ArAIAIAr]
5 6 7 3
O]
3 ArAll, B_:E"l. Na[(AIAr)5]
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thence to 7, which affords 3 upon further reduction.
Compound 3 was isolated in about 20% yield as deep red,
almost black crystals, while 4 was isolated in about 25 % yield
as red-orange crystals. The clusters were characterized by 'H
and “C NMR spectroscopy, UV/Vis spectroscopy, and X-ray
crystallography.®!

X-ray crystallographic analysis of 3 (Figure 1) revealed a
centrosymmetric ALNa, core with Al-Al and Al-Na sepa-
rations of 2.428(1) and 3.152(1) A, respectively. The alumi-
num atoms are bound to the Ar’ substituents through the
ipso carbon atoms (C(1) and C(1A)) of the central aryl ring,
as well as to the sodium atoms (Na(1) and Na(1A)), which are
further complexed in an n° fashion to the flanking aryl rings of
Ar' (centroid—Na 2.656(2) and 2.637(2) A; C—Na 2.881(2)-
3.084(2) A). The C(1)-Al(1)-Al(1A)-C(1A) array has a trans-
bent structure (C(1)-Al(1)-Al(1A) dihedral: 131.71(7)°) with
local C,, symmetry.

The structure of 4 is characterized by a triangular Al; core
(Figure 2, Al-Al 2.5202(2) A) with a crystallographically
required three-fold axis of symmetry. Each aluminum atom
has distorted trigonal-planar geometry and is bound to two
aluminum atoms and to an Ar” ligand through the ipso carbon
atom of the central aryl ring. This ring is orientated
perpendicularly to the Al;C; core array. The two Na atoms
are located above and below the centroid of the Al; core, and
are also coordinated to the flanking mesityl rings of the
terphenyl  ligand (centroid—Na 3.177(2) A, Na—Al
3.285(2) A). The Al-Al-C bond angles differ by about 15°,
such that the extension of the C—Al vector does not pass
through the centroid of the Al; triangle.
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Figure 1. Thermal ellipsoid plot (30% probability) of 3 without

H atoms. Selected bond lengths [A] and angles [deg]: Al(1)-Al(1A)
2.428(1), Al(1)-C(1) 2.043(2), Al(1)-Na(1A) 3.152(1), Na-C,,,, 2.881(2)—
3.084(2) [av. 2.991(2)], Dipp(centroid)-Na(1) 2.656(2), Dipp(centroid)-
Na(1A) 2.637(2); C(1)-Al(1)-Al(1A) 131.71(7), Na(1)-Al(1)-Na(1A)
134.58(2), Al(1A)-Al(1)-Na(1) 67.65(3), Al(1A)-Al(1)-Na(1A) 66.93(3),
C(1)-Al(1)-Na(1) 104.71(6), C(1)-Al(1)-Na(1A) 105.07(6), Al(1)-C(1)-
C(2) 121.9(1), Al(1)-C(1)-C(6) 122.2(1), C(1)-C(2)-C(7) 120.7(2), C(1)-
C(6)-C(13) 120.8(2). Dipp=CeH3-2,6-Pr.

Figure 2. Thermal ellipsoid plot (30% probability) of 4 without

H atoms. Selected bond lengths [A] and angles [deg]: Al(1)-Al(1A)
2.520(2), Al(1)-C(1) 2.021(3), Al(1)-Na(1) 3.285(2), Na(1)-C(7)
3.066(2), Na-C,,,; 3.066(2)-3.808(2) [av. 3.459(2)], Mes (centroid)-
Na(1A) 3.177(2); A1(1)-Al(1A)-Al(1B) 60.0, Al(1A)-Na(1)-Al(1B)
45.12(3), C(1)-Al(1)-Al(1A) 142.8(1), C(1)-Al(1)-Al(1B) 157.2(1). Dihe-
dral angle between Al; plane and Na(1)-Al;(centroid)-Na(1 A) plane:
90.0. Mes =Cg¢H,-2,4,6-Me;.

The structure of 3 may be compared with those of the
recently reported “disilyne” R'SiSiR™! (R’'=Si{CH-
(SiMe;),},iPr; Si—Si 2.319(2) A, Si-Si-Si 137.44(4)°) and the
“digallynes” 1 (Ga—Ga 2.319(2) A, C-Ga-Ga ca. 131°) and 2
(Ga—Ga 2.347(1) A, C-Ga-Ga 130.7(1)°). The Al—Al bond
length in 3 (2.428(1) A) is considerably longer than the Si—Si
or Ga—Ga bond lengths although the bending angle at Al is
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within 1° of those in 1 and 2 and is only 5.7° smaller than that
of the “disilyne”. The longer Al—Al bond length is a result of
the larger radius of Al (1.3 A) versus that of Si (1.17 A) or Ga
(1.25 A). The dianionic nature of [Ar'AIAIAr]>" versus the
neutral “disilyne” is also a factor in the large disparity in bond
length. Nonetheless, the Al—Al bond length in 3 is much
shorter than those in the Al—Al single-bonded compounds
R,AIAIR, (R=CH(SiMe;),; Al-Al 2.660(3) A" and
R,AIAIR, (R'=CH,-2,4,6-iPr;;  Al-Al  2.647(3) A)
although it is only about 0.04 A shorter than the Al—-Al
bond length in the one-electron-reduction product Li-
(tmeda),[R,AIAIR}] (2.470(2) A), which has a formal bond
order of 1.5.1

The Al—Al bond lengths in 3 may also be affected by
sodium-aryl interactions. Calculations by the groups of
Nagase,? Cotton and Cowley have suggested that this is
the case for the “digallynes”.”™ More recent high-level
calculations by Frenking and co-workers have demonstrated
the importance of the Na—Ga interactions.”® This work has
shown that the Ga—Ga bond order in the model species
Na,[PhGaGaPh] is about half that of [PhGaGaPh]*".
Unfortunately, computational data on model compounds for
3 feature only separated anions with simple ligands such as
H?21 or Me®! and do not take Na—aryl interactions into
consideration. The calculated geometries of the organosub-
stituted (Me or Ph) model compounds all afforded planar
trans-bent structures similar to that found experimentally
with Al-Al bond lengths in the range 2.50-2.52 A and Al-Al-
C bond angles in the range 120-127°.%" The longer calculated
Al—Al distances support the view that some of the shortening
(0.07-0.09 A) of the Al-Al bond is indeed a result of the
effect of the sodium atoms. The Al—Al bond order, calculated
by the method of Mayer,?” for the simplest planar trans-bent
model [HAIAIH]*~ is 2.51.%8 DFT calculations at the B3LYP/
6-31g* level® on the model species Li,[HAIAIH], followed
by Wiberg bond-order calculations,” resulted in an Al—Al
bond order of 1.35. Calculations at the same level of theory on
the entire molecule of 3 afforded an Al—Al bond order of
1.13, while the same calculations on the gallium analogue 2
afforded a value of 1.39. Finally, we note that the AlI-Al bond
length in 3 is about 0.20 A larger than that recently predicted
from the sum of the triple-bond radii of aluminum (2.22 A).*?

Kohn-Sham frontier-orbital surfaces for the model com-
pound Na,[ArAlAlAr] (Ar=C¢H;-2,6-Ph,) were generated
from the DFT calculations by using crystallographic coordi-
nates of 3 (Figure 3).”) The HOMO is clearly the out-of-
plane 7 bond, and the HOMO—1 can be designated as n_**
(this type of orbital has also been called a slipped 7 bond),*!
although calculations on related gallium and germanium
species indicate that such an orbital is essentially nonbonding
in its effect.”! The HOMO-2 features o bonding between
the metal centers and from the metal centers to the ligand
carbon atoms. These calculations also shed light on the UV/
Vis spectrum of 3, which features three orbitally allowed
absorbances at 354, 456, and 600 nm. Two of these absorban-
ces are likely attributable to transitions from the HOMO (a,)
and the HOMO-1 (b,) to the LUMO (a,) while the highest-
energy transition may involve the HOMO and the LUMO + 1
(a,) levels.
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Figure 3. Selected Kohn—Sham orbital representations for the model
species Na,[ArAlAlAr] (Ar=C¢H;-2,6-Ph,).

Compound 4, the “cycloaluminene”, is isoelectronic to the
recently reported cyclotrisilenylium ion [Si;R,R]" (R=
SifBu;, R’ =SiMe,rBu) published by Sekiguchi and co-work-
ers®” and the previously described gallium salts M,[(GaAr")s]
(9,M =NaP; 10, M = K®)) of Robinson and co-workers. The
structure of 4 bears a resemblance to that of 9 except that the
Al—Al bond length exceeds that of its gallium analogue 9 by
about 0.08 A and is about 0.30 A larger than the Si—Si bond
lengths in the cyclotrisilenylium ion [Si;R,R’]*. Kohn-Sham
orbital representations were also generated for Na,[(AlAr);]
(Figure 4; Ar= C4H;-2,6-Ph,) and showed that the HOMO-2
is a m orbital delocalized over the three metal centers while
the HOMO and HOMO-1 are Al—Al o-bonding orbitals.

Figure 4. Kohn-Sham orbital representation for the delocalized
HOMO-2 of Na,[(AlAr);] (Ar=CsH;-2,6-Ph,).

The presence of a delocalized 2 orbital suggests that 4 is
aromatic. Work on the related gallium species 9 and 10 has
shown that they possess delocalized m systems, and nucleus-
independent chemical shift (NICS) calculations confirmed
their metalloaromaticity.*”! NICS calculations have not been
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undertaken on 4, and attempts to obtain a Al NMR
spectrum which might provide further insight into the
aromaticity of 4 failed.

The formal M—M bond order in 4 is 1.33; however, the
calculated Wiberg bond order in the geometry-optimized
model species Na,[(AlMe);] is 0.72 while a value of 0.88 was
obtained for calculations (B3LYP/6-31g*) on the entire
molecule of 4. The lower bond orders are likely a result of
the distorted localized geometry (Cs, instead of Ds;,) caused
by lone-pair character at the Al centers and polar—covalent
Na—Al interactions. The Na—Al bond orders in Na,[(AlMe);]
are calculated to be 0.34 and are indicative of incomplete
electron transfer to the Al; ring. Clearly, the sodium atoms
play an important role in the structure of the complex, and,
like 3, it should be viewed not as a separated dianion but as a
Na/Al cluster.

In conclusion, the first “dialuminyne” Na,[Ar'AlAlATr]
(3) and the “cycloaluminene” Na,[(AlAr”);] (4) have been
synthesized. Compound 3 features an Al—Al bond with
multiple-bond character (Wiberg bond order of 1.13). How-
ever, this value is substantially lower than the formal value of
three, as a result of the trans-bent C-Al-Al-C core, which
implies the presence of nonbonding lone-pair density at the
Al centers (see HOMO-1). Theoretical calculations on the
cyclic compound 4 showed that the HOMO-2 is a delocalized
nt bond. However, the Al—Al o bonding is somewhat weak-
ened by the lone-pair character at the metal centers, which
results in a lower Al—Al bond order. Apparently, the Al—Al
bonds in 3 and 4 are also weakened by Na-aryl interactions.
Future work will be focused on the isolation of the neutral
Ar'AlAIAT and (Ar”Al); species and other heavier element
analogues of 3 and 4.

Experimental Section
All manipulations were carried out under anhydrous and anaerobic
conditions.

3: Ar'All (2.20 g, 3.25 mmol), Na (0.299 g, 13.0 mmol), and Et,0
(125 mL) were added to a Schlenk vessel (150 mL). The mixture was
stirred for five days and gave a deep red-black solution. The solution
was filtered by filter cannula, and concentration under reduced
pressure to about 15 mL afforded dark red, almost black crystals of 3.
The mother liquor was carefully removed, and 3 was dried in a
vacuum. Yield: 0.298 g, 20 %; m.p. 275-278°C. X-ray quality crystals
(0.1 x0.1 x0.1 mm®) of 3 were obtained upon slow cooling of
solutions of 3 in Et,0. '"H NMR (300.1 MHz, C,Ds, 25°C): 6 =1.029
(d, 24H, 0-CH(CHs),, *Jyy =6.9 Hz), 1.470 (d, 24H, o-CH(CH,),,
*Jun = 6.9 Hz), 2.964 (sept, 8H, 0-CH(CH,),, *Jiy; = 6.9 Hz), 6.960 (d,
6H, m-C¢H;), 7.124 (s, 12H, m-Dipp), 7.189 ppm (t, 3H, p-C¢Hs);
BC{'H} NMR (75.5 MHz, C,D, 25°C): 6 =23.66 (CH(CHs),), 25.66
(CH(CHs),), 30.92 (CH(CHa;),), 123.75 (m-Dipp), 127.48 (p-CsHs),
128.97 (m-C4H;), 129.21 (p-Dipp), 141.93 (i-Dipp), 147.04 (o-Dipp),
14714 ppm (0-C¢H;); UV/Vis (hexanes): A, [nm] (e in
mol~'Lem™): 354 (25600), 456 (16800), 600 (12400).

4: Ar"All, (3.2 g, 5.39 mmol), Na (0.51 g, 22 mmol), and Et,O
(70 mL) were added to a Schlenk vessel (150 mL). The mixture was
stirred for three days to give a red solution. The solution was filtered
by filter cannula and concentrated to about 30 mL. Upon addition of
dry degassed hexane (ca.15mL) and overnight storage at about
—20°C, 4 precipitated as a red solid. The powder (0.486 g, 25 % yield)
was isolated and dissolved in benzene (300 mL), and storage at about
10°C resulted in small, red hexagonal crystals of X-ray quality. M.p.
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183-185°C; 'H NMR (300.1 MHz, C4Ds, 25°C): 6 =2.255 (s, 36 H, o-
Me), 2.372 (s, 18 H, p-Me), 6.695 (d, 6 H, m-CgHs), 7.124 ppm (t, 3H,
p-CsHs); BC{'H} NMR: (75.5 MHz, C¢Ds, 25°C): 6 =21.92 (p-Me),
22.12 (0-Me), 100.30, 125.91, 127.40, 134.39, 138.17 ppm; UV/Vis
(hexanes) ., [nm] (& in mol~'Lem™): 280 (9000), 296 (10000), 330
(13000), 380 (16000).
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