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A series of ligands, each with four phenoxide arms, have been prepared with the intent to
place two Lewis acidic metal center in close proximity and thus foster cooperative binding
of external Lewis bases. The ligands 1—5 incorporate a pair of 2,2'-methylenebis(4-tert-butyl-
6-alkylphenol) groups linked by three different spacers: anthracene (1H4, 5H,), dibenzofuran
(2H4, 4H,), and xanthene (3H,). The reaction of 1H, and 2H, with trimethylaluminum led
to the formation of the C,-symmetric, tetranuclear aluminum compounds [(1)AlsMeg], 6, and
[(2)Al;Meg], 7, respectively. In contrast, when 3H, was treated with trimethylaluminum, a
binuclear aluminum species, [(3)Al.Me;], 8, containing an Al,O, bridging unit, was isolated.
Heating solutions of the tetranuclear complexes 6 and 7 in the presence of excess ligand
induced the elimination of 2 equiv of trimethylaluminum and afforded the binuclear
aluminum complexes [(1)Al.Me;], 9, and [(2)Al,Me;], 10. Addition of NEt,CI to solutions of
9 and 10 resulted in the isolation of the anionic, bimetallic aluminum species [NEt,][(1)Al.-
Me,Cl], 11, and [NEt][(2)Al.Me,Cl], 12. Both complexes contain a symmetrical chloride
bridge between the two metal centers. In contrast, the reaction of NEt,Cl with 8 produced
the asymmetric dianionic compound [NEt4]>[(3)Al;Me,Cl;], 13. Compound 9 reacts with
sodium phenoxide to afford [(1)Al,Me,(OPh)Na(OEt,)], 14, and this species contains a six-
membered NaAl,O; ring. When ketones or aldehydes are added to 9, the two aluminum
centers in the resulting product each bind a carbonyl group in an »* fashion. For example,
the reaction of o,a,o-trimethylacetophenone with 9 produced the C,-symmtetric complex
{(D)[AIMe(OC11H14)]2}, 15, while 10, upon addition of cyclopentanone, afforded the asym-
metric, monometallic species [(2H)AI(OCsHs)], 16, with one free phenolic arm. The three
remaining phenoxide groups in 16 all coordinate to the lone aluminum. To probe the influence
of the steric environment of the ligand on the reactivity, methyl groups were incorporated
at the ortho-position of the phenoxide, and this ligand, 4H,, reacted with trimethylaluminum
to produce the trinuclear species [(4)AlsMes], 17, with a stabilizing six-membered Al;O03
bridge. The slightly more sterically encumbered isopropyl-substituted ligand, 5H,4, formed
the binuclear aluminum species [(5)Al,Me;], 18, analogous to 8, 9, and 10. Addition of
benzaldehyde to 18 afforded the asymmetric binuclear species { (5)[AIMe][AIMe(OCHPH)]},
19, and the benzaldehyde substrate coordinates to only one aluminum in this complex.

Introduction Scheme 1
Multidentate Lewis acids have utility in many im- Al R\C/R
portant areas of chemistry including organic catalysis iy Il
i ion 1 Bi i idi Cp Le-al O
and anion complexation.! Binuclear Lewis acidic sys- \2,1 Al
tems are particularly noteworthy in view of their oo’ r\L Ab

potential to interact simultaneously with a single
substrate. With two Lewis acidic metals simultaneously
accepting electron density from a single substrate, the
resulting complex should exhibit enhanced reactivity
(Scheme 1). To date, relatively few examples of well-
defined, binuclear Lewis acidic complexes have been
reported, and in only a few of these cases, the two Lewis
acid sites bind a single external Lewis base (i.e.,
carbonyl group).12 Most of the research effort in bime-
tallic Lewis acids has been focused on anionic sequestra-
tion3~6 or utilized mercury, a relatively soft Lewis
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acid.1P27-9 With harder Lewis acids such as aluminum,
the coordination of a substrate in a cooperative manner
by the two metal centers should result in the generation
of an extremely reactive species with the ability to
catalyze unusual organic transformations. This type of
interaction has been invoked to explain the reactivity
of several aluminum complexes but has never been

(1) (a) Wuest, J. D. Acc. Chem. Res. 1999, 32, 81—89. (b) Vaugeois,
J.; Simard, M.; Wuest, J. D. Coord. Chem. Rev. 1995, 145, 55—73, and
references therein. (c) Beer, P. D.; Smith, D. K. Prog. Inorg. Chem.
1997, 46, 1-96, and references therein.

(2) Beckwith, J. D.; Tschinkl, M.; Picot, A.; Tsunoda, M.; Bachman,
R.; Gabbai, F. P. Organometallics 2001, 20, 3169—3174.
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proven.’® In addition, bifunctional Lewis acidic as-
semblies may have the ability to remove anionic ligands
such as chloride or alkyl groups from transition metals,
affording cationic catalysts useful in olefin polymeriza-
tions.112 Indeed, sterically encumbered anionic, bime-
tallic cocatalysts should be more efficient anion seques-
tering agents compared to their mononuclear analogues,
and they have the potential to enhance polymerization
activity and molecular weights by restricting the inter-
action between the two ionic species.'>1? Unfortunately,
the isolation and identification of discrete catalytic
species with hard Lewis acids, such as aluminum, has
remained quite elusive. For example, most attempts to
prepare bifunctional species with phenoxide ligands
have been hindered by the ability of phenoxides to serve
as bridging ligands in conjunction with the propensity
of aluminum to adopt tetrahedral stereochemistry.!3
The reaction of hard Lewis acids (e.g., aluminum) with
oxygenated species typically affords products with two
independent mononuclear »* interactions. Presumably,
the significantly smaller AH® for coordination of the
second carbonyl lone pair relative to the first favors the
nt-binding of a carbonyl substrate to each Lewis acid
site, unless the carbonyl group is incorporated directly
in the ligand backbone.4

(3) (@) Uhl, W. Coord. Chem. Rev. 1997, 163, 1-32. (b) Uhl, W.;
Hannemann, F.; Saak, W.; Wartchow, R. Eur. J. Inorg. Chem. 1998,
7, 921—-926. (c) Uhl, Werner, Gerding, R.; Hannemann, F. Z. Anorg.
Allg. Chem. 1998, 624, 937—-944. (d) Uhl, W.; Hannemann, F. J.
Organomet. Chem. 1999, 579, 18—23.

(4) (a) Yang, X. G.; Knobler, C. B.; Zheng, Z.; Hawthorne, M. F. J.
Am. Chem. Soc. 1994, 116, 7142—7159. (b) Zheng, Z. P.; Knobler, C.
B.; Hawthorne, M. F. J. Am. Chem. Soc. 1995, 117, 5105—5113. (c)
Hawthorne, M. F.; Zheng, Z. P. Acc. Chem. Res. 1997, 30, 267—276.
(d) Zinn, A. A.; Knobler, C. B.; Harwell, D. E.; Hawthorne, M. F. Inorg.
Chem. 1999, 38, 2227—2230. (e) Lee, H.; Diaz, M.; Knobler, C. B.;
Hawthorne, M. F. Angew. Chem., Int. Ed. 2000, 39, 776—778.

(5) Eisch, J. J.; Uzick, W.; Mackenzie, K.; Gurtzgen, S.; Rieger, R.
U.S. Patent 5,726,332, Mar. 10, 1988 (Chem Abstr. 1998, 128, 192778r).

(6) (@) Kaul, F. A. R.; Tschinkl, M.; Gabbai, F. P. J. Organomet.
Chem. 1997, 539, 187—191. (b) Tschinkl, M.; Schier, A.; Riede, J.;
Mehltretter, G.; Gabbai, F. P. Organometallics 1998, 17, 2921—2923.

(7) (@) Tschinkl, M.; Schier, A.; Riede, J.; Gabbai, F. P. Angew.
Chem., Int. Ed. 1999, 38, 3547—3549. (b) Tschinkl, M.; Schier, A.;
Riede, J.; Gabbai, F. P. Organometallics 1999, 18, 1747—1753. (c)
Tschinkl, M.; Bachman, R. E.; Gabbai, F. P. Organometallics 2000,
19, 2633—-2636.

(8) Lee, H.; Diaz, M.; Hawthorne, M. F. Tetrahedron Lett. 1999, 40,
7651—7655.

(9) (@) Beauchamp, A. L.; Olivier, M. J.; Wuest, J. D.; Zacharie, B.
J. Am. Chem. Soc. 1986, 108, 73—77. (b) Wuest, J. D. Zacharie, B. J.
Am. Chem. Soc. 1987, 109, 4714—4715. (c) Galeffi, B.; Simard, M.;
Wuest, J. D. Inorg. Chem. 1990, 29, 955—958. (d) Nadeau, F.; Simard,
M.; Wuest, J. D. Organometallics 1990, 9, 1311—-1314.

(10) (a) Ooi, T.; Takahashi, M.; Maruoka, K. Angew. Chem., Int. Ed.
1998, 37, 835—837. (b) Ooi, T.; Miura, T.; Maruoka, K. Angew. Chem.,
Int. Ed. 1998, 37, 2347—2349. (c) Ooi, T.; Itagaki, Y.; Miura, T
Maruoka, K. Tetrahedron Lett. 1999, 40, 2137—-2138. (d) Hanawa, H.;
Abe, N.; Maruoka, K. Tetrahedron Lett. 1999, 40, 5365—5368. (e)
Hanawa, H.; Maekawara, N.; Maruoka, K. Tetrahedron Lett. 1999, 40,
8379—-8382.

(11) (a) Kohler, K.; Piers, W. E.; Jarvis, A. P.; Xin, S.; Feng, Y;
Bravakis, A. M.; Collins, S.; Clegg, W.; Yap, G. P. A,; Marder, T. B.
Organometallics 1998, 17, 3557—3566. (b) Williams, V. C.; Piers, W.
E.; Clegg, W.; Elsegood, M. R. J.; Collins, S.; Marder, T. B. 3. Am.
Chem. Soc. 1999, 121, 3244—3245. (c) Williams, V. C.; Dai, C.; Li, Z,;
Collins, S.; Piers, W. E.; Clegg, W.; Elsegood, M. R. J.; Marder, T. B.
Angew. Chem., Int. Ed. 1999, 38, 3695—3698.

(12) (a) Yang, X. M.; Stern, C. L.; Marks, T. J. 3. Am. Chem. Soc.
1994, 116, 10015—10031. (b) Jia, L.; Yang, X. M.; Stern, C. L.; Marks,
T. J. Organometallics 1997, 16, 842—857. (c) Metz, M. V.; Schwartz,
D. J.; Stern, C. L.; Nickias, P. N.; Marks, T. J. Angew. Chem., Int. Ed.
2000, 39, 1312—1316. (d) Li, L. T.; Marks, T. J. Organometallics 1998,
17, 3996—4003. (e) Li, L. T.; Stern, C. L.; Marks, T. J. Organometallics
2000, 19, 3332—3337.

(13) (a) Saied, O.; Simard, M.; Wuest, J. D. Organometallics 1996,
15, 2345—2349, and references therein. (b) Saied, O.; Simard, M.;
Wuest, J. D. Inorg. Chem. 1998, 37, 2620—2625. (c) Saied, O.; Simard,
M.; Wuest, J. D. Organometallics 1998, 17, 1128—1133.
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Scheme 2

With these issues in mind, we have developed a
simple strategy for the preparation of a tetraphenolic
ligand system with tunable attributes. Given the ef-
fectiveness of “designer Lewis acids” such as methyl
aluminum 2,6-di-tert-butyl-4-methylphenolate (MAD)
for organic transformations, we chose to link two sets
of bulky 2,2'-methylenebis(4,6-di-alkylphenol) groups
with a flat, aromatic spacer. If the two sets of bisphenol
arms were to each bind an aluminum alkyl, we reasoned
that the coordination sphere of the metals in the
resulting complex should resemble MAD, and modifica-
tions in the aromatic spacer would then allow the
distance between the two aluminums to be adjusted.
Since phenols joined at the 2-position tend to align
together with respect to hydrogen on the linking
carbon,16718 the two sets of 2,2'-methylenebis(4,6-di-
alkylphenol) groups in a bimetallic complex should be
directed toward each other if large bulky groups are
placed at the para-position of the phenoxides. Herein,
we report the isolation and characterization of a series
of reactive bi-, tri-, and tetranuclear aluminum com-
plexes incorporating these teteraphenolic ligands. The
reactivity of the binuclear species with external Lewis
bases is also discussed.

o}
\

AII—O
Me

MAD

Results and Discussion

When two or more phenol groups are linked at the
2-position to a common methine carbon, two extreme
conformations can be envisaged wherein the oxygen
atoms either align with respect to the methine hydro-
gen, Type 1, or orient away from this atom, Type 2. In
our work with tris(3,5-dialkyl-2-hydroxyphenyl)methane
ligands, a profound tendency for the trisphenolic arms
to adopt the Type 1 configuration has been noted,
although in certain instances the ligands adopt a type
2 geometry (Scheme 2).1° The preference for the Type 1
geometry appears to be primarily a steric effect, and in

(14) Sharma, V.; Simard, M.; Wuest, J. D. 3. Am. Chem. Soc. 1992,
114, 7931-7933.

(15) (a) Healy, M. D.; Wierda, D. A.; Barron, A. R. Organometallics
1988, 7, 2543—2548. (b) Maruoka, K.; Itoh, T.; Sakurai, M.; Nonoshita,
K.; Yamamoto, H. 3. Am. Chem. Soc. 1988, 110, 3588—3597. (c) Power,
M. B.; Bott, S. G.; Atwood, J. L.; Barron, A. R. 3. Am. Chem. Soc. 1990,
112, 3446—3451. (d) Saito, S.; Yamamoto, H. Chem. Commun. 1997,
17, 1585—1592, and refernces therein.

(16) Dinger, M. B.; Scott, M. J. Eur. J. Org. Chem. 2000, 2467—
2478.

(17) Dinger, M. B.; Scott, M. J. Inorg. Chem. 2000, 39, 1238—1254.

(18) Dinger, M. B.; Scott, M. J. J. Chem. Soc., Perkin Trans. 1 2000,
11, 1741-1748.

(19) Dinger, M. B.; Scott, M. J. Inorg. Chem. 2001, 40, 856—864.
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light of this unique preference for the arms to align, a
simple strategy was devised to prepare a tetraphenolic
ligand system predisposed to bind two metal centers.
As outlined in Scheme 3, the addition of 4 equiv of 2,4-
di-tert-butylphenol to aromatic spacers containing two
reactive aldehydes (1,8-anthracenedicarboxaldehyde,
4,6-dibenzofurandicarboxaldehyde, and 4,5-diformyl-9,9-
dimethylxanthene) affords the tetraphenolic ligands
4,4" 4" 4" -tetra-tert-butyl-6,6",6",6'"'-tetra-tert-butyl-
2,2',2" 2"'~(1,8-anthracenemethanediyl)tetraphenol (1H,),
4,4" 4" 4" -tetra-tert-butyl-6,6',6",6'"'-tetra-tert-butyl-
2,2',2",2""-(4,6-dibenzofuranmethanediyl)tetraphenol
(2H4), and 4,4',4",4""-tetra-tert-butyl-6,6',6",6""'-tetra-
tert-butyl-2,2',2",2""-(4,5-methanediyl-9,9-dimethylxan-
thene)tetraphenol (3H,) in high yields.?° In each case,
the ligands contain two distinct sets of 2,2'-methyl-
enebis(4,6-di-tert-butylphenol) groups linked by different
spacers, and the incorporation of sterically encumbering
tert-butyl groups at the para-positions of the phenolic
donors forces the arms to orient toward each other in
order to reduce unfavorable steric interactions. Thus,
if two metal centers can be integrated into the ligand
system, their proximity should allow them to interact
in concert with a common substrate. An initial report
outlining the properties of 1H; and the aluminum
complexes prepared with it was recently communi-
cated.!

With the capacity to substitute different linkers
between the two sets of 2,2'-methylenebis(4,6-di-tert-
butylphenol) groups, the spacing and orientation of the
ligands can be tuned to produce bimetallic metal
complexes with the desired properties. For instance, a
survey of the solid-state structures of compounds 1Hy,
2H4, and 3H, indicates the average distance between
the methine carbons varies with regard to the spacer:
dibenzofuran (5.5 A), anthracene (5.1 A), and xanthene
(4.3 A). The utilization of a fused ring system as the
basic backbone of the ligand should hinder significant
reorientation of the donor groups upon formation of the

(20) The synthesis of the ligand was adapted from a published
procedure. Gruttner, C.; Bohmer, V.; Assmus, R.; Scherf, S. J. Chem.
Soc., Perkin Trans. 1 1995, 2, 93—94.

(21) Cottone, A.; Scott, M. J. Organometallics 2000, 19, 5254—5256.
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1H4: spacer = anthracene; R = Bu
2H,: spacer = dibenzofuran; R = Bu
3H,: spacer = xanthene; R = Bu
4Hy,: spacer = dibenzofuran; R = Me
5H,: spacer = anthracene; R = 'Pr

Figure 1. Depiction of the tetraphenolic ligands utilized
in this investigation.

metal complexes, a common problem in the development
of bimetallic Lewis acid catalysts.13

In addition to the ability to interchange spacers, the
steric attributes of the metal binding pocket can be
adjusted by the substitution of different alkyl groups
at the 2-position of the phenolic precursors, and as long
as the 4-position contains a tert-butyl group, the two
sets of oxygen donors should point directly at each other.
Accordingly, the less bulky 4,4',4",4""-tetra-tert-butyl-
6,6',6",6'"'-tetramethyl-2,2',2" ,2""'-(4,6-dibenzofuran-
methanediyl)tetraphenol (4H,4) and 4,4',4" 4"'-tetra-tert-
butyl-6,6',6",6"'-tetra-isopropyl-2,2',2",2"'-(1,8-anthra-
cenemethanediyl)tetraphenol (5H4) were synthesized
(Figure 1). As discussed for 1H,, the steric strain caused
by the tert-butyl groups induces a distortion in the
anthracene spacer, and the substitution of the isopropyl
groups for the tert-butyls in the ortho-position of the
phenolic donors reduces the twist [defined as the angle
between the planes C(15),C(30),C(31) and C(44),C(34)
C(33)] in the spacer from 38.5° in 1H,4 (Figure 2) to
16.9° in 5H, (Figure 3) [angle between the planes
C(14),C(28),C(29) and C(42),C(32),C(31)]. In contrast to
the anthracene linker in 1H4 and 5Hg, the dibenzofuran
backbones in 2H4 and 4H, are almost perfectly flat, and
in general, a greater deviation from planarity has been
noted for the anthracene spacer relative to dibenzofuan.
The two aromatic carbon atoms between the outer
phenyl rings in the anthracene spacer allow these rings
to flex relative to each other. Dibenzofuran has only a
single oxygen atom between these two outer phenyl
groups and is thus much less pliable. In the eight
structurally characterized examples of compounds with
the anthracene spacer presented in this study (vide
infra), the angles between the planes as defined above
range from 4.5° to 45.7° (mean value 25.5°;, SD 14.7°),
while the angles between the analogous planes in the
seven complexes that contain dibenzofuran vary only
from 4.3° to 15.2° (mean value 9.0°; SD 3.9°). With an
aliphatic carbon atom linking the two outer phenyl
rings, the xanthene also exhibits extensive deviations
(>41°) from planarity.

Synthesis of Tetranuclear Aluminum Complexes.
Regardless of the number of equivalents of trimethyl-
aluminum added to the mixture, initial reactions of 1H4
afforded a complex containing four aluminum centers,
6. Four distinct resonances arising from Al-CH3 groups
could be identified in the 13C and 'H NMR spectra of
the product. Compound 2H, appeared to react analo-
gously with trimethylaluminum, and the product, 7, was
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Figure 2. Atom-numbering scheme for ligands 1, 2, and 3.

Figure 3. Diagram of the structure of 5 (30% probability
ellipsoids for oxygen atoms; carbon atoms drawn with
arbitrary radii).

characterized by X-ray crystallography (Scheme 4;
Figure 4; Tables 1 and 2). Both 6 and 7 are C,
symmetric in the solid state and in solution, and each
set of 2,2'-methylenebis(4,6-di-tert-butylphenol) groups
appears to have reacted with one bridging and one
terminal methyl group from an Al,Meg molecule. In both
6 and 7, each pair of aluminum centers are joined by a
phenolic oxygen in addition to one bridging methyl
group. Interestingly, in the presence of excess ligand, 6
will continue to react slowly over a period of a few days
at room temperature to afford a new species, while, in
contrast, complex 7 demonstrated no tendency to react
further unless the solution was heated. Given that the
phenolic arms are identical in the two ligands, the
disparity in reactivity may be attributed to a combina-
tion of either the increased flexibility of 1H4 in com-
parison to 2H,4 or the variation in the separation of the
two sets of 2,2'-methylenebis(4,6-di-tert-butylphenol)
groups. Since the focus of the project was the prepara-
tion of bifunctional Lewis acid assemblies, no further
attempts to isolate the analogous tetranuclear species
for 3, 4, and 5 were undertaken.

Compounds 6 and 7 both exhibit several unique
structural features. Although most of the metal carbon
distances are comparable to Al,Meg, inclusion of a
phenolic group between the metal centers induces
pronounced asymmetry in the methyl bridge, with
distances in 6 of 2.066(6) and 2.163(6) A to Al(1) and

20 1823 56
19

7 N\

21 22

Al(2), respectively. The analogous bonds in 7 are 2.086-
(6) and 2.150(6) A. Additionally, the phenoxide bridge
increases the Al(1)—Al(2) separation to 2.7570(19) A in
6 and 2.715(2) A in 7 relative to the values found in
Al,Meg (X-ray —2.606(2) A; neutron —2.700(10) A).22
Despite the complexity of the tetranuclear structure,
both linkers are reasonably flat relative to the plane
defined by C(15),C(30),C(31) and C(42),C(41),C(36). An
angle of 9.6° is observed in the dibenzofuran linker in
7, while 6 exhibits a minor distortion of 4.5° in the
anthracene backbone.

Synthesis of Binuclear Lewis Acid Assemblies.
Although both 1H, and 2H, form tetrametallic com-
plexes upon addition of trimethylaluminum, all at-
tempts to react 3H4 in a similar manner produced a
species that exhibited a single Al-methyl resonance in
the TH NMR spectrum. This Cy-bimetallic complex, 8,
was obtained as a highly crystalline material directly
from the reaction mixture upon cooling to —35 °C. As
depicted in Figure 5 and Scheme 4, each of the 2,2'-
methylenebis(4,6-di-tert-butylphenol) groups has re-
acted with two alkyl groups from one AlMe3 group, and
rather than adopting a structure similar to the three
coordinate MAD species, two of the phenolic oxygen
atoms have bridged the two aluminum centers, allowing
the formation of a stable Al,O, unit while adopting the
preferred tetrahedral coordination geometry for the
metals.?324 Crystallographic data can be found in Tables
1 and 3. Although the Al,O; unit is rigidly planar with
the sum of the angles totaling 359.9(1)°, its formation
comes at the expense of a severe distortion in the
xanthene linker, exemplified by the 41.7° angle be-
tween the planes defined by C(15),C(30),C(35) and
C(45),C(43),C(44). With this deformation, the aluminum
centers in the Al,O; unit are situated 2.8079(19) A from
each other, and the other structural parameters are
unexceptional.

All attempts to isolate the tetranuclear complex
analogous to 6 and 7 with 3 were unsuccessful even at

(22) (a) Huffman, J. C.; Streib, W. E. J. Chem. Soc. D 1971, 911—
912. (b) McGrady, G. S.; Turner, J. F. C.; Ibberson, R. M.; Prager, M
Organometallics 2000, 19, 4398—4401.

(23) (a) Aitken, C. L.; Barron, A. R. J. Chem. Crystallogr. 1996, 26,
293—295. (b) Rennekamp, C.; Wessel, H.; Roesky, H. W.; Muller, P.;
Schmidt, H.; Noltemeyer, M.; Uson, I.; Barron, A. R. Inorg. Chem. 1999,
38, 5235—5240. (c¢) Francis, J. A.; Bott, S. G.; Barron, A. R. J.
Organomet. Chem. 2000, 597, 29—37. (d) Taden, I.; Kang, H. C.; Massa,
W.; Spaniol, T. P.; Okuda, J. Eur. J. Inorg. Chem. 2000, 3, 441—445.

(24) Atwood, J. L.; Gardiner, M. G.; Jones, C.; Raston, C. L.; Skelton,
B. W.; White, A. H. Chem. Commun. 1996, 21, 2487—2488.
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0 °C. The distance between the two sets of phenoxide
- z donor groups is significantly shorter with the xanthene
LI& 5] 5 < spacer, and apparently, there may not be sufficient room
@) z o 8o g Q to form the tetranuclear species. The small separation
f C;’:F. € 535S a € = 9 in this flexible spacer instead favors the formation of
S8350id8vmald € I 33x the familiar Al,O, bridge.
SJlpodoIfdcErnane & @ ©So ; .
—H (O W0 o< D - © [Te] ™ It
RISVSTENSEDdS 8 8,292 Although they contain a dlfferenF number of metal
centers, closer inspection of the solid-state structures
reveals that the orientations of the ligands in 6 and 8
o N are quite similar; complex 6 simply has two additional
R @) — trimethylaluminum units attached to its periphery,
T = R . . .
o < o 85T o 2 § concomitant with disruption of the phenoxide bridges.
B O E 5SSy 5 o X Indeed, heating a solution of 6 for a brief period in the
TN = o> a9 2 [ , g p
f“; §£ 89 I:;,;— Scu aRd E g 8o d presence of an additional equivalent of the ligand
S|lmoPad Rl 8d 9o o © 97N induced the liberation of 2 equiv of trimethylaluminum
A|®MPdocNOAELCHNN « ~Ktooo i . ? . . . .
o and formation of a bimetallic species, 9, in high yield
= (Scheme 4). Crystallographic studies have demonstrated
o 5 S o that 9 adopts a structure analogous to 8, although the
g < g o L Al—0O distances in 9 are marginally longer (on average
x o) seeEes_ & T 2 A), and sub ly, th | |
) 2 JLrowvwoo = = T = 0.02 and subsequently, the metal—metal separation
O 852 N : ' . ' .
42 § S % 8 I:g % N % § § g § § % % § 9 = increases slightly to 2.834(2) A (Figure 6, Ta_ble 3).2
Ll | 899C8SRERcusdiRyFacog W Surprisingly, whereas the Al,0, core structure is nearly
I I identical in both complexes, the distance between the
ﬂ s methine carbon atoms linking the phenoxide donors
° o = increases markedly from 4.159 A in 8 to 4.754 A in 9.
5 R g X Al ith this i i tion, the backb
3= = R = 8 long wi is increase in separation, the backbone
o gw é 2 29 8§ @ § S I distortion decreases somewhat from 41.7° to 31.8°
% Qleos 823 Bsd g % o L& [planes C(15),C(30),C(31) and C(44),C(34),C(33)] in 9.
Ols|33881ge¢rRey 2 & E2y S In contrast to th ith which the bimetallic
- qu!m‘fggﬁf\!q'crsm' Y 8 83§ % n contrast to the ease with whi i i
L SHoNOHdsE0oASY—H + ~¥Oooo © species 8 and 9 form, the conversion of 7 with the
o W dibenzofuran linker into a binuclear species, 10, was
o = . ; .
T o L much more problematic and required prolonged heating
9 N s} oo | of a toluene solution of the complex in the presence of
Clg = asse 2 g & ° excess ligand (Scheme 4). The features of the *H and
215 Q.E §%T 8§ 8 = ? 13C NMR spectra of 10 were decidedly more complex in
S|?|9K 80280388 8 2 IFg comparison to those of 8 or 9, and two signals attributed
E(MN022 L 538222 &~ 2 33% g to Al-Me groups were evident. In agreement with the
& |[983I538R39RE 2 B33 ¢ “Vie group - nag !
; solution data, compound 10 contains an asymmetric
> v . . .
o four-membered Al—Me—AIl—O bridge in the solid state
1 ® g -
X - — o 9 (Figure 7, Tables 1 and 3), where, unlike 8 and 9, both
ol < e T g B & a phenoxide arm and a methyl group bridge the two
o % Qu o Ses5aSs 0 ? < aluminum centers. Apparently, the formation of this
~ I~ © Yo = AN 0HMO0OM NO - - - - - .
g == % 2IBNEICS 83 g asyrrom_netrlc four-mempe_red ring induces a dlstorthn of
= InSsdesrSenddsssLSS2 | 15.2° in the usually rigid dibenzofuran plane defined
S by C(15),C(30),C(35) and C(42),C(41),C(36), and though
! this twist may not appear to be extremely large when
3 L -
o - o c compared to similar measurements in the anthracene
S N 8% © § % and xanthene analogues, this structural feature seems
Q o) STTaagas o = hy ai he ab f ded i i
o) 290 SHNSSoY T 5 noteworthy given the absence of extended conjugation
2 § § § N I:§ % 2 g §'g g § § % g § § I g (anthracene) or the incorporation of a flexible aliphatic
5203852308 Ngodg 222 ¢ center (xanthene). As previously witnessed in both 6 and
2 7, the bridging methyl group, C(71), binds asymmetri-
= - . :
© cally to the aluminum centers with distances of 2.058-
o 8 (6) and 2.109(6) A to Al(1) and Al(2), respectively, and
= . .' oo
< S at 2.671(2) A, the aluminum—aluminum separation is
e 5 quite short. There is also a small but perceptible
v 2 L . . P
0 . 8 5 variation in the bond distances of the bridging phenox-
0 e a T o E ide, O(3), as well (Al(1)—0O(3) 1.806(3) A and Al(2)—0(3)
C o | E % z . .
5o © £ =y ‘g 1.864(3) A). Unlike the symmetrical, planar, four-
o3 32 2 £ SEe 3 membered Al,O, unit in 8 and 9, the Al-Me—Al—0
.28 ~E =3~ SoTE @ N A . . .
sS &5 2538 . N=T ¢ bridge is slightly puckered, with a sum of angles totaling
SloTE Bo¥ 5555 NS5 S o
T°C35_ 2539cc8EsT =po 3 356.6(6)".
SEFE5E58Svoosausnagzs O Reaction of Bimetallic Complexes with Anionic
Substrates. Even though the aluminum centers in the
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Figure 4. Diagram of the structure of 7 (30% probability
ellipsoids for aluminum and oxygen atoms; carbon atoms
drawn with arbitrary radii). Bonds to the aluminum atoms
are indicated with solid lines. For clarity, the tert-butyl
methyl groups, and all hydrogen atoms have been omitted.

bimetallic complexes 8, 9, and 10 all adopt a tetrahedral
structure with a four-membered bridge, the strain
induced in the linker groups suggested that they might
still be reactive. If the bridging interactions between the
two metal centers in 9 and 10 could be disrupted by the
addition of external reagents, the resulting bimetallic
species would contain two three-coordinate Al(phen-
oxide),Me groups quite similar to the structure of the

10: spacer = dibenzofuran

powerful Lewis acid catalyst MAD (Scheme 5), and due
to the proximity of the aluminum centers, we reasoned
they could potentially coordinate a Lewis base simul-
taneously. Accordingly, the reactivity of the complexes
was probed with a variety of reagents in an attempt to
achieve this cooperative binding.

Since bulky bifunctional Lewis acids have the poten-
tial to abstract a chloride or methyl group from orga-
nometallic species to form reactive catalysts,'112 chloride
ion was chosen as the first Lewis base. When 9 and 10
were reacted with NEt,Cl in a pentane/dichloromethane
(4:1) mixture, a white solid precipitated from solution
over a period of 24 h. Unlike all of the aluminum
complexes described above, the products were pentane
insoluble, and the 'H and 13C NMR spectra suggested
that the compounds maintained a high degree of sym-
metry. Moreover, integration of the spectra indicated
that the ratio of Al-Me groups to tetraethylammonium
cations was 2:1. Diffusion of pentane into saturated
dichloromethane solutions afforded single crystals of 11
(anthracene spacer) and 12 (dibenzofuran), and the
solid-state structure of 12 is illustrated in Figure 8.
Selected crystallographic parameters can be found in
Tables 1, 4, and 5. In both 11 and 12, the addition of
chloride anion has disrupted the bridging unit by
situating itself between the two metal centers. Both
Lewis acids in the bimetallic complex have coordinated
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Table 2. Selected Bond Lengths (A) and Angles
(deg) for Tetrametallic Compounds 6 and 7

6 7

Bond Lengths (endocyclic distances)
Al(1)—0(2) 1.859(3) Al(1)—0(2) 1.855(3)
Al(1)—C(78) 2.066(6) Al(1)—C(72) 2.086(6)
Al(2)—0(2) 1.850(3) Al(2)—0(2) 1.854(3)
Al(2)—C(78) 2.163(6) Al(2)—C(72) 2.150(6)
Al(1)---Al(2) 2.7570(19) AI(1)---Al(2) 2.715(2)
Al(3)---Al(4) 2.742(2) Al(3)---Al(4) 2.716(2)

Bond Lengths (exocyclic distances)
Al(1)—0O(1) 1.705(3) Al(1)—0O(1) 1.700(3)
Al(1)—-C(77) 1.930(5) Al(1)—C(71) 1.942(5)
Al(2)—C(79) 1.943(5) Al(2)—C(73) 1.940(5)
Al(2)—C(80) 1.939(5) Al(2)—C(74) 1.940(6)

Bond Angles (endocyclic angles)
Al(2)—0(2)—Al(1) 96.05(14) AIl(2)—0(2)—Al(1) 94.09(15)
0(2)—Al(1)—-C(78) 91.98(19) O(2)—Al(1)—C(72) 92.1(2)
0(2)—Al(2)—C(78) 89.21(18) O(2)—Al(2)—C(72) 90.1(2)
Al(1)—C(78)—Al(2) 81.35(19) AIl(1)—C(72)—Al(2) 79.7(2)

Bond Angles (exocyclic angles)
O(1)-Al(1)-0(2)  112.16(15) O(1)—Al(1)-0(2)  110.39(16)
O(1)-AI(1)-C(77) 111.922) O(1)-Al(1)—C(71) 112.6(2)
0(2)—-Al(1)-C(77) 115.17(19) O(2)—Al(1)-C(71) 116.69(19)
O(1)—Al(1)—C(78) 113.9(2) O(1)-Al(1)—C(72) 113.3(2)
C(77)-Al(1)—-C(78) 110.3(3)  C(71)-Al(1)-C(72) 110.3(2)
0(2)-Al(2)—-C(79) 112.1(2) O(2)—Al(2)—C(73) 112.5(2)
O(2)—Al(2)—C(80) 113.5(2) O(2)—Al(2)—C(74) 113.0(2)
C(78)—Al(2)—C(80) 113.9(3)  C(72)—Al(2)—C(74) 114.7(3)
C(79)-Al(2)—C(80) 120.0(2)  C(73)—Al(2)—C(74) 120.2(3)
C(78)—Al(2)—C(79) 103.5(2)  C(72)—Al(2)—C(73) 101.8(3)

Figure 5. Diagram of the structure of 8 (30% probability
ellipsoids for aluminum and oxygen atoms; carbon atoms
drawn with arbitrary radii). Bonds to the aluminum atoms
are indicated with solid lines. The tert-butyl methyl groups
and all hydrogen atoms have been omitted for clarity.

simultaneously an external substrate, and these com-
plexes are rare, well-defined examples of this type of
transformation (Scheme 6). The geometry about the
aluminum sites in 12 is much closer to an idealized
tetrahedron in comparison to the starting material 10
with the exception of the angle of 93.68(11)° defined by
O(4)—Al(2)—CI(1). Similar measurements in the an-
thracene derivative, 11, disclose a range of angles about
the metal center from 98.69(7)° to 119.75(14)°. To
accommodate the chloride atom, the Al---Al separation
in 11 has increased by more than 1 A relative to 9 to a
distance of 3.9886(12) A. An even larger deformation is
evident in the conversion of 10 to 12. The Al---Al
distance increases from 2.671(2) A in the AlI—Me—AI-0

Cottone and Scott

unit in 10 to 3.9189(18) A in 12. Once again, the
anthracene backbone in 11 is significantly distorted
from planarity, and the angle between the planes
defined by the methine carbons has increased consider-
ably relative to 9 to a value of 45.7°. Conversely, the
incorporation of the chloride anion significantly allevi-
ates the strain in the dibenzofuran linker from 15.2° in
10 to 4.3° in 12. The remaining geometric parameters
in the complex are unremarkable except for a minor
shortening of the Al—CI distances from 2.3139(11) and
2.3224(11) A in 11 to 2.2695(17) and 2.3011(16) A in
12. Nonetheless, the metal—chloride bonds in both
species are shorter than the values observed in similar
chloride-bridged complexes such as [Me3zAICIAIMes]~
(Al=CI av 2.363 A)%® and [(MeC)s;NMe,AICIAIMe,N-
(CMe)4]*~ (Al-Cl av 2.335 A).26

In the solid state, the Al-—CI—Al unit extends out over
one side of the anthracene and dibenzofuran rings in
11 and 12, inducing asymmetry between the two arms
in the 2,2'-methylenebis(4,6-di-tert-butylphenoxide)
groups. In solution, either the structure is symmetric
or the position of the chloride atom equilibrates rapidly
between both sides of the spacers. Variable-temperature
IH NMR studies of 11 indicate that all four phenoxide
groups are equivalent over a wide temperature range
(—80 to +80 °C). The low-temperature 'H NMR spec-
trum (—80 °C) of 11 showed relatively little effect in the
overall symmetry of the binuclear structure and only a
slight broadening of the AI(CHs) resonance. We at-
tribute this observation to the increased contribution
of the Al quadrupole at low temperatures and not rapid
exchange of the chloride ion between the two metal
centers. Demonstrating the robustness of these chloride
bridges, no degradation of 11 or 12 was apparent with
either the addition of excess NEt4Cl or prolonged
heating of the complex at 80 °C. To further demonstrate
the stability of the AlI-CI—Al interaction, the 2’Al NMR
was measured over a similar temperature range (—80
to 80 °C) for 11, and only one resonance was observed
(6 60, w1, = 4100, RT), consistent with a four-coordinate
aluminum center with two aryloxide donors.?7:28

In contrast to 11 and 12, the analogous reaction of
NEt,Cl with 8 afforded a different type of anionic
complex, 13 (Scheme 7, Figure 9, Tables 4 and 5). The
IH NMR spectrum of the reaction mixture indicated that
there were several chemically inequivalent methyl
groups. An asymmetric, dianionic, bimetallic aluminum
complex was isolated in high yield from the reaction
mixture, and in this molecule, one aluminum center
binds two chloride anions while the other metal binds
three of the four phenoxide groups from the ligand.
Perhaps, some combination of the short distance be-
tween the two sets of 2,2'-methylenebis(4,6-di-tert-
butylphenoxide) groups and the flexibility of the xan-
thene backbone induces an asymmetric cleavage of the
Al;O; unit in 8. The isolation and characterization of
13 further highlights the divergent reactivity brought
about by the different spacers integrated into the
tetraphenoxide ligands. Alterations in the spacer can

(25) Addition of potassium chloride to a solution of AlMe; and
dibenzo-18-crown-6 affords [MesAICIAIMe;]~. Atwood, J. L.; Hrncir,
D. C.; Rogers, R. D. J. Inclusion Phenom. 1983, 1, 199—207.

(26) The bridging chloride ligand in [(MeC)sNMe,AICIAIMe,;N(CMe),]~
originates from the starting material, Me,AICI. Hausen, H. D.;
Todtmann, J.; Weidlein, J. J. Organomet. Chem. 1994, 466, C1—C4.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Bimetallic Compounds 8, 9, and 10

8 9 10
X X X
Bond Lengths (endocyclic distances)
Al(1)—X 1.867(3) O(1) 1.883(3) O(1) 2.058(6) C(71)
Al(1)—0O(3) 1.848(3) 1.857(3) 1.806(3)
Al(2)—X 1.834(3) 0O(1) 1.862(3) 0O(1) 2.109(6) C(71)
Al(2)—0(3) 1.862(3) 1.879(3) 1.864(3)
Al(1)---Al(2) 2.8079(19) 2.834(2) 2.671(2)
Bond Lengths (exocyclic distances)
Al(1)—X 1.693(3) 0(2) 1.720(4) 0(2) 1.706(3) O(1)
Al(2)—0(4) 1.751(3) 1.739(4) 1.696(4)
Al(1)—X 1.923(5) C(75) 1.950(5) C(74) 1.700(3) 0(2)
Al(2)—X 1.931(5) C(74) 1.942(5) C(73) 1.912(5) C(72)
Al(2)—C(61) 2.453(5)
Bond Angles (endocyclic angles)
X—=Al(1)—0(3) 81.15(13) o(1) 81.48(14) o(1) 93.37(19) C(71)
X—Al(2)—0(3) 81.64(13) O(1) 81.46(14) O(1) 90.07(19) C(71)
Al(1)—X—-AI(2) 98.71(14) O(1) 98.36(15) O(1) 79.7(2) C(71)
Al(1)—0O(3)—Al(2) 98.41(13) 98.64(15) 93.38(14)
Bond Angles (exocyclic angles)
O(1)—Al(1)—0(2) 115.44(15) 118.23(16) 120.13(15)
0O(2)—Al(1)—0(3) 104.93(15) 101.40(16) 116.12(16)
O(1)—Al(1)—X 112.59(18) C(75) 106.5(2) C(74) 105.8(2) C(71)
0O(2)—Al(1)—X 114.6(2) C(75) 116.8(2) C(74) 103.4(2) C(71)
O(3)—Al(1)—X 124.02(19) C(75) 128.5(2) C(74) 112.94(15) O(1)
X—Al(2)—0(4) 103.14(14) O(1) 105.43(16) O(1) 121.1(2) C(72)
O(3)—Al(2)—0(4) 118.18(14) 118.19(16) 106.55(16)
X—=Al(2)—X' 123.65(19) O(1);C(74) 127.3(2) O(1);C(73) 110.8(3) C(71);C(72)
O(3)—Al(2)—X 108.20(18) C(74) 106.4(2) C(73) 118.2(2) C(72)

&

Figure 6. Diagram of the structure of 9 (30% probability
ellipsoids for aluminum and oxygen atoms; carbon atoms
drawn with arbitrary radii) highlighting the flexing of the
anthracene backbone. Bonds to the aluminum atoms are
indicated with solid lines. The tert-butyl methyl groups and
all hydrogen atoms have been omitted for clarity.

both alter the distance between the two metal centers
and modify the flexibility of the 2,2'-methylenebis(4,6-
di-tert-butylphenoxide) arms, and as witnessed by the
isolation of 6—13, these changes have a profound impact
on the reactivity of the different ligands.

If complexes 8—10 are to have utility for the activa-
tion of carbonyl groups, the bimetallic complexes need
to be capable of accommodating Lewis basic substrates
much larger than chloride. Accordingly, sodium phen-
oxide was added to solutions of 9, and the solid-state
structure revealed the product of the reaction, 14, to be
a bimetallic complex wherein a phenoxide anion has
disrupted the Al,O; interaction and inserted between

Figure 7. Diagram of the structure of 10 (30% probability
ellipsoids for aluminum and oxygen atoms; carbon atoms
drawn with arbitrary radii). Bonds to the aluminum atoms
are indicated with solid lines. The tert-butyl methyl groups
and all hydrogen atoms have been omitted for clarity.

the metal centers (Scheme 8, Figure 10, Table 4). Unlike
the large and bulky tetraethylammonium cations in
examples 11—13, the sodium coordinates two opposing
phenoxide groups from the ligands, forming a rare
heterocyclic six-membered MAI,O3; (M = group 1)
bridge.?°=8! In addition to ligating the two phenoxide
oxygen atoms, the sodium binds an ether molecule
(2.222(2) A, Na(1)—0(6)). The metal—oxygen distances
to the bridging phenoxide (av 1.863(2) A) are slightly
elongated relative to the ligand—metal distances (av
1.787(2) A), but they are nearly indistinguishable from

(27) Although 2’Al NMR data are in agreement with this formula-
tion, the chemical shifts of aluminum species are highly dependent on
the electronic environment as well as the coordination number. Barron,
A. R. Polyhedron 1995, 14, 3197—-3207.

(28) Benn, R.; Janssen, E.; Lehmkuhl, H.; Rufifska, A.; Angermund,
K.; Betz, P.; Goddard, R.; Krager, C. J. Organomet. Chem. 1991, 411,
37-55.
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Table 5. Selected Bond Lengths (A) and Angles (deg) for 11, 12, and 13

11 12 13
X X X
Bond Distances
Al(1)—CI(1) 2.3139(11) 2.2695(17)
Al(2)—CI(1) 2.3224(11) 2.3011(16) 2.201(3)
Al(2)—CI(2) 2.214(3)
Al(1)—0(1) 1.762(2) 1.714(3) 1.773(4)
Al(1)—0(2) 1.713(2) 1.737(3) 1.728(4)
Al(1)—0(4) 1.743(4)
Al(1)—X 1.932(3) C(74) 1.946(4) C(71) 2.012(5) C(74)
Al(2)—0(3) 1.748(2) 1.711(3) 1.725(4)
Al(2)—0(4) 1.708(2) 1.746(3)
Al(2)—X 1.924(3) c(73) 1.946(5) c(72) 1.918(7) C(75)
Al(1)—AI(2) 3.9886(12) 3.9186(18) 6.659(3)
Bond Angles
Al(1)—CI(1)—Al(2) 118.70(4) 118.04(7)
0(1)-Al(1)—0(2) 112.05(10) 111.05(14) 108.98(19)
0(1)—-Al(1)—X 119.75(14) C(74) 111.74(18) Cc(71) 111.21(18) 0(4)
0(2)—Al(1)—X 111.40(13) C(74) 118.54(19) C(71) 105.2(2) C(74)
0O(1)—AlI(1)—CI(1) 105.70(7) 101.39(11)
0(2)—-Al(1)—CI(1) 98.69(7) 105.32(11)
CI(1)—Al(1)—X 106.72(11) C(74) 107.05(16) C(71)
0(3)—Al(2)—0(4) 114.55(10) 115.24(14)
0(3)—Al(2)—X 119.54(13) C(73) 108.8(2) c(72) 111.21(18) C(75)
0(4)—Al(2)—X 111.18(13) C(73) 120.6(2) C(72)
0(3)—Al(2)—CI(1) 98.77(8) 109.94(11) 108.92(16)
0(4)—Al(2)—CI(1) 105.39(8) 93.70(10)
CI(1)—Al(2)—X 105.00(11) c(73) 106.79(16) C(72) 102.33(12) cl(2)
Scheme 7 Scheme 8
Bu t Bu t
Bu Bu

o, Me

Al

Reactions of Bimetallic Species with Carbonyl

o, Me

AlinnQ

Groups. In view of the promising reactivity observed
upon the addition of hard Lewis bases, complexes 9 and
10 were both treated with simple ketones to test the
viability of the species as bimetallic Lewis acid catalysts
for organic transformations. Upon addition of a single
equivalent of a,a,a-trimethylacetophenone to a solution
of 9, an immediate color change from pale yellow to red
occurs. The 'H NMR spectrum of the reaction mixture
indicated a new species had indeed formed, but only half
of the starting material had reacted. Subsequently, the
reaction was repeated with 2 equiv of ketone, and in
the 'H NMR spectrum of solution, the resonance arising
from one of the protons on the central anthracene ring

anthracene

14

shifted upfield from ¢ 11.15 ppm in 9 to 6 8.22 ppm.
This upfield shift suggested that the bridging interac-
tion directly above the anthracene linker had been
disrupted. After several days at —35 °C, large single
crystals of 15 were obtained directly from the reaction
mixture in moderate yield, and as illustrated in Figure
11 (Tables 4 and 7), the addition of ketone to 9 had
indeed split apart the Al,O, structure. To bind 2 equiv
of a,a,a-trimethylacetophenone, the aluminum has
inverted the orientation of the phenoxide arms in the
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Figure 9. Diagram of one of the two symmetry-indepen-
dent anions of 13 in the solid-state structure of the
compound (30% probability ellipsoids for aluminum and
oxygen atoms; carbon atoms drawn with arbitrary radii).
The second molecule maintains an identical structure.
Bonds to the aluminum atoms are indicated with solid
lines. The tert-butyl methyl groups, the cations, and all
hydrogen atoms have been omitted for clarity.

Figure 10. Diagram of the structure of 14 (30% prob-
ability ellipsoids for aluminum and oxygen atoms; carbon
atoms drawn with arbitrary radii). Bonds to the aluminum
atoms are indicated with solid lines. The tert-butyl methyl
groups and all hydrogen atoms have been omitted for
clarity.

2,2'-methylenebis(4,6-di-tert-butylphenoxide) groups with
respect to the central methine hydrogen atom (Scheme
9). With the reorientation of the phenolic arms, all four
bulky para-tert-butyl groups are forced in the same
location over the anthracene spacer, inducing a twist
of 32.5° in the planes defined by C(15),C(30),C(31) and
C(15"),C(30"),C(31"). All other aspects of the structure
are unexceptional. The split, inverted structure appears
to be quite common when neutral Lewis bases are
added, and compounds analogous to 15 were isolated
upon addition of Et,0, THF, cyclopentanone, cyclohex-
anone, acetophenone, benzaldehyde, DMF, or tetra-
methyl thiourea to solutions containing 9.32

With the rigid dibenzofuran backbone, reactions of 10
with small ketone substrates (i.e., cyclopentanone and
cyclohexanone) afforded entirely different complexes
(Scheme 10). For instance, when cyclopentanone was

Cottone and Scott

Table 6. Selected Bond Lengths (A) and Angles
(deg) for Phenoxide-Bridged Compound 14

Bond Distances

Na(1)—0(6) 2.222(2)
Na(1)—0(3) 2.255(2)
Na(1)—0(2) 2.2939(18)
Al(1)—0(1) 1.7151(16)
Al(1)—0(2) 1.7974(17)
Al(1)—0(5) 1.8572(18)
Al(1)—C(73) 1.941(3)
Al(2)—0(4) 1.7091(18)
Al(2)—0(3) 1.7751(17)
Al(2)—0(5) 1.8691(17)
Al(2)—C(74) 1.942(3)
Bond Angles
0(2)—Na(1)—0(3) 93.93(7)
0(2)—Al(1)—0(5) 98.24(8)
O(3)—Al(2)—0(5) 103.68(8)
Al(1)—0(2)—Na(1) 131.44(9)
Al(2)—0(3)—Na(1) 123.93(8)
Al(1)—0O(5)—Al(2) 125.08(9)

by?

Figure 11. Diagram of the structure of 15 (30% prob-
ability ellipsoids for aluminum and oxygen atoms; carbon
atoms drawn with arbitrary radii) highlighting the flexing
of the anthracene backbone. Primed and unprimed atoms
are related by a C,-symmetry operation. Bonds to the
aluminum atoms are indicated with solid lines. The tert-
butyl methyl groups and all hydrogen atoms have been
omitted for clarity.

Table 7. Selected Bond Lengths (A) and Angles
(deg) for Compounds 15 and 16

15 16

Bond Lengths
Al(1)—-0(1) 1.7134(14) Al(1)—0(1) 1.719(4)
Al(1)—0(2) 1.7247(13) Al(1)—0(2) 1.711(3)
Al(1)—0(3) 1.8924(13) Al(1)—0(3) 1.682(3)
Al(1)—C(49) 1.938(2) Al(1)—0O(6) 1.878(4)
O(3)—C(38) 1.238(2) 0(6)—C(71) 1.238(6)

Bond Angles

O(1)—Al(1)—0(2) 117.24(6) O(1)—Al(1)—0O(2) 118.52(17)
O(1)—Al(1)—0O(3) 97.58(6) O(1)—Al(1)—0(2) 118.52(17)
O(2)—Al(1)—0O(3) 101.29(6) O(1)—Al(1)—O(6) 98.20(17)
O(1)—Al(1)—C(49) 116.58(9) O(2)—Al(1)—0O(3) 115.75(18)
O(2)—Al(1)—C(49) 114.13(9) O(2)—Al(1)—0O(6) 100.89(18)
O(3)—Al(1)—C(49) 106.36(8) O(3)—Al(1)—0O(6) 102.54(17)

added to a stirred solution of 10 in pentane, a precipitate
formed after several minutes. The TH NMR spectrum
of the product, 16, indicated that all of the aluminum
alkyls had been lost and a resonance associated with a
phenolic proton was clearly evident. The resonance at
0 240.2 ppm in the 3C NMR spectrum of 16 also
indicated the cyclopentanone carbonyl was deshielded
relative to neat cyclopentanone (6 209.6 ppm) as well
as the complex formed upon addition of cyclopentanone
to MAD (6 232.8 ppm).32 In the solid-state structure of

(32) Cottone, A.; Scott, M. J. Unpublished results.
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16 depicted in Figure 12 (Tables 4 and 7), a single
aluminum center is bound by three of the four phenolic
arms from the ligand, and the fourth arm has been
protonated, possibly due to the presence of trace water
in the reaction mixture. Completing the tetrahedral
coordination sphere, a cyclopentanone oxygen is bound
at a distance of 1.878(4) A from the aluminum center.

(33) Power, M. B.; Bott, S. G.; Atwood, J. L.; Barron, A. R. J. Am.
Chem. Soc. 1990, 112, 3446—3451.
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Figure 12. Diagram of the structure of 16 (30% prob-
ability ellipsoids for aluminum and oxygen atoms; carbon
atoms drawn with arbitrary radii). Bonds to the aluminum
atoms are indicated with solid lines. The tert-butyl methyl
groups and all hydrogen atoms have been omitted for
clarity. The phenolic arm bearing O(4) was disordered
across two positions, and the oxygen atom in the O(4")
position was modeled with a site occupancy of 15%.

One of the phenoxides in the ligand spans the length of
the spacer and binds the aluminum with a short bond
of 1.682(3) A and a nearly linear C(44)—0(3)—Al(1)
angle of 175.9(3)°. The bond distances from the alumi-
num to the other two phenoxide arms are somewhat
longer (1.711(3) and 1.719(4) A). The angles around the
aluminum center are not significantly distorted from
idealized tetrahedral geometry. Despite the addition of
numerous substrates, complexes with the dibenzofuran
linker never formed the “split” structure (such as 15)
commonly observed with the anthracene spacer, per-
haps due to either the unusual Al-Me—AI—-0 unit in
10 or, more likely, the rigidity of the dibenzofuran
spacer in comparison to the anthracene linker.
Decreasing the Steric Constraints in the Bifunc-
tional Lewis Acids. The inversion of the arms with
respect to the central methine witnessed in 15 as well
as the isolation of the mononuclear complex 16 may be
due in part to the obstruction of the reactive aluminum
center by the tert-butyl groups on the ortho-position of
the phenoxide donors. Hence, the ligand 4,4',4",4""'-tetra-
tert-butyl-6,6',6",6"'-tetramethyl-2,2',2",2"'-(4,6-diben-
zofuranmethanediyl)tetraphenol, 4H,4, was prepared in
order to alleviate steric clash by placing methyls rather
than tert-butyl groups at the ortho-position of the
phenoxides. Regardless of stoichiometry used, the reac-
tion between 4H, and trimethylaluminum produced a
single product. The *H and 3C NMR spectra of this
material exhibited four inequivalent tert-butyl reso-
nances and five Al-Me signals. The trimetallic product,
17, was isolated as a crystalline product, and the
structure is depicted in Figure 13 and Scheme 11.
Crystallogrphic data can be found in Tables 3 and 8.
The compound contains a cyclic Al303 ring in a distorted
chair conformation with three of the four phenoxide
donors bridging between the aluminum centers. All
three metals are tetrahedral; two aluminums are bound
by two methyl ligands and two phenoxides, while the
third contains one methyl group and three phenoxides.
The six endocyclic AlI-O bonds vary slightly from
1.8340(14) A to 1.8765(14) A, except for Al(3)—0(4),
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Figure 13. Diagram of the structure of 17 (30% prob-
ability ellipsoids for aluminum and oxygen atoms; carbon
atoms drawn with arbitrary radii). Bonds to the aluminum
atoms are indicated with solid lines. All hydrogen atoms
have been omitted for clarity.

Scheme 11

17

which has a bond length of 1.9362(15) A. The aluminum—
carbon bond lengths and angles are unremarkable. The
lone exocylcic aluminum—phenoxide bond, Al(2)—0O(3),
is significantly shorter (1.7276(15) A) than the endocy-
clic counterparts. The O—AI—-0 angles incorporated in
the six-membered ring range from 91.86(6)° to 99.44-
(6)°, while the corresponding AlI—O—Al angles vary from
118.37(7)° to 134.64(7)°. Compounds incorporating Al3O3
units often form more complex interactions such as the
fused cage systems found in [(tert-Bu)sAls(u3-O)4(u-0),-
(NH2BuU),],3* but several discrete examples of six-
membered Al;O03 ring systems exhibiting distorted boat
conformations have been isolated. The structural pa-
rameters of these complexes are somewhat distinct from

(34) Koide, Y.; Bott, S G.; Barron, A. R. Organometallics 1996, 15,
5514—-5518.

Cottone and Scott

Table 8. Selected Bond Lengths (A) and Angles
(deg) for Trimetallic Compound 17

Bond Distances

Al(1)—0() 1.8611(15) Al(2)—C(61) 1.938(2)
Al(1)—0(2) 1.8765(14) Al(3)-0(1) 1.8721(15)
Al(1)—C(62) 1.944(2) Al(3)—0(4) 1.9362(15)
Al(1)—C(63) 1.946(2) Al(3)—C(59) 1.947(2)
Al(2)—0(2) 1.8340(14) Al(3)—C(60) 1.941(2)
Al(2)—-0(3) 1.7276(15) Al(1)---Al(2) 3.1868(6)
Al(2)—0(4) 1.8662(15) Al(1)---Al(3) 3.3416(9)
Al(2)---Al(3) 3.5085(9)
Bond Angles

O(1)—-AI(1)-0(2) 91.86(6) Al(1)—O(1)—AI(3) 127.04(8)

0O(2)—Al(2)—0(4) 98.90(6) Al(2)—0(2)—AlI@1) 118.37(7)

O(1)—AlI(3)—0(4) 99.44(6) Al(2)—0O(4)—AI3) 134.64(7)

17.35-37 For instance, the AlzOz unit in [(CH3)>AION-
(CHg3)2]3 contains similar Al—0O distances of 1.849(1)—
1.888(1) A, but the O—AI—0 angles of 89.43(5)—92.90-
(5)° are slightly more acute than 17 and the AI-O—Al
angles of 132.62(5)—142.97(6)° are more obtuse.3¢ In the
Cs-symmetric complex [(tris(3,5-di-tert-butyl-2-phenoxy)-
methane)AlzMeg], the aluminum—oxygen distances in
the Al303 core are marginally longer in comparison to
17, ranging from 1.895(2) to 1.918(2) A, while the
average Al—-O—Al angle of 124.3(2)° is similar.3” Since
it contains a trimetallic core, the reactivity of 17 with
Lewis bases was not investigated.

Since methyl substitution at the ortho-position of the
phenolic groups allows for the formation of trimetallic
species, 4,4',4",4""-tetra-tert-butyl-6,6',6",6""'-tetra-iso-
propyl-2,2',2" 2""-(1,8-anthracenemethanediyl)tetraphe-
nol, 5H4, was prepared to probe the attributes of the
isopropyl-substituted ligand system. Isopropyl groups
were thought to be large enough to allow for the
formation of a bifunctional Lewis acid complex, yet the
coordination spheres of the metals should be more
accessible in comparison to complexes with 2. Addition
of trimethylaluminum to a solution of 5H, afforded a
new species, and the 'H NMR spectrum of the reaction
mixture exhibited a lone resonance for the Al-CHj3 group
and four inequivalent alkyl signals, similar to 8, 9, and
10. Furthermore, the downfield shift of the significantly
deshielded proton on the anthracene to 6 10.82 ppm
indicated a bridged aluminum species had formed
(Scheme 12). The NMR and analytical data were
consistent with the formation of the bifunctional Al,O,-
bridged species, 18, analogous to 9.

The addition of substrates containing carbonyl groups
to solutions of 18 consistently disrupted the Al,O; core,
and the red product from the reaction between 18 and
1 equiv of benzaldehyde, 19, was isolated as a crystalline
material. The IH NMR spectrum of the reaction mixture
suggested that the molecule did not contain an axis of
symmetry, and the benzaldehyde phenyl resonances
were shifted upfield. The complex was characterized by
X-ray crystallography, and as depicted in Figure 14
(Tables 4 and 9), the solid-state structure is consistent
with the NMR data. Rather than inverting the orienta-
tion of the arms with respect to the hydrogen on the
linking carbon as in 15 or bridging between the metals

(35) Gelbrich, T.; Dimichen, U.; Jérchel, P. Acta Crystallogr., Sect.
C 1999, 55, 856—858.

(36) Hausen, H. D.; Schmoger, G.; Schwarz, W. J. Organometallics
1978, 153, 271—-279.

(37) Cottone, A., Ill; Morales, D.; Lecuivre, J. L.; Scott, M. J.
Organometallics 2002, 21, 418—428.
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Scheme 12

as in 11, the benzaldehyde group is bound to a single
aluminum center at a distance of 1.843(6) A. In addition
to the aldehyde oxygen, the coordination sphere of Al-
(1) contains one alkyl group, as well as one bridging and
one terminal phenoxide group from opposite 2,2'-meth-
ylenebis(4,6-di-tert-butylphenoxide) arms (Scheme 13).
The second aluminum center also adopts a tetrahedral
geometry with three phenoxide ligands and one alkyl
group. Perhaps demonstrating the stability of this
complex, the two planes of the anthracene defined by
C(14),C(28),C(29) and C(42),C(32),C(31) are only dis-
torted by 7.5°. Interestingly, the proximity of the benz-
aldehyde phenyl group to the anthracene ring (~3.2 A)

Organometallics, Vol. 21, No. 17, 2002 3623

Figure 14. Diagram of the structure of 19 (30% prob-
ability ellipsoids for aluminum and oxygen atoms; carbon
atoms drawn with arbitrary radii). Bonds to the aluminum
atoms are indicated with solid lines. All hydrogen atoms
have been omitted for clarity.

Table 9. Selected Bond Lengths (A) and Angles
(deg) for Compound 19

Bond Distances

Al(1)—0(1) 1.666(5) Al(2)—0(2) 1.728(5)
Al(1)—0(4) 1.820(4) Al(2)—0(3) 1.737(4)
Al(1)—0(5) 1.843(6) Al(2)—0(4) 1.892(5)
Al(1)—C(70) 1.933(6) Al(2)—C(69) 1.938(7)
O(5)—C(71)) 1.219(9) Al(1)---Al(2) 3.377(3)
Bond Angles
O(1)—Al(1)—0(4) 107.5(2) O(2)—Al(2)—0(3) 109.5(2)
0(1)—Al(1)—0(5) 109.2(3) O(2)—Al(2)—0(4) 105.5(2)
0(4)—Al(1)—0(5) 97.5(2) O(3)—Al(2)—0(4) 96.7(2)
O(1)—Al(1)—C(70) 118.1(3) O(2)—Al(2)—C(69) 115.0(3)
O(4)—Al(1)—C(70)  120.9(3) O(3)—Al(2)—C(69) 119.0(3)
O(5)—Al(1)—C(70) 100.7(3) O(4)—Al(2)—C(69) 108.8(3)

induces the upfield shift of the benzaldehyde protons
witnessed in the 'H NMR spectrum. Addition of similar
substrates, such as acetophenone, to solutions of 18
formed compounds analogous to 19, and the reactivity
of 18 was not explored further.32

Conclusions

Recent developments with designer Lewis acids such
as MAD have highlighted the utility of these bulky
complexes in various areas of chemistry. As an exten-
sion of this work, we have synthesized several tetraphen-
oxide ligands to provide a rigid ligand framework
capable of holding two aluminum species akin to MAD
in close proximity. The reaction of trimethylaluminum
with the ligands proves to be a suitable pathway for the
preparation of bifunctional Lewis acidic assemblies, and
due to the unique ability to substitute different flexible
and rigid aromatic linkers into the ligand backbone,
divergent bimetallic complexes can be isolated. Solid-
state studies have illustrated that these bifunctional
complexes incorporate a stabilizing four-membered
Al,O, or Al,MeO core structure with at least one
phenoxide group spanning the metal centers. The
formation of these intramolecular bridges, however, does
not hinder the reactivity of the complexes. Both 9 and
10 rapidly react with Lewis bases such as chloride and
phenoxide, and the resulting species are rare examples
of well-defined compounds wherein both metals simul-
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taneously coordinate to a single external Lewis base.
In contrast to the symmetrical bidentate interaction
with anions, the analogous reaction with carbonyl
substituents affords either C,-symmetric binuclear spe-
cies with two bound substrates or an unusual mono-
nuclear complex with the carbonyls exclusively binding
in a »'-mode, possibly due to the steric bulk of tert-butyl
groups ortho to the phenoxide donor. Fortunately, the
synthetic methodology utilized for the ligand is ex-
tremely general, and as demonstrated above, the ligand
attributes such as the flexibility and size of the spacer
as well as the steric constraints of the phenol arms have
a profound effect on the reactivity of the ligand and the
resulting complexes. Along with efforts to further refine
the ligand system to induce cooperative binding of
carbonyl groups in the bimetallic species, investigations
into the utility of the complexes outlined above for the
catalysis of organic transformations are currently un-
derway.

Experimental Section

Unless noted otherwise, all manipulations were carried out
under an inert atmosphere of N, in a drybox or on a vacuum
line using standard techniques. All solvents were dried and
distilled prior to use. NMR spectra were recorded at room
temperature on a Mercury 300 MHz spectrometer at 299.95
and 75.47 MHz for the proton and carbon channels, respec-
tively. 2’Al NMR spectra were recorded on a 300 MHz VXR
spectrometer at 78.16 MHz. The University of Florida Spec-
troscopic Services performed elemental analyses for com-
pounds 1H,—5H,4, while Atlantic Microlabs analyzed the air-
sensitive complexes. In the solid state, the aluminum complexes
all crystallized with solvent molecules, and despite attempts
to gently remove the solvent under vacuum, the elemental
analysis data and *H NMR data indicated residual solvate
molecules remained in the bulk material in most instances.
The residual solvate molecules were included in the molecular
weight of the compounds for the calculation of the yields.
Melting points were determined using a capillary melting point
apparatus and are uncorrected.

Preparation of 4,4'4"4"-Tetra-tert-butyl-6,6',6",6""'-
tetra-tert-butyl-2,2',2",2"'-(1,8-anthracenemethanediyl)-
tetraphenol (1H,). A 1.00 g (4.27 mmol) portion of 1,8-
anthracene dicarboxaldehyde®® was added to 2,4-di-tert-
butylphenol (22.0 g, 107 mmol). The mixture was heated to
96 °C, and after stirring for 1 h, the homogeneous solution
was deep red. An aliquot of concentrated HCI (1.5 mL) was
added to the solution, and the mixture was stirred for 12 h.
The purple solution was allowed to cool and stirred in a
mixture of CHzCN (40 mL) and water (10 mL) overnight. The
product was isolated, washed with CH3;CN, and dried to yield
3.64 g of a gray solid (82%), mp 194 °C (dec). Anal. Calcd for
C72HosO4: C, 84.48; H, 9.26. Found: C, 83.82; H, 9.54. 'H NMR
(CDCl3): 0 8.85 (s, anthracene-H, 1H), 8.48 (s, anthracene-H,
1H), 7.93 (d, anthracene-H, J = 8.5 Hz, 2H), 7.36 (dd,
anthracene-H, J = 7.1, 8.5 Hz, 2H), 7.21 (d, aryl-H, J = 2.3
Hz, 4H), 7.04 (d, anthracene-H, J = 7.1 Hz, 2H), 6.66 (d, aryl-
H, J = 2.3 Hz, 4H), 6.29 (s, CH, 2H), 4.77 (br s, OH, 4H), 1.38
(s, t-Bu, 36H), 1.05 (s, t-Bu, 36H). **C NMR (CDCls): 6 150.0,
142.1, 137.6, 136.1, 131.7, 130.0, 127.9, 127.7, 127.4, 126.0,
125.3, 125.0, 122.5, 120.2, 41.0, 34.9, 34.3, 31.5, 30.1. High-
resolution FAB-MS: calcd 1022.715 (M*), found 1022.720.

Preparation of 4,4' 4" 4"-Tetra-tert-butyl-6,6',6",6""'-
tetra-tert-butyl-2,2',2",2"'-(4,6-dibenzofuranmethanediyl)-
tetraphenol (2H,4). The condensation of 2,4-di-tert-butylphe-
nol (9.20 g, 44.7 mmol) and 4,6-dibenzofurandicarboxaldehyde®®
(0.50 mg, 2.23 mmol) was carried out in a manner similar to
1H,. The product was isolated, washed, and dried to yield 1.92

Cottone and Scott

g (85%) of a light pink solid, mp 139—141 °C. Anal. Calcd for
C70Hs20s: C, 82.95; H, 9.16. Found: C, 82.48; H, 9.24. 'H NMR
(CDCls): 6 8.00 (d, dibenzofuran-H, J = 7.7 Hz, 2H), 7.32 (dd,
dibenzofuran-H, 3 = 7.3, 7.7 Hz, 2H), 7.24 (d, aryl-H, J = 2.3
Hz, 4H), 7.13 (d, dibenzofuran-H, J = 7.3 Hz, 2H), 6.81 (d,
aryl-H, J = 2.3 Hz, 4H), 6.12 (s, CH, 2H), 4.78 (bs, OH, 4H),
1.36 (s, t-Bu, 36H), 1.13 (s, t-Bu, 36H). *C NMR (CDCly):
154.3, 150.8, 142.7, 136.8, 127.7, 126.4, 125.6, 124.7, 124.4,
123.6, 123.3, 119.9, 40.7, 35.2, 34.5, 31.7, 30.1. High-resolution
FAB-MS: calcd 1013.702 (M), found 1013.705.

Preparation of 4,4'4" 4"-Tetra-tert-butyl-6,6',6",6""'-
tetra-tert-butyl-2,2',2",2'"'-(4,5-methanediyl-9,9-dimeth-
ylxanthenel)tetraphenol (3H,). 2,4-Di-tert-butylphenol (15.5
g, 75.2 mmol) and 4,5-diformyl-9,9-dimethylxanthene* (1.00
g, 3.76 mmol) were reacted in a procedure similar to 1H,. The
product was filtered, washed with CH3;CN, and dried to yield
3.61 g of a white solid (91%), mp 252 °C (dec). Anal. Calcd for
Cz3HesOs: C, 83.06; H, 9.36. Found: C, 83.58; H, 9.50. *H NMR
(CDClg): ¢ 7.39 (dd, xanthene-H, J = 7.9 Hz, 1.3 Hz, 4H), 7.23
(d, aryl-H, J = 2.3, 2H), 6.97 (t, xanthene-H, J = 7.7 Hz, 2H),
6.50 (dd, xanthene-H, J = 7.7 Hz, 3 = 1.2 Hz, 2H), 6.44 (d,
aryl-H, 3 = 2.1 Hz, 4H), 5.30 (s, CH, 2H), 4.43 (s, OH, 4H),
1.69 (s, Me, 6H), 1.31 (s, t-Bu, 36H), 1.09 (s, t-Bu, 36H). *C
NMR (CDCls): 6 150.8, 147.8, 145.5, 136.9, 129.7, 128.1, 128.0,
126.3, 125.5, 124.0, 123.4, 123.2, 41.3, 35.2, 34.5, 34.4, 33.2,
31.7, 30.0.

Preparation of 4,4'4" 4"-Tetra-tert-butyl-6,6',6",6"'-
tetramethyl-2,2',2" 2'""-(4,6-dibenzofuranmethanediyl)-
tetraphenol (4H,). The condensation of 2-methyl-4-tert-
butylphenol (7.32 g, 44.6 mmol) and 4,6-dibenzofurandicar-
boxaldehyde® (0.50 mg, 2.23 mmol) was adapted from the
procedure utilized in 1H,. The product was collected, washed,
and dried to yield 1.52 g (79%) of a white powder, mp 207 °C.
Anal. Calcd for CsgHgsOs: C, 82.41; H, 8.12. Found: C, 82.09;
H, 7.94. 'H NMR (CDCl3): ¢ 7.85 (dd, dibenzofuran-H, J =
7.8 Hz, 0.9 Hz, 2H), 7.28 (t, dibenzofuran-H, J = 7.7 Hz, 2H),
7.15 (d, dibenzofuran-H, J = 6.9 Hz, 2H), 7.06 (d, aryl-H, J =
2.1 Hz, 4H), 6.94 (d, aryl-H, J = 2.4 Hz, 4H), 6.45 (s, CH, 2H),
5.00 (br, OH, 4H), 2.24 (s, Me, 9H), 1.14 (s, t-Bu, 36H). 13C
NMR (CDClg): 154.3,149.8, 143.2,128.2, 127.0, 126.6, 124.7,
124.5, 124.4, 124.0, 123.1, 119.5, 38.9, 34.2, 31.7, 16.7.

Preparation of 4,4 4" 4"-Tetra-tert-butyl-6,6',6",6"'-
tetraisopropyl-2,2',2",2"'-(1,8-anthracenemethanediyl)-
tetraphenol (5H,). The condensation of 2-isopropyl-4-tert-
butylphenol (16.5 g, 85.9 mmol) and 1,8-anthracene dicarbox-
aldehyde®® (1.00 g, 4.27 mmol) was carried out in a manner
similar to 1H4. The product was isolated, washed with CHs-
CN, and dried to yield 2.91 g of a white solid (83%). Crystals
suitable for X-ray and elemental analysis were obtained from
evaporation of an acetone solution, mp 173 °C (dec). Anal.
Calcd for C68H8604‘11/2C3HGO: C, 82.59; H, 9.08. Found: C,
82.62; H, 9.10. *H NMR (CDCls3): ¢ 8.80 (s, anthracene-H, 1H),
8.44 (s, anthracene-H, 1H), 7.90 (d, anthracene-H, J = 8.5 Hz,
2H), 7.35 (dd, anthracene-H, J = 6.9, 8.5 Hz, 2H), 7.13 (d, aryl-
H, J = 2.3 Hz, 4H), 7.05 (d, anthracene-H, J = 6.6 Hz, 2H),
6.71 (d, aryl-H, J = 2.3 Hz, 4H), 6.34 (s, CH, 2H), 4.95 (s, OH,
4H), 3.22 (m, isopropyl-H, J = 6.9 Hz, 4H), 1.21 (d, isopropyl-
CHs, J = 6.8 Hz, 12H), 1.23 (d, isopropyl-CH3, J = 6.8 Hz,
12H), 1.08 (s, t-Bu, 36H). 3C NMR (CDCls): ¢ 150.0, 142.1,
137.6, 136.1, 131.7, 130.0, 127.9, 127.7, 127.4, 126.0, 125.3,
125.0, 122.5, 120.2, 41.0, 34.9, 34.3, 31.5, 30.1.

Synthesis of [(1)AlsMeg] (6). A 2.0 M solution of tri-
methylaluminum in hexanes (391 L, 0.782 mmol) was added
to 1H,4 (200 mg, 0.196 mmol) in 25 mL of pentane at 0 °C. The
solution was allowed to react for 1 h, and the solvent was
removed. The residue was treated with 5 mL of CH,Cl, and

(38) Guilard, R.; Lopez, M. A; Tabard, A.; Richard, P.; Lecomte, C.;
Brandes, S.; Hutchison, J. E.; Collman, J. P. 3. Am. Chem. Soc. 1992,
114, 9877—9889.

(39) Skar, M. L.; Svendsen, J. S. Tetrahedron 1997, 53, 17425—
17440.
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cooled to —35 °C. Crystals formed after several days and were
isolated to give a yield of 152 mg (62%). Following this
methodology, the addition of 2 equiv of trimethylaluminum
to 1H, afforded only a mixture of 6 and unreacted 1H,. *H
NMR (C¢Dg): 0 8.70 (s, anthracene-H, 1H), 8.29 (s, anthracene-
H, 1H), 7.68 (d, anthracene-H, J = 8.3 Hz, 2H), 7.51 (d,
anthracene-H, J = 7.3 Hz, 2H), 7.32 (d, aryl-H, J = 2.1 Hz,
2H), 7.22 (d, aryl-H, J = 1.9 Hz, 2H), 7.07 (dd, anthracene-H,
J =7.9Hz 7.5Hz, 2H), 6.93 (d, aryl-H, J = 2.1 Hz, 2H), 6.83
(d, aryl-H, 3 = 1.9 Hz, 2H), 6.31 (s, CH, 2H), 1.42 (s, t-Bu,
18H), 1.41 (s, t-Bu, 18H), 1.16 (s, t-Bu, 18H), 1.08 (s, t-Bu,
18H), 0.37 (s, AICH3, 6H), —0.03 (s, AICH3, 6H), —0.17 (s,
AICHg3, 6H), —1.10 (s, AICH3, 6H). 3C NMR (C¢Dg): 6 154.4,
147.3, 145.3, 141.1, 140.3, 138.8, 137.6, 135.9, 135.8, 133.1,
132.9, 132.1, 131.7, 131.4, 130.2, 124.6, 123.8, 122.7, 122.3,
119.6, 46.6, 35.7, 35.5, 34.8, 34.6, 32.3, 31.9, 31.7, 30.1, —3.9,
—4.3, —8.2, —9.8. The compound is moderately temperature
sensitive in the solid state and slowly decomposes to an
unidentified species, hindering analysis of the material. Soon
after collection of the single crystals, the 'H NMR spectrum
indicated the isolated material was pure, and when proper care
was taken, the compound was characterized by mass spectral
analysis. High-resolution FAB-MS: m/z calc 1248.813 (M%),
found 1248.817; calcd 1216.751 (M* — 2CH3), found 1216.762.

Synthesis of [(2)AlsMeg] (7). A 2.0 M solution of tri-
methylaluminum in hexanes (593 xL, 1.186 mmol) was reacted
with a solution of 2H, (300 mg, 0.296 mmol) in 25 mL of
pentane at 0 °C. The reaction was allowed to stirred for 1 h,
and the solvent was removed in vacuo. The residue was
dissolved in a minimal amount of CH,Cl, (~5 mL) and cooled
to —35 °C. After several days, colorless crystals formed and
were isolated to give a yield of 287 mg (76%). Following this
methodology, the addition of 2 equiv of trimethylaluminum
to 2 afforded only a mixture of 6 and unreacted 2. Anal. Calcd
for C73H11205A|4‘1/2CH20|2: C, 7365, H, 8.90. Found C, 7348,
H, 8.91. 'H NMR (CD,Cly): 6 7.96 (d, dibenzofuran-H, J = 7.3
Hz, 2H), 7.37 (d, dibenzofuran-H, J = 7.3 Hz, 2H), 7.29 (t,
dibenzofuran-H, J = 7.6 Hz, 2H), 7.21 (d, aryl-H, J = 2.5 Hz,
2H), 7.09 (d, aryl-H, J = 2.5 Hz, 2H), 7.02 (d, aryl-H, J = 2.5
Hz, 2H), 6.71 (d, aryl-H, J = 2.3 Hz, 2H), 5.90 (s, CH, 2H),
1.36 (s, t-Bu, 18H), 1.27 (s, t-Bu, 18H), 1.17 (s, t-Bu, 18H), 1.09
(s, t-Bu, 18H), 0.01 (s, AICH3, 6H), —0.51 (s, AICH3, 6H), —0.57
(s, AICH3, 6H), —1.18 (s, AICHgz, 6H). 3C NMR (CD.Cl,): &
155.4, 152.8, 150.4, 147.2, 145.3, 140.9, 140.3, 137.6, 134.6,
132.4, 129.9, 129.0, 126.2, 125.4, 123.2, 122.8, 121.3, 119.6,
42.3, 35.6, 35.3, 34.8, 34.6, 32.2, 31.7, 31.4, 29.9, —4.6, —4.9,
—9.2, —11.5. High-resolution FAB-MS: m/z calcd 1236.777
(M™), found 1236.776.

Synthesis of [(3)Al:Me;] (8). A 2.0 M solution of tri-
methylaluminum in hexanes (148 uL, 0.296 mmol) was added
to 3H, (156 mg, 0.148 mmol) in 25 mL of toluene. The solution
was stirred at ambient temperature for 3 h. The solvent was
removed under vacuum, redissolved in 5 mL of dichlo-
romethane, and cooled to —35 °C. Crystals formed over a
period of a few days, and they were collected and dried to afford
110 mg (63%) of product. Anal. Calcd for C7sH1000sAl,+1/,CH>-
Cly: C, 77.00; H, 8.65. Found: C, 76.51; H, 8.65. 'H NMR
(CsDe): 0 8.38 (d, aryl-H, J = 2.5 Hz, 2H), 8.23 (s, CH, 2H),
7.91 (d, xanthene-H, J = 6.5 Hz, 2H), 7.56 (d, aryl-H, J = 2.7
Hz, 2H), 7.12 (d, aryl-H, J = 2.7 Hz, 2H), 7.08 (d, aryl-H, J =
2.5 Hz, 2H), 6.99 (t, xanthene-H, J = 7.8 Hz, 2H), 6.85 (dd,
xanthene-H, J = 1.2 Hz, 7.8 Hz, 2H), 1.55 (s, t-Bu, 18H), 1.33
(s, t-Bu, 18H), 1.19 (s, t-Bu, 18H), 1.07 (s, t-Bu, 18H), 1.03 (s,
xanthene-CHjs, 6H), —0.31 (s, AICH3, 6H). 3C NMR (CgDg): 6
151.6, 151.2, 147.0, 146.9, 141.3, 140.7, 138.1, 136.6, 135.1,
133.5, 132.9, 127.3, 126.6, 124.8, 124.3, 122.6, 122.4, 122.1,
37.3, 36.8, 36.0, 35.6, 35.1, 34.7, 33.6, 32.1, 31.9, 30.7, 29.4,
—6.86. 2’Al NMR (CsDg): 6 60 ppm, w1, 4.3 kHz.

Synthesis of [(1)Al:Me;] (9). A 2.0 M solution of tri-
methylaluminum in hexanes (500 uL, 1.00 mmol) was added
to 1H,4 (512 mg, 0.50 mmol) in 25 mL of toluene. The solution
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was heated at 80 °C for 3 h. The solvent was removed under
vacuum, redissolved in minimum amount of pentane (~5 mL),
and cooled to —35 °C. Crystals formed over a period of a few
days and they were collected and dried to yield 294 mg of a
pale green crystalline solid (53%). *H NMR (C¢Dg): ¢ 11.15 (s,
anthracene-H, 1H), 9.11 (s, anthracene-H, 1H), 8.88 (d, aryl-
H, J = 2.5 Hz, 2H), 8.23 (d, anthracene-H, J = 6.9 Hz, 2H),
7.68 (s, CH, 2H), 7.67 (d, aryl-H, J = 2.5 Hz, 4H), 7.46 (d,
anthracene-H, J = 8.4 Hz, 2H), 7.31 (dd, anthracene-H, J =
6.9 Hz, 8.5 Hz, 2H), 7.01 (d, aryl-H, J = 2.5 Hz, 2H), 1.57 (s,
t-Bu, 18H), 1.49 (s, t-Bu, 18H), 1.17 (s, t-Bu, 18H), 1.01 (s, t-Bu,
18H), —0.32 (s, AICH3, 6H). 1*C NMR (C¢Dg): 6 150.4, 148.0,
147.8, 143.0, 142.1, 140.8, 138.9, 136.6, 135.7, 132.7, 131.9,
127.0, 126.5, 125.6, 125.1, 124.9, 124.6, 124.3, 123.3, 122.4,
38.1, 37.0, 35.6, 35.2, 34.8, 33.7, 32.1, 32.0, 30.7, —6.3. ?’Al
NMR (CsDg): 0 68 ppm w12 5.8 kHz. Single crystals of 9 slowly
turned dark green over the course of several hours at room
temperature, and this decomposition hampered all attempts
to obtain acceptable elemental analysis data for the compound.
If the material was kept at —35 °C, it was stable for several
weeks and it could be used for further reactions. Moreover,
satisfactory high-resolution mass spectral data could be ob-
tained from single crystals if analyzed soon after warming to
room temperature. High-resolution FAB-MS: m/z calcd
1102.694 (M*), found 1102.690.

Synthesis of [(2)Al;:Me;] (10). A solution of 2.0 M tri-
methylaluminum (506 xL, 1.01 mmol) in hexanes was added
to 2H,4 (500 mg, 0.49 mmol) in 25 mL of toluene. The solution
was heated at reflux for 16 h, and the solvent was removed in
vacuo. The residue was treated with 10 mL of pentane, and
the resultant white solid was collected and dried to give 388
mg (67%) of product. Crystalline material suitable for X-ray
and elemental analysis was obtained from a saturated CH.-
Cl; solution at —35 °C. Anal. Calcd for C7,HggOsAl,CH,Cly:
C, 74.15; H, 8.52. Found: C, 74.62; H, 8.42. 'H NMR (C¢Ds):
0 8.37 (d, aryl-H, J = 2.4 Hz, 1H), 8.29 (d, dibenzofuran-H, J
= 7.4 Hz, 1H), 8.16 (d, aryl-H, J = 2.3 Hz, 1H), 7.99 (d,
dibenzofuran-H, 3 = 7.6 Hz, 1H), 7.31 (d, aryl-H, 3 = 2.4 Hz,
1H), 7.30 (s, CH, 1H), 7.29 (d, aryl-H, J = 2.5 Hz, 2H), 7.22
(d, aryl-H, 3 = 2.6 Hz, 1H), 7.00 (dd, dibenzofuran-H, J = 8.1
Hz, 1.0 Hz, 1H), 6.96 (t, dibenzofuran-H, J = 7.5 Hz, 1H), 6.85
(dd, dibenzofuran-H, J = 7.5 Hz, 1.0 Hz, 1H), 6.82 (m,
dibenzofuran-H and CH, 2H), 6.78 (d, aryl-H, J = 2.4 Hz, 1H),
6.62 (d, aryl-H, J = 2.6 Hz, 1H,), 1.36 (s, t-Bu, 9H), 1.29 (s,
t-Bu, 9H), 1.25 (s, t-Bu, 9H), 1.20 (s, t-Bu, 9H), 1.00 (s, t-Bu,
9H), 0.89 (s, t-Bu, 9H), 0.81 (s, t-Bu, 9H), 0.70 (s, t-Bu, 9H),
0.61 (s, AICHS3, 3H), —0.92 (s, AICH3, 3H). 33C NMR (CgDg): 0
155.1, 154.5, 153.6, 152.1, 150.7, 147.9, 145.6, 141.5, 141.1,
140.3, 140.1, 138.0, 137.8, 137.6, 137.5, 133.6, 130.8, 129.9,
129.7, 129.3, 128.7, 128.5, 127.4, 126.1, 125.6, 124.9, 124.1,
123.8, 123.7, 123.0, 122.8, 122.5, 122.4, 121.9, 119.4, 119.2,
40.3, 37.9, 35.6, 35.5, 35.3, 34.8, 34.7, 34.2, 33.8, 32.0, 31.8,
31.6, 31.5, 31.2, 31.1, 30.9, 30.7, 30.3, —8.4, —10.9.

Synthesis of [NEt,][(1)Al.Me,CI] (11). A solution of NEt,-
Cl (14.9 mg, 0.090 mmol) in 0.5 mL of CH,Cl, was added to a
solution of crystalline 9 (100 mg, 0.090 mmol) in 4.5 mL of
pentane. A precipitate formed, and the reaction was allowed
to stir overnight. The solid was collected, dried, and recrystal-
lized from a pentane/dichloromethane diffusion at —35 °C to
yield 92 mg (75%) of a white microcrystalline product. Anal.
Calcd for ngHllGNA|2C|O4'CH2C|2: C 7362, H, 878, N, 1.03.
Found: C, 73.76; H, 9.03; N, 1.12. 'H NMR (CD,Cl,): ¢ 9.05
(s, anthracene-H, 1H), 8.44 (s, anthracene-H, 1H), 7.85 (d,
anthracene-H, J = 8.1 Hz, 2H), 7.79 (d, anthracene-H, J =
7.4 Hz, 2H), 7.35 (dd, anthracene-H, J = 7.4, 8.1 Hz, 2H), 7.01
(s, CH, 2H), 6.90 (d, aryl-H, J = 2.4 Hz, 4H), 6.49 (d, aryl-H,
J = 2.4 Hz, 4H), 2.46 (q, N(CH>CH3)4, J = 7.2 Hz, 8H), 1.27
(s, t-Bu, 36H), 1.01 (s, t-Bu, 36H), 0.69 (t, N(CH.CH3)4, J =
7.2 Hz, 12H), —0.37 (s, AICH3, 6H). 13C NMR (CD.Cl,): 6 154.0,
141.0, 138.5, 137.1, 134.5, 132.7, 132.5, 128.6, 128.4, 127.3,
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125.0, 124.6, 121.5, 120.8, 52.8, 41.8, 35.4, 34.3, 31.8, 30.7, 7.5,
—8.9. 27Al NMR (C;Ds): 6 60 ppm, w1 4.1 kHz.

Synthesis of [NEt][(2)Al.Me,Cl] (12). A solution of NEt,-
Cl (8.2 mg, 0.050 mmol) in 0.5 mL of CH,Cl, was added to a
solution of crystalline 10 (55 mg, 0.050 mmol) in 4.5 mL of
pentane. The resulting suspension was allowed to stir over-
night. The solid was collected by filtration and recrystallized
from a pentane/dichloromethane diffusion at —35 °C to yield
47 mg (69%) of a white solid. Anal. Calcd for CgoHi14NAl-
ClOs+1Y4CH,Cl,: C, 71.92; H, 8.65; N, 1.03. Found: C, 71.45;
H, 8.79; N, 1.03. 'H NMR (CDCl,): ¢ 8.28 (d, dibenzofuran-
H, J = 8.1 Hz, 2H), 7.80 (d, dibenzofuran-H, J = 7.4 Hz, 2H),
7.43 (dd, dibenzofuran-H, J = 7.4, 8.1 Hz, 2H), 7.33 (d, aryl-
H, J = 2.4 Hz, 4H), 7.05 (d, aryl-H, J = 2.4 Hz, 4H), 6.80 (s,
CH, 2H), 2.66 (q, N(CHCHa)4, J = 7.2 Hz, 8H), 1.37 (s, t-Bu,
36H), 1.21 (s, t-Bu, 36H), 0.92 (t, N(CH,CH3)s, J = 7.2 Hz,
12H), —0.52 (s, AICH3,6H). 13C NMR (CDCl,): 6 155.3, 151.6,
142.0, 137.6, 130.6, 128.6, 127.7, 124.9, 124.8, 122.7, 122.4,
119.0, 53.2, 39.5, 35.5, 34.7, 31.9, 30.5, 7.9, —6.9. 27Al NMR
(CD:Cly): 6 67 ppm, w2 3.7 kHz.

Synthesis of [NEt]2[(3)Al:Me,Cl;] (13). A solution of
NEt,Cl (15 mg, 0.088 mmol) in 0.5 mL of CH,Cl, was added
to a solution of crystalline 8 (50 mg, 0.044 mmol) in 4.5 mL of
pentane. The resulting suspension was allowed to stir over-
night. The solid was collected by filtration, dried, and recrys-
tallized from pentane/dichloromethane to yield 43 mg (63%)
of a white solid. Addition of a single equivalent of NEt,Cl to
solutions of 8 resulted in the formation of a mixture of 13 and
8. Single crystals for X-ray analysis were grown from a
saturated dichloromethane/pentane solution containing several
drops of toluene. Anal. Calcd for Co1H140N2AICl,05:CH,Cl.:
C 71.20; H, 9.22; N, 1.81. Found: C, 70.84; H, 9.31; N, 2.05.
H NMR (CD,Cly): ¢ 7.52 (d, xanthene-H, J = 7.5 Hz, 1H),
7.22 (d, xanthene-H, J = 7.8 Hz, 1H), 7.16 (d, aryl-H, J = 2.1
Hz, 1H), 7.12 (d, xanthene-H, J = 7.8 Hz, 1H), 7.05 (d, aryl-
H, J = 2.4 Hz, 1H), 7.02 (d, aryl-H, J = 2.1 Hz, 1H), 6.96 (d,
aryl-H, J = 2.4 Hz, 1H), 6.88 (m, xanthene-H, 1H), 6.84 (d,
aryl-H, J = 2.4 Hz, 1H), 6.79 (t, xanthene-H, 3 = 7.8 Hz, 1H),
6.59 (s, CH, 1H), 6.43 (d, xanthene-H, J = 7.8 Hz, 1H), 6.40
(s, CH, 1H), 6.34 (d, aryl-H, 3 = 2.1 Hz, 1H), 5.79 (d, aryl-H,
J=2.4Hz, 1H), 5.47 (d, aryl-H, J = 2.1 Hz, 1H), 2.96 (q, NCH,-
CHs, J =7.2 Hz, 16H), 1.62 (s, xanthene-Me, 3H), 1.50 (s, t-Bu,
9H), 1.46 (s, t-Bu, 9H), 1.42 (s, t-Bu, 9H), 1.37 (s, t-Bu, 9H),
1.29 (s, xanthene-Me, 9H), 1.26 (s, t-Bu, 9H), 1.10—1.04 (m,
t-Bu and NCH,CHjs, 31H), 1.00 (s, t-Bu, 9H), 0.93 (s, t-Bu, 9H),
—0.78 (s, AlI-CHg, 3H), —1.95 (s, Al-CH3, 3H). 13C NMR (CD,-
Clp): 0 157.1, 156.4, 155.8, 155.0, 149.9, 149.0, 138.3, 137.6,
137.1, 136.7, 136.6, 136.5, 136.3, 136.2, 135.5, 135.3, 135.2,
135.1, 133.5, 131.0, 130.5, 129.8, 128.3, 128.1, 127.8, 127.4,
125.9, 124.6, 123.8, 123.0, 122.8, 121.3, 120.9, 120.7, 120.5,
120.0, 53.3, 43.0, 37.9, 36.0, 35.8, 35.7, 35.4, 34.5, 34.4, 34.2,
34.1, 32.7, 32.6, 32.5, 32.4, 32.2, 32.1, 32.0, 31.7, 31.4, 31.3,
31.1, 30.7, —5.7. 27Al NMR (CDCl,): 6 56 ppm, wa. 3.7 kHz.

Synthesis of [(1)Al,Me,(OPh)Na(OEt;)] (14). A solution
of crystalline 9 (150 mg, 0.136 mmol) in 4 mL of CH.Cl, was
added to a slurry of NaOPh (15.8 mg, 0.136 mmol) in 1 mL of
diethyl ether. The mixture was allowed to stir overnight, and
the volume was reduced to 1 mL. Additional ether (few drops)
was added, and the solution was stored at —35 °C overnight
to allow for crystallization. After 24 h, the crystalline solid was
collected by filtration and dried to afford 58 mg (32%) of
colorless crystals. Anal. Calcd for CgqH111AINaOg-*/,CH,Cly:
C, 75.96; H, 8.45. Found: C, 75.38; H, 8.62. *H NMR (CsDs):
0 10.14 (s, anthracene-H, 1H), 8.42 (d, anthracene-H, J = 6.9
Hz, 2H), 8.16 (s, anthracene-H, 1H), 7.67 (s, CH, 2H), 7.65 (d,
anthracene-H, 2H), 7.40 (m, anthracene-H, 2H and phenoxide-
H, 2H), 7.23 (2, aryl-H, 2H), 7.18 (m, aryl-H, 2H), 7.11 (s, aryl-
H, 2H), 7.02 (s, aryl-H, 2H), 6.77 (t, phenoxide-H, J = 7.5 Hz,
1H), 6.35 (t, phenoxide-H, J = 7.5 Hz, 1H), 5.91 (t, phenoxide-
H, J = 7.5 Hz, 1H), 2.34 (g, O(CH,CHs),, J = 6.9 Hz, 4H),
1.54 (s, t-Bu, 18H), 1.21 (s, t-Bu, 36H), 1.08 (s, t-Bu, 18H), 0.24
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(t, O(CH2CHs3),, J = 6.9 Hz, 6H), 0.21 (s, AICH3, 6H). 1*C NMR
(CsDe): 0 154.5,151.2,151.0, 142.9, 142.5, 139.4, 138.4, 138.0,
137.9, 136.9, 133.1, 133.0, 132.9, 131.1, 130.2, 129.4, 127.8,
127.3, 125.6, 124.8, 124.2, 124.1, 123.2, 122.9, 121.9, 114.7,
65.4, 39.9, 36.5, 35.5, 34.8, 34.6, 32.8, 32.3, 31.8, 30.5, 14.5,
—7.8.

Synthesis of {(1)[AIMe(OCi1H14)]2} (15). A solution of
a,a,0-trimethylacetophenone (60.0 uL, 0.354 mmol) in 1 mL
of CH.CI, was added to a solution of crystalline 9 (195 mg,
0.177 mmol) in 10 mL of pentane. The resulting suspension
was allowed to stir overnight, and the precipitate was isolated
to yield 101 mg (40%). Crystals were obtained from a dichlo-
romethane/pentane solution at —35 °C for X-ray and elemental
analysis. Even when a solution containing 1 equiv of o,a,a-
trimethylacetophenone was reacted with 9, the split structure
complex 15 was isolated. Anal. Calcd for CgsHi24Al,06: C,
80.75; H, 8.75. Found: C, 79.97; H, 9.12. *H NMR (CsDs): 0
8.22 (s, anthracene-H, 1H), 8.03 (s, anthracene-H, 1H), 7.85
(d, aryl-H, 3 = 2.6 Hz, 2H), 7.75 (m, aryl-H, 4H), 7.56 (d, aryl-
H, J = 2.7 Hz, 2H), 7.32—7.18 (m, anthracene-H, 6H), 6.82 (t,
acetophenone-H, J = 7.2 Hz, 4H), 6.67 (t, acetophenone-H, J
= 7.8 Hz, 6H), 5.85 (s, CH, 2H), 1.87 (s, t-Bu, 18H), 1.59 (s,
t-Bu, 18H), 1.34 (s, t-Bu, 18H), 0.91 (s, t-Bu, 18H), 0.64 (s, t-Bu,
18H), —0.49 (s, AICH3, 6H). 13C NMR (CsDs): 6 233.0, 155.2,
155.0, 140.3, 139.7, 139.4, 139.1, 137.6, 135.0, 134.5, 133.8,
132.9, 132.1, 131.5, 130.7, 129.2, 128.9, 127.5, 126.8, 126.7,
125.9, 123.8, 123.0, 121.6, 120.4, 56.1, 46.0, 35.6, 35.4, 35.2,
35.1, 33.7, 32.8, 30.9, 30.3, 28.8, —9.0.

Synthesis of [(2H)AI(OCsHs)] (16). A solution of cyclo-
pentanone (2.0 L, 0.023 mmol) in 1 mL of CH.CI, was added
to a solution of crystalline 9 (25.0 mg, 0.023 mmol) in 5 mL of
pentane. The resulting mixture was allowed to stir overnight,
during which time a white solid precipitated out of solution.
The solid was collected and washed with pentane to yield 10.0
mg (37%) of a white product. Single crystals for structural and
elemental analysis were obtained from saturated dichlo-
romethane solutions at —35 °C. Anal. Calcd for CssHg7AlOs-
3/,CH,Cl,: C 76.76; H, 8.38. Found: C, 76.22; H, 8.74. *H NMR
(CeDs): 0 8.66 (s, CH, 1H), 8.64 (d, aryl-H, J = 2.1, 1H), 7.76
(d, aryl-H, 3 = 2.4 Hz, 1H), 7.61 (d, aryl-H, J = 2.4 Hz, 1H),
7.58 (s, CH, 1H), 7.54 (d, aryl-H, J = 2.1 Hz, 1H), 7.46 (d, aryl-
H, 3 = 2.7 Hz, 1H), 7.42 (br s, aryl-H, 1H), 7.37 (br s, aryl-H,
1H), 7.35—7.16 (m, aryl-H and dibenzofuran-H, 6H), 6.89 (t,
dibenzofuran-H, J = 7.6 Hz, 1H), 5.01 (s, OH, 1H), 2.4-2.1
(m, cyclopentanone-H, 8H), 1.76 (s, t-Bu, 9H), 1.60 (s, t-Bu,
9H), 1.56 (s, t-Bu, 9H), 1.48 (s, t-Bu, 9H), 1.44 (s, t-Bu, 9H),
1.30 (s, t-Bu, 9H), 1.26 (s, t-Bu, 9H), 0.68 (s, t-Bu, 9H). *C
NMR (C¢Ds): 6 239.2, 156.1, 154.6, 154.2, 153.9, 152.7, 152.4,
151.9, 151.6, 141.2, 140.8, 140.6, 140.5, 139.6, 137.8, 137.2,
137.0, 135.5, 132.2, 130.4, 130.3, 126.5, 125.8, 125.0, 124.5,
124.4, 124.2, 123.9, 123.5, 123.3, 123.2, 123.1, 123.0, 122.5,
121.9,120.4,119.5, 43.0, 41.0, 39.6, 37.5, 36.2, 36.1, 35.9, 35.8,
35.1, 34.9, 34.7, 34.6, 32.5, 32.4, 32.1, 32.0, 31.4, 31.1, 31.0,
30.8.

Synthesis of [(4)Alz:Mes] (17). A 2.0 M solution of tri-
methylaluminum in hexanes (831 uL, 1.66 mmol) was added
to 4H,4 (470 mg, 0.554 mmol) in 25 mL of pentane at ambient
temperature. The solution was allowed to react for 1 h, and
the solvent was removed. The residue was treated with 2 mL
of dichloromethane and cooled to —35 °C. Crystalline material
formed after several days and the product was collected,
washed with cold pentane, and dried to yield 370 mg (63%) of
white crystals. Despite repeated attempts to isolate a binuclear
species by using reduced equivalents of trimethylaluminum,
the only products identifiable in the *H NMR spectra of the
reaction mixtures were 4H, and the trinuclear complex, 17.
Anal. Calcd for C53H7905A|3'3/4CH2C|2: C, 7217, H, 7.65.
Found: C, 71.82; H, 8.33. 'H NMR (C¢Dg): 0 8.78 (s, CH, 1H),
8.49 (d, dibenzofuran-H, 3 = 7.5 Hz, 1H), 8.42 (d, aryl-H, J =
2.4 Hz, 1H), 8.38 (d, dibenzofuran-H, J = 7.5 Hz, 1H), 8.29 (d,
aryl-H, 3 = 2.4 Hz, 1H), 8.17 (d, aryl-H, 3 = 2.4 Hz, 1H), 7.89
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(d, aryl-H, 3 = 2.1 Hz, 1H), 7.77 (s, CH, 1H), 7.36 (d,
dibenzofuran-H, 3 = 7.7 Hz, 2H), 7.22 (dd, dibenzofuran-H, J
= 7.5 Hz, 7.7 Hz, 2H), 7.15 (under solvent peak, 1H), 6.87 (d,
aryl-H, 3 = 1.9 Hz, 1H), 6.85 (d, aryl-H, J = 1.9, 1H), 2.68 (s,
Me, 3H), 2.52 (s, Me, 3H), 2.17 (s, Me, 3H), 2.07 (s, Me, 3H),
1.27 (s, t-Bu, 9H), 1.23 (s, t-Bu, 9H), 1.22 (s, t-Bu, 9H), 1.19 (s,
t-Bu, 9H), 0.29 (s, AICHs;, 3H), —0.21 (s, AICHs3, 3H), —0.28 (s,
AICHs, 3H), —1.38 (s, AICHs, 3H), —1.71 (s, AICH3;, 3H). 13C
NMR (Ce¢Dg): 0 155.8, 154.6, 151.5, 150.1, 148.8, 148.4, 148.2,
143.9, 142.0, 140.1, 138.2, 135.8, 134.2, 133.7, 133.5, 131.0,
130.9, 129.7, 128.9, 128.7, 127.8, 127.5, 127.3, 127.2, 126.9,
126.2, 126.0, 125.8, 125.0, 124.9, 123.9, 123.8, 123.3, 122.9,
120.8, 119.9, 38.2, 34.9, 34.8, 34.6, 32.3, 31.8, 31.7, 23.1, 21.8,
21.5, 20.0, 18.8, 18.2, 14.6, —2.9, —4.8, —12.1, —12.6.

Synthesis of [(5)Al;Me;] (18). A solution of 2.0 M tri-
methylaluminum (104 xL, 0.207 mmol) in hexanes was added
to 5H, (100 mg, 0.103 mmol) in 15 mL of pentane. The solution
was stirred at ambient temperature for 5 h. The solvent was
removed, and the residue was redissolved in a minimal amount
of dichloromethane. The solution was stored for several days
at —35 °C, and the resulting white crystalline material was
collected and dried under vacuum to give 62 mg (53%) of 18.
Anal. Calcd for CooHggOsAI*CH-Cl,: C, 75.31; H, 8.01.
Found: C, 75.39; H, 8.53. 'H NMR (C¢Dg): 6 10.82 (s,
anthracene-H, 1H), 8.90 (s, CH, 2H), 8.64 (d, anthracene-H, J
= 7.5 Hz, 2H), 8.62 (br m, aryl-H, 4H), 7.76 (s, anthracene-H,
1H), 7.48 (d, anthracene-H, J = 7.7 Hz, 2H), 7.2—7.4 (br m,
6H), 3.67 (br m, CH(CHs),, 4H), 1.34 (s, t-Bu, 36H), 1.32 (br s,
CH(CH3)2, 24H), —0.19 (S, AICHg, 3H) 3C NMR (CGDG): 0
141.0, 138.4, 132.6, 132.1, 127.4, 126.3, 125.4, 122.1, 120.5,
35.0, 32.1, 28.2, 24.2, —10.4.

Synthesis of {(5)[AIMe][AIMe(OCHPhH)]} (19). A solution
of benzaldehyde (23.0 uL, 0.226 mmol) in 1 mL of pentane (1
mL) was added to an in situ generated solution of 18 (232 mg,
0.226 mmol) in 5 mL of pentane. The resulting red mixture
was allowed to stir overnight at ambient conditions. The
volume was reduced to ~3 mL, and the reaction mixture was
stored at —35 °C for several days. The microcrystalline solid
was collected and washed with cold pentane to yield 37 mg
(12%) of a red powder. The isolated yield was low primarily
due to the high solubility of 19 in pentane even at —35 °C.
Large single crystals suitable for X-ray and elemental analysis
were obtained from a concentrated dichloromethane/pentane
solution at —35 °C. Anal. Calcd for C77H94A|205‘21/2CH2C|2: C,
66.91; H, 7.31. Found: C, 69.81; H, 7.60. *H NMR (C¢Dg): 0
10.75 (s, anthracene-H, 1H), 8.66 (s, 1H), 8.56 (s, 2H), 8.50 (d,
anthracene-H, J = 6.9 Hz, 2H), 7.58 (br s, aryl-H, 4H), 7.81
(br s, CéHsCHO, 1H), 7.32 (t, anthracene-H, J = 7.8 Hz, 1H),
7.25 (br s, aryl-H, 4H), 7.17—6.96 (m, anthracene-H, 3H), 6.67
(m, benzaldehyde-H, 2H), 6.26 (t, benzaldehyde-H, J = 7.3 Hz,
2H), 5.91 (br s, benzaldehyde-H, 2H), 3.69 (br m, CHCHjs, 4H),
1.35(d, CHCHg, 12H), 1.27 (br s, t-Bu and CHCH3;, 48H), —0.12
(br s, Al-Me, 6H). 3C NMR (CgDg): 6 199vbr, 155.8, 154.0,
148.8, 147.3, 146.5, 145.5, 142.0, 141.8, 141.5, 141.2, 140.6,
139.9, 139.0, 138.3, 137.9, 137.3, 135.0, 133.2, 133.0, 132.5,
131.9, 130.9, 130.0, 129.8, 129.7, 129.0, 128.9, 127.7, 127.1,
126.6, 126.4, 126.0, 124.1, 123.7, 123.1, 122.8, 121.7, 120.5,
120.3, 119.9, 81.3, 42.6, 34.9, 34.6, 34.3, 32.3, 31.9, 31.5, 31.3,
28.7, 28.6, 27.2, 25.4, 24.7, 24.6, 24.5, 23.8, 23.7, 23.1, 22.9,
224,218, 14.6, —10.8, —11.9.
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Xray-Crystallgraphy. Unit cell dimensions and intensity
data (Tables 1 and 4) for all the structures were obtained on
a Siemens CCD SMART diffractometer at —100 °C, with
monochromatic Mo Ko X-rays (1 = 0.71073 A). The data
collections nominally covered over a hemisphere of reciprocal
space, by a combination of three sets of exposures; each set
had a different ¢ angle for the crystal, and each exposure
covered 0.3° in w. The crystal to detector distance was 5.0 cm.
The data sets were corrected empirically for absorption using
SADABS.*! All the structures were solved using the Bruker
SHELXTL software package for the PC, using the direct
methods option of SHELXS. The space groups for all of the
structures were determined from an examination of the
systematic absences in the data, and the successful solution
and refinement of the structures confirmed these assignments.
Except for the phenolic hydrogen and bridging methyl hydro-
gen atoms, all hydrogen atoms were assigned idealized loca-
tions and were given a thermal parameter equivalent to 1.2
or 1.5 times the thermal parameter of the carbon atom to
which it was attached. For the methyl groups, where the
location of the hydrogen atoms was uncertain, the AFIX 137
card was used to allow the hydrogen atoms to rotate to the
maximum area of residual density, while fixing their geometry.
In several cases, the crystals contained severely disordered
solvate molecules, and in instances where a suitable model
could not be constructed for the solvates, their contributions
to the diffraction were removed (“squeezed”) from the data by
the Platon for Windows software program.*? The experimental
data for structures of 1—4 as well as descriptions of the
refinements for all compounds are contained in the Supporting
Information.
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