JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): Queen, Jo§lt1ua D.; Lehmann, Annika; Fettinger, James C.; Tuononen, Heikki M.;
Power, Philip P.

Title: The Monomeric Alanediyl : AlAriPr8 (AriPr8 = C6H-2,6-(C6H2-2,4,6-Pri3)2-3,5-Pri2) : An
) Organoaluminum(l) Compound with a One-Coordinate Aluminum Atom

Year: 2020

Version: pyblished version

Copyright: © 2020 American Chemical Society

Rights: ccgy-nc-ND 4.0
Rights url: https://creativecommons.org/licenses/by-nc-nd/4.0/

Please cite the original version:

Queen, J. D., Lehmann, A., Fettinger, J. C., Tuononen, H. M., & Power, P. P. (2020). The
Monomeric Alanediyl : AlAriPr8 (AriPr8 = C6H-2,6-(C6H2-2,4,6-Pri3)2-3,5-Pri2) : An
Organoaluminum(l) Compound with a One-Coordinate Aluminum Atom. Journal of the
American Chemical Society, 142(49), 20554-20559. https://doi.org/10.1021/jacs.0c10222



Downloaded via 94.22.232.18 on March 22, 2021 at 07:41:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

HeoO606

The Monomeric Alanediyl :AlAr*"® (Ar®™® = C¢H-2,6-(C¢H,-2,4,6-
Pr’;),-3,5-Pr',): An Organoaluminum(l) Compound with a One-
Coordinate Aluminum Atom

Joshua D. Queen, Annika Lehmann, James C. Fettinger, Heikki M. Tuononen,* and Philip P. Power*

I: I Read Online

Article Recommendations ‘

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Cite This: J. Am. Chem. Soc. 2020, 142, 20554-20559

ACCESS |

ABSTRACT: Reduction of the aluminum iodide AILAr™*® (1; Ar'™® = C(H-2,6-(C4H,-2,4,6-Pr’;),-3,5-Pr’,) with 5% w/w Na/NaCl
in hexanes gave a dark red solution from which the monomeric alanediyl :AIAr™™® (2) was isolated in ca. 28% yield as yellow-orange
crystals. Compounds 1 and 2 were characterized by X-ray crystallography, electronic and NMR spectroscopy, and theoretical
calculations. The Al atom in 2 is one-coordinate, and the compound displays two absorptions in its electronic spectrum at 354 and
455 nm. It reacts with H, under ambient conditions to give the aluminum hydride {AIH(u-H)Ar"*®},, probably via a weakly bound
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dimer of 2 as an intermediate.

he chemistry of the group 13 elements is largely defined
by the increasing stability of the +1 oxidation state as the
group is descended from B to TL' For aluminum, low-
oxidation-state compounds have generated much interest,””""
but they are more challenging to isolate in comparison to those
of the other group 13 metals because of their higher reactivity
and tendency to disproportionate.” The isolation of the
landmark AI" compound R,Al-AIR, (R = —CH(SiMe;),),
the first Al—Al bonded molecular species, by Uhl'> in 1988,
and of the first organo Al' species Al,Cp*, (Cp* = 1>-CsMes)
by Schnockel and co-workers' in 1991 as well as the
icosahedral cluster K,[Al;,'Bu;,]"* were major breakthroughs.
Continued advancement has been made via the synthesis of
further AL,R, derivatives (R = alkyl, silyl, amide),"”"™"® of
dialuminenes RAl = AIR (R = large m-terphenyl, aryl, or silyl
groups), which were trapped either as their cycloaddition
products with aromatic species'”*® or stabilized and isolated
by complexation with NHC ligands,”"** and of the monomeric
p-diketiminate complexes :Al(®PPNacnac) (P*PPNacnac =
[R{C=N(2,6-C¢H;-Pr,)},], R = CH,, C(CH,),).*
Several anionic low-oxidation-state Al complexes have also
been reported, such as the dialuminyne® Na,(AlAr™™),
(oxidation state Al% Ar'™™* = C¢H;-2,6-(C¢H;-2,6-Pr'y),) with
a nonclassical Al—Al triple bond and the metalloaromatic
cycloalane Na,(AIAr™®), (oxidation state AI’33; ArMe® =
C¢H;-2,6-(C¢H,-2,4,6-Me;),), which are analogous to the
corresponding Ga complexes Na,(GaAr™™), (Ar™™ = C¢H,-
2,6-(C4¢H,-2,4,6-Pr;),) and Na,(GaAr™®®), of Robinson and
co-workers.”*?” Treatment of the dialanes Trip,AlAlTrip,
(Trip = C¢H,-2,4,6-Pr;) and R,AIAIR, (R = CH(SiMe;),)
with alkali metals in donor solvents gave the radical anion
complexes [Li(TMEDA),][Trip,AlAlTrip,],*® [Li-
(TMEDA),][R,AIAIR,]*” (TMEDA = N,N,N’,N'-tetramethyl-
ethane-1,2-diamine), and [K(DME);][R,AIAIR,]*° (DME =
1,2-dimethoxyethane) with Al—Al bond orders of 1.5. The
chelating NON/NONP¥P scaffolds (NON = 4,5-bis(2,6-
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diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene;
NONP® = O(SiMe,NDipp),; Dipp = C¢H;-2,6-Pr,)*"** also
stabilize the Al' compounds [KAI(NON)], or [KAI-
(NONP¥P)],, and the structurally related [KAI{N(Dipp),-
SiMe,CH,},], has also been reported.’® In addition alkyl or
alkyl amino ligands stabilize the cyclic Al' salts [K(toluene),]-
[AIC(SiMe,),CH,CH,C(SiMe;),]** and [K(12-crown-4]-
[AIN(Ad)CHCHC(SiMe;),].>> These “aluminyl” complexes
have nucleophilic Al centers that display a diverse reaction
chemistry.*°

Despite these advances, monomeric compounds of Al
remain especially rare, with the only well-characterized
examples being the aforementioned :Al("*PNacnac) and the
more recently reported :A*Cp (*Cp = CgH,-1,2,4-Bu;),”’
although Al,Cp*, had been shown earlier to dissociate into
:AlCp* monomers at elevated temperature.”® Wiberg and co-
workers have also shown that the dialane R,AIAIR, (R =
Si'Bu;) dissociates into R,Al® radicals upon heating to SO
°C.*»* These compounds have a rich chemistry”® that
involves oxidative additions,*" reversible olefin coordination,**
C—F and C—H bond activation,**** and C—C bond
coupling.****

However, no compound containing a singly coordinated Al
atom has been isolated. A common theme among the low-
oxidation-state aluminum compounds has been the use of
chelating or m-bonding ligands to stabilize the reactive Al
center. Although AIH and the monohalides AIX (X = F, C|, Br,
I) have been studied, they are only observed in the gas phase at
high temperature and low pressure,”” or as metastable
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solutions when condensed in toluene/ether at cryogenic
temperatures.””*® Driess and co-workers characterized an
AlBr moiety using a push—pull strategy by coordination of
one Fe(CO), and two NHC ligands to the Al atom.” Recently
Braunschweig and co-workers characterized monomeric AIH
trapped by two cyclic (alkyl)(amino)carbene (CAAC)
ligands,50 although a non-negligible resonance structure
(36%) involving an AI(III) diradical centered on the two
CAAC ligands contributes to its stability.

Our group has shown that the use of sterically demanding
terphenyl ligands allowed the structural characterization of
one-coordinate univalent compounds of Ga,*' In,** and TI*®
and transition-metal M(I) (M = Mn, Fe, Co) fragments, which
form coordination complexes with arenes.””>> These results
suggested that a similar stabilization of a one-coordinate
compound of Al was feasible. However, numerous attempts to
isolate such a compound via a reduction of aryl aluminum
dihalides were unsuccessful owing to the extreme reactivity of
the reduced aluminum species. We turned to the use of the
extremely sterically crowding terphenyl ligand Ar*™® (Ar*™® =
CgH-2,6-(C4H,-2,4,6-Pr';),-3,5-Pr’,) in combination with the
reducing agent Na/NaCl, which, upon reduction of the
precursor AlL,Ar'™™, afforded the monomeric alanediyl :AIAr™™®
containing a one-coordinate aluminum atom.

The precursor aluminum iodide 1 (Figure 1) was prepared
by treatment of the corresponding trihydridoaluminate salt

Figure 1. Thermal ellipsoid plot (50%) of AILAr™® (1). Hydrogen
atoms are not shown. Selected distances (A) and angles (deg):
Al(1)-1(1): 2.5125(18) Al(1)-I(2): 2.4840(18), Al(1)—C(1):
1.9653(57), Al(1)---C(7): 3.347(5) Al(1)---C(22): 2.745(5),
Al(1)---C(23): 2.766(6), 1(1)—Al(1)-1(2): 103.88(6), C(1)—
Al(1)-I(1): 124.85(17), C(1)—Al(1)-1(2): 127.80(17), Al(1)-—
C(1)—C(2): 128.48(40), Al(1)—C(1)—C(6): 110.89(39).

[LiAIH;Ar™®]°° with an excess of methyl iodide in diethyl
ether at 0 °C (Scheme 1). Crystallization from hexanes gave 1
as colorless blocks in 91% yield. Compound 1 is an uncommon
example of a three-coordinate monomeric aluminum(III)
halide.”””® The coordination environment of the Al atom is
slightly pyramidalized (sum of the interligand angles at Al =
356.5(4)°), and the sterically demanding ligand prevents

dimerization or the coordination of Et,0 solvent that is
normally seen for similar compounds.” One of the flanking
phenyl rings is bent toward the Al atom (Al-C(1)—C(6) =
110.89(39)° vs AlI-C(1)—C(2) = 128.45(40)°), and two of
the Al-C,q) distances (Al-C(22) = 2.745(5) A, AI-C(23) =
2.766(6) A) are the closest Al--C approaches, indicating a
weak attraction between the electron-rich 7-system and the
Lewis acidic Al atom. These are, however, much longer than,
for example, the Al-C distances in Al,Cp*, (Al-C =
2.29(1)-2.38(1) A)"’ and are expected to be very weakly
bonding at most.

The unusual monomeric structure of 1 suggested that the
Ar™® ligand could be effective for the stabilization of other
low-coordinate Al complexes. Attempts at a reductive
dehalogenation of 1 with KCg or Na mirrors gave pale
yellow-green solutions from which only Ar*®H could be
isolated. A recent report by Jones and co-workers showed that
alkali metals supported on their halide salts are effective
reagents for the preparation of Mg(I) and Al(I) f-diketiminate
complexes,60 and we chose 5% weight Na on NaCl as a
reducing agent for 1. A hexanes solution of 1 stirred over an
excess of freshly prepared Na/NaCl yielded a dark red solution
after 2 d. Filtration and removal of the solvent, followed by
recrystallization from benzene at ca. 8 °C, gave the compound
:AlAr”® (2) as yellow crystals in ca. 28% yield, which were
thermally stable up to their melting point of 228—231 °C.
Upon isolation and drying under reduced pressure these
crystals of 2 darkened to an orange color.

The crystal structure of 2 (Figure 2) revealed two
crystallographically independent molecules in which the Al
atoms are bound only to the ipso carbon of the central ring of
the Ar'™® ligand. The Al—C distances of 1.988(4) and 2.003(4)
A (calculated value 2.023 A at the PBEIPBE-G3BJ/def2-
TZVP level) are only slightly longer than the Al-C single
bond in 1. It crystallizes from benzene in the space group Pc
and is packed in a head-to-tail fashion (Figure S7 in Supporting
Information) preventing any Al—Al bonding in the crystal
structure. The long Al---H and Al---C separations for atoms in
the nearby methyl groups (>2.9 A), flanking rings (>3.0 A), or
benzene molecules of crystallization (>4.8 A) indicate no
strong secondary bonding interactions in the crystal structure.
An analysis of generalized compliance constants calculated for
the optimized structure of 2 supports this conclusion.
However, the Quantum Theory of Atoms in Molecules
shows a bond path and a bond critical point between the
C—H atoms and the aluminum center with very low electron
density value of 0.006 e bohr™. An examination of the Natural
Bond Orbitals further revealed that the C—H:--Al donor—
acceptor interactions, calculated at the second-order perturba-
tion level, have a stabilization energy of only 7—8 kJ mol™},
that is, considerably less than that typically found for C—H--
metal agostic interactions.”’ Thus, 2 is an example of a
compound containing a singly coordinated aluminum atom.
The Al atom lies almost symmetrically between the two
flanking rings, and nearly in the extended plane of the central
ring of the terphenyl ligand. This is similar to its Ga congener
but not to the related In and Tl compounds :MAr™™ (M = In,
TI1),>>** where the metal atoms lie 0.23 and 0.28 A from the
extended plane.

The frontier molecular orbitals of 2 are the n-type highest
occupied molecular orbital (HOMO) occupied by the Al
nonbonding lone pair, while the lowest unoccupied molecular
orbital (LUMO) (ﬂout_of_Plane) and LUMO+1 (Jrin_},lane) orbitals
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Scheme 1. Synthesis of Compounds 1 and 2 and the Reaction of 2 with H,

5% wiw
3 CHjl, Na/NaCl,
o Et,0, 0°C o hexanes, 2d
H JPr I— iPri
[LiIAIHZAr™] o AllLAr! 2 Nal
-3 CH, 1

Ha,
CgDg, 25°C
—>  {AH(u-H)Ar"8},

Figure 2. Thermal ellipsoid plot (50%) of one of the crystallo-
graphically independent molecules of :AlAr™ (2). Hydrogen atoms
and solvent benzene molecules are not shown (cf. Figure S7).
Selected bond lengths (A) and angles (deg) {values in braces
correspond to the other crystallographically independent molecule of
2}: AI(1)—C(1): 1.9883(36) {2.0028(37)}, Al(1)—C(1)-C(2):
121.29(28) {121.22(29)}, Al(1)—C(1)—C(6): 119.41(30)
{119.46(31)} C(2)—C(1)—C(6): 119.27(29) {119.31(31)}.

are mainly composed of the Al 3p orbitals (Figure 3). The
electronic spectrum of 2 shows two absorptions at 455 and 354
nm (calculated values 467 and 351 nm), which are responsible
for its yellow-orange color. These are calculated to correspond
to the lone pair n — 7,y o pane a0d N = 7y transitions,
respectively, both of which are symmetry-allowed. The
absorptions are slightly lower in energy than those of the
gallium congener :GaAr™ (437 and 351 nm).”'

Compound 2 was found to react rapidly with H, in C¢D,
giving the known compound {AIH(u-H)Ar"™®},,°¢ identified
by its "H NMR spectrum, in high yield. The facile formation of
{AIH(u-H)Ar™}, is surprising, considerin§ that its gallium
congener :GaAr™™ shows no such reactivity.”” In contrast, the
related digallene Ar**GaGaAr™ readily reacts with H, to
afford {GaH(u-H)Ar"™},, suggesting that the metal—metal
bonded dimer Ar"™AIAIAr™® is the reactive species in
solution. Similar reactivity was seen for the dialuminene-
benzene cycloaddition products reported by Tokitoh and co-

Figure 3. LUMO+1 (top), LUMO (middle), and HOMO (bottom)
of AlAriPr8 (2) (£0.05 isovalue).

workers.® Upon retro-cycloaddition, free dialuminene is
liberated in solution and was further found to react with H,
to give the corresponding aluminum dihydride product. Inoue
and co-workers also demonstrated that H, adds to the classical
double bond in the dialuminene Trip(NHC)AIAI(NHC)Trip
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to give the dialane Trip(NHC)HAI-AIH(NHC)Trip.”* Anal-
ysis of the frontier orbitals of 2 indicates that its direct
reactivity with H, is likely to involve a very high-energy
transition state, and all attempts to follow this reaction path
computationally were met with steep increases in energy with
no identifiable transition state. Consquently, a weak association
of 2 equiv of 2 to form the corresponding dialuminene could
be crucial for the observed reactivity by lowering the activation
energy. Calculations probing the energetics of this process
indicated that dimerization of 2 is energetically slightly favored
(AG = =20 k] mol™") in the gas phase. Thus, a judicious
choice of solvent may allow the characterization of the
dialuminene Ar""®AlAIAr"™,

In conclusion, we have isolated the monomeric alanediyl
:AlAr”® (2) containing a one-coordinate aluminum atom by
reduction of the precursor arylaluminum diiodide AILAr™™®
(1) with excess 5% w/w Na/NaCl in hexanes. Two
absorbances at 455 and 354 nm in the electronic spectrum
of 2 correspond to the Al lone pair n = 7y ofplane and n —
Tin-plane transitions. Compound 2 appears to have good thermal
stability and reacts with H, to give the aluminum hydride
complex {AIH(u-H)Ar™™}, in contrast with its heavier
congener :GaAr"™. Further reactivity studies of 2 with small
molecules and the preparation of other low-coordinate
aluminum complexes are in hand along with computational
investigations of the mechanisms involved.
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