WILEY-VCH

An Alumanylyttrium Complex with an Absorption due to a
Transition from the Al-Y Bond to an Unoccupied d-Orbital

Kengo Sugita and Makoto Yamashita*

[a] K. Sugita, Prof. Dr. M. Yamashita

Department of Molecular and Macromolecular Chemistry, Graduate School of Engineering

Nagoya University
Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan
E-mail: makoto@oec.chembio.nagoya-u.ac.jp

Abstract: The reaction between a dialkyl-substituted alumanyl anion
and [Y(CH2SiMes)(thf)s][BPh4] resulted in the formation of
(dialkylalumanyl)yttrium complex 2, which exhibits the first 2-center-
2-electron (2c-2e) Al-Y bond. The 'H and '*C NMR spectra of 2
together with an x-ray crystallographic analysis indicated a Ca,
symmetrical structure. DFT calculations on 2 revealed that its LUMO
consists of overlapping 3p- and 4d-orbitals of the Al and Y atoms,
respectively, and that the HOMO-LUMO gap is narrow. The UV-Vis
spectrum of 2 exhibited a visible absorption at 432 nm, which
suggests that the strong o-donating and n-accepting character of the
three-coordinate dialkylalumanyl ligand generates a colored d°-
complex that does not contain any n-electrons.

Aluminum contains three valence electrons and is the most
electropositive element in the p-block.!" Accordingly, aluminum-
ligated transition-metal complexes generally exhibit a
coordination number of at least four at the aluminum center in
order to satisfy the electron deficiency of the aluminum atom.
Such Al-containing ligands are typically classified into (i) Z-type Al
ligands,? (ii) L-type Al ligands containing Cp*Al ligands® and
base-stabilized alumylene ligands,®! (i) X-type Al ligands
containing base-stabilized alumanyl ligands?® and (iv) bridging
forms of (i) and (iii).’! In contrast, examples for the synthesis of
transition-metal complexes that possess a three-coordinated
aluminum ligand remain limited. Nine reports on such ligands can
be ordered according to the following four methods (Scheme 1):
(a) A nucleophilic attack of anionic transition-metal complexes to
an aluminum electrophile,”! (b) the coordination of a base-
stabilized Al(l) species to a metal,®! (c) an elimination of alkane
via a metathesis reaction,”! (d) an oxidative addition of an Al-H
bond to a metal center in a low oxidation state.['%

On the other hand, three types of anionic and nucleophilic
aluminum species!'" have been reported recently and used as an
Al(l) species in a low oxidation state.[''®: 21 |t should be noted here
that the base-stabilized aluminum anion was used for the
synthesis of a base-stabilized alumanylgold complex (cf. class (iv)
complexes; vide supra) via a nucleophilic substitution at the gold
center.P" Herein, we report the use of dialkyl-substituted Al anion
1 for the synthesis of an alumanylyttrium complex (2) that exhibits
a three-coordinate aluminum atom and the first Al-Y single bond
(Scheme 1e)."¥! The properties of 2 were investigated by
multinuclear NMR spectroscopy, single-crystal x-ray diffraction
analysis, UV-Vis absorption spectroscopy, and DFT calculations.
Based on the thus obtained results, the intense yellow color of 2
was assigned to a transition from a high-lying Al-Y o-bond
(HOMO) to the LUMO, which consists of vacant p- and d-orbitals
of the Al and Y atoms, respectively.
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Scheme 1. Synthesis of transition-metal complexes that contain a three-
coordinate aluminum ligand.

The reaction of alumanylpotassium 1 with the cationic complex
[Y(CH2SiMes)2(thf)s][BPh4]!™! in diethyl ether at —35 °C furnished
the corresponding alumanylyttrium complex (2) as a bright yellow
crystalline solid (Scheme 2). The 'H NMR spectrum of 2 in CeD12
exhibited two singlets for the trimethylsilyl groups in 1:2 integral
ratio and a singlet for the methylene groups in the five-membered
ring, indicating a Cav-symmetrical structure in solution.
Additionally, a characteristic doublet (?Jvy1 = 2.6 Hz) was found for
the yttrium-bonded CH2 groups at 61 = —0.65 ppm, whose protons
are coupled to tthe %°Y nuclei (100% abundance; I = 1/2).1'% In the
3C NMR spectrum of 2, the two tetrasubstituted carbon atoms at
the a position relative to the Al atom were also coupled to the Y
atom (%Jvc = 6 Hz).['1 This value is smaller than that for the directly
bonded CH2 groups to the Y atom ('Jyc = 36 Hz). This result
clearly indicates that in solution, the Al atom is directly bonded to
the Y atom.
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Scheme 2. Synthesis of tertraalkylalumanylyttrium complex 2.

The molecular structure of 2 was unambiguously determined by a
single-crystal x-ray diffraction analysis (Figure 1). In the



crystalline state, the Al and Y atoms adopt a trigonal planar and
trigonal bipyramidal coordination geometry, respectively. The Al—
Y bond is the first example of a 2-center-2-electron (2c-2e) bond
between Al and Y atoms. The Al-Y bond lengths [3.1870(8),
3.1942(8) A] of the two crystallographically independent
molecules of 2 per asymmetric unit are longer than the sum of the
covalent radii (2.87 A) of the Al and Y atoms.l'l A structural
comparison of 2 with the previously reported 1 and its precursor
3 is summarized in Table 1. The Al-C bond lengths [2.028(3),
2.038(3), 2.033(3), 2.041(3) A] in 2 are shorter than those in 1 and
longer than those in 3. Simultaneously, the C-AI-C angles in 2
[93.81(11)°, 93.66(11)] are wider and narrower than those of 1
and 3, respectively. These results indicate that the Al atomin 2 is
sp?-hybridized, similar to that in 3 rather than to the s-rich Al-K
bond in 1, which was supported by a natural bond orbital (NBO)
analysis (35.35% s-orbital character and 64.45% p-orbital
character on the Al atom for the Al-Y bond). The Y-O and Y-C
bonds in 2 are similar to those of previously reported five-
coordinated Y complexes (cf. SI),['"® which indicates that the
structural factors around Al atom do not perturb the electronic
structure of the Y atom. The C-Al-Y—C torsion angles of 2 [7.4(1)°,
8.0(2)°] are close to zero, and stand thus in stark contrast to a
previously reported (boryl)Y(CH2SiMes)z(thf)2 complex (4),1184 18el
which exhibits an almost orthogonal torsion angle between the
boron plane and the equatorial plane around the Y atom [-
73.4(3)°].
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Figure 1. Molecular structure of 2 (thermal ellipsoids set at 50% probability; one
of the two crystallographically independent molecules and hydrogen atoms are
omitted for clarity). Selected bond lengths (A) and angles (°): A-Y 3.1870(8),
3.1942(8); Al-C 2.028(3), 2.038(3), 2.033(3), 2.041(3); Y-C 2.398(3), 2.401(3),
2.390(3), 2.405(3); Y-0O 2.3651(18), 2.3651(18), 2.3637(19), 2.365(2); C-A-C
93.81(11), 93.66(11); C-Y-C 129.70(9), 129.64(10); O-Y-O 171.64(7),
171.40(7).
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Table 1. A structural comparison of the aluminum-containing five-membered
rings in 1-3.

Compound 1 2 3

C-Al (A) 2.0846(9)  2.028(3), 2.038(3)

2.033(3), 2.041(3)

2.005(3), 2.011(3)

C-AC(°)  90.40(5)  93.81(11), 93.66(11)  97.78(12)
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The electronic structure of 2 was examined by DFT calculations.
The theoretically optimized structure of 2 was in good agreement
with the experimentally obtained structure (e.g., calculated Al-Y
bond: 3.281 A; experimental: 3.187(8) A). The HOMO and LUMO
are illustrated in Figure 2. The HOMO represents the 2c-2e bond
between the Al and Y atoms, which exhibits Al" and Y* character
with reflection of their electronegativity [Pauling, Al: 1.61, Y: 1.22;
Allen, Al: 1.613, Y: 1.12].1 On the other hand, the LUMO consists
of significantly overlapping vacant 3p- and 4d-orbitals of the Al
and Y atoms, respectively, due to the strong electron affinity of
the Al atom. The HOMO level of 2 (—4.62 eV) is higher than that
of 41184.18¢ (_5 02 eV), when calculated at the same level of theory
(Figure 3; for details, see the Sl) due to the stronger s-donor
ability of the Al atom relative to that of the B atom, which is based
on the difference in electronegativity of these atoms.!"! The LUMO
level (-1.176 eV) of 2 is lower than that of 4 (-0.461 eV) due to
the effective overlapping of the vacant orbitals between the Al and
Y atoms in 2 and n-bonding interaction between the N and B
atoms in 4 (Figure S4). An atoms-in-molecule (AIM) analysis!['® of
2 afforded insight into the properties of this unprecedented Al-Y
bond (for details, see the Sl). The Vp(r) values (0.028237 e/ao®)
at the bond critical point (BCP) between the Al and Y atoms in 2
indicate that the Al-Y bond is stronger than the previously
reported Al---K* bond in 1 [Vp(r) = 0.01173 e/a¢®]. Considering
the V2p(r) value (0.009537 e/ac®) at the BCP for Al-Y bond in 2
is smaller than that for the Al---K* bond in 1 [V?p(r) = 0.020826
e/a¢®], the Al-Y bond in 2 should be less polarized than that in 1,
but is apparently ionic because the value is positive.

The UV-Vis absorption and emission spectra of 2 were measured
in cyclohexane (Figure 4). The UV-Vis spectrum exhibited two
absorption maxima at 351 (¢ = 3700) and 432 nm (e = 2400), while
the emission spectrum (Lex = 440 nm) showed an emission
maximum at 536 nm. The fluorescent quantum vyield of the latter
was low (¢ =0.0016), probably due to the high degree of freedom
for all the aliphatic substituents. It should be noted that the
emission became weaker upon repetitive measurements,
probably due to the decomposition of 2 to an unidentified non-
emissive product. Based on TD-DFT calculations (for details, see
the Sl), the absorption at 432 nm was assigned to the HOMO-
LUMO transition (421 nm; f = 0.0316). To reveal the substituent
effect of the dialkylalumanyl ligand in 2, the UV-Vis spectrum of
independently synthesized Y(CH2SiMes3)s(thf)s?°! was measured
in cyclohexane, albeit that an absorption beyond 300 nm was not
observed. Additionally, the HOMO-LUMO transition of the
previously reported "pale yellow microcrystalline powder" of 48l
was estimated to be at 304 nm based on TD-DFT calculations
(Figure S6, Table S4). Thus, the introduction of the
dialkylalumanyl ligand to the yttrium atom narrows the HOMO-



LUMO gap of the d°-complex without n-electrons and results in a

visible absorption.

Figure 2. HOMO (left) and LUMO (right) of 2 calculated at the B3LYP level of

theory using LANL2DZ (for Y) and 6-31+g(d) (all other atoms) basis sets.
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Figure 3. Energy diagram for the frontier orbitals of 2 and borylyttrium complex
4.
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Figure 4. The UV-Vis absorption (solid line; Amax = 351, 432 nm, ¢ = 3700, 2400)
and emission (dashed line; Aem = 536 nm, Xex = 440 nm) spectra of 2 in
cyclohexane. Two vertical lines describe simulated absorptions by TD-DFT
calculations (relative intensities are normalized to 1 at 334 nm, See Table S3
for details).

In conclusion, the reaction between dialkylalumanylpotassium 1
with a cationic dialkylyttrium complex furnished the first example
of an alumanylyttrium complex (2). A spectral and structural
analysis of 2 in combination with DFT calculations revealed its
electronic properties. The UV-Vis spectrum of 2 showed an
absorption in the visible region due to a narrow HOMO-LUMO gap,
which stems from the strong c-donor ability of the dialkylalumanyl
substituent and the overlapping vacant 3p- and 4d-orbitals of the
Al and Y atoms, respectively.
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