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Abstract: The isoelectronic relationship of 1,2-azaborinine (B=N structural motif) and benzene (C=C)
is well documented. Upon deprotonation of the former, the anionic 1,2-azaboratabenzene is obtained,
which is isosteric with pyridine (C=N) and has a similar capability as an aromatic N-donor. We
present the complexation of boron and aluminum precursors with a k>-N,O-donating 8-hydroxy-BN-
naphthalene ligand (H2(BQ), 1). Six chelate complexes with 1:1 and 2:1 stoichiometries were isolated and
characterized by X-ray diffraction analysis and NMR spectroscopy. Comparing the isosteric dimethylalu-
minum complexes of Hy(BQ) and an 8-hydroxyquinoline (HQ’, 2) as a reference allowed us to quantify
the influence of a formal substitution of carbon by boron on the structure and the electronic properties:
While the structural parameters of the ligands were similar, the electropositive boron atom affected the
electron density distributions within the complexes substantially. As the consequence, the AI-N bond
was significantly shortened, and the aluminum atom showed a different coordination geometry than in
the quinoline analog. Moreover, strong hypsochromic shifts of both the absorption and the emission
were observed. The results highlight that the differences between CN and BN polyaromatic complexes
are more distinct than between equally charged BN and CC congeners.

Keywords: 1,2-azaborinines; boron—nitrogen chemistry; BN chemistry; polycyclic aromatic hydrocarbons;
heteroaromatics; aluminum; boron; bidentate ligands; 8-hydroxyquinoline

1. Introduction

Six-membered heterocycles comprising neighboring boron and nitrogen atoms have at-
tracted significant attention because taken together, BN and CC groups share the same electron
configurations (Figure 1, top) [1,2]. As a result, 1,2-azaborinine not only resembles benzene
geometrically, but the increased m-character of a B=N bond also gives rise to a substantial degree
of aromaticity [3-5]. However, the significant divergence in polarity induces distinct reactivities
of the individual ring atoms [6] and strongly altered optical properties [7,8]. The elucidation
of the influence of a formal BN substitution has been the subject of numerous studies, also
including polycyclic derivatives like BN-naphthalenes [9-12].

Different from all-carbon aromatics, the NH-acidity in 1,2-azaborinines (pK, =~
24-26) [6,13] facilitates their selective deprotonation to afford 1,2-azaboratabenzenes. It has
been demonstrated that these anionic monocycles may serve as 7'-donating ligands for the
complexation of electrophiles or metals (Be, B, Al, Ga, 5i, Sn, Zr), establishing stable cova-
lent bonds via the nitrogen atoms [14,15]. More recently, deprotonated pyridyl-substituted
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BN aromatics have been used for the chelation of iridium(IIl) ions [16] or a dimesitylboron
unit [17] (Figure 1, bottom left).
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Figure 1. (Top): Structural relationships of benzene, (de-)protonated 1,2-azaborinine and pyridine.
(Bottom): Previous work (left) and concept of this work (right). Reprinted (adapted) with permission
from [17]. Copyright (2015) American Chemical Society.

The resulting uncharged «2-N,N complexes showed particularly altered optical prop-
erties, compared to their CC counterparts, which highlights their application potential
for light-emitting devices. While the electron density distributions and basicities (pKa of
pyridinium ~ 5) [18] differ significantly, 1,2-azaboratabenzene can be treated as an anionic
congener of pyridine regarding the atom placements and its nucleophilic nitrogen atom [19].
To our knowledge, the isosteric relationship between deprotonated 1,2-azaborinines and
pyridines has not been investigated, particularly with respect to their use as bidentate
ligands for the complexation of main group elements.

Herein, we describe the synthesis of a 2-methyl-8-hydroxy-BN-naphthalene (H>(BQ), 1),
which becomes suitable as a k2-N,O donor upon deprotonation. The BN ligand was used
for the chelation of aluminum- and boron-precursors, affording six complexes with 1:1
(MIR:E(BQ)]; M = Li, Na; R = alkyl, Ph; E = B, Al) and 2:1 (M[E(BQ);]) ligand to central
ion (E) stoichiometries. The anionic nature of the complexes complies with the tendency of
Lewis acidic boron and aluminum to form tetravalent structures.

BN ligand 1 is structurally similar to 8-hydroxyquinoline (HQ), which is a potent ligand
for the one-to-threefold chelation of group 13 elements [20-24]. The ligand and its complexes
have various applications, for instance in the selective detection and separation of metal
ions and the therapeutic use as chelator (HQ), as well as for their use as emitting materials
in organic light emitting diodes (OLED) (A1Qj3). Intending to probe the influence of a formal
BN vs. CN-substitution while leaving the geometry mostly unaffected, we used the exact
CN counterpart 2-methyl-8-hydroxyquinoline (HQ’, 2) to synthesize [Me; AI(Q")]; (3). This
enabled the experimental and theoretical comparison with Li[Me; A1(BQ)] (4) with respect
to the molecular structures as well as optical and electronic properties. The alkylaluminum
complexes were chosen representatively because methyl groups do not tend to play a major
electronic and steric role in the ligand-to-metal bond formation, which was one of our
key interests.

2. Results and Discussion
2.1. Syntheses

The synthesis of the BN ligand 1 was initiated by a Suzuki-Miyaura cross-coupling reaction
of 2-bromo-6-methoxyaniline (5) with potassium vinyltrifluoroborate (Scheme 1). The resulting
2-methoxy-6-vinylaniline (6) was then converted to 8-methoxy-BN-naphthalene 7 using a
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reported annulation/aromatization sequence in cyclopentyl methyl ether (CPME) and toluene
as the solvents [11]. Eventually, 1 was obtained via boron-tribromide-mediated ether cleavage
in an overall yield of 29% over three steps.

1.1 eq. MeBF3K

OMe 3.0eq. Cs,CO; OMe 1.1eq. SiCl, OMe OH
5 mol% Pd(tBusP), 1.5 eq. EtzN 4.0 eq. BBrg

NH, dioxane, water NH, CPME, toluene = rI‘IIH DCM Z>NH
Br 90 °C,17 h S 50°C,17h ~_ _.BMe 0°C,1h, S II?I:Me
5 6 7 Hy(BQ) (1)

85% 59% 57%
29% over three steps
Scheme 1. Preparation of ligand 1 by cross coupling, BN bond formation and ether cleavage.

The complexation reactions involving the BN ligand were conducted under strictly
inert conditions in mixtures of dry 1,4-dioxane and dry THF-ds. If required, H,(BQ) was
deprotonated in situ with 2.50 equiv. of lithium bis(trimethylsilyl)amide (LHMDS) to form
Li>(BQ) (8, Scheme 2). Subsequently, the respective boron or aluminum reagent was added
and, if necessary, the reaction was heated until a quantitative conversion was found by 'H
nuclear magnetic resonance (NMR) spectroscopy.

OH LHMDS 020
_(25equiv) AlMe; (1.2 equiv.)
Z>NH dioxane, THF N\ toluene
1l ° i 1l
. _BMe 25 °C, 15 min ~_BMe
Hy(BQ) (1) Li(BQ) (8) oH
quant.
N toluene
E=B: | E=AlI E—EB/AI. ~ &Me 25°C,17h
NaBH, | LiAIH 3 .
@25 ecawiv; ((; 5 e‘;uiv) (1.0-2.5 equiv) HQ' (2)
o S : dioxane, THF (1.0 equiv.,)
dioxane, THF | dioxane, THF 25 °C - 130 °C
130°C,6d | 130°C,17 h N
15min-17h MeC™ X
) Me nN_
Me: '\AI/
v o_ R o_ /
0, Nz N SAl=Me
)E"/, = N/ SR )
= N o 1l h Me
= BMe X BMe X -CMe
MIE(BQ).] Li[R;E(BQ)] [Me2AI(Q)]2 (3). 75%

E-=
E-=

B, M = Na (11), 41%
Al M = Li (13), 69%

E=B,R=Et(9)
E=B,R=Ph(10), 30%
E = Al, R =Me (4), 81%
E = Al, R = Ph (12), 53%

Scheme 2. Overview of the complexation reactions of H(BQ) and HQ’. Counter cations omitted in
the molecular structures.

All complexation reactions involving the BN naphthalene ligand and reagents of the
type ER3 were performed starting from 7. This allowed us to synthesize the 1:1 complexes
Li[Et;B(BQ)] (9), Li[Ph,B(BQ)] (10), Li[Me, A1(BQ)] (4) and Li[Ph, A1(BQ)] (12) (Table 1).
However, the use of the respective boron or aluminum reagents (BEt;, BPh3, AIMe3 and
AlPh3) in equimolar amounts led to the preferred formation of unreactive, tetravalent
species of the type LiBRy. These species likely form between ER3 and alkyl-/phenyl groups
that are cleaved during complexation. Only in the case of 12, an equimolar amount of AlPhs
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was expedient. Therefore, we used a 2.5-fold excess of the reagents for the syntheses of 9,
10 and 4, which ensured quantitative conversions of the ligands and higher reaction rates.
Notwithstanding, the approach towards 9 revealed the presence of inseparable LiBEt,
(811B = -16.5 ppm) [25] after the reaction. We attribute this to the high Lewis acidity of
BEt3. While the reactions involving AlR3 immediately revealed a complete conversion, BR3
reagents reacted much more slowly and required heating to 130 °C for 17 h.

Table 1. Reaction conditions and isolated yields.

Entry Reagent (Equiv.) Ligand T t Product (#) [2] Yield
1 BEt3 (2.50) 8 130 °C 17h Li[Et; B(BQ)] (9) [b]
2 BPh; (2.50) 8 130 °C 17h Li[Ph, B(BQ)] (10) 30%
3 NaBH, (2.50) 1 130 °C 6d Na[B(BQ),] (11) 41%
4 AlMes (2.50) 8 25°C 15 min Li[Me,Al(BQ)] (4) 81%
5 AlPh; (1.00) 8 25°C 15 min Li[Ph,A1(BQ)] (12) 53%
6 LiAlH, (0.50) 1 130 °C 17h Li[A1(BQ),] (13) 69%
7 AlMe; (1.20) 2 25°C 17h [Me,AL(Q)], (3) 75%

[al Complexed solvent molecules omitted. P! Yield not determinable due to a contamination with LiBEt,.

In contrast to this, complex metal hydrides NaBH; and LiAlH4 were sufficiently
basic to deprotonate 1 in situ, so that the initial treatment with LHMDS was unnecessary.
However, the reaction with NaBH, was sluggish and required a reaction time of 6 d at
130 °C. Interestingly, the use of an excess of NaBH, (2.50 equiv.) did not lead to the expected
1:1 complex but to Na[B(BQ),] (11), which could not be obtained cleanly when using the
required precursor ratio of 2:1. We attribute this to the limited solubility of NaBH4 in
dioxane and THE. LiAlH4 was more reactive, allowing to obtain Li[Al(BQ);] (13) by the
addition of 0.50 equiv. of LiAlHy and heating the reaction to 130 °C for 17 h.

The isolation of crystalline products was achieved either by crystallization or by
washing/extracting the crude products in a glove box, yielding 30% to 81%. As the only
complex, 9 remained an oil due to its contamination with LiBEty.

The complexes revealed similarly shifted signals in the aromatic regions of the 'H
NMR spectra (8'H = 7.5-7.8 ppm and 6.2-6.9 ppm). In the ''B{!H} NMR spectra, broad
signals at 5!'B = 35-40 ppm were found, confirming the small influence of complexation
on the aromatic nature of the azaborinines. All structures with complexed boron revealed
the presence of secondary resonances at §''B = 13.3 (9), 10.5 (10) and 15.2 (11) ppm (see ESI,
Section 2), which is comparable with the reported [PhyB(Q)] (5!'B = 11.9 ppm) [26].

For the synthesis of the hydroxyquinoline complex [Me2Al(Q")]; (3), a slight excess
of AlMe; was dissolved in dry toluene. Subsequently, a solution of HQ" was added. The
resulting precipitation was filtered, and the product was obtained in 75% yield (Scheme 2).

Due to the highly unsymmetrical environments of the central ions, the complexes
of aluminum did not allow to obtain 27 Al NMR spectra. However, all structures were
unequivocally confirmed by mass spectrometry and X-ray diffraction analysis.

2.2. X-ray Diffraction Analysis

The molecular structures of the complexes of Hy(BQ) and HQ’ with boron (Figure 2
and Table 2) and aluminum (Figure 3 and Table 3) as central ions were obtained by X-ray
diffraction analysis. All anionic complexes of the BN ligand crystallized with the respective
counterions in close proximity (Li ~ 1.9 A, Na ~ 2.4 A) to the oxygen atoms and two to
three solvent molecules per ligand-central ion complex. Moreover, the central ions showed
distorted tetrahedral geometries in all cases.
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Figure 2. Solid-state structures of complexes 9 (a), 10 (b) and 11 (c). Left: Single complexes with
counterions and solvent molecules omitted. Right: Crystal packings. Hydrogen atoms were omitted
for clarity.

Table 2. Key crystal structure details of the boron complexes of H,(BQ).

Ent Complex B-O B-N B-C Oo-M \4
niry Structure [A] [Al] [Al [A]lal [A3] b]
([Li(THPF),(diox)g5] 1.610 (5),
1 [Et,BBO)]; (9) I 1500 (4) 15878 |, ) 1.885 (5) 2.077
[Li(THF)3] 1.619 (2),
2 [Ph,B(BO)] (10) [ 1573(2) 1574 | ) 1.935 (3) 2.059
(INa(THF);] 1499 (2), 1.593 (2),
3 [B(BQ)21)2 (11) 1518 (2)  1.546(2) ) 23558 (12)  1.797

[l M = Li/Na. ! Tetrahedral volume around B. [¢! diox = 1,4-dioxane. [d] Structural features given for the
non-disordered part.

In contrast, the molecular structure of quinolinolate 3 confirmed the supposed dimer-
ization, which has been reported for similar Al complexes of HQ with little steric demand of
the alkyl substituents [27]. As a result, the pentacoordinate aluminum atom of [Me; A1(Q")]>
adopted a distorted trigonal-bipyramidal coordination geometry, with a relatively large
distance to O1’ of the opposite monomer unit (Al-O1’ ~ 2.01 A, Figure 3d).
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Figure 3. Solid-state structures of complexes 4 (a), 12 (b), 13 (c) and 3 (d). Left: Single complexes with
counterions and solvent molecules omitted. Right: Crystal packings. Hydrogen atoms were omitted
for clarity.
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Table 3. Key crystal structure details of the aluminum complexes of Hy(BQ) and HQ".

Ent Complex Al-O Al-N Al-C O-M v
4 Structure [A] [A] [A] [A]fa] [A3]b]
[Li(THF);] 1.969 (2),
1 MeAlBO @ 18368(14)  19091(17) g o) 1.892(3) 3471
[Li(THF)3] 1.976 (3),
2 PhoAlBO)N (12 1520 1890G)  Jom(y 1916 (6)  3.452
[Li(THF);] 17741 (14),  1.8565 (17),
3 [AI(BQ),] (13) 17879 (15)  1.8570 (17) - 1923(4) 2876
4 MeAlQ)], 3)  1.8732(9)  21203(11) 1979602 5 5085 () ;
2 2 : : 1.9787 (11) :

[l M = Li/Na/Al of secondary monomer within the dimer. [l Tetrahedral volume around Al

With respect to the ligand backbones, low maximum torsion angles (¢ < 2.4°) indicate
planarity in all cases. The azaborinine units showed comparable bond lengths, typical of
BN-naphthalenes (N1-C1: 1.376-1.392 A; N1-B1: 1.420-1.427 A; B1-C8: 1.537-1.545 A;
B1-C9: 1.574-1.591 A; C2-O1: 1.356-1.380 A) [10,28].

The formal substitution of boron by a carbon atom in [Me;A1(Q")], expectedly lowered
the bond lengths to its bonding partners (A B1/C9-N1 = 0.094 A, A B1/C9-CHj; = 0.083 A,
A B1/C9-CH = 0.127 A). Little variance was found between the bond lengths of 3 and 4
involving the phenol units and the Al-O/AI-C bonds (A C2-O1 = 0.014 A, A Al1-O1 = 0.036 A,
Al1-C = 0.003 A). As anticipated, the averaged B-O bond lengths were much smaller (average
9,10, 11: 1.545 A) than the respective Al-O bond lengths (average 4, 12, 13: 1.808 A). The
same trend was observed for B-N and Al-N (1.575 A/1.878 A) as well as B-C and Al-C
(1.617 A/1.974 A) bonds, involving the central ions.

With respect to hydroxyquinoline complexes with analogous (alkyl/phenyl), substitu-
tion at boron (B-O ~ 1.55 A, B-N ~ 1.62 A) [29,30] these bond lengths were in the same
range but more compensated in 9 and 10 (both B-O and B-N ~ 1.58 A).

The Al-N bond length of 4 (~1.91 A) was similar to complexes of pyrrole (~1.88 A) [31]
and slightly decreased compared to [tBu, A1(Q)] (=1.98 A), which crystallizes as a monomer
for steric reasons [32]. In contrast, this bond length was increased significantly within
dimeric 3 (~2.13 A). Here, both the more coordinative character of the A1-N bond as well as
the axial coordination to the trigonal-bipyramidal aluminum atom induce this elongation,
compared to the AI-N o-bond within azaborinine 4.

Comparing the complexes of the BN ligand with 1:1 and 2:1 stoichiometries, the E-O
and E-N bond lengths were significantly shortened in 2:1 complexes 11 and 13 (A ~ 0.05 A
for E = Al). This was also reflected by the decreased volumes of the tetrahedra around B
(~=87% of the averaged volumes of the Li[R,B(BQ)] species) and Al (=283%). The reducing
effect of a second quinolinolate ligand around an Al center on the Al-O and Al-N bond
lengths has been reported in a theoretical study [33].

With respect to the crystal packings of the boron complexes, 9 has two molecules
of THF in the coordination sphere of the lithium ion. Moreover, one molecule of 1,4-
dioxane (diox) bridges two of such units via the lithium atoms (Figure 2). 10 crystallized
with a lithium counterion, surrounded by three molecules of THF per asymmetric unit.
11 crystallized in dimeric fashion, where two units of the 2:1 complexes are bridged via
both of their oxygen atoms and two sodium counterions, forming a four-membered Nay,O,
ring. Each of the sodium ions is furthermore complexed by two molecules of THE.

All BN complexes with aluminum as central ion crystallized with lithium counterions,
surrounded by three molecules of THF per asymmetric unit (Figure 3). The crystal packings
of 9 and 10 were dominated by the space-filling tetrahedral [Li(THF)3] units, preventing a
close approximation of neighboring ligand units (centroid distances =~ 7.5 A). In contrast,
the crystal packing of 11 revealed that the BN-naphthalene planes of neighboring molecules
were stacked in head-to-tail fashion, with plane-to-plane centroid distances of 3.35 A.
Consequently, 11 was the only investigated complex where -7 stacking played a notable
role in the solid-state interactions.
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(a)

9.52
6.35
3.17
0.00
-3.17
-6.35

-9.52
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Length unit: Bohr

2.3. Theoretical Analysis

The structural and electronic parameters of Li[Me, A1(BQ)] (4) and [Me,AI(Q")]> (3)
were further analyzed by density functional theory (DFT) [34,35] calculations at the CAM-
B3LYP [36]/cc-pVDZ [37] level of theory, as implemented in the Orca 5.0 [38] and Gaussian
16 [39] program packages. In all cases, the absence of imaginary frequencies ensured that
the geometry optimizations led to minimum energetic structures.

Anionic [Me;Al(BQ)]™ (14) and monomeric [Me; Al(Q’)] (15) were also included in
the theoretical investigation in order to estimate the influence of ion association in 4 and
dimerization in 3 on structure and electronics.

The calculated bond lengths were in good agreement with the results from X-ray
diffraction analysis for the aromatic bonds within the polycyclic aromatic hydrocarbon
(PAH) backbones and the Al-C bonds (Ad < 0.03 A). Higher deviations were found for
the C-O, Al-O and AI-N bonds, strongly depending on the inclusion of counterion and
secondary monomer unit into the calculations (Table 4). These results indicate that the
actual AI-O/N bonding situations in the BN and CN complexes are best described as
intermediates between both calculated forms.

Figure 4 illustrates the charge distributions within quinoline 3 and BN-naphthalene 4,
visualized with Multiwfn [40]. Overall, both complexes resemble each other in terms of
the electron-rich phenol rings and the electron-deficient carbon atoms within the nitrogen-
containing rings. Moreover, the low charge densities at boron and aluminum are apparent.
The electron densities were further analyzed by Natural Bond Orbital (NBO) calcula-
tions [41]. With respect to the influence of a boron vs. carbon substitution, the presence of
an electropositive boron atom in 4 (natural charge: +0.89, cf. +0.30 for the equivalent C9
of 3) induced drastically increased negative charges at its bonding partners.

In particular, the nitrogen atom of 4 had a much higher negative charge (-1.09), which
was associated with an increased p-orbital occupancy (2p*”?) compared with 3 (-0.58,
2p*2%). On the other hand, the oxygen atoms of both compounds showed comparable
natural charges (-1.00 and -0.92) and electron configurations. These results rationalize the
experimentally and theoretically obtained similarities in Al-O bond lengths concomitant
with fundamentally different AI-N bond properties.

. (b)

r0.520

0.650
[0.585
r0.520
6.28

+0.455 r0.455

3.14

+0.390 +0.390

r0.325 r0.325

+0.260 - 0.260

-3.14

0.195 0.195

0.130 -6.28 0.130

0.065 0.065

=-9.41

0.000 0.000
-6.78 -3.39 0.00 3.39 6.78 10.17 1355

Length unit: Bohr

3.4 6.82 10.23  13.63

Figure 4. Wavefunction derived electron density distributions within 14 (a) and 15 (b).
Blue = electron-poor, red = electron-rich. Note: AI-CH3 groups protrude from the polycyclic aromatic
hydrocarbon (PAH) plane; thus, their color-codings are not meaningful.
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Table 4. Structural and electronic parameters calculated at the CAM-B3LYP/cc-pVDZ level of theory
and comparison with results from X-ray diffraction analysis.

Li[Me,Al(BQ)] (4) [Me,AI(Q)], (3)
Bond Lengths [2//Wiberg Bond Indices (WBI)
Calcd. 1.900 A Caled. 1.913 A
AlL-O1 X-ray: 1.837 A X-ray: 1.873 A
(Caled. 14: 1.846 A) (Caled. 15: 1.838 A)
WBI: 0.33 WBI: 0.25
Calcd. 1.901 A Caled. 2.220 A
X-ray: 1.909 A X-ray: 2.129 A
AlI-NI (14: 1.953 A) (15: 2.058 A)
WBL: 0.38 WBI: 0.19
Calcd. 2.055 A
Al1-01 - X-ray: 2.010 A
WBI: 0.18
Natural Atomic Charges/Electron Configurations [21[P]
All +1.86/3s"-513p 060 +1.91/350503p0-57
o1 ~1.00/2s1682p5-32 -0.92/2s1:632p528
N1 -1.09/2s1-382p470 -0.58/2s1:312p#2
B1/C9 +0.89 (B1) +0.30 (C9)
C8 -0.56 -0.27
C9/C10 -1.01 (C9) -0.68 (C10)
Sum of Donor-Acceptor Orbital Interactions (E(2))[2I[Plic]
LP O—LV Al 143.6 kcal mol ! 201.6 kcal mol !
LP N—LV Al 127.7 kcal mol ! 73.7 kcal mol !
LP C—LV Al 459.8 kcal mol ! 442.3 kcal mol !

[l Atom numberings as in Figure 3. Averaged values are given for chemically equivalent groups. [’ Contributions
of the 3d orbitals (<0.02) were omitted. [! Performed by second order perturbation theory analysis of Fock Matrix
in Natural Bond Orbital (NBO) basis. E(2) = stabilization energies associated with delocalization. LP = lone pair
orbital, LV = lone valency orbital. Interactions with Rydberg orbitals were omitted because these energies were
negligibly small.

The natural charge of the aluminum ion (/2+1.90) was independent of the nature of
the PAH ligand and complies with approximately 1.1 electrons located in the lone valency
orbitals at the aluminum atoms, adding up to the ionic charge of AI(III).

Comparing the natures of the B-N and the C-N-bonds, both the o- and the 7-
components of the bonds are highly polarized. In azaborinine 4, 79% of the o-bond
and 86% of the -bond density are localized at the nitrogen atom, while it is only 62% and
64% in pyridine 3, complying with the smaller difference of the Natural Atomic Charges
between both heteroatoms in this complex (Table 4).

The donor-acceptor characteristics involving the aluminum atoms were further stud-
ied by second order perturbation theory. Here, the interactions between occupied Lewis-
type NBOs (lone pairs (LP) at N and O of the PAH ligands and C of the Al-CH3 groups)
and vacant non-Lewis type NBOs (lone valencies (LV) at Al) are examined. Such orbital
overlaps lead to a deviation from the idealized Lewis-type orbital localizations, which
can be quantified by calculating the associated stabilization energy E(2). While these to-
tal energies were dominated by the contributions of the methyl groups (LP C—LV Al,
E(2) = 450 kcal mol~!), LP O/N—LV Al interactions made up ca. 270 kcal mol~! of the
total stabilization energies in both cases. However, the LP at the nitrogen atom accounted
for a significantly higher share in BN complex 4 (127.7 kcal mol~?!) than in CN-analog 3
(73.7 kcal mol~1). This points at an increased donor capability of the 1,2-azaboratabenzene
subunit of 4 in comparison with the pyridine subunit of 3. The enhanced electron shar-
ing between Al and N in 4 was also mirrored by a Wiberg bond index (WBI) of 0.38.
For pyridine 3, this value was halved (WBI = 0.19), but a significant additional electron
overlap was present between Al and the oxygen atom of the opposite monomer unit
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(WBI = 0.18). This shows the strongly stabilizing effect of the dimerization, resulting from
the pentacoordination of aluminum.

2.4. Optical Properties

Optical measurements were performed to quantify the impact of the BN vs. CN substitu-
tion. We representatively collected absorption and fluorescence emission spectra as well as
quantum yields () of dimethylaluminum complexes 3 and 4 (Figure 5). All BN complexes
of boron and aluminum revealed similar fluorescence spectra, which was indicative of small
contributions of the complexed ions on the excited states (see ESI, Figure S2).
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Figure 5. Experimental and theoretical absorption (dotted) and fluorescence (continuous) spectra of 4
(blue) and 3 (red) in benzene solutions. Scale of the x-axis defined by the UV cutoff at A, = 280 nm.

The lowest-energy absorption band of BN complex 4 in benzene was located at
Aaps = 315 nm and for 3 at Ay, = 365 nm. With respect to the fluorescence emission,
4 showed both a hypsochromic shift (A = 359 nm) compared to the CN congener 3
(Ag = 485 nm) and was less emissive (P4 = 0.25 for 4, @ = 0.50 for 3). Moreover, the
emission curve was narrowed significantly, and the Stokes shift (23900 cm ') was almost
halved (3: ~6800 cm~!). By means of Time-Dependent DFT (TD-DFT) calculations using a
Conductor-like Polarizable Continuum Model (CPCM) [42] with benzene as the solvent, we
calculated the respective absorption and fluorescence spectra. For that purpose, monomeric
CN complex 15 and anionic BN complex 14 were chosen because the optical proper-
ties of similar quinolinolates were practically independent of the coordination around
Al [32]. Likewise, the lithium counterion should have a negligible effect at least in solution.
All theoretically obtained spectra were in good agreement with the experimental ones
(AA < 17 nm, Figure 5), verifying that the theoretical model was suitable to map the
electronic situations of both complexes also in the excited states.

The emission properties of quinolinolates are reportedly based on ligand-centered
excited states, deriving from the lowest —m* transitions within the ligands [43]. While the
highest density of the highest occupied molecular orbitals (HOMOs) is predominantly at
the phenol ring, the lowest unoccupied molecular orbitals (LUMOs) are rather centered at
the pyridine ring [44].

By computing the Natural Transition Orbitals (NTOs) [45], a certain intraligand charge-
transfer character between highest occupied (HONTO) and lowest unoccupied (LUNTO)
NTOs in [Me;Al(Q’)] could be confirmed (Figure 6b, visualized using Visual Molecular
Dynamics (VMD) [46]). On the other hand, the orbital distribution within [Me, AI(BQ)]™
was more uniform with similarly sized orbital lobes in both NTOs (Figure 6a). It has been
described that a hypsochromic shift in emission can be achieved by installing electron do-
nating substituents at the pyridine ring of hydroxyquinolines [47]. Therefore, the decreased
emission wavelength of 4 could be attributable to the higher electron density within the
azaborinine ring (see Section 2.3).



Inorganics 2023, 11, 295

11 of 20
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to
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f=0.088
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Figure 6. Representations of the main contributing NTOs to the S; states of [Me, A1(BQ)]™ (a) and
[Me; AL(Q")] (b) (iso values = 0.012). Also shown are the respective excitation energies and oscillator
strengths f.

All depicted NTOs show little to no involvement of the aluminum atoms, confirming
that —t* transitions determine the optical properties of both complexes. Instead, we
assume that the main impact of the aluminum atoms in both complexes is to rigidify the
PAH cores and to suppress non-radiative deactivation pathways.

3. Materials and Methods
3.1. General Information

All syntheses and purification steps were performed using standard Schlenk tech-
niques with argon as protective gas or with the aid of a nitrogen-filled glove box (Pure
Lab™E from Inert Innovative Technology Inc., Amesbury, MA, USA, <0.2 ppm O, and H,O).
Glassware and NMR tubes were heated to 110 °C under a vacuum below 0.1 mbar and
flushed with argon at least three times prior to use. Syringes were flushed with argon at
least three times prior to use. Complexations were performed in hermetically sealed NMR
tubes, equipped with polytetrafluoroethylene (PTFE) valves (type PTFE500-5-7, Deutero
GmbH, Kastellaun, Germany). All chemicals were purchased from commercial vendors.
Reagents were degassed in a glove box evacuation chamber prior to the reaction (2-bromo-
6-methoxyaniline, BLD Pharm, Shanghai, China, 97%; Cs,CO3, Carbolution, St. Ingbert,
Germany, 99%; potassium methyltrifluoroborate, Apollo Sci., Stockport, UK; potassium
vinyltrifluoroborate, BLD Pharm, 95%; 2-methyl-8-hydroxyquinoline, BLD Pharm, 99.8%)
or stored in a glove box after degassing (Pd(tBusP),, Apollo Sci.; SiCly, Acros Organics,
Geel, Belgium, 99.8%; BPhs, Thermo Fisher Sci., Waltham, MA, USA, 96%; NaBHy4, abcr,
Karlsruhe, Germany, 98%; triethylamine, Acros Organics, 99%; 1.0 M BEt3 in THF, Thermo
Fisher Sci.). Reagent solutions in sealed bottles were stored under argon at 5 °C (1.0 M
BBrj; in dichloromethane (DCM), Sigma Aldrich Chemie GmbH, Taufkirchen, Germany;
1.0 M LiAlHy in THEF, Sigma Aldrich; 1.0 M LHMDS in THF, Sigma-Aldrich; 2.0 M AlMej3 in
hexanes, Sigma Aldrich; 1.0 M AlPh; in di-n-butyl ether, Sigma Aldrich). All solvents were
dried prior to their use. Glassware and syringes containing highly pyrophoric R3B and
R3Al species were rinsed with cyclohexane before deactivation with ethanol. Dry DCM
(Merck, 99.5%), n-pentane (VWR, Radnor, PE, USA, 95%, distilled by rotary evaporation),
THF (VWR, 99.7%) and toluene (Merck, 99.7%) were purified with an Inert PureSolv Mi-
cro Solvent Purification System (Inert Innovative Technology Inc., Amesbury, MA, USA).
n-Hexane (Honeywell, Morristown, NJ, USA, 97%) was purified with an MB-SPS-800 sol-
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vent purification system (M. Braun Inertgas-Systeme GmbH, Garching, Germany). CPME
(Acros Organics, 99%), 1,4-dioxane (Honeywell, 99.5%), THF, THF-dg (Eurisotop, Saint-
Aubin, France, 99.5% D) and n-hexane were stored over molecular sieves (3 A) in a glove box.
Using a Titroline 7500 KF Trace Karl-Fischer titrator (SI Analytics, Mainz, Germany), it was
ensured that the water content of all solvents was <5 ppm. Chromatographic purifications
were performed on sintered glass filters (d: 4 cm, h: 8 cm), using silica gel (Macherey-Nagel,
Diiren, Germany, particle size 0.015-0.040 mm). Thin-layer chromatography was per-
formed on pre-coated silica gel 60 Fys4 plates. Spots were detected using a fluorescent lamp
(A = 254 or 365 nm). 'H (601 MHz), 13C{'H} (151 MHz) and "'B{'H} (193 MHz) NMR
spectra were recorded at 297 K on a Bruker AVANCE NEO 600 spectrometer (Bruker
BioSpin, Rheinstetten, Germany). Chemical shifts () are reported as parts per million (ppm)
and are referenced against tetramethylsilane, the residual solvent signals (*H, CDCl; at
7.26 ppm, THF-dg at 3.58 ppm) or the solvent itself (**C{'H}, CDCl; at 77.16 ppm, THF-dg
at 67.57 ppm). Two-dimensional NMR experiments such as 'H-'H COSY, 'H/!3C HSQC
and 'H/!3C HMBC were used to assign the signals. Hydrogen and carbon atoms of the
aromatic backbones are labelled with letters to simplify their assignment. High resolution
ESI mass spectra were recorded on a Bruker Impact II (Bruker Daltonics, Bremen, Germany).
High resolution electron impact (EI) mass spectra were recorded on a double focusing
mass spectrometer ThermoQuest Finnigan MAT95 XL (Thermo Fisher Sci.) at an ionization
energy of 70 eV and a resolution R ~ 10 000). IR spectra were recorded on a Nicolet iS20
FT-IR spectrometer with an attenuated total reflectance (ATR) unit (Thermo Fisher Sci.). All
optical measurements were carried out using quartz cuvettes (optical path length: 1 cm).
Absorption spectra were recorded on a Shimadzu UV-2700 spectrophotometer (Shimadzu
Corp., Kybto, Japan) with double monochromator. Fluorescence spectra were recorded
on a Jasco FP-8300 spectrofluorometer (Jasco Corp., Tokyo, Japan). Fluorescence quantum
yields (@) are double-corrected and were determined on the same instrument, using a Jasco
ILF-835 integrating sphere. Melting points were measured on a Biichi M-560 Melting Point
(Btichi, Flawil, Switzerland) device. X-ray diffraction measurements were performed at
100 or 120 K on a Bruker APEX-II CCD diffractometer (Bruker, Karlsruhe, Germany) with
Mo-Ko (A = 0.7107 A) radiation. Air- and moisture sensitive single crystals suitable for
X-ray diffraction analysis were grown in a glove box by slow diffusion of n-hexane. They
were covered with cryoprotecting oil (Paratone) and then mounted on the diffractometer.
Using OLEX2 [48], the structures were solved with the SHELXT [49] structure solution
program using Intrinsic Phasing. Refinements were performed with the SHELXL [50]
refinement package using Least Squares minimization. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were included in
geometrically calculated positions using a riding model. Crystal data are provided free
of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service (www.ccde.cam.ac.uk/structures). Figures were
created using OLEX2.

3.2. Synthesis of 2-Methoxy-6-vinylaniline (6)

4L OMe
a
e ; NH,
X h
g
H

In a glove box, 2-bromo-6-methoxyaniline (5, 2.02 g, 10.0 mmol, 1.00 equiv.), potassium
vinyltrifluoroborate (2.68 g, 20.0 mmol, 2.00 equiv., cesium carbonate (9.77 g, 30.0 mmol,
3.00 equiv.), Pd(tBusP), (256 mg, 500 pmol, 5 mol%) and 1,4-dioxane (90 mL) were added
to a pressure vessel. Outside the box, degassed water (10 mL) was added. The vessel was
sealed with a PTFE cap and heated at 90 °C for 16 h in an oil bath. The mixture was filtered
and washed with water (3 x 50 mL). The organic layer was dried over sodium sulfate. The
solvent was removed under reduced pressure and the crude product was filtered over silica
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(eluents: 10% v/v diethyl ether in cyclohexane, R¢ = 0.28) to yield a yellow oil (1.26 g, 85%).
TH NMR (601 MHz, CDCl3): 5 = 6.96 (dd, 3] = 6.5 Hz, 4] = 2.6 Hz, 1H, ), 6.80 (dd, 3] = 17.4,
11.1 Hz, 1H, g), 6.76-6.71 (m, 2H, c+d), 5.65 (dd, 3] = 17.4 Hz, %] = 1.5 Hz, 1H, h), 5.32 (dd,
3] =11.1 Hz, %] = 1.5 Hz, 1H, h’), 3.96 (br s, 2H, NH}), 3.86 (s, 3H, O-CH3) ppm. 3C{1H}
NMR (151 MHz, CDCl3): 6 = 147.6 (b), 133.9 (a), 132.6 (g), 124.1 (f), 119.3 (e), 117.9 (d),
115.6 (h), 109.5 (c), 55.8 (O-CH3) ppm. IR: V [em™!] = 3463 (w), 3375 (w), 3082 (w),
3001 (w), 2936 (w), 2902 (w), 2835 (w), 1627 (m), 1613 (m), 1573 (m), 1471 (s), 1439 (m),
1276 (m), 1258 (s), 1234 (s), 1172 (m), 1050 (s), 991 (m), 906 (m), 785 (s), 731 (s), 698 (s).
HR-MS (EI): m/z calc. for CoH11NO 149.08352 [M]*, found 149.08344 [M]* (100). R¢ (silica,
10% v /v diethyl ether in cyclohexane) = 0.28.

3.3. Synthesis of 8-Methoxy-2-methyl-1,2-dihydro-1-aza-2-boranaphthalene (7)
NL-OMe

a
€ "NH

LY
g\h e

In a glove box, 2-methoxy-6-vinylaniline (6, 1.30 g, 8.71 mmol, 1.00 equiv.), potas-
sium methyltrifluoroborate (1.17 g, 9.58 mmol, 1.10 equiv.), silicon tetrachloride (1.63 g,
9.58 mmol, 1.10 equiv.), triethylamine (1.32 g, 13.1 mmol, 1.50 equiv.), CPME (12 mL) and
toluene (10 mL) were added to a sealable vessel. The resulting mixture was heated to 50 °C
for 17 h. The solvents were removed in vacuo. The crude product was purified by filtration
over silica (eluent: DCM) to yield a yellow oil (890 mg, 59%). TH NMR (601 MHz, CDCls):
§ = 8.37 (app br s, 1H, NH) (Apparent Broad Singlet. 4] Coupling to h is Not Visible), 7.91
(d,% =11.4 Hz, 1H, g),7.21 (app d, 3] =79 Hz, 1H, e) (Apparent Doublet. 4 Coupling
Only Visible in 'H-'H COSY NMR), 7.04 (dd, 3] =7.9, 7.9 Hz, 1H, d), 6.91 (dd, 3] = 7.9 Hz,
4 =1.2Hz, 1H, ¢), 6.83 (dd, 3] = 11.4 Hz, %] = 2.0 Hz, 1H, h), 4.00 (s, 3H, O-CH3), 0.77 (s, 3H,
B-CH3) ppm. 1¥C{'H} NMR (151 MHz, CDCl3): § = 147.6 (b), 143.6 (g), 131.5 (h), 131.1 (a),
125.4 (), 1214 (e), 119.6 (d), 107.7 (c), 55.9 (O-CH3), 2.5 (B-CH3) ppm. 'B{'H} NMR
(193 MHz, CDCl3): § = 37.3 ppm. IR: ¥ [cm~!] = 3402 (w), 3010 (w), 2937 (w), 2841 (w),
1619 (m), 1600 (w), 1563 (s), 1457 (m), 1441 (m), 1431 (m), 1394 (m), 1364 (m), 1256 (s),
1223 (m), 1131 (m), 1075 (s), 885 (m), 816 (m), 762 (m), 739 (s), 698 (m). HR-MS (EI): m/z calc.
for C1oHp2''BNO 173.10083 [M]*, found 173.10068 [M]* (100). R¢ (silica, 2% v/v diethyl
ether in cyclohexane) = 0.46.

d

3.4. Synthesis of 8-Hydroxy-2-methyl-1,2-dihydro-1-aza-2-boranaphthalene (1)

C
d b OH

a
37 NH
1l
X BMe

o%

Under argon, 8-methoxy-2-methyl-1,2-dihydro-1-aza-2-boranaphthalene (7, 567 mg,
3.28 mmol) was dissolved in DCM (30 mL) and cooled to 0 °C. A boron tribromide solution
(13.1mL, 13.1 mmol, 1.00 M) was added dropwise over the course of 10 min. The mixture
was stirred at 0 °C for 90 min and subsequently poured into ice water (200 mL). DCM
(100 mL) was added, and the mixture was stirred for 30 min at 25 °C. The phases were
separated. The aqueous layer was extracted with DCM (3 x 50 mL). The combined organic
phases were dried over sodium sulfate. After filtration and evaporation of the volatiles in
vacuo, the crude product was purified by filtration over silica (eluents: 20% v/v diethyl
ether in cyclohexane). A yellow oil (299 mg, 57%) was obtained, that slowly solidified at
25 °C. TH NMR (601 MHz, THF-dg): 5 = 8.88 (s, 1H, OH), 8.65 (br s, 1H, NH), 7.84 (d,
3] =11.4 Hz, 1H, g), 7.04 (app d, 3] = 7.9 Hz, 1H, e) (Apparent Doublet. 4] Coupling Only
Visible in 'H-'H COSY NMR), 6.85 (dd, 3] = 7.9, 7.9 Hz, 1H, d), 6.78 (dd, 3] = 7.9 Hz,
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4] =1.3 Hz, 1H, ¢), 6.71 (dd, 3] = 11.4 Hz, 4] = 2.0 Hz, 1H, h), 0.72 (s, 3H, B-CH3) ppm.
BC{IH} NMR (151 MHz, THF-dg): & = 146.2 (b), 144.7 (g), 131.8 (a+h), 127.0 (f), 121.0 (e),
120.5 (d), 112.4 (c), 1.5 (B-CH3) ppm. 'B{*H} NMR (193 MHz, THF-dg): § = 37.3 ppm. IR:
U [em~1] = 3398 (m), 3314 (m, br), 3007 (w), 2940 (w), 2899 (w), 1626 (m), 1600 (w), 1564 (s),
1459 (m), 1431 (s), 1393 (m), 1309 (m), 1253 (s), 1204 (m), 1156 (m), 1122 (s), 1008 (s), 946 (m),
880 (s), 870 (m), 835 (m), 815 (m), 735 (s), 711 (s), 694 (s). m.p.: 47 °C. HR-MS (ESI negative,
methanol): m/z cale. for CoHg'BNO 158.07827 [M-H]~, found 158.07804 [M-H]~ (100). R¢
(silica, 20% v/v diethyl ether in cyclohexane) = 0.43.

3.5. General Procedure for the Complexation of Group 13 Elements

Under Schlenk conditions, 1 (15.9 mg, 100 pmol, 1.00 equiv.) was dissolved in a
mixture of 1,4-dioxane (400 L) and THF-dg (100 pL) in a sealable NMR tube. If denoted, a
solution of LHMDS (250 pL, 250 umol, 2.50 equiv., 1.0 M) was added with a syringe and
the quantitative conversion into 8 was confirmed by 'H NMR spectroscopy. Afterwards,
the respective group 13 reagent was added. The mixture was subjected to the specified
temperature/time protocol. Upon full conversion, the complexes were isolated in a glove
box as described for the individual compounds.

3.6. 1:1. Complex of Hy(BQ) with Triethylborane (Li[Et,B(BQ)I)

Initial deprotonation. Reagent: BEt3 (250 uL, 250 pmol, 2.50 equiv., 1.00 M), heated at
130 °C for 17 h. Workup: In a glove box, n-hexane was allowed to diffuse into the crude
reaction mixture over the course of 14 d. The upper solvent layer was transferred to a
vial and over the course of 14 d, colorless crystals suitable for X-ray diffraction analysis
formed at the edge of the vial. The residue was extracted with a mixture of 10% THF
in n-pentane (3 x 2 mL). The product was obtained as a brown oil (74.0 mg) and was
contaminated with LiBEt;. "TH NMR (601 MHz, THF-dg): & = 7.55 (d, 3] = 10.9 Hz, 1H, g),
6.61 (dd, 3] = 8.0 Hz, 4] = 0.9 Hz, 1H, e), 6.52-6.46 (m, 2H, d+h), 6.22 (app d, 3] = 7.3 Hz,
1H, c) (Apparent Doublet. 4] Coupling Only Visible in 'H-'H COSY NMR), 0.63-0.55
(m, 7H, B-CH3 + B-CH,-CH3), 0.51 (t, 3] = 7.4 Hz, 6H, B-CH,-CH3) ppm. ¥C{'H} NMR
(151 MHz, THF-dg): 5 = 157.4 (b), 142.9 (a), 139.7 (g), 132.5 (h), 124.3 (f), 118.3 (e), 115.9 (d),
103.4 (c), 17.1 (B-CH,-CH3), 9.8 (B-CH,-CHj3), 3.0 (B-CH3) ppm. 'B{*H} NMR (193 MHz,
THF-dg): 6 = 35.9 (azaborinine), 13.3 (complexed) ppm. HR-MS (ESI negative, THF): m/z
calc. for C13H;8''BoNO 226.15800 [Et, B(BQ)] ~, found 226.15863 [Et,B(BQ)] . Crystal data
for ([Ll(THF)z(leX)()5][Et2B(BQ)])2 (C46H76B4Li2N208, M = 842.20 g/mol) monoclinic,
space group P21 /c (no. 14), a = 9.796(3) Ab= 14.727(4) A c= 17.458(4) A, B =103.832(12)°,
V =2445.6(12) A3, Z = 2, T = 100.00 K, 1(Mo-K«) = 0.074 mm ™!, Dcalc = 1.144 g/cm?,
10,969 reflections measured (4.806° < 20 < 51.36°), 4594 unique (Rijnx = 0.0880,
Rsigma = 0.1200) which were used in all calculations. The final Ry was 0.0770 (I > 20(I))
and wR; was 0.2302 (all data). CCDC deposition number: 2259514.

3.7. 1:1. Complex of Hy(BQ) with Triphenylborane (Li[Ph,B(BQ)])

©
g ¢b 0 ‘\‘\\Ph—l
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Initial deprotonation. Reagent: BPhz (60.5 mg, 250 umol, 2.50 equiv.), heated at
130 °C for 17 h. Workup: In a glove box, the volatiles were removed in vacuo. The crude
was washed with a mixture of 10% THF in n-pentane (5 mL). Subsequently, it was extracted
with a mixture of 30% THF in n-pentane (5 x 2 mL). Evaporation of the solvents yielded the
product as a colorless solid (16.5 mg, 30%). Colorless crystals suitable for X-ray diffraction
analysis were obtained by diffusion of n-hexane into a solution of the complex in THF
over the course of 7 d. TH NMR (601 MHz, THF-dg): & = 7.68 (d, 3] = 11.0 Hz, 1H, g),
7.39 (d, 3] = 7.3 Hz, 4H, 0-CH), 7.03 (dd, 3] = 7.3, 7.3 Hz, 4H, m-CH), 6.96 (t, *] = 7.3 Hz, 2H,
p-CH), 6.78 (d, 3] = 8.1 Hz, 1H, e), 6.60 (dd, 3] = 8.1, 7.3 Hz, 1H, d), 6.56 (d, 3] = 11.0 Hz, 1H,
h), 6.33 (d, 3] = 7.3 Hz, 1H, c), 0.23 (s, 3H, B-CH3) ppm. 3 C{1H} NMR (151 MHz, THF-dg):
6 = 155.8 (b), 153.0 (Cq), 141.9 (a), 140.3 (g), 134.9 (0-CH), 133.6 (h), 127.1 (m-CH), 125.7
(p-CH), 124.6 (f), 118.9 (e), 117.0 (d), 104.6 (c), 4.0 (B-CH3) ppm. ''B{'H} NMR (193 MHz,
THEF-dg): 6 = 37.3 (azaborinine), 10.5 (complexed) ppm. HR-MS (ESI negative, THF): m/z
calc. for Co;Hi3''BoNO 322.15800 [PhyB(BQ)]~, found 322.15896 [PhyB(BQ)] ™. Crystal
data for [Li(THF)3][Ph,B(BQ)] (C33H4»B,LiNOy4, M = 545.23 g/mol): monoclinic, space
group P2;/c (no. 14), a = 17.6018(8) A, b = 20.7780(12) A, ¢ = 16.8289(9) A, B = 90.789(2)°,
V = 6154.3(6) A3, Z = 8, T = 100.00 K, p(Mo-Ke) = 0.074 mm ™!, Dcalc = 1.177 g/cm?,
338,940 reflections measured (3.86° < 2@ < 56.646°), 15,347 unique (Rin = 0.0825,
Rsigma = 0.0261) which were used in all calculations. The final Ry was 0.0646 (I > 20(I)) and
wRy was 0.1619 (all data). CCDC deposition number: 2259522.

3.8. 2:1. Complex of H2(BQ) with Sodium Borohydride (Na[B(BQ)2])

MeB Yy, —|°
C
4 L0, N =
a (B,‘/
S i Mo

h

No initial deprotonation. Reagent: NaBHj4 (9.5 mg, 250 pmol, 2.50 equiv.), heated at
130 °C for 6 d. Workup: In a glove box, the precipitated excess of NaBH4 was removed
using a syringe filter (pore size: 0.40 um). The solvents were removed in vacuo, giving
a yellow solid. The crude product was extracted with a mixture of 3% THF in n-pentane
(3 x 2mlL). Evaporation of the solvents yielded the product as a colorless solid (20.0 mg,
41%). Colorless needles suitable for X-ray diffraction analysis were obtained by diffu-
sion of n-hexane into a solution of the complex in THF over the course of 7 d. TH NMR
(601 MHz, THF-dg): & = 7.72 (d, 3] = 11.1 Hz, 2H, g), 6.89 (dd, 3] = 8.2 Hz, 4] = 1.0 Hz,
2H, e), 6.75 (dd, 3] = 8.2, 7.3 Hz, 2H, d), 6.57 (app d, ®] = 7.3 Hz, 2H, c) (Apparent Dou-
blet. 4] Coupling Only Visible in 'H-'H COSY NMR), 6.54 (d, ] = 11.1 Hz, 2H, h), —0.05
(s, 6H, B-CH3) ppm. ¥C{!H} NMR (151 MHz, THF-dg): & = 153.7 (b), 141.5 (g), 140.3
(a), 133.4 (h), 123.3 (f), 119.5 (e), 117.5 (d), 105.6 (c), 1.5 (B-CH3) ppm. 'B{'H} NMR
(193 MHz, THF-dg): & = 38.4 (azaborinine), 15.2 (complexed) ppm. HR-MS (ESI negative,
THF): m/z cale. for C1gH16!'B3N,O, 325.14964 [B(BQ)2]~, found 325.15115 [B(BQ)2] .
Crystal data for ((Na(THF),1[B(BQ)21)2 (CosH32B3NoNaOy, M = 491.95 g/mol): triclinic,
space group P-1 (no. 2), a = 11.1607(19) A, b = 11.892(2) A, ¢ = 12.316(2) A, a = 117.706(6)°,
B = 92.755(6)°, v = 110.342(6)°, V = 1313.0(4) A3, Z = 2, T = 119.99 K, u(Mo-K«) =
0.095 mm~!, Dcalc = 1.244 g/cm3, 36,401 reflections measured (4.822° < 20 < 56.712°),
6557 unique (Rint = 0.0508, Rsjgma = 0.0353) which were used in all calculations. The final
Rq was 0.0503 (I > 20(I)) and wR; was 0.1288 (all data). CCDC deposition number: 2259516.
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3.9. 1:1. Complex of H2(BQ) with Trimethylaluminum (Li[Me;AI(BQ)I)

S)
0, M |

d
Al
a
e e N/ \Me
1
g\h BMe

Initial deprotonation. Reagent: AlMes (125 pL, 250 pmol, 2.50 equiv., 2.0 M), no
heating required. Workup: In a glove box, n-hexane was allowed to diffuse into the crude
reaction mixture. Over the course of 14 d, large colorless crystals formed, which were
collected and washed with n-pentane (2 x 2 mL). These crystals (35.4 mg, 81%) were
also suitable for X-ray diffraction analysis. 'H NMR (601 MHz, THF-dg): & = 7.64 (d,
3] =11.2 Hz, 1H, g), 6.73 (dd, 3] = 8.0 Hz, ] = 1.2 Hz, 1H, e), 6.58-6.50 (m, 2H, d+h),
6.43 (dd, 3] = 7.5 Hz, 4] = 1.2 Hz, 1H, c), 0.64 (s, 3H, B-CH3), —0.85 (s, 6H, Al-CH3) ppm.
BBC{IH} NMR (151 MHz, THF-dg): § = 155.5 (b), 142.7 (a), 142.6 (g), 131.9 (h), 126.8 (f), 118.4
(e), 117.8 (d), 109.1 (c), 4.6 (B-CH3), —7.9 (Al-CH3) ppm. 'B{'H} NMR (193 MHz, THF-
dg): 6 = 37.3 ppm. HR-MS (ESI negative, THF): m/z calc. for C11H14AI''BNO 214.09893
[Me>Al(BQ)]—, found 214.09856 [Me,Al(BQ)]~. Crystal data for [Li(THF)3;1[Me, Al(BQ)]
(CpsH33AIBLINOy4, M = 437.27 g/mol): monoclinic, space group Cc (no. 9), a = 17.801(3) A,
b =85125(13) A, c = 18.438(4) A, B = 114.105(13)°, V = 2550.4(8) A3, Z =4, T = 100.00 K,
uw(Mo-Ke) = 0.106 mm ™!, Dealc = 1.139 g/ cm?, 35,381 reflections measured (4.84° < 20 <
61.138°), 7388 unique (Rint = 0.0504, Rsigma = 0.0436) which were used in all calculations.
The final Ry was 0.0370 (I > 20(I)) and wR, was 0.0811 (all data). CCDC deposition number:
2259515.

3.10. 1:1. Complex of Hy(BQ) with Triphenylaluminum (Li[Ph, AI(BQ)])
©
c

Initial deprotonation. Reagent: AlPh3 (100 pL, 100 pmol, 1.00 equiv., 1.0 M), no heating
required. Workup: In a glove box, the volatiles were removed in vacuo. The crude was
washed with a mixture of 10% THF in n-pentane (2 x 2 mL). Drying it in vacuo resulted in
a beige solid (29.8 mg, 53%). Colorless needles suitable for X-ray diffraction analysis were
obtained by diffusion of n-hexane into a solution of the complex in THF over the course of
7 d. TH NMR (601 MHz, THF-dg): & = 7.73 (d, 3] = 11.2 Hz, 1H, g), 7.69-7.64 (m, 4H, 0-CH),
7.11-7.04 (m, 6H, m-CH, p-CH), 6.85 (dd, 3] = 7.9 Hz, 4] = 1.3 Hz, 1H, e), 6.67 (dd, 3] = 7.9,
7.5Hz, 1H, d), 6.62 (dd, 3] = 7.5 Hz, ] = 1.3 Hz, 1H, ¢), 6.57 (d, 3] = 11.2 Hz, 1H, h), 0.50 (s,
3H, B-CH3) ppm. 3C{'H} NMR (151 MHz, THF-dg): = 155.4 (b), 151.2 (Cq), 1429 (g), 142.8
(a), 139.1 (0-CH), 132.0 (h), 127.5 (p-CH), 127.2 (n-CH), 1269 (f), 118.7 (e), 118.3 (d), 109.7 (c),
5.3 (B-CH3) ppm. 'B{*H} NMR (193 MHz, THF-dg): & = 39.6 ppm. HR-MS (ESI negative,
THF): m/z calc. for Co1HigAI''BNO 338.13023 [Ph,A1(BQ)] ~, found 338.13016 [Ph, A1(BQ)] .
Crystal data for [Li(THF)3][Ph, Al(BQ)] C33H, AIBLINO,, M = 561.40 g/mol): orthorhombic,
space group Pca2; (no. 29), a = 17.6861(10) A, b = 9.5637(6) A, c = 18.7543(19) A, V = 3172.2(4)
A3, 7 =4, T =100.00 K, 1(Mo-Kx) = 0.100 mm~!, Dcalc = 1.176 g/ cm?, 69,045 reflections
measured (4.606° < 20 < 61.08°), 9687 unique (Rint = 0.0627, Rsigma = 0.0417) which were
used in all calculations. The final Ry was 0.0599 (I > 20(I)) and wR, was 0.1761 (all data).
CCDC deposition number: 2259521.
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3.11. 2:1. Complex of Ho(BQ) with Lithium Aluminum Hydride (Li[AI(BQ)2])

MeB Xy, —|°
C
0 L0, N
a _AlL,
57 N7 "o
g\ BMe

h

No initial deprotonation. Reagent: LiAlH4 (50.0 uL, 50.0 pmol, 0.50 equiv., 1.0 M), heated
at 130 °C for 17 h. Workup: In a glove box, the solvent was removed in vacuo and the product
was obtained as a colorless solid (19.6 mg, 69%). Single crystals suitable for X-ray diffraction
analysis were obtained via diffusion of n-hexane into a solution of the complex in THF over
the course of 7 d. TH NMR (601 MHz, THF-dg): & = 7.77 (d, 3] = 11.3 Hz, 2H, g), 6.90 (dd,
31 =7.7Hz, % =13 Hz, 2H, e), 6.76 (dd, 3] = 7.7 Hz, 2H, d), 6.70 (dd, 3] = 7.7 Hz, 4] = 1.3 Hz,
2H, ¢), 6.58 (d, 3] = 11.3 Hz, 2H, h), 0.33 (s, 6H, B-CH3) ppm. 3C{*H} NMR (151 MHz, THF-dg):
5 =153.5 (b), 1439 (g), 141.4 (a), 131.8 (h), 126.5 (f), 119.5 (d), 118.9 (e), 110.8 (c), 4.6 (B-CH3)
ppm. 'B{'H} NMR (193 MHz, THF-dg): & = 38.9 ppm. Crystal data for [Li(THF);][A1(BQ).]
(C3pHypAlIB,LiN,Os5, M = 564.18 g/mol): triclinic, space group P-1 (no. 2), a = 10.070(3) A,
b=10.701(3) A, c = 15.809(5) A, a = 85.336(11)°, B = 81.473(12)°, v = 64.072(9)°, V = 1515.0(8) A?,
Z=2,T =100.00 K, u(Mo-Kx) = 0.108 mm !, Dcalc = 1.237 g/ cm?, 29,381 reflections measured
(4.232° <20 < 56.706°), 7543 unique (Rint = 0.0730, Rsjgma = 0.0675) which were used in all
calculations. The final R; was 0.0559 (I > 20(I)) and wR; was 0.1236 (all data). CCDC deposition
number: 2259518.

3.12. 1:1. Complex of HQ' with Trimethylaluminum ([Me; AI(Q")]5)

MeC™ ™S
Me\/_“ /N =
g~ bM%/\ 0
5 AT Me
NP N/ ‘Me
g\h (i:Me
In a Schlenk tube at 25 °C, AlMe3 (600 uL, 1.20 mmol, 1.20 equiv., 2.0 M) was dissolved
in toluene (5 mL). A solution of 2-methyl-8-hydroxyquinoline (HQ’, 159 mg, 1.00 mmol,
1.00 equiv.) in toluene (5 mL) was added dropwise over the course of 5 min. The clear
solution was stirred at the same temperature for 17 h, after which a colorless precipitation
had formed. The latter was filtered over a frit in a glove box and washed with toluene
(2 x 5mL). After drying on a Schlenk line (80 °C, 0.10 mbar, 2 h), the product was obtained
as a colorless solid (162 mg, 75%). TH NMR (601 MHz, CDCl3): & = 8.20 (d, 3] = 8.4 Hz, 2H,
g),7.50 (dd, 3] = 8.2, 7.5 Hz, 2H, d), 7.37 (d, 3] = 8.4 Hz, 2H, h), 7.34 (d, 3] = 7.5 Hz, 2H, ¢),
7.30 (d, 3] = 8.2 Hz, 2H, e), 2.91 (s, 6H, C-CH3), -0.57 (s, 12H, Al-CH3) ppm. 3C{'H} NMR
(151 MHz, CDCl3): 6 = 156.0 (i), 138.5 (g), 128.6 (d), 127.2 (f), 124.2 (h), 116.2 (e), 113.5 (c),
23.0 (C-CH3), —7.6 (Al-CH3) ppm. Carbon atoms a and b not detected. IR: V [em~1] = 2948
(w), 2926 (w), 2885 (w), 2824 (w), 1615 (w), 1604 (w), 1578 (m), 1507 (m), 1472 (m), 1431
(m), 1396 (m), 1330 (m), 1265 (m), 1243 (m), 1188 (m), 1108 (m), 828 (m), 795 (w), 752 (s),
671 (s), 662 (s). m.p.: Decomposition onset at 210 °C, residue melts at 255 °C. HR-MS (EI):
m/z calc. for C1pHi4AINO 215.08853 [M]*, found 215.08895 [M]* (4), 200.1 (100). Crystal
data for [Me;A1(Q")] (C12H14AINO, M = 215.22 g/mol): triclinic, space group P-1 (no. 2),
a=95373) A, b=9.792(2) A, c = 12.638(3) A, x = 88.302(9)°, B = 73.190(10)°, 7 = 81.824(9)°,
V =1118.1(5) A3, Z = 4, T = 100.00 K, p(Mo-K«) = 0.153 mm~?, Dealc = 1.279 g/cm?,
71,748 reflections measured (5.718° < 20 < 61.088°), 6824 unique (Rj,: = 0.0508,
Rsigma = 0.0272) which were used in all calculations. The final Ry was 0.0353 (I > 20(I)) and
wRy was 0.1076 (all data). CCDC deposition number: 2259520.
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4. Conclusions

In summary, we have synthesized six coordination complexes of boron and aluminum
with an N,O-donating 1,2-azaborinine ligand. By means of X-ray diffraction analysis, the high
planarity of the PAH scaffolds as well as the tetrahedral geometries around the central ions
were confirmed. Moreover, both the presence of boron instead of aluminum and a 2:1 instead of
a 1:1 stoichiometry caused smaller N,O-E bond lengths. A multi-dimensional comparison of
azaborinine complex Li[Me, A1(BQ)] (4) and pyridine analog [Me;Al(Q")], (3) allowed us to
draw several conclusions on the influence of a B vs. C substitution. In particular, the presence
of electropositive boron in 4 rendered the adjacent nitrogen donor atom more negative in
charge (A of Natural Atomic Charges = 0.51). As the result, the N-Al donor—acceptor orbital
interactions were strengthened, which complies with the shortened bond (Ad = 0.22 A). The high
charges at the phenolic oxygen atoms of both complexes were stabilized in different manners.
While BN complex 4 has the counterion in close proximity, neutral CN complex 3 dimerizes
to form a four-membered ring consisting of Al and O. From NTO analysis, the partial charge-
transfer character of the S; state of quinolinolate 3 was demonstrated. BN analog 4 showed a
more balanced distribution of the NTOs, which correlates with the experimentally obtained
blueshifted absorption and emission bands (AAg = 126 nm). Overall, our study emphasizes that
the doping of quinolinolate ligands with a single boron atom may alter the electronic structure
considerably, which has direct implications on the N-donor capability and the optical properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11070295/s1, study of the hydrolytic stability, crystal-
lographic details, copies of all NMR spectra, fluorescence spectra, computational details. Figure S1:
Molecular structure of the monomeric unit and the dimer of [AI(H(BQ))3;(THF)],; Figure S2: Fluo-
rescence emission spectra of Hy(BQ) and its complexes with boron and aluminum in THF solutions.
Table S1: Crystal Data and Structure Refinements. Table S2: Coordinates of the geometry-optimized
structures. Reference [51] is cited in the supplementary materials.
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