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Abstract

Shibasaki’s heterobimetallic compound [LiA{()-BINOL}] and its enantiomer, often referred to as ()- and ()-
ALB, respectively, are used as catalysts in asymmetric synthesis (BINOLH = 1,1-bi(2-naphthol)).
Crystalline ()- and ()-ALB are conveniently prepared by reacting LiAIH with 2 equiv. of ()- or ()-BINOLH,
respectively, in THF and evaporating the solvent under vacuum. However, their molecular and crystal
structures have never been reported in detail. We herein show that the as-crystallized ()-ALB material is a
single-phase THF solvate containing [A{()-BINOL}] anions, [Li(thf)] fragments bonded to one of the
binolate O atoms, and a lattice THF molecule. This ion-paired structure was authenticated by single-
crystal X-ray diffraction and then used as a starting point for the Rietveld refinement of the powder
diffraction pattern. Crystallographic and NMR characterization data converge in indicating that the three
THF molecules bonded to the Li ion withstand vacuum treatment. On NMR timescale, a single structure
is detected in THF- solution, whereas CD solutions give more complex, multicomponent spectra that hint
to aggregation effects.

Introduction

1,1-Bi(2-naphthol) or BINOLH, is a popular molecular fragment with axial chirality and configurational

stability, widely used as a ligand in asymmetric catalysis and as a stereogenic element in supramolecular
and materials chemistry [1-5]. The heterobimetallic compound [LiAI{(R)-BINOL},] and its enantiomer,
first reported by Shibasaki et al. [6, 7], combine Lewis acidity and Bronsted basicity and are used as
versatile catalysts for asymmetric reactions like Michael addition [6, 8—20], cyanation of imines [21] and
aldehydes [22], and hydrophosphonylation [23-25] or hydrophosphinylation [26—-29] of aldehydes. Often
referred to as (R)- and (S)-ALB, they are usually obtained by reacting LiAlH, with 2 equiv. of (R)- or (S)-
BINOLH,, respectively, in THF at 0°C (Scheme 1). The catalyst is then either directly used as a THF
solution or isolated as a white solid by solvent evaporation and redissolved as needed.

We prepared (R)-ALB in the course of our recent studies on green hydrosilylation catalysts, as we
scrutinized a family of lithium salts soluble in nonpolar organic solvents. However, we noticed that a
reliable X-ray structure is currently unavailable in the Cambridge Structural Database (CSD) [30]. The
above authors evidently failed to obtain a publishable dataset, presumably due to the claimed tendency
of X-ray quality crystals to decompose during the data collection [6]. Nevertheless, they structurally
authenticated a related compound, namely [Li(thf),(cyh)A{(R)-BINOL},]- THF (1-THF), an adduct with 2-
cyclohexen-1-one (cyh) and THF (CCDC 123644) [6]. This compound contains the expected bis-chelate
AI3* complex, a [Li(thf),(cyh)]* fragment interacting with one of the Al-coordinated O atoms, and a lattice

THF molecule. In the same paper, Shibasaki et al. concluded that (R)-ALB might adopt a similar structure
or be dimeric [6]. Since the structural plot reported in subsequent papers by the same group is
apparently unsupported by a CSD entry [7, 13], we decided to fill this gap and make the structure finally
available. We found that the white solid isolated from THF is [Li(thf)3A{(R)-BINOL},]-0.67THF
(2:0.67THF), a monomeric THF solvate containing a similar ion pair as that present in 1-THF (Scheme 1).
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Experimental

Materials and Instrumentation

Unless otherwise specified, manipulations were carried out using standard Schlenk techniques under Ar,
or inside a dinitrogen-filled MBraun UNlIlab glovebox (H,0 and O, < 1 ppm), with continuous gas
circulation through activated charcoal, molecular sieves, and copper catalyst BASF R3-11(G). All
glassware was dried at 100°C overnight before use. The activated 4 A molecular sieves were stored in
the glovebox before use. THF was pre-dried over KOH and subsequently distilled from Na/benzophenone
under dinitrogen [31]. Hydrocarbon solvents (n-hexane and n-heptane) were not redistilled but simply
deoxygenated and dried before use. All solvents, including THF-dg (Eurisotop, 99.5%D) and C¢Dg
(Eurisotop, 99.5%D), were deoxygenated through three freeze-pump-thaw cycles and stored at least
overnight over activated 4 A molecular sieves [32]. A solution of LiAlH, in THF (Sigma-Aldrich, 1 M) was
titrated in quadruplicate via gas-volumetric titration (1.06 M). (R)-BINOLH, (Merck Life Science, 99%) was
dried under vacuum (0.1-0.2 Torr) at 50°C for 7.5 h and stored in the glovebox before use.

NMR samples were prepared using 5 mm Norell® tubes, equipped with a Young valve and charged in the
glovebox. The spectra were recorded at 298.0 K on Bruker Avance 400 and Avance Ill HD FT-NMR
spectrometers operating at 400.13 and 600.13 MHz, respectively, for "H and processed using TopSpin
4.1.1 software [33]. Chemical shifts (8) in the "H and "3C{"H} spectra are expressed in ppm downfield
from Me,Si as external standard, by calibrating the residual solvent signals as follows: for THF-dg, 3.58
[CHD(2,5)] and 67.21 ppm [CD,(2,5)]; for C4Dg, 7.16 (CH) and 128.06 ppm (CH) [34]. ’Li chemical shifts
are referenced to 1 M LiCl in D,0 as external standard at 0.15 ppm. NMR data are reported as follows:
chemical shift, multiplicity (d = doublet, m = multiplet), coupling constant (Hz), integration, assignment
(see atom numbering in Scheme 1).

Synthesis

The synthesis was performed following the procedure reported by Shibasaki et al. [9, 18], with minor
modifications. A solution of LiAlH, in THF (255 pL, 1.06 M, 0.270 mmol) was introduced in a Schlenk

vessel equipped with a septum and diluted with further THF (2.5 mL). The Schlenk was cooled to 0°C in
an ice bath and a solution of (R)-BINOLH, (150.8 mg, 0.527 mmol) in THF (2.5 mL) was added dropwise
with continuous stirring. After effervescence had subsided (1-2 minutes), the colorless solution was
stirred at 0°C under Ar for 30 minutes, then the ice bath was removed, the solution allowed to warm up to
room temperature, and stirred for 1 hour under Ar. Finally, the solvent was removed under reduced
pressure (0.2—-0.3 Torr) at 0°C over 2 hours, providing a white solid in quantitative yield. This crude
product is soluble in THF, insoluble in n-hexane and n-heptane, and highly moisture-sensitive. It can be
optionally recrystallized with 88% recovery by slowly evaporating a THF/n-heptane solution (1:1.5 v/v, ca.

30 mg/mL) to 1/5 of the initial volume. "H NMR (400.13 MHz, 298.0 K, THF-dg): & = 7.82 (m, 8H, C4-H +
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C5-H), 7.30 (d, 3Jyy = 8.6, 4H, C3-H), 7.16 (m, 4H, C8-H), 7.04 (m, 8H, C6-H + C7-H), 3.62 (m, 4H, THF),
1.77 (m, 4H, THF). "3C{"H} NMR (100.61 MHz, 298.0 K, THF-dg): 6 = 157.0, 135.5, 129.9, 129.4, 128.4,
127.3,125.5,124.7,122.7,120.9, 68.0, 26.2. 'Li NMR (155.51 MHz, 298.0 K, THF-dg): & = -0.7. Crystals
suitable for X-ray diffraction were obtained from THF/n-hexane.

X-ray Crystallography

A Bruker-Nonius X8APEX diffractometer, equipped with a Mo-Ka generator, an area detector, and a
Kryoflex cryostat, was used to collect single-crystal X-ray diffraction data at 200 K. Crystals were
immersed in NVH oil (Jena Bioscience) and mounted on a MiTeGen Microloop™. Data collection and
reduction with scaling and multi-scan absorption correction were carried out with APEX2 v1.0-22, SAINT
v7.06A, and SADABS v2.10 programs [35]. Structure solution and refinement followed standard
procedures based on SIR92 [36] and SHELXL-2018/3 [37] programs in WINGX v2020.2 [38]. All non-
hydrogen atoms were treated anisotropically, while isotropic displacement parameters for H atoms were
constrained to U = 1.2Ueq(C). When allowed to freely refine, the occupancy of the lattice THF molecule
converged to 0.659(11) and was subsequently fixed to 2/3. An ellipsoid plot of the structure is presented
in Figure S1, while crystal data and refinement parameters are gathered in Table 1. Selected bond
distances and angles, and non-classical H-bond interactions are listed in Table 2 and S1, respectively.

Deposition Number 2591352 contains the supplementary crystallographic data for this paper. These
data are provided free of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Powder X-ray diffraction (PXRD) was carried out at room temperature (298 K) with a Malvern-Panalytical
Empirean MultiCore X-ray powder diffractometer, equipped with an Empirean tube Cu LFF High
Resolution (wavelength, A = 1.54056 A) at 40 kV and 40 mA, and with a capillary spinner sample stage
rotating during the measurement (to reduce the impact of preferred orientation of the crystallites). Inside
the glovebox, crystals of the compound were ground and filled into a glass capillary, which was then
sealed with epoxy glue. Data collection was performed in the range 26 = 5-50° in steps of 0.013° and
with a counting time of 2000 s per step. The refinement of the model from single-crystal X-ray diffraction
(CCDC 2591352) was performed by Rietveld method (26 = 6-40°), implemented in GSAS-II [39]. Peak
profiles were described by a pseudo-Voigt function fixing the instrumental parameters (U, V, W, X, and Y)
to the best-fit values obtained in the same conditions for the NIST standard LaBg 660a. The background
was modeled using a Chebyschev-1 polynomial (with 12 coefficients). The refinement followed a
sequential process starting from scale factor, zero, and unit cell parameters (due to the low signal/noise
ratio, the background was initially fixed and then refined afterwards). Subsequently, crystallite size and
microstrain were refined to account for sample-dependent peak broadening. Finally, the position and
orientation of 2 and of crystallization THF (occupancy fixed to 0.67) were refined, treating both moieties

as rigid bodies (Ryp = 2.90%, Ry = 2.21%, Rgragq = 13.99%, GOF = 2.58, x = 6.63).
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Table 1

Crystal data and refinement parameters for 2-0.67THF

Radiation

Chemical formula

Formula weight

T (K)

Crystal size (mm?)

Crystal system

Space group

a (A)

b (A)

c (A)

a (deg)

B (deg)

y (deg)

Vv (A3%)

z

Pcalcd (g €M)

26,1in/26,max (deg)
Reflections collected/independent
N2 of parameters/ restraints
R1/wR2 (all data)

R1/wR2 (I > 20(l))
GOF

Largest diff. peak/hole (eA~%)

Mo-Ka (A =0.71073 A)

Cs4.67H53.33AILI07 67
866.89

200(2)

0.04 x 0.08 x 0.23
triclinic

P1

9.4993(8)
10.8584(10)
12.6391(10)
82.984(3)
84.998(3)
69.279(3)
1208.87(18)

1
1.191

5.420/ 50.862

11666 /7721
595/3

0.0766 / 0.1521
0.0534/0.1348
1.042

0.369 /-0.209

Results and Discussion

Single-crystal X-ray diffraction
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The product was isolated in quantitative yield by reacting stoichiometric amounts of LiAlH, and (R)-
BINOLH, in THF at 0°C and subsequently evaporating the solvent (Scheme 1). Recrystallization of the
crude product from THF/n-hexane afforded plate-like crystals exceedingly sensitive to solvent loss but
suitable for single-crystal work at 200 K (Table 1). The resulting molecular structure is displayed in Fig. 1
and S1. The compound crystallizes in space group P1, with one formula unit per unit cell. The AI** ion is
tetrahedrally coordinated by two chelating (R)-BINOL?™ ligands with Al-O distances of 1.73-1.77 A and O-
Al-O bite angles between 104.8 and 107.4° (Table 2). The dihedral angle between the two naphthyl
groups is quite similar in the two ligands, with values of 64.9 and 67.2° (evaluated from the mean planes
through the C atoms only). The longest Al-O separation of 1.766(3) A is with the O atom (03) engaged in
a coordination bond with the Li* ion at 1.963(9) A. The alkali metal ion is further coordinated by three
THF molecules (1.93-1.99 A). An additional uncoordinated THF molecule was located in the lattice and
refined with 2/3 occupancy. The absolute structure [Flack parameter = 0.01(11)] [40] is consistent with

the occurrence of (R)-BINOL? in the structure.

Telble 2
Selected bond distances (A) and angles (°) in 2:0.67THF
Al1-01 1.734(4) Li1-03 1.963(9)
Al1-02 1.747(3) Li1-05 1.926(11)
Al1-03 1.766(3) Li1-06 1.930(10)
Al1-04 1.745(4) Li1-07 1.989(10)
O1-Al1-02 107.35(17) 03-Li1-05 107.6(4)
01-Al1-03  118.04(18) 03-Li1-06 113.6(5)
O1-Al1-04 106.18(18) 03-Li1-07 114.6(5)
02-Al1-03  104.29(16) 05-Li1-06  111.2(5)
02-Al1-04 116.70(19) 05-Li1-07  105.6(5)
03-Al1-04 104.82(16) 06-Li1-07 103.9(4)

Intermolecular interactions entail no classical H bonds. Crystal cohesion relies on van der Waals forces

and a few C-H---O contacts (Table S$1). These involve the aromatic CH groups of the (R)-BINOL?" ligands
and the O atom of lattice THF molecules (H---A = 2.57-2.77 A), as well as three CH groups of
coordinated THF molecules and 01 of a neighboring complex translated along the a axis (H---A = 2.68-
3.00 A).

Powder X-ray diffraction

After recrystallization from THF/n-heptane, the solid gave the room-temperature PXRD pattern shown in
Fig. 2 and S2 (the crude material yields an identical pattern). The successful Rietveld refinement starting
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from single-crystal data at 200 K shows that both the crude and the recrystallized compound are a single
phase.

NMR characterization

According to NMR characterization in THF-dg, the vacuum dried crude product isolated from THF

contains from 2.9 to 3.6 THF molecules per formula unit (Figure S3). This agrees with single-crystal
diffraction data and suggests that only the lattice THF molecules are lost upon vacuum treatment. The

simple pattern of "TH NMR resonances (Figure S3) and the set of ten aromatic '3C NMR signals (Figure
S4) match the expectation for the C, symmetric (R)-BINOL?™ anion, indicating that a single structure is

present on NMR timescale [11, 41]. The ’Li NMR spectrum (Figure S5) is dominated by a singlet at -0.7
ppm. When lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is added to the solution, this Li* peak
increases its intensity while maintaining the same position within 0.1 ppm. This suggests that ion pairing
is not preserved in THF and that Li* is mainly present as [Li(THF),]* complexes. The 'H, '3C NMR, and ’Li
spectra in C4Dg4 are considerably more complex, but perfectly reproducible among different preparations.

In the aromatic region, the proton spectrum shows a dominant set of very broad resonances, overlapping
with a second set of six much narrower signals accounting for ca. 10% of the aromatic protons and
exhibiting well resolved scalar coupling (Figure S6). The latter set of six signals is identical to that

observed in the spectrum of crystalline [LizAl{(R)-BINOL}5(thf)¢] (3) dissolved in C¢D¢ [42]. The 3C NMR
spectrum also displays two sets of broad and narrow signals (Figure S7), with the latter again matching
those reported for 3 in C4D [42]. The ’Li NMR spectrum shows a dominant peak at -0.7 ppm
accompanied by a less intense signal at 0.1 ppm (Figure S8). Multinuclear NMR characterization then
clearly indicates that multiple species are present on NMR timescale in C¢D¢ and supports the original

suggestion by Shibasaki and co-workers that the compound may oligomerize in nonpolar solvents like
benzene and toluene [11].

Conclusions

Although widely used in asymmetric catalysis, the heterobimetallic compounds (R)- and (S)-ALB have
been poorly characterized in the literature. In particular, only the solid-state structure of an (R)-ALB
adduct with 2-cyclohexen-1-one is publicly available in the CSD [6]. In our work, we have used single-
crystal and powder X-ray diffraction to show that the usual procedure for the synthesis of (R)-ALB yields

a single crystalline phase, namely 2-0.67THF. The [A{(R)-BINOL},]™ anion in the structure contains a
tetrahedrally coordinated AI** ion and interacts with a [Li(thf)5]" cation through a Li-O bond. Multinuclear
NMR spectroscopy showed that 2 adopts different structures in THF-dg and C¢D¢ solutions, with the
latter affording much more complex spectra that hint to aggregation effects. Note that tetrametallic 3,

which also contains Li*, AI**, enantiopure (R)-BINOL?", and THF ligands, is not formed in the synthetic
conditions used. Another compound previously authenticated in the solid state, [Li,Al,{(R)-BINOL}{(S)-
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BINOLY},(thf),]-4THF [42], contains both enantiomers and is clearly not accessible starting from the
enantiopure ligand.
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Figures

Figure 1

Ball-and-stick view of the structure of 2, omitting H atoms. Color code: Al = green, Li = light purple, O =
red, C = gray. The planarity of some THF molecules is a consequence of unresolved disorder effects
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Figure 2

Experimental (black) and calculated (red) PXRD patterns for 2:0.67THF (after background subtraction).
The peak marked with an asterisk arises from an unidentified impurity
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