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■ RESULTS AND DISCUSSION
Synthesis and Characterization of Li(THF)2[(NNN)Y-

(C2p-tol)(THF)2] (1). We chose to perform transmetallation
studies of HB(pin) with an yttrium acetylide complex,
Li(THF)2[(NNN)Y(C2p-tol)(THF)2] (1), as cross−coupling
of alkynes is of interest to us. Complex (1) was synthesized by
dissolving a neutral (NNN)Y(THF)3 complex in THF and
adding LiC2p-tol at −78 °C (Scheme 1). Complex (1) was

isolated as a yellow powder in 89% yield, which was slightly
soluble in hydrocarbon solvents and fully soluble in aromatic
and ethereal solvents. X−ray-quality single crystals were grown
by slow diffusion from THF with pentane as the anti-solvent
stored at −35 °C. Complex (1) displayed a six-coordinate
distorted octahedral structure with a THF solvent molecule in
the unit cell. The complex crystallized in the space group P1̅.
The structure shows that the acetylide is bound cis to N2 with
a Li counterion situated between N1 and N2. The geometry of
the complex differs greatly from the previously reported
structure of yttrium benzyl complex, [K(THF)2(NNN)YBn-

(THF)2], which featured π−cation interactions between the
potassium countercation and the π system of the benzyl
group.12

Synthesis and Characterization of Li(THF)3(NNN)BH
(2). The reactivity of (1) toward HB(pin) was investigated by
adding HB(pin) to the acetylide complex at −78 °C (Figure
2a, Route 1). The resulting 11B NMR spectrum displayed a
mixture of two products. The major species was observed as a
doublet at δ = 7.1 ppm, and the minor species was observed as
a broad singlet at δ = 30.80 ppm in THF−d8. This was
interesting to us as our expected boron species would be
neutral if transmetallation occurred. However, the shift of the
major product’s resonance was in the region where an anionic
borate would appear. In the 1H NMR spectrum, four aryl
signals were observed, and the TMS groups displayed a single
resonance at δ = 0.23 ppm, indicating that a symmetrical
species was formed. Upon decoupling of the 11B nucleus, the
1H{11B} NMR spectrum also displayed a broad singlet at δ =
4.25 ppm, which supports the presence of a B−H and is
consistent with the doublet observed in the 11B NMR. To
confirm this unexpected result and elucidate the identity of our
major species, X-ray-quality single crystals were grown from
slow diffusion of THF with pentane as the anti-solvent stored
at −35 °C. The Li(THF)3(NNN)BH complex (2) crystallized
in the space group P221/n. Complex (2) displayed a distorted
tetrahedral geometry with the angle around N1−B−N3 being
118.74(19)° (Figure 2b). The Li counterion was situated in
front of N2 at 2.107(5) Å. The hydride position was
determined from an electron-density Fourier map. The bond
length of the B−H bond was 1.18 Å, which is slightly longer
than the expected value of 1.06 Å; however, attempts to
restrain the bond length were unsuccessful. Separation
attempts of (2) from the mixture of products were challenging;
therefore, a different synthetic route was developed to
characterize the complex. The second route to synthesize (2)
involved deprotonation of the tris(amido) ligand, (NNN)H3,

Figure 1. (a) Common transmetallating reagents. (b) Reactivity of HB(pin) with yttrium complexes bearing a tris(amido) ligand.

Scheme 1. Synthesis of (1) and Solid-State Structure of (1)
Shown at 50% Thermal Ellipsoid Probabilitya

aHydrogen atoms omitted for clarity. Colors: blue, N; red, O; teal, Si;
pink, Y; purple, Li.
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using a slight excess of n−BuLi at −78 °C and letting the
reaction stir at room temperature for 2 h to form (NNN)Li3,
which was filtered and washed with pentane. HB(pin) was then
added to (NNN)Li3 to form (2) in 41% yield (Figure 2a,
Route 2).
Synthesis and Characterization of (NNN)B (3). To

further explore the identity of the minor product observed in
the NMR spectrum of (2), we carried out its independent
synthesis. Due to the symmetrical 1H NMR spectrum, we
hypothesized that the minor product is the tris(amido) ligand
bound to boron, (NNN)B (3), where complete displacement
of yttrium occurs. To test this hypothesis, trimethyl borate,
B(OMe)3, was added to (NNN)Y(THF)3 complex in THF
and stirred at room temperature for 24 h (Figure 3a). The
reaction was filtered, and the 1H NMR spectrum of this
complex is consistent with the minor product. The 1H NMR
spectrum was symmetrical with one TMS resonance at δ =
0.51 ppm in THF−d8. The 11B NMR spectrum displayed a
broad singlet at δ = 30.80 ppm. X−ray-quality single crystals
were grown by slow evaporation from pentane with toluene as
the anti-solvent stored at −35 °C. Complex (3) crystallized in
the space group P221/c. The angles around the boron deviated
slightly from that of ideal trigonal planar geometry, with the
N1−B−N3 angle being 144.26 (10)° (Figure 3b). The ligand
torsion angle θ, where θ = ∠C2−C3−C7−C12 across N2, is
8.28°. This is much smaller than the torsion angle observed for
the rare earth metal complexes’ counterparts.12,14 The
synthesis and computational electronic structure of boron
complexes similar to (3) were previously reported by Martin et
al. due to the unique geometry around boron; therefore, we
wanted to explore the electrochemical properties of complex
(3).31 Additionally, electrochemical studies of the rare earth
metal analogs of (3) have been reported, so we were interested
in comparing their properties.11−14 Cyclic voltammetry studies
were conducted in 0.25 M [nBu4N]PF6 THF solutions with 3

mM of (3) at 100 mV/s under Ar and ambient temperature
(Figure 3c). The cyclic voltammogram displayed one
irreversible oxidation event at Epa = 0.62 V vs FeCp2. This is

Figure 2. (a) Synthesis of (2). (b) Solid−state structure of (2) shown at 50% thermal ellipsoid probability and selected bond distances and angles
for (2). Hydrogen atoms have been omitted for clarity except for B−H1. Colors: blue, N; red, O; teal, Si; light pink, B; purple, Li.

Figure 3. (a) Synthesis of compound (3). (b) Solid-state structure of
(3) shown at 50% thermal ellipsoid probability and selected bond
distances and angles for (3). Hydrogen atoms are omitted for clarity.
θ = ∠C2−C3−C7−C12 across N2. Colors: blue, N; red, O; teal, Si;
light pink, B. (c) Cyclic voltammogram displaying the redox−
processes for (3). CV was collected under Ar in 0.25 M
[nBu4N]PF6 THF solution with 3 mM (3) at 100 mV/s at 298 K.
Peak current potentials are normalized.
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a harsher oxidation potential when compared to the rare earth
metal analogs (−0.82 to −1.03 V vs FeCp2).14 Moreover, the
rare earth metal analogs displayed two separate oxidation
events in their voltammograms. These differences in electro-
chemical properties suggest that (3) has unique reactivity,
which should be explored.
Investigation of B−O Bond Cleavage Intermediate.

Since (1) does not undergo transmetallation with HB(pin), we
wanted to investigate the mechanism of B−O bond cleavage.
Therefore, the reactivity of HB(pin) with the neutral
(NNN)Y(THF)3 complex was investigated (Figure 4a). The

reaction was monitored by 1H NMR spectroscopy, where a
minor amount of (3) was observed, as well as a new major
product. Attempts to separate the two products were
unsuccessful, as only broad signals were observed in the 1H
NMR spectrum after the addition of hydrocarbon solvents. To
elucidate the identity of the major species, X−ray-quality single
crystals were grown by slow evaporation from the reaction
mixture in THF with toluene as the anti-solvent stored at −35
°C. The formation of (NNN)Y(pinacolato)BH(THF)3 (4)
was observed, which is seven coordinate around yttrium with
pseudopentagonal bipyramidal geometry (Figure 4b). Com-
plex (4) crystallized in space group Pbcn. Cleavage of the B−O
bonds, where the pinacolato group is now bound to both the
yttrium and boron atoms, was observed. The boron is still
bound to the hydride, suggesting it might be an intermediate to
forming (2). The hydride position was determined from the
electron-density Fourier map. The B−H bond distance was
1.13(5) Å, which is shorter than the B−H bond length
observed for (2). The 11B NMR spectrum displays a broad
signal at δ = 5.69 ppm in THF−d8 and the geometry around
the boron is pseudotetrahedral, which are both consistent with
an anionic borate. Identifying the minor product as (3)
allowed us to identify the 1H NMR signals that correspond to
the unsymmetrical (4), which had two TMS resonances at δ =
0.18 and 0.31 ppm and four B(pin) methyl resonances at δ =
0.90, 0.95, 1.22, and 1.48 ppm in THF−d8. Given the structure

of (4), it is likely that the loss of coordinating THF molecules
destabilizes the complex and leads to decomposition, hence the
difficulty in separation and isolation of (4).
To investigate whether complex (4) is an intermediate to

the formation of (2), LiC2p-tol was added to (4) in a 1:3
solvent mixture of C6D6/THF (Figure 5). This solvent mixture

was used as it provided the cleanest reaction. The reaction was
monitored by 1H and 11B NMR spectroscopy. Within 30 min
of the reaction full conversion of (4) to (2) was observed,
indicating that (4) is likely an intermediate to the formation of
(2) (Figures S20−S22).

■ CONCLUSIONS
This work demonstrates the incompatibility of HB(pin) as a
transmetallating reagent with yttrium complexes bearing a
tris(amido) redox−active ligand. B−O bond cleavage is
favored over B−H bond cleavage by these complexes, which
results in side products that are deleterious to C−C cross−
coupling. The B−O bond cleavage observed by these yttrium
complexes likely results from a combination of the oxophilicity
of yttrium and a better orbital overlap between the boron and
nitrogen atoms resulting in more covalent bonds compared to
the Y−N bond.32 Future work on the reactivity of these newly
formed boron complexes is underway. Furthermore, an
investigation into how alkyl and aryl borane reagents behave
with these early transition metal complexes is also in progress.
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