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ABSTRACT: The reaction of a slurry of BaBr2 in a minimal amount of tetra-
hydrofuran (THF) with 2 equiv of Na(H3BNMe2BH3) in diethyl ether followed
by crystallization from diethyl ether at −20 °C yields crystals of Ba(H3BN-
Me2BH3)2(Et2O)2 (1). Drying 1 at room temperature under vacuum gives the
partially desolvated analogue Ba(H3BNMe2BH3)2(Et2O)x (1′) as a free-flowing
white solid, where the value of x varies from <0.1 to about 0.4 depending on
whether desolvation is carried out with or without heating. The reaction of 1 or 1′
with Lewis bases that bind more strongly to barium than diethyl ether results in the
formation of new complexes Ba(H3BNMe2BH3)2(L), where L = 1,2-dimeth-
oxyethane (2), N,N,N′,N′-tetramethylethylenediamine (3), 12-crown-4 (4), 18-crown-6
(5), N,N,N′,N′-tetraethylethylenediamine (6), and N,N,N′,N″,N″-pentamethylethyl-
enetriamine (7). Recrystallization of 4 and 5 from THF affords the related
compounds Ba(H3BNMe2BH3)2(12-crown-4)(THF)·THF (4′) and Ba-
(H3BNMe2BH3)2(18-crown-6)·2THF (5′). In addition, the reaction of BaBr2 with 2 equiv of Na(H3BNMe2BH3) in the pres-
ence of diglyme yields Ba(H3BNMe2BH3)2(diglyme)2 (8), and the reaction of 1 with 15-crown-5 affords the diadduct [Ba(15-
crown-5)2][H3BNMe2BH3]2 (9). Finally, the reaction of BaBr2 with Na(H3BNMe2BH3) in THF, followed by the addition of
12-crown-4, affords the unusual salt [Na(12-crown-4)2][Ba(H3BNMe2BH3)3(THF)2] (10). All of these complexes have been
characterized by IR and 1H and 11B NMR spectroscopy, and the structures of compounds 1−3, 4′, 5′, and 6−10 have been
determined by single-crystal X-ray diffraction. As the steric demand of the Lewis bases increases, the structure changes from
polymers to dimers to monomers and then to charge-separated species. Despite the fact that several of the barium complexes are
monomeric in the solid state, none is appreciably volatile up to 200 °C at 10−2 Torr.

■ INTRODUCTION
Barium is a constituent in a wide variety of materials that have
properties useful for electronic applications. For example, the
versatile and ubiquitous BaTiO3, a ferroelectric ceramic, has
been extensively used in electronic devices because it has a high
dielectric constant as well as piezoelectric and thermoresistive
properties.1−4 The cuprate YBa2Cu3O7−x and similar derivatives
are high-Tc superconductors and were the first materials to be
superconducting above the boiling point of nitrogen.5−9 Another
example of the utility of barium-containing materials is the use
of the optoelectronic material β-BaB2O4 in nonlinear optical
devices and solid-state UV lasers.10,11

Chemical vapor deposition (CVD) and atomic layer deposi-
tion are useful methods for depositing thin films on substrates
with advanced architectures and high aspect ratios, such as
those found in the majority of electronic devices.12,13 One
limitation, however, to preparing barium-containing materials
by these methods is the scarcity of barium precursors with
adequate volatility.14,15 Although volatile barium complexes are
known, few such compounds have vapor pressures high enough
to grow conformal films by CVD.12,16 Molecular barium com-
plexes often suffer from low volatility because the large radius of
Ba2+ makes it difficult to prepare electrically neutral complexes that

are both monomeric and free of weakly bound ligands that
dissociate upon heating.17−22 One successful strategy to obtain
volatile barium complexes is to employ multidentate ligands
that can encapsulate the metal.15 For example, neutral ancillary
ligands, such as glymes, can be used to help fill the coordination
sphere if the anionic ligands themselves are not sufficiently
saturating.23 The majority of barium complexes that have been
explored as thin-film precursors are diketonates or ketoimi-
nates,24−34 and often these ligands have been functionalized
with flexible donor pendants that can occupy additional co-
ordination sites around the metal.22,35−38 Other barium precursors
that have been used for thin-film growth include those that
utilize alkoxide39 cyclopentadienyl,40−45 and (pyrazolyl)borate
ligands.46−48

Some transition-metal borohydride (BH4
−) complexes are

highly volatile and have proven to be outstanding CVD pre-
cursors for the deposition of metal diboride films.49−56 Despite
these successes, alkaline-earth tetrahydroborate complexes are
often polymeric and few if any meet the volatility requirements
for CVD, which can be attributed to the small size of BH4

− in
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relation to these large metal ions.57,58 We have recently shown,
however, that the larger chelating borohydrides octahydrotri-
borate, [B3H8]

−,59 and (N,N-dimethylamino)diboranate,
[H3BNMe2BH3]

−,60−62 can be used to prepare highly volatile
magnesium complexes.63,64 These sterically larger borohydride
ligands are able to saturate more of the magnesium coordi-
nation sphere, thereby inhibiting polymeric bonding modes and
yielding highly volatile complexes such as Mg(H3BNMe2BH3)2.

64

Some of these complexes are outstanding CVD precursors: in a
particularly dramatic example, Mg(H3BNMe2BH3)2 has been
used to grow superconformal MgO films by CVD using water
as a secondary reactant.65 Prompted by importance of barium
in electronic materials and the potential of [H3BNMe2BH3]

− to
produce viable CVD precursors,65,66 we now describe the pre-
paration and characterization of a series of new barium (N,N-
dimethylamino)diboranate complexes.

■ RESULTS
Synthesis of Barium (N,N-Dimethylamino)diboranates. The

treatment of a slurry of BaBr2 in a minimal amount of tetra-
hydrofuran (THF) with 2 equiv of Na(H3BNMe2BH3) in
diethyl ether, followed by removal of the solvent and cry-
stallization from diethyl ether at −20 °C, yields crystals of
Ba(H3BNMe2BH3)2(Et2O)2 (1). The reaction does not occur
in the absence of THF despite the fact that Na(H3BNMe2BH3)
is readily soluble in Et2O, suggesting that some dissolution of
BaBr2 is also required for the reaction to proceed. Drying 1
under vacuum gives the desolvated analogue Ba(H3BNMe2BH3)2-
(Et2O)x (1′), as a free-flowing white solid, where the value of x
varies from <0.1 to about 0.4 depending on whether the
compound is heated during desolvation.
Neither 1 nor 1′ is volatile, in part because they have poly-

meric structures (see below). Accordingly, we investigated the
synthesis of analogues of 1 with more strongly coordinating Lewis
bases that might form monomeric complexes capable of being sub-
limed in vacuum. We find that the treatment of 1 or 1′ with 1,2-
dimethoxyethane (DME), N,N,N′,N′-tetramethylethylenediamine

(TMEDA), or 1,4,7,10-tetraoxacyclododecane (12-crown-4) in
diethyl ether results in the formation of new complexes Ba-
(H3BNMe2BH3)2(DME) (2), Ba(H3BNMe2BH3)2(TMEDA)
(3), and Ba(H3BNMe2BH3)2(12-crown-4) (4) (Scheme 1).
Additionally, we find that the treatment of 1′ with 1,4,7,10,
13,16-hexaoxacyclohexadecane (18-crown-6), N,N,N′,N′-tetra-
ethylethylenediamine (TEEDA), or N,N,N′,N″,N″-pentamethyl-
ethylenetriamine (PMDTA) in THF yields the new complexes
Ba(H3BNMe2BH3)2(18-crown-6) (5), Ba(H3BNMe2BH3)2-
(TEEDA) (6), and Ba(H3BNMe2BH3)2(PMDTA) (7), respec-
tively. Adducts of this type can also be made directly from
BaBr2; thus, the reaction of BaBr2 with 2 equiv of Na-
(H3BNMe2BH3) in bis(2-methoxyethyl) ether (diglyme) yields
Ba(H3BNMe2BH3)2(diglyme)2 (8). Interestingly, the treatment
of 1′ with 1,4,7,10,13-pentaoxacyclopentadecane (15-crown-5)
affords the diadduct [Ba(15-crown-5)2][H3BNMe2BH3]2 (9),
even if only 1 equiv of 15-crown-5 is added per barium.
Complexes 2−9 retain their coordinated bases even when

exposed to a dynamic vacuum over extended periods at room
temperature. Recrystallization of 4 and 5 from THF affords the
related compounds Ba(H3BNMe2BH3)2(12-crown-4)(THF)·THF
(4′) and Ba(H3BNMe2BH3)2(18-crown-6)·2THF (5′). Finally,
the reaction of BaBr2 with Na(H3BNMe2BH3) in THF, followed
by the addition of 12-crown-4, gives a clear solution from which
the unusual salt [Na(12-crown-4)2][Ba(H3BNMe2BH3)3(THF)2]
(10) can be isolated.

Molecular Structures. The molecular structures of the
new barium complexes 1−3, 4′, 5′, and 6−10 were determined
by single-crystal X-ray diffraction. In the following discussions
of the structures, we will adopt two strategies. First, we will
describe the coordination polyhedron as if each BH3 group
interacting with the barium center occupies one coordination
site. Second, we will give the actual coordination number, in
which each B−H−M bridging unit occupies one coordination
site. In general, we will not attempt to describe the coor-
dination polyhedron that corresponds with this second view, in
part because the exact locations of the hydrogen atoms are
subject to some uncertainty but also because describing polyhedra

Scheme 1
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with 11 or more vertices is often problematic, especially if the
symmetry is low.
In the Et2O adduct 1, each barium atom resides on a 2-fold

axis and is coordinated to two chelating [H3BNMe2BH3]
−

(DMADB) ligands and to two diethyl ether molecules. In
addition, each barium center is coordinated to two BH3 groups
from DMADB ligands on adjacent barium centers. Owing to
the latter bridging interactions, the Ba(H3BNMe2BH3)2(Et2O)2
units are linked into a polymeric chain (Figure 1). The boron

and oxygen atoms describe a distorted bicapped trigonal prism
around each barium center, in which the two bridging boron
atoms cap two of the square faces. Boron atoms B(1), B(2),
and O(1A) define one of the distorted triangular faces of the
inner trigonal prism, and their 2-fold related counterparts B(1A),
B(2A), and O(1) define the other.
The Ba···B distances to the chelating DMADB ligands in 1

are 3.216(6) and 3.265(6) Å; in contrast, the Ba···B distances
to the BH3 groups from neighboring centers in the chain are
much longer at 3.477(5) Å (Tables 1 and 2). The location of
the hydrogen atoms provides an explanation of this difference.
The shorter Ba···B contacts (to the BH3 groups of the chelating
DMADB ligands) are each κ2H interactions, whereas the longer
Ba···B contacts (to the BH3 groups of DMADB ligands that

chelate to neighboring barium centers) are κ1H interactions.
The two BH3 groups within each DMADB ligand are different:
one of the BH3 groups interacts with only one barium center,
whereas the other interacts with two. In all, the barium centers
in 1 are 12-coordinate and are bound to 10 hydrogen atoms
and 2 oxygen atoms.
The Ba···B distances are consistent with those seen in other

barium borohydride complexes. For example, in Ba(BH3R)2-
(L)x complexes (where R = H or PMe2[C(SiMe3)2] and L =
THF, diglyme, or 18-crown-6), the Ba···B distances to the
bound κ3H-BH3R groups range from 2.975(9) to 3.063(6)
Å.57,67 These comparisons show that the Ba···B distance
decreases by ∼0.2 Å as the denticity of the borohydride
group increases by one (i.e., from κ1H to κ2H or from κ2H to
κ3H). The Ba−O distances in the Ba(BH3R)2(L)x complexes,
which range from 2.707(3) to 2.895(4) Å, compare well with
those of 2.800(3) Å for the coordinated diethyl ether mole-
cules in 1.
The structure of the DME adduct 2 is also polymeric, and the

coordination geometry is very similar to that of 1 (Figure S1 in
the Supporting Information). The two oxygen atoms of the
coordinated DME molecule occupy the same coordination sites
that the two Et2O molecules occupy in 1. The chelating and
bridging Ba···B distances of 3.251(3)−3.271(3) and 3.412(3)−
3.461(3) Å, respectively, are similar to those in 1, as are the
Ba−O distances of 2.815(2) and 2.823(2) Å (Table 1).
The structure of the TMEDA adduct 3 is also similar except

that the bridging Ba···B distance of 3.512(3) Å is ∼0.05 Å
longer than those in 1 and 2, which can be attributed to the
increased steric bulk of the TMEDA ligand relative to Et2O
and DME (Figure S2 in the Supporting Information). As
seen in 1 and 2, the Ba···B(2) distance of 3.261(3) Å to the κ2H
BH3 groups that are both chelating and bridging to an adjacent
metal is ∼0.02 Å (i.e., negligibly) longer than the Ba···B(1)
distance of 3.237(3) Å to the κ2H BH3 groups that have no
bridging interaction (Table 1). The Ba−N distance to the
coordinated TMEDA molecule of 2.996(2) Å is ca. 0.2 Å longer
than the Ba−O distances observed in 1 and 2. This difference,
which is chemically significant and much larger than the 0.03 Å
difference in atomic radii between oxygen and nitrogen atoms,

Figure 1. Portion of the polymeric structure of 1. Ellipsoids are drawn
at the 35% probability level. The hydrogen atoms have been removed
for clarity; see the Supporting Information for a view of the structure
with hydrogen atoms on boron included.

Table 1. Selected Bond Distances (Å) for Barium (N,N-Dimethylamino)diboranates

1 (L =
Et2O)

2 (L =
DME)

3 (L =
TMEDA)

4′ (L = 12-
crown-4)

5′ (L = 18-
crown-6)

6 (L =
TEEDA)

7 (L =
PMDTA)

8 (L =
diglyme)

9 (L = 15-
crown-5)

10 (Na
salt)

Ba···B 3.216(6) 3.251(3) 3.237(3) 3.270(7) 3.354(16) 3.243(4) 3.158(7) 3.266(3) 3.255(5)
3.265(6) 3.252(3) 3.261(3) 3.399(7) 3.396(13) 3.255(5) 3.173(7) 3.280(3) 3.258(6)

3.260(3) 3.278(7) 3.458(14) 3.191(6) 3.262(9) 3.051(2) 3.260(5)
3.271(2) 3.316(8) 3.458(15) 3.173(6) 3.163(8) 3.237(5)

3.255(6)
3.291(6)

Ba···B′ 3.477(5) 3.412(3) 3.512(3) 3.324(5)
3.461(3)

Ba−O 2.800(3) 2.815(1) 2.854(4)a 2.789(3) 2.947(1) 2.813(3) 2.871(3)
2.823(1) 2.864(4) 2.792(3) 2.835(1) 2.815(3) 2.867(3)

2.904(4) 2.798(3) 2.970(1) 2.824(3)
2.922(4) 2.890(1) 2.891(3)
2.838(4) 2.954(1) 2.818(3)

2.827(1)
Ba−N 2.996(1) 2.970(0) 2.905(5)

2.947(4) 2.916(4)
2.884(4)

aBa−O bond to coordinated THF.
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most likely reflects the larger degree of steric crowding in 3
and the consequent lengthening of the Ba−N bond relative to
Ba−O.68
X-ray-quality crystals of the 12-crown-4 adduct 4 could not

be grown, but cooling concentrated solutions of 4 in THF yielded
4′, which has the stoichiometry Ba(H3BNMe2BH3)2(12-crown-4)-
(THF) and differs from 4 in that a molecule of THF has been
added to the coordination sphere of the barium atom. Unlike
the polymeric structures of 1−3, compound 4′ is a monomer.
If each BH3 group is considered to occupy one coor-
dination site, then the coordination geometry of the barium
center in 4′ is best described as a distorted capped square prism,
in which the THF molecule caps the square face formed
by atoms B(1), B(3), O(13), and O(14) (Figure 2). Boron

atoms B(2) and B(4), which are located closest to the 12-crown-4
molecule, form Ba···B distances of 3.399(7) and 3.316(8) Å that
are longer than the Ba(1)···B(1) and Ba(1)···B(3) distances,
which are 3.270(7) and 3.278(7) Å (Table 1). All of these entail
κ2H interactions, so that the overall coordination number of
the barium center is 13 (eight hydrogen atoms and five oxygen
atoms). The Ba−O distances to the THF and 12-crown-4 ligands
range from 2.838(4)−2.922(4) Å and are longer than those in 1
and 2, which may be attributed to the higher coordination
number of 13 in compound 4′ versus 12 in 1 and 2.
X-ray-quality crystals of the 18-crown-6 adduct 5′ were

grown from THF; 5′ differs from 5 in that it contains two
molecules of THF per formula unit, but these molecules are not
bound to the barium centers. If each BH3 group is considered
to occupy one coordination site, then the coordination environ-
ment about the barium center can be described as a hexagonal
bipyramid in which the two axial vertices of the bipyramid are
bifurcated; in this view, the four boron atoms are the bifurcated
vertices and the six oxygen atoms in the 18-crown-6 ring
describe the base of the pyramids (Figure 3). The Ba···B
distances, which range from 3.354(16) to 3.458(15) Å, are

significantly longer than those observed for any of the other
barium complexes in this paper. The long Ba···B distances in 5′
are evidence of a high degree of steric crowding. Indeed, the
coordination number of 14 (eight hydrogen atoms and six oxygen
atoms) is the largest of the complexes that we have made.
X-ray-quality crystals of the TEEDA compound 6 reveal that

each barium atom is bound to two κ2H-H3BNMe2BH3-κ
2H

ligands and one chelating TEEDA ligand (Figure 4). Each
barium center also forms a bond to a hydrogen atom on one of
the chelating aminodiboranate ligands on a neighboring barium
center, similar to the bridging interactions observed for 1−3.
The intermolecular bonding does not propagate beyond a
dimer, however, because of the steric effects of the ethyl groups
on TEEDA (compared to the smaller methyl groups on TMEDA
in 3). If each BH3 unit is considered to occupy one coordination
site (and the one bridging hydrogen atom is ignored), then the
structure can be thought of as a capped trigonal prism in which
B(1A) caps the face formed by B(3), B(1), and B(2). Overall, the
barium centers are 11-coordinate (nine hydrogen atoms and two
nitrogen atoms).
The PMDTA complex (7) is a monomer in which both

aminodiboranate ligands coordinate in a κ2H-H3BNMe2BH3-
κ2H fashion, and the PMDTA ligand binds by means of all
three of its nitrogen atoms (Figure 5). If each BH3 group is
considered to occupy one coordination site, then the geometry
about the barium center can be considered as a distorted
square-capped trigonal prism in which B(3) caps the face
formed by B(1), B(2), B(4), and N(3). Consistent with this
view, the Ba(1)···B(1), Ba(1)···B(2), and Ba(1)···B(4)
distances are 3.158(7)−3.173(7) Å, but the Ba(1)···B(3)
distance of 3.262(9) Å is distinctly longer. The Ba−N distances
to the PMDTA ligand are 2.884(4)−2.916(4) Å. Overall, the

Figure 2. Molecular structure of 4′. Ellipsoids are drawn at the 35%
probability level. The hydrogen atoms attached to carbon atoms have
been removed for clarity.

Figure 3. Molecular structure of 5′. Ellipsoids are drawn at the 35%
probability level. The THF molecules of solvation and the hydrogen
atoms attached to carbon atoms have been removed for clarity.
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barium atom is 11-coordinate, with eight hydrogen atoms and
three nitrogen atoms defining the inner coordination sphere.
For the bis(diglyme) adduct, 8, one of the DMADB ligands

chelates to the barium center in a typical κ2H-H3BNMe2BH3-
κ2H fashion, but the other DMADB ligand binds to the metal
by means of only one BH3 group in a κ3H fashion (Figure 6).
The two DMADB ligands are arranged trans with respect to
one another; the two diglyme molecules are approximately
coplanar and form an equatorial belt. The six equatorial oxygen
atoms and the three barium-bound boron atoms describe a
nine-coordinate polyhedron that has been given the plebeian
name of “the hula hoop”.69 The idealized hula hoop poly-
hedron, which has C2v symmetry, consists of a planar hexagonal
girdle capped on one side by a single vertex and on the other
side by a pair of vertices. In 9, the six oxygen atoms of the two
diglyme molecules are not exactly coplanar and deviate more or
less from the mean plane in order to accommodate the steric
demands of the chelating DMADB ligand. As a result, the

B−Ba−O angles to the κ3H-DMADB ligand of 79.58(5)−
88.74(5)° are all less than the ideal 90° angle (Table S8 in the
Supporting Information). A few other complexes have been de-
scribed that adopt a hula hoop geometry; the present complex,
however, is evidently the first to adopt it without the con-
straints of a cyclic hexadentate ligand. Overall, the barium atom
forms bonds with seven hydrogen atoms and six oxygen atoms,
so that the total coordination number is 13.
The Ba···B distances of 3.266(3) and 3.280(3) Å to the

chelating DMADB ligand in 8 are similar to those seen in 1−4.
In contrast, the Ba···B distance of 3.051(2) Å to the κ3H-DMADB

Figure 4. Molecular structure of 6. Ellipsoids are drawn at the 35% probability level. The hydrogen atoms attached to carbon atoms have been
omitted for clarity.

Figure 5. Molecular structure of 7. Ellipsoids are drawn at the 35%
probability level, except for hydrogen atoms, which are represented by
arbitrarily sized spheres.

Figure 6. Molecular structure of 8. Ellipsoids are drawn at the 35%
probability level. The hydrogen atoms attached to carbon atoms have
been removed for clarity.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic2016879 | Inorg. Chem. 2012, 51, 6449−64596454



ligand in 8 is much shorter, as expected from the increased
denticity. This Ba···B distance is similar to those reported for
the Ba(BH3R)2(L)x complexes mentioned above, which also
contain metal-bound κ3H-BH3R groups.57,67 The Ba−O bond
distances, which range from 2.827(1) to 2.970(1) Å, are longer
than those observed for 1, 2, and 4′, probably owing to the
increased crowding around the metal because of the arrange-
ment of the six oxygen atoms within the same plane. Apart
from the chelating nature of one of the DMADB ligands, the
structure of 8 is similar to those of Ba(BH4)2(diglyme)2 and
Ba(BH4)2(18-crown-6).

57 In both of these complexes, the six
oxygen atoms from the two diglyme molecules and the 18-
crown-6 ligand describe a hexagonal bipyramid, in which the
two κ3H-BH4 groups occupy the axial positions.
The 15-crown-5 adduct 9 is similar to the diglyme compound

8 in that two molecules of this Lewis base are coordinated per
barium atom. The barium atom is sandwiched between the two
15-crown-5 ligands, with the 10 oxygen atoms describing a pen-
tagonal antiprism (Figure 7). Correspondingly, the DMADB
groups are counterions and do not coordinate directly to the
barium center; they are the first structurally characterized example
of [H3BNMe2BH3]

− anions free of any metal interactions. The
antiprism sandwich structure of the cation in 9 is identical with
that previously reported for the perchlorate salt [Ba(15-crown-
5)2][ClO4]2·2H2O.

70

Finally, compound 10 is an unusual complex salt in which
the crown ether groups bind exclusively to the sodium count-
ercations (Figure 8). If each BH3 unit is considered to occupy
one coordination site, then the coordination geometry about
the barium anion can best be thought of as a distorted trigonal
dodecahedron in which B(1), B(2), B(3), and B(4) make up
one of the trapezoids and B(5), B(6), O(1), and O(2) make up
the other. All three of the aminodiboranate ligands are bound
to barium in a κ2H-H3BNMe2BH3-κ

2H fashion. The THF
ligands are approximately trans with respect to one other with
a O(1)−Ba(1)−O(2) bond angle of 166.31(9)°. Despite the
relatively high coordination number of 14 (12 hydrogen atoms
and 2 oxygen atoms), the Ba···B bond distances are similar to
those observed for the other complexes, probably because more
of the 14 coordinating atoms are hydrogen.
NMR Spectra. The Ba(DMADB) complexes are insoluble

in noncoordinating solvents such benzene and toluene but are
soluble in THF and/or dimethyl sulfoxide (DMSO), which
were used to obtain the NMR data (Table 3). In THF-d8, the
1H NMR spectra of 1′, 2, 5′−8, and 10 are very similar. All
reveal a singlet for the NMe2 group of the DMADB ligand
between δ 2.21 and 2.25 and a broad 1:1:1:1 quartet (JBH
∼ 90 Hz) between δ 1.66 and 1.81 for the BH3 groups. The

11B
NMR spectra for 1′, 2, 5′−8, and 10 all contain a binomial

quartet (JBH ∼ 90 Hz) between δ −7.6 and −8.7; these re-
sonances are shifted slightly to lower field relative to Na-
(H3BNMe2BH3) (δ −10.1). A similar trend is observed upon
comparison of the chemical shifts of Ba(BH4)2(THF)2 (δ −31.4)
and NaBH4 (δ −42.2) in THF.57,62 In DMSO-d6, the

1H NMR
spectra of the TMEDA, 12-crown-4, and 15-crown-5 com-
plexes 3, 4, and 9, respectively, are similar to those described

Figure 7. Molecular structure of 9. Ellipsoids are drawn at the 35% probability level. The hydrogen atoms attached to carbon atoms have been
removed for clarity.

Figure 8. Molecular structure of the [Ba(H3BNMe2BH3)3(THF)2]
−

anion in 10. Ellipsoids are drawn at the 35% probability level. The
[Na(12-crown-4)2]

+ cation and the hydrogen atoms attached to
carbon atoms have been omitted for clarity.

Table 3. Selected NMR Chemical Shifts for Barium (N,N-
Dimethylamino)diboranatesa

cmpd Lewis base solvent 1H (NMe2)
1H (BH3)

11B

1′ Et2O THF-d8 2.23 1.81 (87) −7.6 (91)
2 DME THF-d8 2.23 1.80 (87) −7.6 (91)
3 TMEDA DMSO-d6 2.09 1.39 (91) −8.6 (92)
4 12-crown-4 DMSO-d6 2.10 1.39 (91) −8.6 (92)
5 18-crown-6 THF-d8 2.23 1.66 (91) −8.2 (91)b

6 teed THF-d8 2.24 1.80 (89) −7.8 (89)
7 PMDTA THF-d8 2.25 1.78 (91) −7.9 (91)
8 diglyme THF-d8 2.23 1.79 (87) −7.6 (91)
9 15-crown-5 DMSO-d6 2.09 1.25 (92) −8.8 (92)
10 THF THF-d8 2.21 1.66 (91) −8.7 (91)

aThe values in parentheses are measured JBH coupling constants in Hz.
bCollected in DMSO-d6.
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above: the spectra contain a singlet near δ 2.09 for the NMe2
resonance of the DMADB ligand and a 1:1:1:1 quartet at
either δ 1.39 (3 and 4) or δ 1.25 (9) for the BH3 groups.
The 11B NMR shifts are δ −8.6 for 3 and 4 and δ −8.8 for 9.
The three hydrogen atoms on each BH3 group are chemically
equivalent at this temperature because of rapid exchange on the
NMR time scale, as is typically observed for borohydride
complexes.71 The 1H NMR resonances due to the Lewis bases
closely match the reported values for the free ligands, which
may indicate that they are displaced from the metal in solution
by these donor solvents.72,73

If the structures of these barium complexes are similar to
those observed in the solid state (see above), then several
different environments for the BH3 and NR2 groups should be
seen in the 1H NMR spectra; similarly, several of the functional
groups in the donor ligands should be diastereotopic. In con-
trast, the 1H NMR spectra show only one environment for each
of these functional groups. We conclude that the complexes
must be dynamic on the NMR time scale in solution. We made
no attempt to record spectra below room temperature.
IR and Mass Spectra. Typically, the IR spectra of

DMADB complexes exhibit two groups of B−H stretching
bands, one for terminal B−H groups at higher frequency and
the other for bridging B−H groups at lower frequency. For
example, the terminal B−H and bridging B−H−M stretching
frequencies in Mg(H3BNMe2BH3)2 are 2449 and 2195 cm−1,
respectively, a separation of 254 cm−1.64 Similarly, large fre-
quency differences between the terminal and bridging bands are
observed in the spectra of many transition-metal,74 lanthanide,66

and actinide DMADB complexes,75,76 most of which exhibit
properties of “covalent” borohydride complexes: high volatility
and solubility in nonpolar solvents.77 In contrast, ionic
DMADB complexes exhibit only small separations between
the two sets of B−H stretches: in Na(H3BNMe2BH3), for
example, the separation is only 68 cm−1.62 These two peaks
have been assigned to the symmetric and asymmetric stretching
modes of the BH3 group rather than to terminal and bridging
B−H stretches.62 The IR spectra of 1−10 closely resemble that
of Na(H3BNMe2BH3). In all cases, the two sets of B−H
stretching bands are separated by less than 101 cm−1 and
generally are 50−80 cm−1. This finding suggests that the M−H−
B bonding is relatively weak and ionic in all of the barium
complexes.
Field-desorption mass spectra (FD-MS) of the TMEDA

compound 3 and the diglyme compound 8 at high emitter
currents show a peak envelope at m/z 491 corresponding to
Ba2(H3BNMe2BH3)3

+. A peak at m/z 210 corresponding to
Ba(H3BNMe2BH3)

+ was also observed in the spectrum of 8.
No barium-containing ions were seen in the FD-MS or field-
ionization mass spectra of any of the other complexes.
Melting Points and Volatility Studies. The diglyme

adduct 8 melts sharply at 102 °C, whereas compounds 1−7, 9,
and 10 do not melt even at temperatures as high as 215 °C.
Most of the compounds exhibit signs of decomposition during
these studies. For example, heating 1′ and 2 results in the de-
position of colorless crystals on the cooler parts of the melting
point capillaries. The crystals almost certainly consist of the
aminoborane (H2BNMe2)2, which as we have shown in other
studies is the principal thermolysis product of metal complexes
containing the DMADB ligand.76 Despite the high volatility of
magnesium, transition-metal, and lanthanide (dimethylamino)-
diboranate compounds, none of the barium complexes is
appreciably volatile up to 200 °C at 10−2 Torr.64,66,74

■ DISCUSSION

To be useful for CVD of conformal thin films on advanced
architectures, metal-containing precursors should be highly
volatile.12 To achieve this goal, the ligands must be sufficiently
large to saturate (or nearly saturate) the coordination sphere of
the metal atom, and to prevent the formation of nonvolatile
polymers. In addition, the ligands must be thermally robust and
sufficiently strongly bound to the metal so that the complexes
sublime rather than decompose when heated. However, the
ligands must also be bound weakly enough that they dis-
sociate in the deposition zone. The present results show that,
even though the (N,N-dimethylamino)diboranate ligand
satisfies all of these criteria for many metals in the periodic
table, it does not do so for barium.
The first shortcoming is that the DMADB ligand is not large

enough to saturate the coordination sphere of the Ba2+ ion.
Even when the barium (DMADB) complexes are provided with
Et2O, DME, and TMEDA ligands as ancillary Lewis bases, the
resulting heteroleptic complexes are still polymeric. We have,
however, been able to obtain a dimeric complex with the some-
what more sterically demanding ligand TEEDA and monomeric
complexes with the assistance of multidentate Lewis bases such
as 12-crown-4, 18-crown-6, diglyme, and PMDTA. Interestingly,
in the diglyme complex 8, the steric demands of the chelating
ether ligands force one of the DMADB ligands to bind to
barium through only one of its BH3 groups rather than to both.
This result demonstrates that care must be taken in the choice
of an ancillary Lewis base. If the Lewis base is too strongly
coordinating or too sterically demanding, it can displace coor-
dinated BH3 groups or yield salts with charge-separated DMADB
anions. An extreme example of this phenomenon is observed in
the structure of the 15-crown-5 complex 9, in which the barium
center is ligated exclusively by two crown ether molecules,
[Ba(15-crown-5)2]

2+, and the [H3BNMe2BH3]
− groups are charge-

separated counterions.
The second shortcoming of the DMADB group is that the

Ba−H−B bonding in barium (DMADB) complexes is weak
and probably highly ionic. This conclusion is drawn from
the properties of the barium complexes, which are more similar
to those of Na(H3BNMe2BH3) than to those of the group 2
congener Mg(H3BNMe2BH3)2. For comparison, Mg-
(H3BNMe2BH3)2 is highly soluble in nonpolar solvents
(benzene and toluene), has a low melting point, and is highly
volatile, whereas the barium complexes and Na(H3BNMe2BH3)
possess none of these properties. Furthermore, the weakness of
the metal−ligand bonding in barium (DMADB) complexes is
evident in the small frequency separation between the terminal
and bridging B−H stretches in the IR spectra, which are similar
to those seen for the sodium salt and much smaller than those
observed in the magnesium analogue.
Despite the fact that these barium (DMADB) complexes are

not particularly volatile, the reaction chemistry of the DMADB
ligand remains well poised for the deposition of barium
oxide films, as was previously established with lanthanide and
magnesium DMADB complexes.65,66,74 CVD techniques such
as aerosol-assisted CVD (AA-CVD) have been designed to
overcome the limitations of precursors with low volatility so that
favorable reaction chemistry can be exploited in CVD
processes.78 Although techniques such as AA-CVD are not
well suited for depositing conformal films on substrates with
advanced architectures, they may be useful for depositing
barium-containing films from the reported DMADB precursors
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on relatively flat substrates. At present, we are exploring this
possibility and continuing to search for highly volatile barium
precursors that possess useful reaction chemistry to address
these long-standing problems in the CVD of barium-containing
films.

■ EXPERIMENTAL SECTION
All operations were carried out in a vacuum or under argon using
standard Schlenk techniques. All glassware was dried in an oven at 150 °C,
assembled hot, and allowed to cool under vacuum before use.
Tetrahydrofuran (THF), 1,2-dimethoxyethane (DME), diethyl ether
(Et2O), and pentane were distilled under nitrogen from sodium/
benzophenone and degassed with argon immediately before use.
Bis(2-methoxyethyl) ether (diglyme) and N,N,N′,N′-tetramethyle-
thylenediamine (TMEDA) were purchased from Aldrich and distilled
from sodium under argon. The crown ethers 12-crown-4 (Avocado
Research), and 15-crown-5 (Aldrich) were dried over Linde 4A sieves
(Aldrich). Anhydrous BaBr2 (Strem), 18-crown-6 (Aldrich),
N,N,N′,N′-tetraethylethylenediamine (TEEDA; Aldrich), and
N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA; Aldrich) were
used as received. The salt Na(H3BNMe2BH3) was prepared by a
literature route.62,79

Elemental analyses were carried out by the University of Illinois
Microanalytical Laboratory. The IR spectra were recorded on a Nicolet
Impact 410 IR spectrometer as Nujol mulls between KBr plates. The
NMR data were collected on a General Electric GN300WB instrument
at 7.00 T (11B), a Varian Unity 400 instrument at 9.4 T (1H and 11B),
or a Varian Unity-500 spectrometer at 11.75 T (1H). Chemical shifts
are reported in δ units (positive shifts to high frequency) relative to
SiMe4 (

1H) or BF3·Et2O (11B). Field-desorption (FD-MS) and field-
ionization (FI-MS) mass spectra were recorded on a Micromass
70-VSE mass spectrometer. The shapes of all peak envelopes
correspond with those calculated from the natural-abundance isotopic
distributions in the observed spectra. Melting points were determined
in closed capillaries under argon on a Thomas-Hoover Unimelt
apparatus.
Bis[(N,N-dimethylamino)diboranato]bis(diethyl ether)-

barium, Ba(H3BNMe2BH3)2-(Et2O)2 (1). To a suspension of BaBr2
(1.00 g, 3.37 mmol) and Na(H3BNMe2BH3) (0.638 g, 6.73 mmol) in
THF (1 mL) was added diethyl ether (30 mL) to give a white slurry.
As the reaction proceeded, the mixture became homogeneous. After
17 h, the solvent was removed under vacuum to afford a white residue.
The residue was extracted with diethyl ether (3 × 15 mL). The
extracts were filtered, and the filtrates were combined, concentrated to
ca. 20 mL, and cooled to −20 °C to yield white needles suitable for
X-ray diffraction. The crystals readily lose Et2O to form 1′, as described
below, and microanalytical data for the solvate could not be obtained.
Desolvation of Bis[(N,N-dimethylamino)diboranato]bis-

(diethyl ether)barium(II), Ba(H3BNMe2BH3)2 (1′). Crystals of 1
from the procedure above were left under dynamic vacuum at room
temperature for 12 h. Yield: 0.33 g (63%). Mp: >215 °C. Anal. Calcd
for Ba(H3BNMe2BH3)2(Et2O)0.45: C, 22.2; H, 9.14; N, 8.92. Found:
C, 22.1; H, 9.28; N, 8.62. 1H NMR (THF-d8, 20 °C): δ 1.81 (br
1:1:1:1 q, JBH = 87 Hz, BH3, 12 H), 2.23 (s, NMe2, 12 H). 11B NMR
(THF-d8, 20 °C): δ −7.6 (q, JBH = 91 Hz, BH3). IR (cm−1): 2398 sh,
2306 vs, 2246 vs, 2091 w, 1217 s, 1194 sh, 1176 s, 1150 s, 1103 w,
1030 s, 951 m, 910 m, 805 w, 413 w. In a similar experiment on a
different sample of 1, the desolvated product had a stoichiometry close
to Ba(H3BNMe2BH3)2(Et2O)0.30. Anal. Calcd: C, 20.6; H, 8.98; N,
9.24. Found: C, 20.8; H, 9.11; N, 9.32. Heating this same sample at
100 °C at 10−2 Torr for 24 h yields 1′, which contains less than 0.1
equiv of diethyl ether per formula unit. Anal. Calcd: C, 17.6; H, 8.67;
N, 9.87. Found: C, 17.6; H, 8.41; N, 9.66.
Bis[(N,N-dimethylamino)diboranato](1,2-dimethoxyethane)-

barium(II), Ba(H3BNMe2BH3)2(DME) (2). To a solution of 1′ (0.073 g,
0.23 mmol) in diethyl ether (10 mL) was added DME (10 mL). The
solution was evaporated to dryness under vacuum to yield a white
solid. Yield: 0.075 g (88%). Crystals of 2 suitable for diffraction studies
can be grown by cooling saturated Et2O solutions to −20 °C. Mp:

>215 °C. Anal. Calcd for C8H34B4N2O2Ba: C, 25.9; H, 9.24; N, 7.55.
Found: C, 26.3; H, 9.59; N, 7.11. 1H NMR (THF-d8, 20 °C): δ 1.80
(br 1:1:1:1 q, JBH = 87 Hz, BH3, 12 H), 2.23 (s, NMe2, 12 H), 3.27 (s,
OMe, 6 H), 3.43 (s, OCH2, 4 H).

11B NMR (THF-d8, 20 °C): δ −7.6
(q, JBH = 91 Hz, BH3). IR (cm−1): 2309 vs, 2287 sh, 2242 s, 1192 m,
1176 s, 1150 s, 1119 w, 1100 w, 1071 s, 1027 s, 948 m, 907 m, 859 m,
837 w, 805 m.

Bis[(N,N-dimethylamino)diboranato](N,N,N′,N′-tetramethyl-
ethylenediamine)barium(II), Ba(H3BNMe2BH3)2(TMEDA) (3). To
a solution of 1′ (0.16 g, 0.51 mmol) in diethyl ether (30 mL) was
added TMEDA (0.25 mL, 1.7 mmol). A thick white precipitate formed
immediately. The mixture was stirred overnight, and then the solid was
collected by filtration, washed with pentane (3 × 20 mL), and dried
under vacuum to yield a white powder. Yield: 0.19 g (94%). Crystals of
3 suitable for diffraction studies can be grown by cooling saturated
solutions in Et2O to −20 °C. Mp: >215 °C. Anal. Calcd for C10H40-
B4N4Ba: C, 30.3; H, 10.2; N, 14.1. Found: C, 30.3; H, 10.8; N, 13.6.
1H NMR (DMSO-d6, 20 °C): δ 1.39 (1:1:1:1 q, JBH = 91 Hz, BH3,
12 H), 2.09 (br s, DMADB NMe2, 12 H), 2.11 (s, TMEDA NMe2,
6 H), 2.27 (s, NCH2, 4 H). 11B NMR (DMSO-d6, 20 °C): δ −8.6
(q, JBH = 92 Hz, BH3). MS (FD) [fragment ion, relative abundance]:
m/z 491 [Ba2(H3BNMe2BH3)3

+, 100]. IR (cm−1): 2794 m, 2778 m,
2379 m, 2309 vs, 2283 vs, 2255 s, 2243 vs, 2090 w, 1293 m, 1245 w,
1213 s, 1192 w, 1176 s, 1154 vs, 1128 m, 1078 w, 1027 s, 954 m,
942 m, 919 w, 908 w, 808 m, 786 m, 697 w, 574 w, 438 w, 413 w.

Bis[(N,N-dimethylamino)diboranato](12-crown-4)barium(II),
Ba(H3BNMe2BH3)2(12-crown-4) (4). To a solution of 1′ (0.10 g,
0.32 mmol) in diethyl ether (25 mL) was added 12-crown-4 (70 μL,
0.43 mmol). A thick white precipitate formed immediately. The
mixture was stirred overnight, and then the solid was collected by
filtration, washed with pentane (3 × 20 mL), and dried under vacuum
to yield a white powder. Yield: 0.14 g (96%). Mp: >215 °C. Anal.
Calcd for C12H40B4N2O4Ba: C, 31.5; H, 8.82; N, 6.13. Found: C, 31.6;
H, 9.00; N, 5.67. 1H NMR (DMSO-d6, 20 °C): δ 1.39 (1:1:1:1 q, JBH =
91 Hz, BH3, 12 H), 2.10 (br s, NMe2, 12 H), 3.56 (s, OCH2, 16 H).
11B NMR (DMSO-d6, 20 °C): δ −8.6 (q, JBH = 92 Hz, BH3). IR
(cm−1): 2394 w, 2340 w, 2303 vs, 2249 s, 1305 w, 1290 w, 1248 w,
1216 m, 1205 m, 1177 s, 1149 s, 1133 m, 1086 s, 1018 vs, 933 w, 921
m, 904 w, 852 s, 800 w, 561 w, 548 w.

Bis[(N ,N -dimethylamino)diboranato](12-crown-4)-
(tetrahydrofuran)barium(II)·tetrahydrofuran, Ba(H3BNMe2BH3)2-
(12-crown-4)(THF)·THF (4′). Cooling saturated solutions of 4 in
THF to −20 °C produced crystals of the solvate 4′ suitable for diffrac-
tion studies. The crystals readily desolvated to form 4, and microana-
lytical data for 4′ could not be obtained.

Bis[(N,N-dimethylamino)diboranato](18-crown-6)barium(II),
Ba(H3BNMe2BH3)2(18-crown-6) (5). To a solution of 1′ (0.13 g,
0.48 mmol) in THF (30 mL) was added 18-crown-6 (0.13 g, 0.48
mmol) to yield a clear colorless solution. After 12 h, the solution was
concentrated to ca. 15 mL and cooled to −20 °C to afford colorless
platelets. The platelets were collected by filtration, washed with
pentane (3 × 5 mL), and evaporated to dryness under vacuum to yield
a free-flowing white solid. Yield: 0.047 g (18%). Mp: >215 °C. Anal.
Calcd for C16H48B4N2O6Ba: C, 35.2; H, 8.87; N, 5.14. Found: C, 35.0;
H, 8.65; N, 5.17. 1H NMR (THF-d8, 20 °C): δ 1.66 (1:1:1:1 q, JBH =
91 Hz, BH3, 12 H), 2.23 (s, NMe2, 12 H), 3.78 (s, OCH2, 24 H). 11B
NMR (DMSO-d6, 20 °C): δ −8.2 (q, JBH = 91 Hz, BH3). IR (cm−1):
2366 m, 2285 s, 2233 m, 2182 m, 2084 w, 2065 w, 1378 s, 1349 m,
1286 m, 1246 w, 1200 m, 1175 m, 1149 m, 1088 s, 1046 w, 1013 m,
962 m, 924 m, 904 w, 834 m, 797 w, 723 w.

Bis[(N,N-dimethamino)diboranato](18-crown-6)barium-
(II)·bis(tetrahydofuran), Ba(H3BNMe2BH3)2(18-crown-6)·2THF
(5′). Cooling a saturated solution of 5 in THF to −20 °C afforded
colorless platelets of the solvate 5′ suitable for X-ray diffraction studies.
The crystals readily desolvated to form 5, and microanalytical data for
5′ could not be obtained.

Bis[(N,N-dimethylamino)diboranato](N,N,N′,N′-tetraethylethyl-
enediamine)barium, Ba(H3BNMe2BH3)2(TEEDA) (6). To a solution
of 1′ (0.092 g, 0.30 mmol) in THF (10 mL) was added TEEDA
(0.21 mL, 0.98 mmol). After 17 h, the clear colorless solution was
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filtered, concentrated to ca. 10 mL, and cooled to −20 °C to afford
large colorless blocks. Yield: 0.071 g (48%). Anal. Calcd for C14H48-
N2B4Ba: C, 37.1; H, 10.7; N, 12.4. Found: C, 36.9; H, 10.8; N, 12.3.
1H NMR (THF-d8): δ 1.12 (t, JHH = 7.0 Hz, β-Et, 12 H), 1.80 (1:1:1:1
q, JBH = 89 Hz, BH3, 12 H), 2.24 (s, NMe2, 12 H), 2.84 (s, NCH2CH2,
4 H), 3.38 (q, JHH = 7.0 Hz, α-Et, 8 H). 11B NMR (THF-d8): δ −7.8
(q, JBH = 89 Hz). IR (cm−1): 2423 sh, 2392 w, 2308 vs, 2257 s, 2239
sh, 2119 w, 2103 w, 2082 w, 2064 w, 1374 s, 1349 m, 1314 w, 1245 w,
1211 s, 1174 s, 1147 s, 1101 w, 1088 m, 1052 m, 1029 m, 1013 m,
990 w, 954 m, 926 m, 908 m, 813 m, 795 m, 740 w, 724 w, 563 w,
549 w, 526 w.
Bis[(N,N-dimethylamino)diboranato](N,N,N′,N″,N″-pentame-

thyldiethylenetriamine)barium, Ba(H3BNMe2BH3)2(PMDTA)
(7). To a solution of 1′ (0.50, 1.6 mmol) in THF (20 mL) was added
N,N,N′,N″,N″-pentamethyldiethylenetriamine (1.1 mL, 5.4 mmol). After
17 h, the clear colorless solution was filtered, concentrated to ca. 20 mL,
and cooled to −20 °C to afford large colorless prisms. Yield: 0.16 g
(20%). Anal. Calcd for C13H47N5B4Ba: C, 34.4; H, 10.4; N, 15.4.
Found: C, 34.7; H, 10.8; N, 15.6. 1H NMR (THF-d8): δ 1.78 (1:1:1:1
q, JBH = 91 Hz, BH3, 12 H), 2.18 (s, NMe2, 12 H), 2.24 (s, NMe, 3 H),
2.25 (s, NMe2, 12 H), 2.39 (m, NCH2, 8 H). 11B NMR (THF-d8): δ
−7.9 (q, JBH = 91 Hz). IR (cm−1): 2393 m, 2300 s, 2272 s, 2246 s,
1352 w, 1310 w, 1297 w, 1246 m, 1216 s, 1176 s, 1148 m, 1104 m,
1104 w, 1081 w, 1016 s, 967 w, 930 m, 901 w, 789 w, 773 w.
Bis[(N,N-dimethylamino)diboranato]bis[bis(2-methoxyeth-

yl) ether]barium(II), Ba(H3BNMe2BH3)2(diglyme)2 (8). To BaBr2
(0.50 g, 1.7 mmol) and Na(H3BNMe2BH3) (0.32 g, 3.4 mmol) was
added bis(2-methoxyethyl) ether (50 mL). After the cloudy mixture
had been stirred for 20 h, the solvent was removed by distillation
under vacuum to afford a white residue. The residue was extracted
with diethyl ether (2 × 30 mL), the extracts were filtered, and the
filtrates were combined, concentrated to ca. 55 mL, and cooled to −20 °C
to yield 0.21 g of white crystals. The mother liquor was concentrated
to 10 mL and cooled to −20 °C to yield an additional 0.10 g of white
needles. Yield: 0.31 g (34%). Mp: 102 °C. Anal. Calcd for C16H52-
B4N2O6Ba: C, 35.0; H, 9.54; N, 5.10. Found: C, 34.7; H, 9.89; N, 5.06.
1H NMR (THF-d8, 20 °C): δ 1.79 (br 1:1:1:1 q, JBH = 87 Hz, BH3,
12 H), 2.23 (s, NMe2, 12 H), 3.29 (s, OMe, 12 H), 3.46 (m, OCH2,
8 H), 3.55 (m, OCH2, 8 H). 11B NMR (THF-d8, 20 °C): δ −7.6
(q, JBH = 91 Hz, BH3). MS(FD) [fragment ion, relative abundance]:
m/z 210 [Ba(H3BNMe2BH3)

+, 100], 491 [Ba2(H3BNMe2BH3)3
+, 70].

IR (cm−1): 2340 sh, 2290 vs, 2236 s, 2186 sh, 2069 m, 1353 m, 1302 w,
1258 m, 1203 s, 1174 s, 1150 vs, 1135 s, 1102 s, 1083 s, 1071 s, 1061 s,
1015 s, 995 m, 942 sh, 925 m, 904 w, 873 sh, 863 s, 830 w, 799 m, 685 w,
529 w, 457 w, 413 w.
Bis[(N,N-dimethylamino)diboranato]bis(15-crown-5)-

barium(II), [Ba(15-crown-5)2][H3BNMe2BH3]2 (9). To a solution
of 1′ (0.30 g, 1.1 mmol) in THF (30 mL) was added 15-crown-5
(0.28 mL, 1.4 mmol). A white precipitate formed immediately. After
2 h, the solid was collected by filtration and washed with cold THF
(5 mL) and pentane (2 × 10 mL) to yield a flocculent white powder.
Extracting the solid with hot THF (ca. 20 mL) at 60 °C followed by
slow cooling of the filtrate to room temperature afforded colorless
platelets. Yield: 0.25 g (94%). Mp: >215 °C. Anal. Calcd for
C24H64B4N2O5Ba: C, 40.0; H, 8.94; N, 3.88. Found: C, 39.6; H, 8.86
N, 3.83. 1H NMR (DMSO-d6, 20 °C): δ 1.25 (1:1:1:1 q, JBH = 92 Hz,
BH3, 12 H), 2.09 (br s, NMe2, 12 H), 3.54 (s, OCH2, 40 H).

11B NMR
(DMSO-d6, 20 °C): δ −8.8 (q, JBH = 92 Hz, BH3). IR (cm−1): 2338 m,
2297 s, 2266 s, 2197 m, 2168 sh, 2050 w, 1375 s, 1301 m, 1255 m,
1179 s, 1155 m, 1116 s, 1078 m, 1008 m, 946 m, 914 m, 857 m, 722 m.
Bis(12-crown-4)sodium Tris[(N ,N-dimethylamino)-

diboranato]bis(tetrahydrofuran)borate, [Na(12-crown-4)2][Ba-
(H3BNMe2BH3)3(THF)2] (10). To a suspension of BaBr2 (0.17 g, 0.61
mmol) and Na(H3BNMe2BH3) (0.12 g, 1.2 mmol) in THF (1 mL)
was added diethyl ether (30 mL). After 17 h, the white slurry was
filtered and the filtrate was taken to dryness in a vacuum. The white
solid was dissolved in THF (25 mL) and treated with 12-crown-4
(0.099 mL, 0.61 mmol) to afford a clear colorless solution, which
turned cloudy after about 20 min. The mixture was filtered, and the
filtrate was concentrated to ca. 15 mL and cooled to −20 °C to afford

colorless prisms. Yield: 0.18 g (41%). Anal. Calcd for C30H84N3O10-
NaBa: C, 41.3; H, 9.71; N, 4.82. Found: C, 41.3; H, 9.87; N, 4.78. 1H
NMR (THF-d8): δ 1.66 (1:1:1:1 q, JBH = 91 Hz, BH3, 18 H), 1.76 (m,
β-THF, 8 H), 2.21 (s, NMe2, 18 H), 3.60 (m, α-THF, 8 H), 3.65 (s,
12-crown-4, 32 H). 11B NMR (THF-d8): δ −8.7 (q, JBH = 91 Hz). IR
(cm−1): 2391 m, 2351 w, 2291 vs, 2249 s, 2177 m, 1365 m, 1305 m,
1290 m, 1256 m, 1177 s, 1150 s, 1137 s, 1097 s, 1048 s, 1022 s, 919 s,
887 w, 850 m, 795 w, 554 m.
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