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ABSTRACT: The reaction of SrBr2 with 2 equiv of sodium N,N-dimethylaminodiboranate
(DMADB; Na(H3BNMe2BH3)) in Et2O at 0 °C followed by crystallization and drying under
vacuum gives the unsolvated strontium compound Sr(H3BNMe2BH3)2 (1). Before the vacuum-
drying step, the colorless crystals obtained by crystallization consist of the diethyl ether adduct
Sr(H3BNMe2BH3)2(Et2O)2 (2). If the reaction of SrBr2 with 2 equiv of Na(H3BNMe2BH3) is
carried out in the more strongly coordinating solvent thf, the solvate Sr(H3BNMe2BH3)2(thf)3 (3) is
obtained. Treating the thf adduct 3 with 1,2-dimethoxyethane (dme), bis(2-methoxyethyl) ether
(diglyme), or N,N,N′,N′-tetramethylethylenediamine (tmeda) in thf affords the new compounds
Sr(H3BNMe2BH3)2(dme)2 (4), Sr(H3BNMe2BH3)2(diglyme) (5), and Sr(H3BNMe2BH3)2(tmeda)
(6), respectively, in greater than 60% yields. Treatment of 3 with 2 equiv of the crown ether 12-
crown-4 affords the charge-separated salt [Sr(H3BNMe2BH3)(12-crown-4)2][H3BNMe2BH3] (7).
Crystal structures of all the Lewis base adducts are described. Compounds 2−6 all possess chelating
κ2-BH3NMe2BH3-κ

2 groups, in which two hydrogen atoms on each boron center are bound to
strontium. Compound 6 is dinuclear because each metal atom is also coordinated to one hydrogen
atom on a BH3NMe2BH3

− ligand that chelates to the neighboring metal center. Compound 7 possesses an unusual κ1-
BH3NMe2BH3

− group owing to the near-complete encapsulation of the Sr atom by two 12-crown-4 molecules; the other
BH3NMe2BH3

− anion is a charge-separated counterion. When they are heated, the diglyme and tmeda compounds 5 and 6 melt
without decomposition and can be sublimed readily under reduced pressure (1 Torr) at 120 °C. The diglyme and tmeda adducts are
some of the most volatile strontium compounds known and are promising candidates as CVD precursors for the growth of
strontium-containing thin films.

■ INTRODUCTION

Binary and higher oxides of the alkaline-earth (group 2) metals
have many technological uses, both as bulk materials and as thin
films. For example, strontium is a key component in advanced
materials such as high-temperature superconductors, dielectrics
and ferroelectrics, nonlinear optical materials, and colossal
magnetoresistive materials.1−4 Thin films of these materials can
generally be deposited by physical vapor deposition (PVD)
methods such as sputtering, but these methods have some
limitations.5−7 For example, PVD has difficulty coating or filling
deeply recessed features uniformly, which is one of the process
requirements in the fabrication of certain microelectronic circuit
elements such as interconnects and trench capacitors. This
drawback arises because PVD generates atomic species with
high sticking coefficients, which form a film as soon as they
encounter the surface, thus giving “line of sight” coatings.5,7

Chemical vapor deposition (CVD), on the other hand, can
provide uniform coatings even in recessed features with high
aspect ratios because the molecular precursors used in CVD can
undergo many adsorption/desorption events before they react
to form a film.8

Unfortunately, however, few volatile compounds for the
transport and deposition of the heavier alkaline earths are
known, in large part because they have a tendency to form
oligomeric (and thus nonvolatile) species as a result of their
large radii.9 Oligomerization can be prevented by employing
bulky anions to sterically saturate the metal center; alternatively,
Lewis bases can be employed to occupy coordination sites that
otherwise would be available for bridging interactions. One issue
is that unidentate Lewis bases tend to dissociate when a complex
is heated, thus converting the complex into a nonvolatile
form.10−13

For the heavier group 2 metals (Ca2+, Sr2+, and Ba2+), β-
diketonate complexes are the most commonly used source
compounds for the vapor deposition of oxide materials.14−22 For
the element strontium, among the most volatile β-diketonate
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complexes are Sr(mthd)2,
23 Sr(tfac)2,

24 and Sr(hfac)2,
24 as well

as the Lewis base adducts Sr(LNMe2)2,
25 Sr(thd)2(tetraglyme),26

Sr(thd)2(triglyme),27 and Sr(tdfnd)2·H2O,
28 and the hetero-

leptic alkoxide Sr(thd)(demamp),29 where mthd = 1-methoxy-
2,2,6,6-tetramethyl-3,5-heptanedionate, tfac = 1,1,1-trifluoro-
pentanedionate, hfac = 1,1,1,5,5,5-hexafluoropentanedionate,
LNMe2 = bis(2,2-dimethylhydrazino)-2,4-pentanedionate, thd =
2 ,2 ,6 ,6 - te t r amethy l -3 ,5 -hep taned iona te , td fnd =
1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-nonanedionate,
and demampH = {1-[2-(dimethylamino)ethyl]methylamino}-
2-methylpropan-2-ol. Other strontium complexes that can be
sublimed at reduced pressures include the strontocene
compounds Sr(η5-C5H5)2, Sr( iPr3C5H2)2, and Sr-
(tBuC5H4)2

30−32 and the pyrazolylborate and imidazolato
compounds Sr[HB(3,5-Me2pz)3]2

13 (pz = pyrazolyl) and
distrontium tetrakis(2-tert-butyl-4,5-di-tert-amylimidazolate).33

Even the most attractive strontiumCVD precursors, however,
tend to suffer from low volatilities and low thermal stabilities.
For example, heavier group 2 complexes bearing β-diketonate
ligands have vapor pressures that typically are less than 1 Torr at
200 °C,16 which leads to slow film deposition rates. In addition,
these precursors often give films with high levels of carbon
impurities.33,34 Similar issues are seen for many other classes of
precursors.35−37 In view of these issues, the synthesis of new
classes of volatile alkaline-earth compounds is of interest.
We have previously shown that magnesium and calcium

complexes of the chelating borohydride ligand N,N-dimethyl-
aminodiboranate (H3BNMe2BH3

−, DMADB) are highly
volatile38,39 and that they are useful CVD and ALD precursors
for the deposition of oxide thin films with H2O as a coreactant.40

In contrast, Ba(H3BNMe2BH3)2 and its adducts did not show
any appreciable volatility up to 200 °C at 10−2 Torr.41 Here we
report the synthesis and characterization of strontium
compounds bearing the N,N-dimethylaminodiboranate anion.
As we will show, several of these compounds can be sublimed
with high yields under relatively mild conditions and thus are
potentially useful as precursors for the CVD of strontium-
containing thin films.

■ RESULTS AND DISCUSSION

Synthesis of Sr(H3BNMe2BH3)2 and Its Adducts with
Lewis Bases. The reaction of SrBr2 with 2 equiv of sodium
N,N-dimethylaminodiboranate (Na(H3BNMe2BH3)) in Et2O
at 0 °C gives a white suspension that turns gray as the mixture is
warmed to room temperature. Concentration and cooling of the
filtrate to −20 °C affords colorless crystals, which were isolated
and dried under vacuum for 15 min at 20 °C. The material
isolated in this way, the solvent-free compound Sr-
(H3BNMe2BH3)2 (1), is insoluble in noncoordinating solvents.

+

→ +

SrBr 2Na(H BNMe BH )

Sr(H BNMe BH ) 2NaBr
1

2 3 2 3

3 2 3 2

Before they are dried under vacuum, the colorless crystals
obtained from the above reaction consist of the diethyl ether
adduct Sr(H3BNMe2BH3)2(Et2O)2 (2). If the reaction of SrBr2
with 2 equiv of Na(H3BNMe2BH3) is carried out in the more
strongly coordinating solvent thf, the solvate Sr-
(H3BNMe2BH3)2(thf)3 (3) is obtained. Unlike the diethyl
ether ligands in 2, the thf ligands in 3 are not readily removed
when the crystals are exposed to vacuum at room temperature.

+ + →
+

= =

= =

x

x

x

2

3

SrBr 2Na(H BNMe BH ) L Sr(H BNMe BH ) (L)
2NaBr

, L Et O, 2

, L thf, 3

x2 3 2 3 3 2 3 2

2

The synthesis of strontium N,N-dimethylaminodiboranate
(DMADB) complexes with other coordinated Lewis bases can
be achieved by treating the thf adduct 3 with either a
stoichiometric amount or an excess of the desired Lewis base.
Thus, adding 1,2-dimethoxyethane (dme), bis(2-methoxyethyl)
ether (diglyme), or N,N,N′,N′-tetramethylethylenediamine
(tmeda) to 3 in thf affords the new compounds Sr-
(H3BNMe2BH3)2(dme)2 (4), Sr(H3BNMe2BH3)2(diglyme)
(5), and Sr(H3BNMe2BH3)2(tmeda) (6), respectively, in
greater than 60% yields.

+ → +

= =
= =

= =

x

x

x

x

4

5

6

Sr(H BNMe BH ) (thf) L Sr(H BNMe BH ) (L) 3thf

, L dme, 2

, L diglyme, 1

, L tmeda, 1

x3 2 3 2 3 3 2 3 2

The diglyme compound can be isolated either by sublimation
or by crystallization. When it is sublimed, it has the
stoichiometry Sr(H3BNMe2BH3)2(diglyme) (5), but when it
is crystallized from thf, it has the stoichiometry Sr-
(H3BNMe2BH3)2(diglyme)(thf)0.5. As we will show below, the
additional thf molecules in this material, which we will call 5′, are
coordinated to strontium.
In contrast to the above compounds, which are all electrically

neutral coordination complexes, treatment of 3 with ca. 1.5
equiv of the crown ether 12-crown-4 in thf, followed by
recrystallization from hot thf, yields the charge-separated salt
[Sr(κ1-H3BNMe2BH3)(12-crown-4)2][H3BNMe2BH3] (7).
The 12-crown-4 molecule preferentially coordinates to
strontium in a 2:1 ratio: if 1 equiv of 12-crown-4 is added to
3, the same product, 7, is obtained but in smaller yield.

+ ‐ ‐

→ [ ‐ ‐ ][ ]

+

Sr(H BNMe BH ) (thf) 2(12 crown 4)

Sr(H BNMe BH )(12 crown 4) H BNMe BH

3thf
7

3 2 3 2 3

3 2 3 2 3 2 3

Structural Data for the New Sr(H3BNMe2BH3)2Lx
Compounds. Crystal data for all the new strontium DMADB
compounds are given in Table 1, and selected distances and
angles are given in Tables 2−8. For each molecule, the hydrogen
atoms attached to boron were found in the difference maps, and
their locations could be refined subject to light restraints. For
compounds 3 and 5, there are two molecules per asymmetric
unit; the discussion below will give averages for both molecules.
In the bis(diethyl ether) adduct 2, the four boron atoms and

two oxygen atoms in the Sr coordination sphere describe a
distorted octahedron in which the ether ligands occupymutually
cis sites (Figure 1). The three “trans” angles of B(2)−Sr(1)−
B(2)′ = 155.8° and B(1)−Sr(1)−O(1)′ = B(1)′−Sr(1)−O(1)
= 140.5(3)° are smaller than 180°, owing to the small bite angle
of the chelating DMADB groups. For the tris(thf) adduct 3, the
four boron atoms and three oxygen atoms in the Sr coordination
sphere of 3 describe a distorted pentagonal bipyramid, in which
oxygen atoms O(1) and O(3) occupy the axial sites (Figure 2).
If the four boron atoms in 3, along withO(2) and Sr(1), are used
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to define a mean plane, the largest displacement out of the plane
is only 0.18 Å.
The average cis O−Sr−O angle between the coordinated

ether ligands is 86.1° in 2 and 81.3° in 3; the average Sr−O
distances are 2.53 and 2.58 Å in 2 and 3, respectively. Each
DMADB ligand in 2 forms one Sr···B distance of 2.945(5) Å and
one slightly longer Sr···B distance of 2.970(5) Å; the
corresponding distances in 3 are 2.991(5)−3.008(5) and
3.020(5)−3.029(5) Å. Each boron atom is connected to the
strontium atom by means of two hydrogen bridges; the average
Sr−H distance is 2.50 and 2.61 Å in 2 and 3, respectively. The
total coordination number of the strontium center in 2 is 10 (2
oxygen atoms and 8 hydrogen atoms) and in 3 is 11 (3 oxygen
atoms and 8 hydrogen atoms). The higher coordination number
in 3 explains why the metal−ligand distances are slightly larger
and the interligand angles are slightly smaller in this complex.
In molecules of the bis(dme) adduct 4, the four boron atoms

and four oxygen atoms in the Sr coordination sphere describe a
distorted bicapped trigonal prism (Figure 3). The boron atoms
define the uncapped square face, and oxygen atoms O(1) and
O(4) occupy the other two vertices of the trigonal prismatic
core. Atoms O(2) and O(3) occupy the capping sites, so that
each dme ligand bridges between a vertex of the trigonal prism
and a capping site. An approximate 2-fold axis relates O(1) to
O(4), O(2) to O(3), B(1) to B(4), and B(2) to B(3). The
average O−Sr−O angle within each dme ligand of 63.65° is ca.
20° smaller than those in 2 and 3, due to the chelating nature of
the ligand. The average Sr−O distance of 2.59 Å to the oxygens
in the trigonal-prismatic sites are somewhat shorter than those of
2.67 Å to the oxygens in the capping sites.
Each DMADB ligand in 4 exhibits one shorter Sr···B distance

of 3.053(3)−3.078(3) Å and one longer Sr···B distance of
3.124(3)−3.131(3) Å; thus, in 4 the difference is ca. 0.06 Å
instead of 0.025 Å as seen for 2 and 3. These small differences
can be attributed to increased steric crowding caused by the
presence of four oxygen atoms in the coordination sphere
instead of two or three. As seen in 2 and 3, each boron atom in 4
is connected to the strontium atom by means of two hydrogen
bridges with an average Sr−H distance of 2.65 Å. The total
coordination number of the strontium atom in this complex is 12
(4 oxygen atoms and 8 hydrogen atoms).

Table 2. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(Et2O)2 (2)

a

Distances (Å)

Sr(1)−O(1A) 2.47(1) Sr(1)−B(2) 2.945(5)
Sr(1)−B(1) 2.970(5) Sr(1)−H (avg) 2.50

Angles (deg)

O(1A)−Sr(1)−O(1A)′ 85.1(6) B(1)−Sr(1)−B(1)′ 115.4(3)
O(1A)−Sr(1)−B(1) 90.9(4) B(1)−Sr(1)−B(2) 52.1(1)
O(1A)−Sr(1)−B(1)′ 140.5(3) B(1)−Sr(1)−B(2)′ 113.0(2)
O(1A)−Sr(1)−B(2) 106.4(3) B(2)−Sr(1)−B(2)′ 155.8(2)
O(1A)−Sr(1)−B(2)′ 91.5(3) B(1)−N(1)−B(2) 110.4(3)

aSymmetry transformations used to generate equivalent atoms: (′) −x
+ 1, y, −z + 1/2. The atoms in the major component of the
disordered diethyl ether ligands are designated with an A.

Table 3. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(thf)3 (3)

Distances (Å)

Sr(1)−O(1) 2.607(3) Sr(1)−B(2) 3.020(5)
Sr(1)−O(2) 2.560(3) Sr(1)−B(3) 2.991(5)
Sr(1)−O(3) 2.593(3) Sr(1)−B(4) 3.029(5)
Sr(1)−B(1) 3.008(5) Sr(1)−H (avg) 2.61

Angles (deg)

O(1)−Sr(1)−O(2) 80.14(9) O(3)−Sr(1)−B(1) 94.20(13)
O(1)−Sr(1)−O(3) 159.82(10) O(3)−Sr(1)−B(2) 91.76(12)
O(1)−Sr(1)−B(1) 98.78(13) O(3)−Sr(1)−B(3) 100.11(13)
O(1)−Sr(1)−B(2) 84.33(12) O(3)−Sr(1)−B(4) 93.36(12)
O(1)−Sr(1)−B(3) 95.70(12) B(1)−Sr(1)−B(2) 51.77(14)
O(1)−Sr(1)−B(4) 86.70(11) B(1)−Sr(1)−B(3) 88.18(14)
O(2)−Sr(1)−O(3) 79.8(1) B(2)−Sr(1)−B(3) 139.10(14)
O(2)−Sr(1)−B(1) 136.26(12) B(2)−Sr(1)−B(4) 166.83(14)
O(2)−Sr(1)−B(2) 84.90(12) B(3)−Sr(1)−B(4) 51.49(13)
O(2)−Sr(1)−B(3) 135.56(11) B(1)−N(1)−B(2) 112.5(3)
O(2)−Sr(1)−B(4) 84.07(12) B(3)−N(2)−B(4) 111.8(3)

Table 4. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(dme)2 (4)

Distances (Å)

Sr(1)−O(1) 2.574(2) Sr(1)−B(1) 3.131(3)
Sr(1)−O(2) 2.659(2) Sr(1)−B(2) 3.078(3)
Sr(1)−O(3) 2.688(2) Sr(1)−B(3) 3.053(3)
Sr(1)−O(4) 2.606(2) Sr(1)−B(4) 3.124(3)
Sr(1)−H (avg) 2.65

Angles (deg)

O(1)−Sr(1)−O(2) 63.48(6) O(3)−Sr(1)−B(2) 146.69(7)
O(1)−Sr(1)−O(3) 71.69(5) O(3)−Sr(1)−B(3) 93.47(9)
O(1)−Sr(1)−O(4) 125.06(5) O(3)−Sr(1)−B(4) 82.22(7)
O(1)−Sr(1)−B(1) 83.74(7) O(4)−Sr(1)−B(1) 125.50(7)
O(1)−Sr(1)−B(2) 131.71(7) O(4)−Sr(1)−B(2) 83.04(7)
O(1)−Sr(1)−B(3) 83.98(8) O(4)−Sr(1)−B(3) 127.64(7)
O(1)−Sr(1)−B(4) 125.11(7) O(4)−Sr(1)−B(4) 79.56(6)
O(2)−Sr(1)−O(3) 74.49(5) B(1)−Sr(1)−B(2) 49.71(8)
O(2)−Sr(1)−O(4) 74.58(5) B(1)−Sr(1)−B(3) 97.2(1)
O(2)−Sr(1)−B(1) 82.77(9) B(1)−Sr(1)−B(4) 123.98(9)
O(2)−Sr(1)−B(2) 94.42(8) B(2)−Sr(1)−B(3) 110.5(1)
O(2)−Sr(1)−B(3) 147.34(8) B(2)−Sr(1)−B(4) 95.61(8)
O(2)−Sr(1)−B(4) 150.85(7) B(3)−Sr(1)−B(4) 49.72(8)
O(3)−Sr(1)−O(4) 63.82(5) B(1)−N(1)−B(2) 110.6(2)
O(3)−Sr(1)−B(1) 152.01(7) B(3)−N(2)−B(4) 110.1(2)

Table 5. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(diglyme) (5)

Distances (Å)

Sr(1)−O(2) 2.576(2) Sr(1)−B(2) 2.998(5)
Sr(1)−O(1) 2.611(2) Sr(1)−B(4) 3.020(4)
Sr(1)−O(3) 2.619(2) Sr(1)−B(3) 3.032(4)
Sr(1)−B(1) 2.986(5) Sr(1)−H (avg) 2.57

Angles (deg)

O(1)−Sr(1)−O(2) 63.58(7) O(3)−Sr(1)−B(2) 124.4(1)
O(1)−Sr(1)−O(3) 124.98(7) O(3)−Sr(1)−B(3) 125.62(9)
O(1)−Sr(1)−B(1) 100.1(1) O(3)−Sr(1)−B(4) 77.02(9)
O(1)−Sr(1)−B(2) 89.2(1) B(1)−Sr(1)−B(2) 51.7(1)
O(1)−Sr(1)−B(3) 85.68(9) B(1)−Sr(1)−B(3) 146.5(1)
O(1)−Sr(1)−B(4) 129.58(9) B(1)−Sr(1)−B(4) 130.1(1)
O(2)−Sr(1)−O(3) 63.29(6) B(2)−Sr(1)−B(3) 95.8(1)
O(2)−Sr(1)−B(1) 101.7(1) B(2)−Sr(1)−B(4) 116.3(1)
O(2)−Sr(1)−B(2) 139.6(1) B(3)−Sr(1)−B(4) 51.1(1)
O(2)−Sr(1)−B(3) 110.19(9) B(1)−N(1)−B(2) 111.6(3)
O(2)−Sr(1)−B(4) 104.1(1) B(3)−N(2)−B(4) 111.4(3)
O(3)−Sr(1)−B(1) 77.7(1)
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In the diglyme compound 5, the four boron atoms and three
oxygen atoms about the metal center describe a distorted
octahedron in which an extra vertex, B(4), has been inserted into
an edge (Figure 4). Thus, atoms O(1), O(2), O(3), and Sr(1)
are nearly coplanar (mean deviation 0.15 Å), and the same is
true for B(1), B(2), B(3), and Sr(1) (mean deviation 0.10 Å);
these atoms describe two sets of meridionally related vertices in
the distorted octahedron. Boron atom B(4) is inserted into the
B(3)−O(3) edge, so that atoms B(3), B(4), O(3), and Sr(1) are
also nearly coplanar (mean deviation 0.18 Å). The three “trans”
angles of the octahedral part of the polyhedron are O(1)−
Sr(1)−O(3) = 124.98(7)°, B(1)−Sr(1)−B(3) = 146.5(1)°, and
B(2)−Sr(1)−O(2) = 139.6(1)°. The arrangement of ligands in
5 differs from the pentagonal-bipyramidal geometry seen for the
tris(thf) adduct 3. The structure of 5 also differs from that of the
distorted-pentagonal-bipyramidal geometry seen for the analo-

Table 6. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(diglyme)(thf)0.5 (5′)

Distances (Å)

Sr(1)−O(1) 2.5997(19) Sr(2)−O(5) 2.577(2)
Sr(1)−O(2) 2.6222(2) Sr(2)−O(6) 2.5410(19)
Sr(1)−O(3) 2.5945(19) Sr(2)−O(7) 2.5943(2)
Sr(1)−O(4) 2.7199(19) Sr(2)−B(5) 3.014(4)
Sr(1)−B(1) 3.118(4) Sr(2)−B(6) 2.995(4)
Sr(1)−B(2) 3.160(4) Sr(2)−B(7) 3.002(4)
Sr(1)−B(3) 3.099(4) Sr(2)−B(8) 2.975(4)
Sr(1)−B(4) 3.058(4) Sr(2)−H (avg) 2.58(2)
Sr(1)−H (avg) 2.68(2)

Angles (deg)

O(1)−Sr(1)−O(2) 63.51(6) O(5)−Sr(2)−O(6) 63.95(7)
O(1)−Sr(1)−O(3) 125.67(7) O(5)−Sr(2)−O(7) 125.27(7)
O(1)−Sr(1)−O(4) 73.65(6) O(6)−Sr(2)−O(7) 64.33(7)
O(2)−Sr(1)−O(3) 64.10(7) O(5)−Sr(2)−B(5) 120.74(10)
O(2)−Sr(1)−O(4) 69.69(6) O(5)−Sr(2)−B(6) 80.79(9)
O(3)−Sr(1)−O(4) 75.92(6) O(5)−Sr(2)−B(7) 121.48(10)
O(1)−Sr(1)−B(1) 123.69(8) O(5)−Sr(2)−B(8) 81.01(11)
O(1)−Sr(1)−B(2) 76.17(8) O(6)−Sr(2)−B(5) 145.59(8)
O(1)−Sr(1)−B(3) 128.52(8) O(6)−Sr(2)−B(6) 100.33(8)
O(1)−Sr(1)−B(4) 87.48(8) O(6)−Sr(2)−B(7) 95.74(10)
O(2)−Sr(1)−B(1) 98.49(8) O(6)−Sr(2)−B(8) 106.42(12)
O(2)−Sr(1)−B(2) 87.63(7) O(7)−Sr(2)−B(5) 93.48(9)
O(2)−Sr(1)−B(3) 141.85(8) O(7)−Sr(2)−B(6) 91.89(9)
O(2)−Sr(1)−B(4) 148.58(9) O(7)−Sr(2)−B(7) 80.19(9)
O(3)−Sr(1)−B(1) 77.32(8) O(7)−Sr(2)−B(8) 130.5(1)
O(3)−Sr(1)−B(2) 114.86(8) B(5)−Sr(2)−B(6) 52.01(10)
O(3)−Sr(1)−B(3) 87.41(8) B(5)−Sr(2)−B(7) 106.46(12)
O(3)−Sr(1)−B(4) 137.30(8) B(5)−Sr(2)−B(8) 107.97(14)
O(4)−Sr(1)−B(1) 153.24(8) B(6)−Sr(2)−B(7) 156.90(11)
O(4)−Sr(1)−B(2) 148.04(7) B(6)−Sr(2)−B(8) 136.50(12)
O(4)−Sr(1)−B(3) 79.48(8) B(7)−Sr(2)−B(8) 51.36(12)
O(4)−Sr(1)−B(4) 91.63(9)
B(1)−Sr(1)−B(2) 48.88(9)
B(1)−Sr(1)−B(3) 99.29(10)
B(1)−Sr(1)−B(4) 108.16(10)
B(2)−Sr(1)−B(3) 128.91(9)
B(2)−Sr(1)−B(4) 97.35(9)
B(3)−Sr(1)−B(4) 49.96(9)

Table 7. Selected Distances and Angles for
Sr(BH3NMe2BH3)2(tmeda) (6)

Distances (Å)

Sr(1)−N(3) 2.693(2) Sr(1)−B(3) 3.014(3)
Sr(1)−N(4) 2.835(2) Sr(1)−B(4) 3.018(3)
Sr(1)−B(1) 3.018(3) Sr(1)−H (avg) 2.57
Sr(1)−B(2) 2.952(4) Sr(1)−H(33A) 2.67(2)

Angles (deg)

N(3)−Sr(1)−N(4) 67.48(7) B(1)−Sr(1)−B(2) 52.4(1)
N(3)−Sr(1)−B(1) 89.96(9) B(1)−Sr(1)−B(3) 138.9(1)
N(3)−Sr(1)−B(2) 139.92(9) B(1)−Sr(1)−B(4) 155.8(1)
N(3)−Sr(1)−B(3) 111.65(9) B(2)−Sr(1)−B(3) 106.8(1)
N(3)−Sr(1)−B(4) 106.75(9) B(2)−Sr(1)−B(4) 106.1(1)
N(4)−Sr(1)−B(1) 92.68(8) B(3)−Sr(1)−B(4) 50.61(9)
N(4)−Sr(1)−B(2) 97.7(1) B(1)−N(1)−B(2) 112.2(2)
N(4)−Sr(1)−B(3) 127.40(8) B(3)−N(2)−B(4) 109.3(2)
N(4)−Sr(1)−B(4) 78.32(8) B(3A)-H(33A)-Sr(1) 132.77

Table 8. Selected Distances and Angles for
[Sr(BH3NMe2BH3)(12-crown-4)2]-[BH3NMe2BH3] (7)

Distances (Å) .

Sr(1)−O(1) 2.637(2) N(1)−B(1) 1.571(4)
Sr(1)−O(2) 2.567(2) N(1)−B(2) 1.569(4)
Sr(1)−O(3) 2.598(2) N(1)−C(1) 1.474(3)
Sr(1)−O(4) 2.634(2) N(1)−C(2) 1.487(4)
Sr(1)−O(5) 2.666(2) N(2)−B(3) 1.603(3)
Sr(1)−O(6) 2.589(2) N(2)−B(4) 1.586(4)
Sr(1)−O(7) 2.668(2) N(2)−C(3) 1.469(3)
Sr(1)−O(8) 2.608(2) N(2)−C(4) 1.479(3)
Sr(1)−H(11) 2.69(5)

Angles (deg)

O(1)−Sr(1)−O(2) 64.19(6) O(5)−Sr(1)−O(6) 63.98(5)
O(1)−Sr(1)−O(4) 62.92(6) O(5)−Sr(1)−O(8) 62.73(5)
O(2)−Sr(1)−O(3) 62.43(5) O(6)−Sr(1)−O(7) 63.35(5)
O(3)−Sr(1)−O(4) 61.49(6) O(7)−Sr(1)−O(8) 62.62(5)
B(1)−N(1)−B(2) 114.5(2) B(3)−N(2)−B(4) 113.7(2)
Sr(1)−H(11)−B(1) 145.3(5)

Figure 1. Molecular structure of Sr(BH3NMe2BH3)2(Et2O)2 (2).
Ellipsoids are drawn at the 30% probability level, except for the
hydrogen atoms, which are represented as arbitrarily sized spheres.
Hydrogens attached to carbon and atoms in the minor component of
the disordered diethyl ether ligands have been omitted for clarity.
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gous calcium complex, in which the outer oxygen atoms of the
diglyme ligand occupy the two axial sites.39

The average Sr−O distance to the central oxygen atom in 5 is
2.579(2) Å, whereas those to the outer oxygen atoms are slightly
longer at 2.626(2) Å. The O−Sr−O angles between the central
and outer oxygens of the diglyme ligand are both ca. 63.10°. The
Sr···B distances in 5 lie in the range 2.956(4)−3.032(4) Å. As
before, each boron atom in 5 is connected to the strontium atom
by means of two hydrogen bridges with an average Sr−H
distance of 2.57 Å. The total coordination number is 11 (3
oxygen atoms and 8 hydrogen atoms).

The crystals of the diglyme complex described above were
obtained by sublimation. As discussed earlier, if this material is
crystallized from thf instead, crystals with the stoichiometry
Sr(H3BNMe2BH3)2(diglyme)(thf)0.5 (5′) are obtained. A
crystal structure analysis shows that these crystals consist of a
1:1 mixture of Sr(H3BNMe2BH3)2(diglyme)(thf) and Sr-
(H3BNMe2BH3)2(diglyme). The structure of the thf-free
molecule, centered on strontium atom Sr(2) in the crystal, is
essentially identical with that seen in crystals of 5. The structure
of the thf-ligated molecule, centered on strontium atom Sr(1),
will be discussed here. As expected from the higher coordination
number, the Sr−O and Sr···B distances in the thf-ligated
molecule are longer than those in 5 by about 0.02−0.03 Å. The
four oxygen atoms and four boron atoms attached to Sr(1)
describe a distorted bicapped trigonal prism in which the
trigonal-prismatic vertices are described by the four boron atoms
along with O(1) and O(3) (Figure 5). The small O(1)−Sr(1)−
O(2) and O(3)−Sr(1)−O(2) angles involving O(2) of the
diglyme ligand in 5′ are 63.53 and 64.10°, whereas the O(1)−
Sr(1)−O(4) and O(3)−Sr(1)−O(4) angles involving O(4) of
the thf ligand are 73.67 and 75.94°, respectively. The different
O−Sr−O angles involving the oxygen atoms O(2) and O(4) in
the capping sites can be explained by constraints due to the
chelating nature of diglyme.
Unsymmetrical binding of a DMADB ligand is also seen in the

mixed diglyme/thf adduct 5′: on average, the two Sr···B
distances within a single DMADB unit differ by 0.041 Å. This
value lies between those of the bis(Et2O) and tris(thf) adducts
and that of the bis(dme) adduct. In addition, the average Sr···B
distance is 3.08 Å for the DMADB unit that is nearest to the thf
ligand and 3.14 Å for the DMADB unit nearest to the diglyme
ligand. This difference is in agreement with the larger steric bulk
of diglyme in comparison to a single thf molecule. Complex 5′

Figure 2. Molecular structure of Sr(BH3NMe2BH3)2(thf)3 (3).
Ellipsoids are drawn at the 30% probability level, except for the
hydrogen atoms, which are represented as arbitrarily sized spheres.
Hydrogens attached to carbon have been omitted for clarity.

Figure 3. Molecular structure of Sr(BH3NMe2BH3)2(dme)2 (4).
Ellipsoids are drawn at the 30% probability level, except for the
hydrogen atoms, which are represented as arbitrarily sized spheres.
Hydrogens attached to carbon have been omitted for clarity.

Figure 4. Molecular structure of Sr(BH3NMe2BH3)2(diglyme) (5).
Ellipsoids are drawn at the 30% probability level, except for the
hydrogen atoms, which are represented as arbitrarily sized spheres.
Hydrogens attached to carbon have been omitted for clarity.
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has an average Sr−H distance of 2.69 Å and a total coordination
number of 12 (4 oxygen atoms and 8 hydrogen atoms).
Molecules of the tmeda compound 6 are dinuclear: eachmetal

center is bound to two chelating κ2-BH3NMe2BH3-κ
2 groups,

but each metal center is also coordinated to one hydrogen atom
on a BH3NMe2BH3

− ligand that chelates to the neighboring
metal center. The four boron atoms and the two nitrogen atoms
of the tmeda ligand describe a distorted octahedron about the Sr
center, but if the bridging hydrogen is included, then the overall
geometry is best described as a capped octahedron in which a
hydrogen atom bound to B(3) caps the face described by B(1),
B(3), and N(3) (Figure 6). The N−Sr−N angle of the tmeda
ligand is 67.48(7)°, and the average Sr−N distance is 2.76 Å.
Here, only one DMADB unit is bound unsymmetrically, Sr(1)···
B(1) = 3.018(3) Å and Sr(1)···B(2) = 2.952(4) Å, giving a
difference of 0.066 Å. The two Sr···B distances to the bridging
boron atom are very similar at 3.014(3) and 3.018(3) Å. The
average Sr−H distances are 2.57 and 2.67 Å to hydrogen atoms

that are involved in the chelating interaction and that bridge to
the other strontium atom, respectively. The total coordination
number of 6 is 11 (2 nitrogen atoms and 9 hydrogen atoms).
The two 12-crown-4 ligands in 7 almost completely

encapsulate the strontium atom and leave very little room in
the coordination sphere for additional ligands (Figure 7).

Specifically, one of the DMADB anions coordinates weakly in an
unusual κ1-BH3NMe2BH3

− fashion; the other DMADB anion is
completely displaced and forms a charge-separated counterion.
The Sr−O distances lie within a small range of 2.567(2)−
2.668(2) Å. The Sr−H distance to the κ1-DMADB group is
2.695 Å. The total coordination number of the Sr center in 7 is 9
(8 oxygen atoms and 1 hydrogen atom).

Comparison of Structural Properties. Compounds 2−6
all possess chelating κ2-BH3NMe2BH3-κ

2 groups in which two
hydrogen atoms on each boron center are bound to strontium.
The tmeda compound 6 is dinuclear because each metal atom is
also coordinated to one hydrogen atom on a BH3NMe2BH3

−

ligand that chelates to the neighboring metal center; evidently,
two DMADB anions and one tmeda ligand are not quite
sufficient to saturate the coordination sphere. Compound 7
possesses an unusual κ1-BH3NMe2BH3

− group because the
strontium atom is almost completely encapsulated by two 12-
crown-4 molecules; the other BH3NMe2BH3

− anion is a charge-
separated counterion. The Sr···H distances for the κ1-
BH3NMe2BH3

− groups in 6 and 7 are 2.67(2) and 2.69(5) Å.
All of the Sr···B distances for 2−6 lie within the range of

2.945(5)−3.131(3) Å. A plot of the Sr···B distance vs the Sr···
B−N angle clearly shows that the DMADB ligands in
compounds 2−6 all have similar metric parameters and all of
the BH3 groups are bound to Sr in a κ2 coordination mode
(Figure S1). The plot also shows that the tmeda and 12-crown-4
complexes contain some Sr−DMADB interactions that have
very different metric parameters and that are best described as
involving BH3 units bound in a κ1 fashion. For comparison,
known Sr···B distances are as follows: Sr[κ2-BH3PMe2C-
(SiMe3)2]2(thf)4, 2.873(4) and 2.893(4) Å;42 Sr(κ3-
BH4)2(thf)2, 2.960(6) Å;43 Sr(κ3-BH4)2(diglyme)2, 2.916(7)
Å;43 Sr(κ3-BH4)2(18-crown-6), 2.833(6) Å.

43 Comparisons of
other structural features of 1−6 are given in the Supporting
Information.

Spectroscopic Properties. The IR, 1H NMR, and 11B
NMR spectra of the strontium complexes are similar to those of

Figure 5. Molecular structure of Sr(BH3NMe2BH3)2(diglyme)(thf)
(5′). Ellipsoids are drawn at the 35% probability level, except for the
hydrogen atoms, which are represented by arbitrarily sized spheres.
Hydrogens attached to carbons have been omitted for clarity.

Figure 6. Molecular structure of [Sr(BH3NMe2BH3)2(tmeda)]2 (6).
Ellipsoids are drawn at the 30% probability level, except for the
hydrogen atoms, which are represented as arbitrarily sized spheres.
Hydrogens attached to carbon have been omitted for clarity.

Figure 7. Molecular structure of [Sr(BH3NMe2BH3)(12-crown-4)2]
[BH3NMe2BH3] (7). Ellipsoids are drawn at the 30% probability level,
except for the hydrogen atoms, which are represented as arbitrarily
sized spheres. Hydrogens attached to carbon and to atoms B(3) and
B(4) have been omitted for clarity.
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the analogous calcium39 and barium41 complexes that we have
described elsewhere. Here, we will merely point out that all of
the compounds exhibit strong bands near 2270 cm−1 due to B−
H···Sr bridging units and higher-frequency bands between 2375
and 2500 cm−1 due to terminal B−Hbonds. The latter bands are
relatively weak for the unsolvated compound 1, presumably
because most of the B−H bonds in this compound bridge
between boron and strontium and few are terminal on boron.
This observation is consistent with the assumption that 1 is
polymeric in the solid state.
The pattern of bands in the IR spectrum of the 12-crown-4

complex 7 is rather different from that seen in the spectra of the
other Sr compounds, as might be expected from the presence of
a noncoordinating DMADB anion in 7 but not in the other
compounds. The highest frequency bands seen for 7 at 2345 and
2338 cm−1 agree with the expectation that the terminal B−H
stretches of noncoordinated DMADB ions should be red-shifted
in comparison to the terminal B−H stretches of covalently
bound DMADB molecules;41 the terminal B−H bonds in the
latter are strengthened because the bridging B−H bonds are
weakened. The intense B−H stretching bands seen for 7
correspond to features reported in the IR spectra for [Ca(12-
crown-4)2][DMADB]2

39 and [Ba(15-crown-5)2][DMADB]2,
41

both of which also contain noncoordinated DMADB ions.
The 1H and 11B NMR spectra of 1−7 are generally similar to

those observed for analogous calcium39 and barium41

compounds. The spectra of 1 and 7 were acquired in d6-
DMSO due to the low solubilities of these compounds in
noncoordinating solvents, whereas the NMR spectra of 3−6
were acquired in d6-benzene. The

1H NMR chemical shifts of
the BH3 groups in the DMADB ligands depend on the choice of
NMR solvent: 1 and 7 in d6-DMSO have chemical shifts at δ
1.39 and 1.40, respectively, whereas 3−6 in d6-benzene have
chemical shifts between δ 2.14 and 2.21. For all four compounds
the 1H NMR line shape of the BH3 groups is a 1:1:1:1 quartet
with a 1JBH coupling constant to the 11B nucleus (I = 3/2) of
between 90 and 92 Hz. It is difficult to compare these shifts with
those of other divalent metal DMADB compounds39,41,44,45 due
to the large influence of the nature of the metal center on the
chemical shift.
The chemical shifts of δ 2.09 and 2.10 for theNMe2 protons in

1 and 7 in d6-DMSO, respectively, agree with thosemeasured for
other DMADB compounds in the same solvent: δ 2.09 for
Ba(DMADB)2(tmeda)41 and δ 2.10 for [Ba(15-crown-5)2]-
[DMADB]2.

41 In contrast, in d6-benzene the chemical shifts of
the NMe2 resonances of 3−6 all lie between δ 2.50 and 2.64, or
about 0.5 ppm downfield of the shifts seen in d6-DMSO. The
NMe2 chemical shifts seen for 3−6 are in agreement with those
observed in other DMADB complexes of diamagnetic divalent
metal ions in d6-benzene or d8-toluene: Yb(DMADB)2(thf)2, δ
2.45;45 Yb(DMADB)2(dme), δ 2.50;45 Mg(DMADB)2(thf)2, δ
2.33;44 Mg(DMADB)2(dme), δ 2.48.44 In general, the chemical
shifts for the BH3 and NMe2 groups suggest that in DMSO the
DMADB groups are free ions, whereas in benzene they are
coordinated to strontium.
The 11B NMR spectra of all the new compounds consist of a

binomial quartet at chemical shifts between δ −7.68 and −8.95.
The 1JBH coupling constant is the same 90−92 Hz value seen in
the 1HNMR spectra. Interestingly, the 11B NMR chemical shifts
are not significantly influenced by the choice of NMR solvent or
the nature of the Sr−DMADB interaction. The 11B NMR shifts
for the strontium compounds are all about 3 ppm downfield

relative to that of the sodium salt NaDMADB in diethyl ether (δ
−11.11).46

Volatility Studies. The volatilities of the new strontium
compounds were investigated to determine their potential utility
as CVD precursors. The base-free compound 1 does not melt up
to 250 °C, and it shows no sign of being volatile under vacuum
up to this temperature. The thf and dme complexes 3 and 4melt
at 130 and 122 °C, respectively, but neither sublimes under
reduced pressure (1 Torr) at temperatures up to 150 °C. It is
likely that these compounds with unidentate Lewis bases
desolvate and become polymeric when they are heated. The 12-
crown-4 compound 7 melts at 160 °C with decomposition and
also does not sublime at 1 Torr up to 150 °C, owing to its ionic
character.
We found, however, that the diglyme and tmeda compounds 5

and 6 melt at 142 and 176 °C, respectively, and sublime under
reduced pressure (1 Torr) at 120 °C with little or no
decomposition.

■ CONCLUSIONS
As we have discussed elsewhere,8 the vapor pressure and
volatilization rate of a solid-phase CVD precursor are both
related to the strength of the intermolecular interactions holding
the molecules in the solid state. Two ways to reduce
intermolecular attractions are to place at the periphery of the
molecule atoms or groups that have low polarizabilities (so that
dipole−dipole and London dispersion forces are minimized)
and that bear partial negative charges (which create
intermolecular electrostatic repulsions). The DMADB anion
takes advantage of both of these strategies: both the BH3 and
CH3 groups have low polarizabilities, and the electronegativity
difference between B and H places partial negative charges on
the hydrogen atoms of the BH3 groups.
The results presented in this paper reveal that the volatility of

strontium complexes of the N,N-dimethylaminodiboranate
(DMADB) ligand depends on the choice of the Lewis base
coligand. The Lewis bases diethyl ether, tetrahydrofuran, and
1,2-dimethoxyethane coordinate to the strontium centers
relatively weakly, so that these ligands dissociate when the
complexes are heated under vacuum. In contrast, the crown
ether 12-crown-4 coordinates to the strontium centers very
strongly: in fact, two crown ether ligands bind to each Sr center,
so that the DMADB groups become charge-separated counter-
ions (or nearly so). As a result, this latter complex is completely
n o n v o l a t i l e . H o w e v e r , t h e c o m p l e x e s S r -
(H3BNMe2BH3)2(diglyme) and Sr(H3BNMe2BH3)2(tmeda)
can be sublimed under vacuum at 120 °C; their volatilities
compare favorably with those of the most volatile strontium
compounds known. These two compounds are promising
candidates as CVD precursors for the growth of strontium-
containing thin films. The current results support the “rule of
thumb” that, in the design of volatile CVD precursors,
complexes with one coordinated Lewis base (even if it is
chelating) are more likely to be volatile than those with two
coordinated Lewis bases.
In earlier papers, we described DMADB complexes of

Mg,44,47 Ca,39 and Ba;41 with the current results on the Sr
analogues we now have information about DMADB complexes
of all of the alkaline earths (except Be). Whereas unsolvated
Mg(H3BNMe2BH3)2 is highly volatile, the radius of Ca is
sufficiently large that obtaining volatile DMADB complexes
requires the use of ancillary, chelating Lewis bases. Thus, the
monomeric 1:1 adducts Ca(H3BNMe2BH3)2L, where L is dme,
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diglyme, or tmeda, all melt without decomposition and can be
sublimed readily under reduced pressure (1 Torr) between 90
and 120 °C. For strontium, the ionic radius is now large enough
that dme does not form a monomeric 1:1 adduct but instead the
diadduct Sr(H3BNMe2BH3)2L2; this compound loses dme
when it is heated and presumably becomes polymeric and
thus is poorly volatile. With more sterically demanding Lewis
bases such as diglyme and tmeda, 1:1 Sr complexes can be made
that are nonpolymeric; these compounds can be sublimed under
vacuum. For the largest alkaline-earth metal in this series,
barium, we were able to make some monomeric and dimeric 1:1
adducts with very sterically demanding diamines, triamines, and
crown ethers, but none of these adducts showed any appreciable
volatility up to 200 °C at 10−2 Torr.41

We attribute the nonvolatility of the barium compounds to
two factors:41 first, the DMADB ligands now constitute only a
relatively small fraction of the total surface area of the molecules,
so that electrostatic repulsions between the BH3 groups on
adjacent molecules are minimized. Second, the total surface
areas of the molecules are large enough that dipole−dipole and
London forces add up to create significant intermolecular
attractions: after all, organic molecules with similar volumes and
surface areas (e.g., C25−C30 hydrocarbons) have room-temper-
ature vapor pressures that are less than 10−5 Torr.48 In contrast
to the situation with barium, lanthanides form readily sublimable
Ln(H3BNMe2BH3)3 and Ln(H3BNMe2BH3)3L complexes.38 In
part this is because Ln3+ ions not only have higher charges but
are also smaller than Ba2+ (and Sr2+), so that the three DMADB
ligands needed to balance charge now constitute a much larger
fraction of the total surface areas of the molecules.

■ EXPERIMENTAL SECTION
All manipulations were carried out in argon or under vacuum using
standard Schlenk techniques. Before use, tetrahydrofuran (thf), 1,2-
dimethoxyethane (dme), and diethyl ether were distilled from sodium/
benzophenone, heptane was distilled from potassium, and bis(2-
methoxyethyl) ether (diglyme) and N,N,N′,N′-tetramethylethylenedi-
amine (tmeda) were distilled from sodium. 1,4,7,10-Tetraoxacyclodo-
decane (12-crown-4; Aldrich) and SrBr2 (99.5%; Strem) were used as
received. Sodium N,N-dimethylaminodiboranate was synthesized
according to the literature procedure.46

Elemental analyses were carried out by the University of Illinois
Microanalytical Laboratory. The IR spectra were recorded on a Nicolet
Impact 410 infrared 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) and field ionization (FI) 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-dimethylaminodiboranato)strontium (Sr-

(BH3NMe2BH3)2; 1) and Bis(N,N-dimethylaminodiboranato)bis-
(diethyl ether)strontium (Sr(BH3NMe2BH3)2(Et2O)2; 2). To
anhydrous SrBr2 (300 mg, 1.50 mmol) was added a solution of sodium
N,N-dimethylaminodiboranate (280 mg, 2.90 mmol) in diethyl ether
(50 mL). The resulting suspension was stirred for 18 h, during which
time the suspension color changed from white to gray. The suspension
was filtered, and the filtrate was concentrated to ca. 5 mL under vacuum
and cooled to −20 °C. After 24 h, the small colorless plates were
collected. The as-isolated crystals contain 2 equiv of diethyl ether per
formula unit Sr(H3BNMe2BH3)2(Et2O)2, (2), but drying under

vacuum at 25 °C yields the unsolvated compound 1. Yield of the
latter: 0.15 g (53%). Mp: >250 °C. Anal. Calcd for C4H24N2B4Sr: C,
20.8; H, 10.5; N, 12.1; B, 18.7; Sr, 37.9. Found: C, 20.9; H, 10.3; N,
11.9; B, 18.1; Sr, 37.2. 1H NMR (d6-dmso, 20 °C): δ 2.09 (s, NMe2),
1.39 (q, JBH = 92Hz, BH3).

11BNMR (d6-dmso, 20 °C): δ−8.62 (q, JBH
= 92Hz). IR (cm−1): 2496 w, 2420m, 2393m, 2375m, 2350 s, 2270 vs,
2255 vs, 2234 vs, 2112 w, 1278 s, 1259 s, 1238 s, 1224 m, 1216 m, 1205
m, 1181 vs, 1151 vs, 1044 m, 1031 s, 965 m, 923 w, 905 m, 821 m.

Bis(N,N-dimethylaminodiboranato)tris(tetrahydrofuran)-
strontium (Sr(BH3NMe2BH3)2(thf)3; 3). To anhydrous SrBr2 (500
mg, 2.50 mmol) was added a solution of sodium N,N-dimethylamino-
diboranate (474 mg, 5.00 mmol) in tetrahydrofuran (40 mL). The
resulting suspension was stirred for 48 h, during which time its color
changed from white to gray. The solvent was removed under vacuum,
and the resulting solid was extracted with hot heptane (50mL). The hot
extract was filtered, the filtrate was taken to dryness under vacuum, and
the residue was dissolved in tetrahydrofuran (50 mL). The resulting
solution was filtered, and the filtrate was concentrated to ca. 10 mL and
cooled to −20 °C to afford colorless prisms. Yield: 407 mg (45%). Mp:
129−131 °C. Anal. Calcd for C16H48N2B4O3Sr: C, 43.0; H, 10.8; N, 6.3;
B, 9.70; Sr, 19.6. Found: C, 42.5; H, 11.3; N, 6.5; B, 9.22; Sr, 21.5. 1H
NMR (C6D6, 20 °C): δ 2.56 (s, NMe2), 2.18 (q, JBH = 93Hz, BH3), 1.32
(m, β-CH2), 3.65 (m, α-CH2).

11B NMR (C6D6, 20 °C): δ−8.2 (q, JBH
= 93 Hz). IR (cm−1): 2404 m, 2308 vs, 2242 vs, 2101 sh, 1259 s, 1232 s,
1215 s, 1174 vs, 1153 vs, 1028 vs, 953 w, 921 m, 878 m, 815 w.

Bis(N,N-dimethylaminodiboranato)bis(1,2-dimethoxy-
ethane)strontium (Sr(BH3NMe2BH3)2(dme)2; 4). To a solution of
Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) in tetrahydrofuran
(50mL)was added 1,2-dimethoxyethane (1.0mL, 9.63mmol), and the
solution was stirred for 12 h. The solvent was removed under vacuum,
and the residue was extracted with diethyl ether (50 mL). The extracts
were filtered, and the filtrates were concentrated to ca. 5 mL under
vacuum and cooled to −20 °C. After 24 h, the small colorless plates
were collected. Yield: 237 mg (86%). Mp: 121−123 °C. Anal. Calcd for
C12H44N2B4O4Sr: C, 35.0; H, 10.8; N, 6.8; B, 10.5; Sr, 21.3. Found: C,
35.1; H, 10.8; N, 6.8; B, 10.5; Sr, 20.8. NMR (C6D6, 20 °C): δ 2.64 (s,
NMe2), 2.23 (q, JBH = 92Hz, BH3), 2.97 (s, OCH2), 3.14 (s, OMe). 11B
NMR (C6D6, 20 °C): δ−8.9 (q, JBH = 90Hz). IR (cm−1): 2393m, 2306
vs, 2258 s, 2073 w, 1304 w, 1254 w, 1224 m, 1210 m, 1179 s, 1154 vs,
1107 s, 1061 vs, 1018 s, 981 w, 927 m, 906 w, 854 s, 802 m.

Bis(N,N-dimethylaminodiboranato)[bis(2-methoxyethyl)-
ether]strontium (Sr(BH3NMe2BH3)2(diglyme); 5). To a solution of
Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) in tetrahydrofuran
(50 mL) was added bis(2-methoxyethyl) ether (0.15 mL, 1.05 mmol).
The solution was stirred for 12 h, the solvent was removed under
vacuum, and the residue was extracted with hot heptane (50 mL). The
heptane extract was filtered and cooled to −20 °C for 24 h to afford
small colorless needles. Yield: 184 mg (75%). Mp: 142−143 °C. Anal.
Calcd for C10H38N2B4O3Sr: C, 32.9; H, 10.5; N, 7.7; B, 11.8; Sr, 24.0.
Found: C, 33.3; H, 10.9; N, 7.8; B, 11.1; Sr, 24.3. 1H NMR (C6D6, 20
°C): δ 2.58 (s, NMe2), 2.23 (q, JBH = 91 Hz, BH3), 1.93 (m, OCH2),
2.78 (m, OCH2), 3.23 (s, OMe). 11B NMR (C6D6, 20 °C): δ −7.9 (q,
JBH = 92 Hz). IR (cm−1): 2404 s, 2336 sh, 2306 vs, 2273 vs, 2232 vs,
2074 m, 1287 m, 1250 s, 1229 s, 1209 s, 1179 vs, 1150 vs, 1098 s, 1062
vs, 1017 vs, 944 m, 928 s, 904 m, 872 s, 837 m, 802 m. X-ray-quality
crystals were grown by sublimation at 120 °C and 1 Torr (giving
compound 5) or by crystallization from thf/diethyl ether (giving 5′).

Bis(N,N-dimethylaminodiboranato)(N,N,N′,N′-tetramethyl-
ethylenediamine)strontium (Sr(BH3NMe2BH3)2(tmeda); 6). To
Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) in tetrahydrofuran
(50 mL) was added N,N,N′,N′-tetramethylethylenediamine (0.15 mL,
0.98 mmol). The solution was stirred for 12 h, the solvent was removed
under vacuum, and the residue was extracted with hot heptane (50mL).
The heptane extract was filtered and cooled to−20 °C for 24 h to afford
small colorless prisms. Yield: 203 mg (87%). Mp: 175−177 °C. Anal.
Calcd for C10H40N4B4Sr: C, 34.4; H, 12.1; N, 16.0; B, 12.4; Sr, 25.1.
Found: C, 34.4; H, 11.9; N, 15.9; B, 12.3; Sr, 27.0. 1H NMR (C6D6, 20
°C): δ 2.50 (s, NMe2), 2.20 (q, JBH = 90Hz, BH3), 1.68 (s, NCH2), 1.85
(s, NMe2 of tmeda). 11B NMR (C6D6, 20 °C): δ−7.7 (q, JBH = 90 Hz).
IR (cm−1): 2406 sh, 2325 sh, 2303 s, 2251 s, 2225 sh, 2086 sh, 1300 w,

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01767
Inorg. Chem. 2020, 59, 16893−16904

16901

pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01767?ref=pdf


1289m, 1247m, 1229 s, 1209m, 1180 vs, 1145 vs, 1076 w, 1029 s, 1017
s, 974 w, 950 m, 925 m, 808 w, 788 m, 774 w.
(N,N-Dimethylaminodiboranato)bis(1,4,7,10-tetraoxacyclo-

dodecane)strontium N,N-Dimethylaminodiboranate ([Sr-
(BH3NMe2BH3)(12-crown-4)2][BH3NMe2BH3]; 7). To a solution of
Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) in tetrahydrofuran
(50 mL) was added 1,4,7,10-tetraoxacyclododecane (0.22 mL, 1.36
mmol). The mixture was stirred for 12 h, and the resulting cloudy
solution was heated to 65 °C and filtered while hot. The filtrate was
cooled to −20 °C to afford a crop of small colorless prisms. The
undissolved residue from the hot filtration was extracted with hot thf
(20 mL); filtration and cooling of this extract afforded an additional
crop of crystals. Yield: 119 mg (28%). Mp: 160−161 °C dec. Anal.
Calcd for C20H56N2B4O8Sr: C, 41.2; H, 9.7; N, 4.8; B, 7.4; Sr, 15.0.
Found: C, 40.7; H, 9.7; N, 4.7; B, 7.4; Sr, 14.6. 1H NMR (C4D8O, 20
°C): δ 2.10 (s, NMe2), 1.40 (q, JBH = 92 Hz, BH3), 3.55 (s, OCH2).

11B
NMR (C4D8O, 20 °C): δ −8.7 (q, JBH = 92 Hz). IR (cm−1): 2345 vs,
2338 vs, 2299 vs, 2269 vs, 2218 vs, 2195 vs, 2063 m, 1317 m, 1288 m,
1249 s, 1230 m, 1181 vs, 1156 vs, 1134 vs, 1099 s, 1079 vs, 1017 vs, 919
vs, 855 s, 815 m, 782 m.
Crystallographic Studies.49 Single crystals of 2, 4, and 5′ were

grown from diethyl ether, 3 and 7 were grown from thf, 5 was grown by
sublimation, and 6 was grown from hot heptane. All crystals were
mounted on glass fibers with Paratone-N oil (Exxon) and immediately
cooled to −75 °C in a cold nitrogen gas stream on the diffractometer.
The measured intensities were reduced to structure factor amplitudes
and their estimated standard deviations (esds) by correction for
background and Lorentz and polarization effects.11 No corrections for
crystal decay were necessary, but a face-indexed absorption correction
was applied. Systematically absent reflections were deleted, and
symmetry-equivalent reflections were averaged to yield the set of
unique data. Except where noted, all unique data were used in the least-
squares refinement.
The structures were solved using direct methods (SHELXTL) unless

otherwise noted. Correct positions for all the non-hydrogen atoms were
deduced from an E map and subsequent least-squares refinement and
difference Fourier calculations. The analytical approximations to the
scattering factors were used, and all structure factors were corrected for
both real and imaginary components of anomalous dispersion. In the
final cycle of least squares, independent anisotropic displacement
factors were refined for the non-hydrogen atoms. Chemically equivalent
B−H distances were restrained to be equal within an esd of 0.01 Å.
Hydrogen atoms attached to carbon were placed in idealized positions
with C−H (methyl) = 0.98 Å and C−H (methylene) = 0.99 Å; the
methyl groups were allowed to rotate about the C−X axis to find the
best least-squares positions. The displacement parameters for boranyl
and methylene hydrogens were set equal to 1.2 times Ueq for the
attached non-hydrogen atom; those for methyl hydrogens were set to
1.5 times Ueq. Successful convergence was indicated by a maximum
shift/error of <0.002 for the last cycle. A final analysis of variance
between observed and calculated structure factors showed no apparent
errors. Final refinement parameters are given in Table 1. Aspects of the
refinement unique to each structure are reported in the Supporting
Information.
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