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This article provides a concise summary of alkaline earth metal nitrogen chemistry. This important area
of s-block metal chemistry is shedding important light on the recent development of alkaline earth metal
chemistry, as the preparation of the target compounds utilizes a large variety of synthetic methodology.
Further, the compounds have been utilized in a range of applications, including polymerization initiation,
catalysis, as solid-state precursors, and even high energy materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Alkaline earth metals

The chemistry of the heavy alkaline earth metals (Ca, Sr, Ba)
has progressed rapidly in recent years due to improved synthetic
methodologies and renewed interest in applications ranging from
materials to polymer chemistry. These developments are signifi-
cant given the challenge of working with these metals. Their high
tendency towards hydrolysis requires careful measures to avoid
forming the more stable oxygen containing compounds. Among
the alkaline earth metals, magnesium has been the most intensely
studied, rationalized by the importance of magnesium amides in
synthetic applications [1,2]. In contrast, the exploration of the
heavy congeners has been marred by synthetic challenges related
to their: (i) higher oxo- and hydrophilicity, (ii) the larger metal
centers and the resulting tendency towards aggregation and con-
sequent solubility challenges, and (iii) the largely electrostatic
metal-ligand interactions that render the coordination chemistry
of the metal strongly ligand and co-ligand dependent [1-3]. Much
progress has been made in understanding and addressing these
challenges through the work done on alkaline earth metal com-
pounds containing nitrogen-based ligands.

1.2. Factors affecting alkaline earth metal compound stability

Atomic radii increase down a group and decrease across a row,
making the heavy s-block metals the largest in the Periodic Table
[3]. As a result, metal aggregation is frequently observed for Ca,
Sr, and Ba, leading to high coordination numbers and subsequently
poor compound solubility [2]. In addition, the weak metal-ligand
bonds typically result in compounds with significant lability. These
factors lead to the facile formation of oxides and hydroxides in the
presence of air or water. Strategies for stabilizing alkaline earth
metal compounds have focused on saturating the metal coordi-
nation spheres and tailoring ligand systems to suit the specific
metal-ligand bond characteristic.

Metal-ligand bond characteristics are critically influenced by
the metal charge/size ratio. The lighter metals, beryllium and
magnesium, with their smaller diameters, display relatively high
charge/size ratios compared to calcium, strontium and barium.
High charge/size ratios coincide with the capacity for bond

polarization and the induction of bond covalency. As such,
among the alkaline earth metals, beryllium and magnesium dis-
play metal-nitrogen bonds with the highest covalent character.
Nonetheless, differences in the electronegativities of the metal and
nitrogen impart significant polar character to the respective bonds
[1-5].

Due to their increased covalent character, beryllium and mag-
nesium amides, for example, typically display a preference for
contact molecules, although the utility of beryllium amides is ham-
pered by the toxic nature of the metal [6]. As the charge/size ratio
decreases for the larger metals, the metal-ligand bonds become
weaker and ion dissociation is expected to become more preva-
lent. The three ion dissociation modes for alkaline earth metals are
shown in Scheme 1. Investigations of ligand systems that result in
the formation of dissociated ions will lead to further understand-
ing of the metal-ligand characteristics of the heavier alkaline earth
metals.

The typical strategy for stabilizing compounds of the heavier
alkaline earth metals has been the use of sterically demanding lig-
ands, allowing the isolation of a range of nitrogen-based species
[7-12]. In instances when ligand bulk is not sufficient to affect
metal stabilization, steric saturation has been achieved by the
coordination of neutral donors, circumventing oligomerization and
increasing solubility. Studies delineating donor effects on com-
pound stability and structure/function relationships have been
instrumental in further understanding the coordination chemistry
of these large metals [2].

The presence of secondary non-covalent interactions is not
insignificant when considering factors that stabilize these com-
pounds. In reviewing the large number of alkaline earth
nitrogen-based compounds, it is apparent that non-covalent inter-
actions in the form of M...C(m) interactions and M. --H-C agostic
interactions are an important means to provide further steric sat-
uration of the large alkaline earth metal centers. Although these
are significantly weaker than covalent interactions, in light of the
weak alkaline earth metal-ligand bonds, they play a significant role

+ - - +2 -
R=—+M-——R R—-M R R M R

Scheme 1. Ion-association modes for alkaline earth metals.
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in metal stabilization; especially since multiple weak interactions
are frequently observed.

Metal. - -C(7r) interactions are a prevalent stabilizing force in
alkaline earth metal chemistry [13-16], as summarized in Table 1.
However, less is known about the role that agostic interactions of
the type M...H-C play in stabilizing these metal centers. Agostic
interactions are described as weak interactions of a coordinatively
unsaturated metal with a C-H bond [17-19]. Although present in
a large number of alkaline earth compounds, agostic interactions
arerarely reported and frequently ignored, despite their prevalence
and growing importance in the steric and electronic stabilization
of large, highly reactive metal centers [18,19].

Perhaps the lack of acknowledgment of agostic interactions can
be partially attributed to difficulties in locating hydrogen positions
in crystallographic experiments. In order to circumvent locating
these interactions, they are often reported as M. --C interactions.
Further complicating the identification of these weak interactions
is that formal cut-off values have not been well established. All
agostic interactions reported herein are within range of the sum of
van der Waals radii (2(ryae + 'wn)) for a metal-hydrogen bond, and
are summarized in Table 2 [4], along with cut-off values established
from published work [18,19].

The importance of stabilizing factors such as non-covalent
interactions and their overall effect on ion-association, geometry,
and resulting structure/function relationships will be highlighted
throughout this article.

2. Alkaline earth amides

The chemistry of the alkaline earth metal amides has progressed
significantly in the last 50 years due to advances in their synthetic
methodology and in the understanding of the role ligands and co-
ligands play in stabilizing the compounds and ensuring solubility.
The implications on synthesis, reactivity, and geometry will be dis-
cussed as we study the effects of steric saturation of the metal
center as achieved by ligand bulk and effects of varying substitution
patterns.

2.1. Secondary silylated amines

The bis(trimethylsilylJamine, HN(SiMejs ),, often referred to as
HMDS, ligand has truly been the cornerstone of alkaline earth
amido chemistry, and through the study of this ligand, a greater
understanding of the synthesis and structure/function relationship
of early main group compounds has been possible. This sterically
encumbering ligand has been used extensively to afford stable,
soluble compounds with low metal coordination numbers, includ-
ing donor-free dimers [20-23], in addition to donor-containing
monomers [23-25]. Bis(trimethylsilyl)amine derivatives for the
heavier alkaline earth congeners may be accessed by transmetal-
lation reaction with tin or mercury bis(bis(trimethylsilyl)amide)
with alkaline earth metals in toluene (Scheme 2, Route iv)
[20,21,23,25,26]. Alternatively, organoelimination for magnesium
(Scheme 2, Route vi) [22,27,28], salt metathesis (Scheme 2,
Route i) [29], and direct metallation through ammonia activation
(Scheme 2, Route ii) [23,30] have been examined. Recent advances
include the use of the benign BiPh3 in redox transmetallation/ligand
exchange (RTLE) offering the amides in excellent yields and purity
in a simple procedure (Scheme 2, Route v) [16,19].

Aside from allowing the isolation of compounds exhibiting low
metal nuclearity and coordination numbers, amides based on the
bis(trimethylsilyl)amine ligand exhibit excellent solubility in both
polar and non-polar solvents. These amides are also excellent
starting materials towards a range of alkaline earth metal com-
pounds due to its relatively high pK, of 25.8 (DMSO) [31] allowing

Me,;Si SiMe,

\/
Me3s|\N—M / \M—N /snvle3
Megsi/ \ / \SiM93

Me;Si SiMe,

Fig. 1. The alkaline earth metal MyNy4 core in [M{N(SiMe3 ), },]> dimers.

Fig. 2. Structure of [Ba{N(SiMes),}»]> [23]. Hydrogen atoms removed for clarity.
Agostic interactions shown as dashed lines.

the preparation of other synthetic targets (Scheme 2, Route viii)
[2,7].

In the case of the smallest alkaline earth metal, beryllium, the
[N(SiMes3 ), ]~ ligand is sufficiently bulky to allow the formation of a
monomeric Be[N(SiMes ), ], [32-34]. However, for the larger alka-
line earth metals, in the absence of co-ligands, dimeric species of
the form [M{N(SiMes),},], are observed. In fact, all HMDS based
alkaline earth metal amides, except the beryllium species, dimer-
ize (Fig. 1) in the solid state in an isostructural My N4 motif [20-23].
These compounds have been reviewed previously and will not be
considered here [7].

Despite the increase in metal ionic radii descending down the
group (Mg=0.72, Ba=1.35A; CN=6) [3] each metal displays a
low coordination number due to the inherent kinetic stabiliza-
tion which the [N(SiMe3),]|~ ligand affords to the metal centers.
Upon closer inspection, a second factor in allowing the isolation of
these stable low coordinate species lies in the presence of agos-
tic interactions arising from the trimethylsilyl substituents. Due to
inherent difficulties in locating hydrogen atoms, these interactions
were reported as M. - -C interactions. These values and extrapolated
M. - -H-C agostic interactions are summarized in Table 3 (Fig. 2).

The dynamic behavior of the silylated secondary amides in solu-
tion was analyzed using VT NMR studies, with the free energy of
activation AGc! for the dynamic exchange of the [N(SiMe3 ), ]|~ lig-
ands determined to be 17.20 and 12.67 kcal/mol for the Ca and
Sr compounds [26]. The smaller value for the heavier analogue is
indicative of the reduced metal-ligand bond strength.

For compounds containing the [N(SiMes),]|~ ligand, the use
of neutral donors has been effective in isolating compounds with
reduced nuclearity. This has been achieved either by the synthe-
sis of these compounds in ethereal solutions (tetrahydrofuran
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Table 1

1271

van der Waals radii and M. - .C() interaction cut-off values for alkaline earth metals.

M2 CN Tion [3] rw [4] (C=1.70) (A) S(rwm + rwi) (M=C) (A) Cut-off value? (M- - -C()) (A) Experimental range (A) [14,16,13]
Mg 6 0.72 1.73 343

Ca 6 1.00 2.31 4,01 3.20 2.84-3.13

Sr 6 1.18 2.49 4.19 3.35 3.02-3.30

Ba 6 135 2.68 4.38 3.50 3.13-3.48

2 Cut-off values used in this work.

Table 2

van der Waals radii and M- - -H-C agostic interaction cut-off values for alkaline earth metals.

Mz CN Tion [3] rw [4] (H=1.10) (A) 2 (Fwm +rwi) (M=H) (A) Cut-off value? (M. - -H-C) (A) Experimental range [18,19] (A)
Mg 6 0.72 1.73 2.83 2.50 1.99-2.49
Ca 6 1.00 231 341 3.10 2.68-3.05
Sr 6 1.18 2.49 3.59 3.25 2.83-3.19
Ba 6 135 2.68 3.78 3.30 2.84-3.23
3 Cut-off values used in this work.
Salt Elimination
Grignards 2 ANR, + MX, Direct Metallation
MR’X + 2 HNR, My + 2HNR,
(ix) X = halide (i) A =alkali ; .
R’ = alkvl. arvl X = halide (i) NHs), -78 °C
alkyl, ary (iii) 100-300 °C
Transamination & M(NR;),
MI[N(SiMe;),]2(thf), + 2 HNR,
(iv) M’ = Sn, Hg
R =[(SiMe3),]
(vi) reflux ) cati
- o V) sonication
R,M + 2HNR, (vii) -78 °C M'NR, + M
R’ = alkyl, aryl .
Organoelimination Transmetallation
My + % BiPh; + 2 HNR,
Redox Transmetallation/Ligand Exchange
(RTLE)
Scheme 2. Reaction routes towards alkaline earth metal species.
Table 3
Reported secondary interactions for [M{N(SiMe3 ), }>]>.
CN M---C(A) M- --H-C (A)[18] References
[Ca{N(SiMes )2}z ]2 3+4 2.827(10)-3.068(9) 2.339-2.829 [20]
[ST{N(SiMes ), }2]» 3+4 3.00(2)-3.18(2) 2.454-3.183 [21]
[Ba{N(SiMe3)2}2 ]2 3+6 3.169-3.342 2.320-3.226 [18]

(THF), or 1,2-dimethoxyethane (DME)) resulting in monomeric
four coordinate species M[N(SiMes),],(donor)y (donor=THF,
x=2, M=Mg-Ba; donor=DME, x=1, M=Ca, Sr) where the THF
adducts are further stabilized by secondary interactions (Table 4)
[20,21,25]. Donor exchange reactions with Lewis bases (pyridine
(pyr), 1,4-dioxane) [20,21,24,25,35-39] allowed for the isolation
of dimeric {{Mg[N(SiMe3),]»]>(dioxane)} [35] and the polymeric
{Sr[N(SiMe3 ), ]>(dioxane)}, [36,37]. Aggregation of the strontium
species is attributed to its higher ionic radii and subsequent
higher need for steric saturation as compared to magnesium.

This is also evident by a close M- - -C interaction (3.16 A) between
the strontium metal center and a trimethylsilyl group (Table 4)
[36,37]. DME as a solvent leads to the corresponding adducts for
Ca and Sr, M[N(SiMe3),],(dme) whereas pyridine and TMEDA
(Tetramethylethylenediamine) adducts for calcium were only
verified by TH NMR studies [25]. Likewise use of OPPhs, allows
the isolation of the four-coordinate, Ca[N(SiMes ), ],(OPPhs), [40].
Similarly, in the case of barium, the larger ionic radii of the metal
center, allows for the coordination of THF molecules to the metal
center in the dimeric species [{Ba[N(SiMe3 ), [>(thf)},] [23].

Table 4
Reported secondary interactions for M[N(SiMe3 ), ]o(donor)y.
CN M..-H-C (A) M...C(A) References
Ca[N(SiMes ), J>(thf), 4+3 2.792-2.866
SH{N(SiMe3 ), Jo(thf), 4+6 2.861-3.144 [18]
Ba[N(SiMes ) J2(thf), 4+8 3.056-3.197
{Sr[N(SiMe3 ) |»(dioxane)}. 4+1 3.16 [36,37]
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Treatment of Mg[N(SiMes),],(thf), with two equivalents of
pyridine, 2,3,5-collidine, 4-picoline, or 3,5-lutidine led to the corre-
sponding four coordinate species, Mg[N(SiMe3 ), |>(pyr*), [41,42].
However when the sterically more demanding co-ligands 2-
picoline and 2,6-lutidine were used, monomeric three coordinate
species, Mg[N(SiMes ), ]>(pyr*), were obtained. In both cases, the
sum of the angles about magnesium was 359.5°, indicating nearly
perfect planarity, and the donors were perpendicular to the plane
of the ligand.

Fewer bis(bis(trimethylsilyl)amide) donor adducts are known
for the heavier alkaline earth metals, possibly due to their higher
reactivity and higher lability of the M-N bond. Reaction of sol-
vent free alkaline earth metal amides [M{N(SiMes ), },] with either
1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride (*Mes-NHC,
M =Ca, Sr, Ba) [40] or 1,3-bis(2,6-di-isopropylphenyl)imidazolium
chloride (Dipp-NHC, M=Mg, Ca, Sr, Ba) [40,43] in toluene or
benzene allowed for the isolation of three-coordinate species,
M[N(SiMes ), ]2(NHC). The Ca and Sr species display close contacts
to one or more methyl groups from the [N(SiMe3),]~ ligand in the
form of agostic interactions (Table 5).

Another potential factor in the lack of heavy alkaline
earth bis(bis(trimethylsilyl)Jamide) donor adducts is their strong
propensity to cleave ethers, as shown with the treatment of
M[N(SiMes ); ]»(thf), solutions with the cyclic ethers, 12-crown-4,
15-crown-5, and 18-crown-6 in a 1:1 molar ratio [25]. The reac-
tions were followed by TH NMR spectroscopy. In each case the
silylamine, HN(SiMe3 ),, was detected along with the formation of
vinyl ethers. Similarly, attempts at metallating triphenylmethane
with Sr/Ba[N(SiMes ), ], in the presence of 18-crown-6 produces the
dimeric ether scission products [M(C12H3306)(N(SiMe3))]> [44].

Applications of the alkaline earth silyl amides are far-reaching.
Alkaline earth metal silyl amides are one of the most com-
monly used classes of polar organometallic reagents in organic
synthesis including catalytic transformations, enolization reac-
tions, hydroamination reactions and carbon dioxide fixation
[2,26,29,45-51]. The alkaline earth metal silyl amides serve as ver-
satile reagents in organic synthesis, while the heavier congeners
have provided a long sought access to a range of heavy alkaline
earth metal derivatives [2,12]. Other applications include their
use as initiators in polymerization reactions for both synthetic
and biodegradable polymers [8,27,28,52-61]. The alkaline earth
metal silyl amides have also been studied as potential precursors
in MOCVD (metal-organic chemical vapor deposition) processes,
as their low coordination numbers and relatively low molecu-
lar weight were believed to provide good volatility [42,62-64].
However, frequent silicon incorporation into the resulting films
rendered the precursor materials non-ideal [62-64].

In order to further study the effects of ligand bulk on the
chemistry of alkaline earth metal amides, the modification of the
[N(SiMe3 ), ]|~ ligand has become a growing area of interest. These
modifications vary from altering the substitution on the -SiMes
moieties to completely replacing the silyl groups by alkyl and aryl
functionalities.

Replacement of one of the methyl groups by tert-butyl to afford
the HN(SiMes)(SiMe,!Bu) ligand, has resulted in a series of Mg
and Ca amides [65,66]. Salt metathesis (Scheme 2, Route i) led
to the three-coordinate, Mg[N(SiMes3)(SiMe,!Bu)],(pyr) showing
that a slight increase in the steric bulk of the ligand has a pro-
found effect on overall metal coordination. In agreement with the
lower coordination number on the metal center, the M-N bond dis-
tances are shorter (1.991(9) A), asﬂcompared to the four-coordinate
Mg[N(SiMes); |2(pyr)2 (2.029(1)A) [41].

For the larger metal center calcium, four-coordinate
species were obtained Ca[N(SiMe3)(SiMe,!Bu)],(donor),
(donor = pyridine, hexamethylphosphoric acid triamide (HMPA)
and 4-dimethylaminopyridine (DMAP)) [66]. Despite the slight

Fig. 3. Structure of Mg[N(SiMes )(Dipp)]> [67]. Hydrogen atoms removed for clarity.
M. . .C() interactions shown as dashed lines.

increase in steric bulk of the ligand, the compounds display
quite similar structural features compared to the THF adduct
Ca[N(SiMej3 ), [o(thf), [38]. In addition, all three of these calcium
compounds display agostic interactions (M- - -H-C) from the methy]l
groups (Table 6) stabilizing the metal center.

Further increase in ligand bulk in HN(SiMes)(SiPhy!Bu),
afforded a rare monomeric three-coordinate species for cal-
cium, Ca[N(SiMe3)(SiPhy!Bu)],(thf) (Scheme 2, Route i) [66]. The
only other monomeric examples of three-coordinate heavy alka-
line earth metal amides are the aforementioned NHC adducts
M[N(SiMe3 ), ]o(NHC) [40]. In this case, the sterically encumbering
ligand and not the size of the donor allows for metal stabilization.
This is further evidenced by the crowded ligand affording several
secondary interactions to help stabilize the metal center including
M. - -C(7) contacts from the phenyl substituents and both M. - -H-C
and M. - .C interactions (Table 6).

In line with decreasing metal size, for magnesium, a rare, two-
coordinate species is obtained, Mg[N(SiMe3)(SiPh,‘Bu)],, where
the metal center is stabilized through M. --C(1r) contacts (Table 6)
from the phenyl substituents and a N-M-N angle of 140.15(6)°
(Scheme 2, Route vi) [65]. The deviation from a linear N-M-N
geometry is attributed to M. ..C(7r) interactions. A similar devia-
tion is also seen for magnesium using the [N(SiMePh; )]~ ligand,
with the donor-free Mg[N(SiMePh;), ], (Scheme 2, Route vi) [10].
In this rare two-coordinate species, the phenyl groups arrange
themselves to result in a N-M-N angle of 162.8(3)°. Again,
M. - -C(7) contacts from the phenyl substituents arise to help stabi-
lize the metal center (Table 6). Along with Mg[N(SiMes3)(Dipp)l»
[67], (Dipp = 2,6-di-isopropyltrimethylsilylphenyl) which will be
described in a subsequent section, Mg[N(SiMe3)(SiPh,!Bu)],
and Mg[N(SiMePh,),], represent the only three examples of
two-coordinate magnesium amides. Replacement of all methyl
substituents from a -SiMes; moiety by phenyl substituents affords
a four-coordinate species Ca[N(SiMes)(SiPh3)]>(thf), (Scheme 2,
Route i), where M. -.C(7) and M. .-H-C agostic interactions arise
further stabilizing the metal center (Table 6) [66].

Silylated amine ligands where one of the silyl groups has been
replaced by an aryl substituent such as 2,4,6-trimethylaniline
(Mes) or 2,6-di-isopropylaniline (Dipp) provided detailed insight
into the effect of ligand size on compound geometry. In the case
of HN(SiMes3)(Dipp), the steric demand of the ligands is sub-
stantial, allowing the isolation of the donor-free, two-coordinate
Mg[N(SiMes )(Dipp)], (Fig. 3) (Scheme 2, Route vi) displaying a
linear N-M-N angle [67]. Close contacts in the form of M. ..C()
interactions, arise to saturate the metal center as also observed
for the previous two-coordinate magnesium species [10,65]. How-
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Table 5
Reported secondary interactions for M[N(SiMe3 ), |o(NHC),.
CN M- --C (A) References

Ca[N(SiMej3 );]2(Mes-NHC), 3+1 2.598(2)
Sr[N(SiMej3 );]o(Mes-NHC), 3+1 2.731(3) [40]
Ca[N(SiMe3 ), ]»(Dipp-NHC), 3+2 2.893(2)-2.913(2)

*Mes-NHC = 1,3-bis(2,4,6-trimethylphenyl)imidazolium; Dipp-NHC = 1,3-bis(2,6-di-isopropylphenyl) imidazolium.

Table 6

Reported secondary interactions for substituted silylamides.

CN M- - -H-C (A) M- --C (A) M- --C(m) (A) References

Mg[N(SiMePh; ) ]2 2+4 2.65-2.96 [10]
Mg[N(SiMej3)(SiPh,‘Bu)], 2+3 2.558(2)-2.646(2) [65]
Ca[N(SiMes )(SiMe,‘Bu)],(pyr)2 4+3 2.89(4)-2.70(3)
Ca[N(SiMes )(SiMe;‘Bu)],(hmpa), 4+4 2.72(5)-2.86(5)
Ca[N(SiMes3)(SiMe;‘Bu)],(dmap); 4+3 2.71(3)-2.92(4) [66]
Ca[N(SiMes3)(SiPh,Bu)],(thf) 3+5 2.643(19) 3.236(2) 3.184(2)-2.855(2)
Ca[N(SiMej3 )(SiPhs)],(thf), 4+2 3.141(3)-3.142(3)

Table 7

Reported secondary interactions for substituted silylamides.

CN M- --H-C (A) M- -.C(A) M- --C(m) (A) References

Mg[N(SiMes )(Dipp)]» 2+2 2.861(1) [67]
Mg[N(SiMej3)(Dipp)]2(Et,0) 3+1 2.799(2) [68]
Ca[N(SiMes )(Mes)](tmeda) 4+2 2.77 [18]
Sr[N(SiMe3 )(Mes)],(thf), 4+4 2.788 2.884(2)-3.105(2) [19]
Sr[N(SiMes )(Mes)],(pmdta) 5+4 2.904-3.213 [18]
Ba[N(SiMes)(Mes)],(thf); 5+5 3.120-3.212 3.140(2)-3.205(2) [19]
Ba[N(SiMejs )(Mes)],(tmeda) 4+2 2.78 (18]
Ba[N(SiMes)(Mes)],(pmdta) 5+5 2.84-3.23
Sr[N(SiMej3 )(Dipp)]x(thf), 4+2 2.933-3.178 (67]
Ba[N(SiMes3)(Dipp)]2(thf), 4+2 2.987-3.188
Sr[N(SiMes )(Dipp)].(hmpa), 4+4 2.832-2.943 69]
Ba[N(SiMes )(Dipp)]2(hmpa), 4+3 2.899-3.137

ever, in the presence of diethylether, the thee-coordinate adduct,
Mg[N(SiMej3 )(Dipp)]2(Et;0) (Fig. 4) [68] is obtained along with a
single M. - .C(1r) interaction (Table 7), while in THF the heterolep-
tic species, [("Bu)Mg{N(SiMes)(Dipp)}thf;], is isolated [67]. Use
of this ligand for the heavier metals afforded bis-THF solvated
four-coordinate compounds of the form M[N(SiMes )(Dipp)]»(thf),
(M=Ca, Sr, Ba) (Scheme 2, Route vi) [67]. Both the strontium and

Fig. 4. Structure of Mg[N(SiMe3)(Dipp)]2(Et,0) [68]. Hydrogen atoms removed for
clarity. M- . -C(1r) interactions shown as dashed lines.

barium compounds display agostic interactions (M. --H-C) arising
from the isopropyl substituents, in order to fully saturate the metal
centers (Table 7).

More recently, our group has isolated a family of mag-
nesium amides based on the [N(SiMes3)(R)]~ ligand system,
with R=SiMes, CgHs (aniline), 2,4,6-trimethylphenyl (Mes)
and 2,6-di-isopropylphenyl (Dipp) in conjunction with HMPA,
allowing the investigation of ion-association in the context of
steric saturation. Contact four-coordinate species are observed
for Mg[N(SiMe3),],(hmpa),, Mg[N(SiMe3)(Ph)],(hmpa),, and
Mg[N(SiMes3)(Mes)],(hmpa), (Scheme 2, Route vi) [70]. On aver-
age, shorter M-O bond lengths were observed for the HMPA
adducts as compared to the respective THF adducts. This is
attributed to HMPA being a stronger Lewis base than THF.

In the case of [N(SiMe3)(Dipp)]~, the unusual partially sepa-
rated [Mg{N(SiMe3)(Dipp)}(hmpa)3][N(SiMes )(Dipp)] is providing
the first example of an alkaline earth separated amido species
(Fig. 5) [70]. Highlighting the unique coordination mode of this
compound, examples of separated amides in early main group
chemistry are limited to alkali metal species, including [Li(12-
crown-4),][N(SiPh3 ), |- THF [9,71], [K(18-crown-6)N(Ph),] [72],
and {[K(18-crown-6)N(SiMePh; )]} [73]. For the heavier metals
Sr and Ba, the combination of the ~[N(SiMe3)(Dipp)] with HMPA
allowed the isolation of the four-coordinate contact molecules
M[N(SiMes )(Dipp)].(hmpa), (M=Sr, Ba) [69]. The species display
agostic interactions from the ligand isopropyl groups (Table 7).

Analogous studies with the smaller HN(SiMe3)(Mes) ligand,
also afforded compounds of the form M[N(SiMe3)(Mes)],(donor),
(THF, n=2, Mg, Ca, Sr; n=3 Ba; TMEDA, n=1, Ca, Ba; PMDTA,
pentamethyldiethylenetriamine, n=1, Sr, Ba) (Scheme 2, Route vi,
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Fig. 5. Structure of [Mg{N(SiMej3 )(Dipp)}(hmpa)s;][N(SiMes3 )(Dipp)] [70]. Methyl groups from HMPA and hydrogen atoms removed for clarity.

M =Mg, Route i, M =Ca-Ba) [19,18], where a significant number of
agostic interactions arising from both ligands and donors serve to
stabilize the metal centers (Table 7). The differences in ligand bulk
between the Dipp and Mes ligands are impressively reflected by
the significant change in reactivity, with compounds bearing the
smaller mesityl ligand being much more reactive.

Replacement of one of the -SiMe3 moieties by either an iso-
propyl (ipr), cyclohexyl (cy), benzyl (bz), 2,6-di-isopropylphenyl
(Dipp), or adamantyl (ad) in the presence of donors leads to a
series of magnesium compounds, however this chemistry has not
been extended to the heavier metals. Examples include species
for magnesium of the type Mg[N(SiMe3)(R)]»(donor),, (R=IPr,
donor =4-dimethylaminopyridine (DMAP), R=Cy, donor=DMAP;
R =Bz, donor=HMPA, DMAP, R = ad-Dipp, donor =THF) [65,74]. Not
surprisingly, aggregation occurs in the absence of donors, as seen
for [Mg{N(SiMes3)(Cy)}»]>. Ifan adamantyl group replaces a -SiMes
moiety in conjunction with magnesium, a three-coordinate species
isisolated in Et, O, Mg[N(SiMe3)(ad)],(Et,0) [65]. A four coordinate
species is also obtained in Mg[N(Si‘BuMe,)(2-pyridylmethyl)],
where the pyridyl substituent acts as an intramolecular donor [75].
Finally, further reducing the steric demand of the -SiMe3 moiety in
the ligand [HN(SiMe,H)(‘Bu)], results in dimer formation for mag-
nesium, {Mg[N(SiMe,H)(‘Bu)], }, [76]. The compound exhibits an
agostic interaction (Mg - -C, 2.98 A) from one of the methyl groups
of the -Bu substituent from the bridging ligand, while also dis-
playing Mg: - -H-Si agostic interactions, 2.49 and 2.22 A from both
bridging and terminal hydrogens from the -SiMe,H substituents.

2.2. Secondary non-silylated amines

Very recently, amido chemistry involving the alkaline earth
metals has seen the first non-silylated monomeric heavy alkaline
earth amido species. Westerhausen et al. were able to synthesize
alkaline earth diphenylamides, M(N(Ph), ),(donor)y, (donor = THF,
HMPA, Mg, x=2; Sr, Ba, x=4; donor=DME, Ca, x=2) (Scheme 2,
Route vi=Mg, Route i, vii, ix=Ca, Route i=Sr-Ba) which surpris-
ingly exhibit good solubility likely due to the monomeric nature of
the complexes [77,78]. The increase in overall coordination num-
bers as compared to the HMDS derivatives is attributed to lack of
steric bulk afforded by the diphenylamide ligand. Further stabi-

lization is provided by a number of M. . .C(1r) interactions (Table 8).
The sterically encumbering HMPA provided the stabilization nec-
essary to isolate Mg(N(Ph);),(hmpa), via a disproportionation
reaction [78]. Similarly, replacement of a phenyl group from the
diphenylamide ligand with Pr resulted in the monomeric five-
coordinate Ca[N(Pr)(Ph)],(thf); [79], while replacement with a
smaller methyl group, resulted in a monomeric six-coordinate
species, Ca|[N(Me)(Ph)],(thf)4 [80].

While replacement of -SiMes by less sterically demand-
ing phenyl groups still afforded monomeric complexes, the
corresponding magnesium dibenzylamides were solvent and
donor-dependent. In the absence of polar solvents, a three-
coordinate magnesium dimer, [Mg{N(CH,Ph),},], is isolated [81].
Addition of 2 molar equivalents of either THF or HMPA led to
the coordination of one donor molecule per magnesium result-
ing in the dimeric [Mg{N(CH;Ph), }»(donor)], (donor =THF, HMPA)
[81]. Addition of excess HMPA or THF affords the monomeric
Mg[N(CH,Ph),]>(donor), as evidenced by NMR spectroscopy.
Demonstrating the propensity for four-coordinate species, addi-
tion of two molar equivalents of TMEDA yielded the monomeric
Mg[N(CH,Ph);],(tmeda) [81]. Similar results were obtained in
the presence of dicyclohexylamine, HN(Cy),, affording the three-
coordinate magnesium dimer, [Mg(N(Cy),); ]2, a rare example of
a homoleptic dialkylmagnesium amide [82]. For the smaller metal
beryllium, use of the small dimethylamine amine ligand led to the
trimeric species, {Be[N(CH3),]>}3 [83-85].

2.3. Primary amines

Despite plentiful examples of monomeric alkaline earth sec-
ondary amide compounds [7,18,67], much less is known about the
corresponding primary amides. Among these, the few examples

Table 8
Reported secondary interactions for M[N(Ph); ].(donor)y.
CN M. .-C() (A) References
Ca[N(Ph), ]2(dme), 6+1 3.174(2)
Sr[N(Ph), ]2(thf)4 6+1 3.236(2) [77]
Ba[N(Ph); |»(thf)s 6+1 3.293(4)
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Fig. 6. Structure of [(THF); 5sBa{N(H)Ph}1]- [91]. Hydrogen atoms except acidic protons removed for clarity. M. - .C(r) interactions shown as dashed lines.

reported have all been oligomeric or display extended structures
[80,86-91]. The original heavy alkaline earth primary amides, the
M(NH,), (M=Ca, Sr, Ba) are easily obtained from dissolving the
metals in liquid ammonia [86-90]. The calcium and strontium
species crystallized with six-coordinate metal centers, while the
larger barium species display coordination numbers of up to eight.
The low solubility of the compounds made further characterization
and the subsequent use of the compounds in synthetic applications
very difficult.

Only four examples of the lighter metal magnesium have
been reported as monomeric homoleptic primary amido species
bearing either a very bulky substituted phenylamide, as seen
in Mg[N(H)(Triph)],(thf),-THF (Triph=2,4,6-triphenylaniline) or
employing the Lewis base HMPA, in Mg[N(H)(Mes)],(hmpa), [82]
and Mg[N(H)(Mes*)],(hmpa),, (Mes*=2,4,6-tri-tert-butylaniline)
(Scheme 2, Route vi) [92]. A similar approach was used by West-
erhausen et al. with the use of bidentate TMEDA to isolate
Mg[N(H)(Si‘Pr3)],(tmeda) [93]. The aforementioned compounds
are all monomeric in nature, however when pentafluroaniline,
HyN(Arg) is employed in the presence of THF, a trimer is
obtained where each Mg atom is bridged by three p,-anions,
[{(ArgNH)sMgs-(thf)g}-2Tol THF] [94].

The Westerhausen group reported on a series of primary
anilides, [(THF)yM{N(H)Ph},]y (x=2,y=4(Ca); =2, co (Sr); =1.5, 00
(Ba) Fig. 6) (Scheme 2, Route vii=Mg, Ca, Route i Ca, Sr, Ba, Route
ii =Sr, Ba) where the small size of the ligands rendered polymeric
species and the reduced amount of co-ligand in the barium species
is explained by additional Ba- - -C(1r) contacts [91]. An increase in
ligand size to [N(H)Mes]~ led to a reduction in aggregation with
the trimeric (THF)gCa3[N(H)Mes]g (Mes =2,4,6-trimethylaniline).
Introduction of fluoro functionalities in the ligand further sup-
pressed aggregation through a host of non-covalent M. - -F interac-
tions as seen in the dinuclear (THF)sCa;[N(H)-2,6-F,CgH3]4-2THF,
the dinuclear (THF)gSry[N(H)-2,6-F,CgH3]3I-THF, and the poly-
meric [(THF),Ba{N(H)-2,6-F,CgH3},]~ (Scheme 2, Route I, Ca, Sr,
Ba). Due to their highly aggregated nature, the compounds display
poor solubility in organic solvents [80].

More recently, through the use of the sterically demand-
ing HMPA co-ligand, our group has been able to isolate a
unique family of monomeric heavy alkaline earth primary amides,
M[N(H)(Dipp)]>(hmpa)s (M= Ca, Sr, Ba, Fig. 7) (Scheme 2, Route i)
[95]. As the compounds are highly reactive, synthesis and work-

up need to be done in 24 h. These isostructural compounds display
distorted trigonal bipyramidal geometries with a formal coordina-
tion number of 5. An increasing number of secondary non-covalent
agostic interactions (M- - -H-C) arise from the alkyl groups from the
aryl substituents to fully saturate the coordination spheres of the
metals (Table 9). Further metal stabilization is achieved through
agostic interactions from the N-H moiety from the primary amide.

The presence of these agostic interactions was detected both
crystallographically and spectroscopically through the use of
variable low-temperature VT 'H NMR experiments [96-101].
Upon cooling, peak splitting was observed due to hindered
rotations from the presence of agostic interactions. Energies of
rotation were calculated to be 13.72 and 20.16kcalmol~! for
calcium and barium respectively [95]. These values are in accor-
dance with those found for a previously reported secondary
amide Sr[N(SiMes)(Mes)],(pmdta), where values of 14.60 and
13.64 kcalmol~! were observed due to agostic interactions from
the o-methyl substituent and from a trimethylsilyl group [18].

Employment of the multidentate chelating donor 18-
crown-6 in conjunction with the H;N(Dipp) ligand affords,
Ba[N(H)(Dipp)]>(18-crown-6) (Fig. 8), where the 18-crown-6
envelops the metal center in the equatorial plane, while the
ligands are trans to each other with a N-M-N angle of 157.08(15)°
[95]. The overall increase in coordination number by using the
multidentate donor results in a lower number of agostic inter-
actions (8+2) as compared to Ba[N(H)(Dipp)]o(hmpa); (5+6)
(Table 9).

In the case of the less sterically encumbering ligand H,N(Mes),
only the Ca derivative Ca[N(H)(Mes)],(hmpa)3, was obtained [95].
The compound also displays a large number of agostic interac-
tions originating from the methyl substituents from the aryl group
(Table 9). Collectively, the primary amido compounds demon-
strate that the lack of steric bulk on the ligand has a profound
effect on metal stabilization, resulting in oligomerization and/or
the emergence of secondary interactions in order to achieve steric
saturation.

2.4. Imides
Alkaline earth metal imides are rare and limited to magne-

sium compounds and are oligomeric in nature. Equimolar alkane
elimination conditions (Scheme 2, Route vi) between primary
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Fig.7. Structure of Ba[N(H)(Dipp)]2(hmpa); [95]. Hydrogen atoms not involved in agostic interactions and methyl groups from HMPA removed for clarity. Agostic interactions

shown as dashed lines.

Table 9
Reported secondary interactions for M[N(H)(R)](donor)s.
CN M- - -H-C (A) M- --H-N (A) References
Ca[N(H)(Mes)],(hmpa)s 5+4 2.952-3.004 2.735-2.767
Ca[N(H)(Dipp)]2(hmpa)s 5+4 2.753-2.764 2.752-2.785
Sr[N(H)(Dipp)](hmpa); 5+5 2.846-3.018 2.902-2.921 [95]
Ba[N(H)(Dipp)]2(hmpa); 5+6 2.904-3.213 3.004-3.147
Ba[N(H)(Dipp)]2(18-crown-6) 8+2 2.967-3.045

R=Mes=2,4,6-trimethylaniline; Dipp = 2,6-di-isopropylaniline.

amines and Buy;Mg were used to synthesize [(thf)Mg(N(Ph))]e,
[(thf)MgN(1-naphthyl)]s, and [(hmpa)MgN(1-naphthyl)]g
[102,103]. All three complexes adopt a prismatic hexameric
arrangement in the solid state and have been studied as possible
imide transfer reagents towards the synthesis of main group imido
compounds [102].

Hexameric imides are also obtained with the use of 2,3,4,5,6-
pentafluroaniline, HyN(Arg) in THF and dioxane resulting in
[(donor)MgNArg]g [94]. Tetrameric magnesium imides are iso-
lated with H,NSi(Ph); and 2,4,6-trichloroaniline, HyN(Ar¢) in the

presence of either THF or dioxane, yielding [(thf)MgNSi(Ph)s3]4,
[(thf)MgN(Ar¢ )]s, and [(diox)MgN(Ar¢ )]s [94,104]. These have
been studied as desirable candidates as preassembled secondary
building units to construct metal-organic frameworks or coordina-
tion polymers [94].

2.5. Heteroleptic amides

A range of heteroleptic organomagnesium amides have been
isolated where incomplete elimination of both organogroups

Fig. 8. Structure of Ba[N(H)(Dipp)]»(18-crown-6) [95]. Hydrogen atoms except acidic protons removed for clarity. Agostic interactions shown as dashed lines.
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Fig. 9. Structure of Be[CgH3-2,6-Mes;, ][N(SiMe3 ), ]| [108]. Hydrogen atoms removed for clarity.

is observed as in the dimeric [{(*Bu)Mg(-N(SiMes)2)}2] [27].
Heteroleptic products are commonly obtained by metallation
of organomagnesium alkanes with amines (Scheme 2, Route
vi). When sterically demanding silylamines are employed,
the reactions are solvent dependent, with ethereal sol-
vents affording heteroleptic products including monomeric
[("Bu)Mg{N(SiMe3)(Dipp)}thf;] [67], [(R)M{N(Ph); }(thf);] (R=Et,
Pr) [78] and [("Bu)Mg{N(H)(Dipp)}tmeda] [105]. Dimeric species
have also been isolated with [{(-Me)Mg{N(H)(Si{Pr3)}thf},] [93]
and [{("Bu)Mg(w-N(H)(‘Bu)),thf},] [82] displaying a M;N,4 core
similar to the [M{N(SiMe3), },] dimers.

Reactions of [(Cp)MgMe(Et,0)], with the corresponding amines
resulted in a series of dimeric compounds of the form [{(n°-
Cp)Mg(u-NRz )2 }2] (R=N(Ph)z, N(H)(Dipp), N(H)(CH(CH(CHs)2)2),
N(CH(CH3),)(CH,Ph)) [106]. In each case, the Cp is in the termi-
nal position, while the amido ligand is bridging between metal
centers. Dimer formation is also seen for a series of Cp (cyclopenta-
dienyl) containing compounds. Reactions of ‘BuLi with "BuMgNR,
(R=N(SiMe3),, N(‘Pr),, N(CH,Ph),, 2,2,6,6-tetramethylpiperidide
(TMP)) led to the isolation of a series of dimers with the gen-
eral formula [{(*Bu)Mg(j.-NR; ), }o] where the larger amide ligands
bridge the metal centers [105]. In the case of the TMP ligand, agostic
interactions were observed arising from the methyl groups of the
bridging ligand.

Reactions of Mg[N(SiMes);]> with HoN(Ph) result in [{Mg(p.-
N(H)(Ph))(N(SiMes ), )thf}, ], where the primary amide is bridging
the metal centers [107]. However, when Mg|[N(SiMes ), |, is reacted
with the slightly larger HoN(Dipp) primary amine, the donor-
free trimer, Mgs(.-N(H)(Dipp))4(N(SiMes ), )2, is obtained despite
the presence of THF in the reaction [82]. Finally, a dodecamer,
{Mg[Et][N(H)(Dipp)]}12, is obtained if H,N(Dipp) is reacted with
Et,Mg [82].

In the case of beryllium, both dimeric and monomeric species
can be isolated through the use of a sterically encumbering ter-
phenyl ligand, CgH3-2,6-Mes; in combination with a series of
primary and secondary amines [108]. Use of the aniline ligand leads
to a dimeric species, {Be[CgH3-2,6-Mes; |[ .-N(H)(Ph)]}, with the
terphenyl ligand in the terminal position [108]. Increasing the bulk

of the primary amine to H,NSi(Ph)s, results in a three-coordinate
monomer, Be[CgH3-2,6-Mes; |[N(H)(Si(Ph)3)](Et,O) [108]. Finally,
use of the sterically encumbering [N(SiMes ), ]~ affords to the first
example of a two-coordinate beryllium center in the solid state,
Be[CgH3-2,6-Mes, [[N(SiMes ), ] (Fig. 9), displaying a 180° C-Be-N
angle [108].

For the heavier calcium, reactions of a heavy Grignard reagent
RCal (R=Ph, napthyl (naph)) with KN(SiMes), lead to five-
coordinate monomeric calcium species, Ca[R][N(SiMes),](thf)s
[109,110]. Heteroleptic species for calcium and strontium have
also been obtained from desilylation reactions involving reactions
of the [N(SiMes3)(Dipp/Mes)]~ amine ligands in the presence of
HMPA (Scheme 2, Route i). For example, loss of a trimethylsilyl
group from one of the ligands results in the heteroleptic pri-
mary/secondary amide Ca[N(SiMes)(Dipp)][N(H)(Dipp)](hmpa),
(Fig. 10) [69]. This compound adds to a small group of
unsupported heteroleptic primary/secondary amides prepared
previously in our group: Sr[N(SiMes)(Mes)][N(H)(Mes)](hmpa)s
and Ba[N(SiMes ), ][N(H)(Mes*)](thf) [111]. The M-N bond length
for the primary amide in Sr[N(SiMe3)(Mes)][N(H)(Mes)](hmpa)s
is shorter than for the larger, secondary amides. However, in
Ba[N(SiMes ), ][N(H)(Mes*)](thf); the M-N bond for the bulky 2,4,6-
tri-tert-butylaniline primary amide is longer than that for the
[N(SiMes3 ), ]~ amide, a reflection of the increased steric bulk of the
2,4,6-tri-tert-butylaniline ligand.

The impact of metal radius on the occurrence of agos-
tic interactions is demonstrated by this series (Table 10),
with Ca[N(SiMe3)(Dipp)][N(H)(Dipp)](hmpa), displaying an over-
all coordination number of four with four additional agos-
tic interactions stabilizing the metal center (2.675-3.005A).
The strontium compound bearing the smaller mesityl ligand
Sr[N(SiMes3)(Mes)][N(H)(Mes)](hmpa)s, displays a coordination
number of five; the result of an additional HMPA molecule coor-
dinating the metal center. Three additional agostic interactions
(2.53-2.94 A) also provide stabilization to the metal center. Finally,
Ba[N(SiMes ), ][N(H)(Mes*)](thf); displays a coordination number
of five, with five additional agostic interactions (2.70-3.18A) to
result in an overall coordination number of 5+5.
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i::::)ertle?i secondary interactions for select heteroleptic primary/secondary amides.
CN M- --H-C (A) M- --H-N (A) References
Ca[N(SiMes )(Dipp)][N(H)(Dipp)](hmpa)> 4+4 2.768-3.005 2.675 [69]
St[N(SiMe, )(MeS)][N(H)(i\/leS)](hmpa)s 5+3 2.53-2.94 (1]
Ba[N(SiMes ), |[N(H)(Mes*)](thf)s 5+5 2.70-3.18

Fig. 10. Structure of Ca[N(SiMes)(Dipp)][N(H)(Dipp)](hmpa), [69]. Hydrogen
atoms not involved in agostic interactions and methyl groups from HMPA removed
for clarity. Agostic interactions shown as dashed lines.

A well explored aspect of amido chemistry is the incorporation
of the sterically demanding [3-diketiminato (BDI) ligand, which has
been used to synthesize a number of low coordinate species of main
group and transition metals, as reviewed by Lappert among others
[8,52,112-118]. As shown in Fig. 11, the ligand can be modified at
the backbone and also at the nitrogen atoms in order to modulate
electronic and steric properties. Specifically, the BDI ligand with
2,6-di-isopropylphenyl amine has been extensively studied due to
ease of synthesis and its ability to achieve steric saturation [8].

More recently, heteroleptic compounds containing BDI and the
hexamethyldisilazanide ligand have garnered interest as attractive
starting materials in a variety of applications including polymer-
ization initiation [52,114,119]. This is due to the combination of
steric demand provided by the BDI ligand with the increased labil-
ity of the M-N bond on the [N(SiMes ), |~ ligand. The heavy alkaline
earth compounds can be synthesized by a modified salt elimination
reaction (Scheme 2, Route i), where two equivalents of KN(SiMe3 ),
are reacted with one equivalent of BDI(H) followed by addition to
an alkaline earth metal iodide affording [(BDI)M{N(SiMes ), }(thf)]
(M=Ca, Sr, Ba) [45]. For the purposes of this review, BDI(H) refers
to 2,6-di-isopropylphenyl substituted (3-diketimine.

R
R / R R=H
R’ = Me, ‘Bu, Ph
| R”= 'Pr, ‘Bu,Ph, Mes, OMes
Dipp, SiMe;
/NH N\ pp 3
R" R"

Fig. 11. 3-Diketimine (BDI) ligand system.

For the lighter metal magnesium, a 1:1 transamination reac-
tion with BDI(H) in toluene can be employed (Scheme 2, Route
viii,) resulting in [(BDI)Mg{N(SiMe3 ), }] [119]. For calcium the THF
adduct [(BDI)Ca{N(SiMes ), }(thf)] is observed [52,114]. This com-
pound polymerizes rac-lactide in THF at room temperature giving
static polylactide [52,114].In correlation with increased metal ionic
radii,and increased lability of the M-N [N(SiMe3 ), |~ bond, the reac-
tivity of these heavier metal compounds increases in comparison
to the Mg and Zn analogues [114].

The [(BDI)Ca{N(SiMes),}(thf)] complex has also been used
as a stable reaction platform for alkaline earth chemistry with
a variety of primary amines and anilines due to its relative
solution stability [45]. Addition of stoichiometric amounts of
cyclohexylamine (H,N(Cy)) or t-butylamine (H,N(‘Bu)) resulted in
the displacement of THF and formation of the respective amine
adducts [(BDI)Ca{N(SiMes ), }(NH,Cy)] characterized by NMR spec-
troscopy and [(BDI)Ca{N(SiMes);}(NH,'Bu)] characterized by
X-ray crystallography. Reactions of [(BDI)Ca{N(SiMe3 ), }(thf)] with
methoxymethylamine (H;N(CH;),OCH3) resulted in the forma-
tion of the dimeric primary amide [(BDI)Ca{NH(CH,),0CHs}],
[45]. Alternatively, treatment of [(BDI)Ca{N(SiMes ), }(thf)] with the
more sterically demanding H,N(Dipp) resulted in the elimination
of hexamethyldisilazane and the formation of a rare heterolep-
tic monomeric calcium primary anilide, [(BDI)Ca{N(H)(Dipp)}(thf)]
[45] (Fig. 12). Aiding in the stabilization of this species is an agos-
tic interaction between the calcium atom and a methine group
from one of the isopropyl substituents of the anilide ligand with
a value of 2.582 A If the less encumbering benzylamine, H,N(Bz),
is used the isostructural dimeric compounds are obtained where
the primary amine is bridging the metal centers [BDIM{N(H)(Bz)}]»
(M=Mg, Ca)[120,121]. Finally reactions of the heteroleptic species

Fig. 12. Structure of [(BDI)Ca{N(H)(Dipp)}(thf)] [45]. Hydrogen atoms not involved
in agostic interactions removed for clarity. Agostic interactions shown as dashed
lines.
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[(BDI)Ca{N(SiMe3s ), }(thf)] with ammonia gas resulted in the dimer
[(BDI)Ca{NH,}(NH3), 1> [122].

The BDI ligand has also proven useful in isolating heteroleptic
species of the alkaline earth metals with secondary non-silylated
amines. For magnesium, use of the HN('Pr), ligand leads to
[(BDI)Mg{N(iPr), }(thf)] [113], or the donor free [(BDI)Mg{N('Pr),}]
monomers [123]. For calcium, use of HN(Ph), results in a
monomeric species, [(BDI)Ca{N(Ph),}(thf)] displaying Ca.--C()
from one of the phenyl groups of the amido ligand [124].

3. Alkaline earth heterobimetallic amides

Recently, heterobimetallic amides based on the [N(SiMe3), |~
ligand have garnered synthetic interest. Alkali-alkaline earth mixed
metal amides have solubility in organic solvents and unique
reactivity that is markedly different from that of a mixture of
the homometallic counterparts [125-132]. Alkaline earth-alkaline
earth mixed metal species are less well known and limited to
[MgCa{N(SiMes ), }4] [127].

3.1. Alkali-alkaline earth heterobimetallic amides

The vast majority of heterobimetallic species contain magne-
sium, with several examples incorporating lithium. Aside from
their significant synthetic utility, these compounds shed light
onto the ways that both alkali and alkaline earth metal cen-
ters achieve coordinative saturation in both the presence and
absence of polar solvents. Combination of the solvent-free dimer,
Mg[N(SiMe3 ), ]», with Li[N(SiMes3 ), ] in a 1:2 ratio in toluene affords
the heterobimetallic [LiMg{N(SiMes ), }3] [133]. The lithium atom
is formally two-coordinate while the magnesium metal center
is three-coordinate. The absence of coordinating donor solvents
results in close agostic interactions between the lithium metal cen-
ter and -SiMes groups from the bridging ligands. Close contacts for
both alkali and alkaline earth metals in reported heterobimetallic
compounds are summarized in Table 11. Reactions involving 1:1
molar ratios of "BuLi and "Bu, Mg with 2 equivalents of HN(SiMe3 ),
in the presence of pyridine, resulted in the formation of the het-
eroleptic [(pyr)Li(j-{N(SiMes3 ), }2)Mg(*Bu)] [41]. Despite the steric
saturation and secondary interactions afforded to the metal centers
by the [N(SiMes3),]~ ligand, this compound is extremely oxygen
sensitive, and “scavenges” oxygen to form an “inverse crown ether”,
of the form [{(Me3Si);N}4LizMgy(02)x(0)y] [126]. This group of
compounds has been studied at length by the Mulvey group. Sev-
eral excellent review articles are available on the topic and as such
the compounds will not be included here [129,134-140,128].

Donor adducts of the above mentioned [LiMg{N(SiMes),}3]
family include both THF and pyridine. In each case, the
donor coordinates to the monocationic lithium atom,
[(donor)LiMg{N(SiMe3);}3] circumventing the need for
close Li based agostic interactions [41]. The combination of
Mg[N(SiMes ), ], and "BulLi leads to the formation of heteroleptic
[Li(u-{N(SiMe3 ), },)Mg(‘Bu)] stabilized through intermolecular

Fig. 13. Structure of [LiCa{N(SiMes),}3] [126]. Hydrogen atoms not involved in
agostic interactions removed for clarity. Agostic interactions shown as dashed lines.

Li based agostic interactions [141]. For sodium, combinations
of Na[N(SiMes);] with ‘BuMgCl in the presence of diethyl
ether, allowed formation of [(Et,O)Na(j-{N(SiMes),}2)Mg(‘Bu)],
exhibiting Na based agostic interactions (Table 11) [141].

The combination of Ca[N(SiMes ), ], with [Li(N(SiMes3),)], in a
1:1 ratio in toluene, affords the solvent-free [LiCa{N(SiMes);}3]
(Fig. 13) [126]. This compound is isostructural to the magnesium
derivative, however the increase in ionic radii for calcium results in
agostic (CN=6, Mg=0.72, Ca=1.00A) [3] interactions between the
alkaline earth metal center and -SiMes groups from the bridging
ligands. Li based agostic interactions were also reported (Table 11).

The THF adduct [(thf)LiCa{N(SiMes ), }3] was obtained by mix-
ing Ca[N(SiMes),],(thf), with one equivalent of Li[N(SiMe3),]| in
hexane [125]. Shortening of the bridging M-N bonds in this species
(2.396(2)) as compared to the homobimetallic [Ca{N(SiMes),}»]
(2.475(6) A) [20] suggesting the tilting of the ligands towards the
larger alkaline earth metal. This is also supported by widening of the
N-M-N angle in the THF adduct (89.9(7)°) as compared to the donor
free species (86.57(4)°). However, despite evidence of increased
steric crowding around the calcium center, no agostic interac-
tions were reported. The K/Ca derivative [(thf)KCa{N(SiMes3),}3],
was obtained under similar conditions [142]. The larger alkali
metal center is saturated by close intermolecular K based agos-
tic interactions from the -SiMe3 groups of the terminal ligand of
a neighboring molecule resulting in a polymeric chain structure
(Table 11).

Interestingly, attempts to obtain heterobimetallic com-
pounds for the heavier alkaline earth metals only results in

Table 11
Reported secondary interactions for select heterobimetallic amides.
CN M(I)---C (A) M(ID). - -C (A) References

[LiMg{N(SiMe3)}3] Li=2+2Mg=3+1 2.294(10)-2.320(9) 2.830(6) [133]
[Li(p-{N(SiMe3 ) }2 )Mg(‘Bu)] Li=2+1 Mg=3 2.563(3) [141]
[LiCa{N(SiMe3)}3] Li=2+2Ca=3+2 2.368(4)-2.413(4) 2.831(2)-2.859(2) [126]
[(Et20)Na(p-{N(SiMes ), }2)Mg(‘Bu)] Na=3+2 Mg=3 2.802 (avg) [141]
[(thfKCa{N(SiMes)}s] K=3+1 Ca=3 3.368 [142]
[MgCa{N(SiMes ); }4] Mg=3 Ca=3+2 2.828(5)-2.890(5) [127]
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Fig. 14. Structure of [MgCa{N(SiMe3);}4] [127]. Hydrogen atoms not involved in agostic interactions removed for clarity. Agostic interactions shown as dashed lines.

the isolation of the co-crystallization of two neutral products,
[Ba{N(SiMes ), },(thf)3][{Li{N(SiMe3), }(thf)},] [125]. Possibly,
heterobimetallic compounds are not obtained due to the large
discrepancy between ionic radii of the metal centers. NMR
evidence, based on the treatment of Na[N(SiMes);] in THF
with Ba[0S(0),CF3],, indicates the formation of the dimeric
[(thf);NaBa{N(SiMes3),}3], although structural data are not
available [143].

Similar structural motifs are observed for alkali-alkaline earth
heterobimetallic species containing HN(CH,Ph),. In the absence
of donors, 1:1 reactions of "BuLi and "Bu;Mg resulted in a Mg
centered polyhedron, [Li; Mg{N(CH;Ph); }4], while addition of pyri-
dine led to [(pyr)LiMg{N(CH,Ph),}3] [144]. Use of HN(Cy), under
similar reaction conditions resulted in [(thf)LiMg{N(Cy),}3] after
addition of THF [41]. Similar structural motifs are observed for the
smaller di-isopropylamine ligand, HN(iPr),, where a trio of het-
erobimetallic species have been isolated: [{KMg{N(Pr);}3}+] and
[(tmeda)KMg{N(iPr), }3], both stabilized by K agostic interactions
and [(tmeda)NaMg{N(iPr),}3] where use of the bidentate donor
TMEDA suppresses noncovalent interactions [145].

3.2. Alkaline earth-alkaline earth heterobimetallic amides

The only known example of alkaline earth-alkaline earth
heterobimetallic amides is [MgCa{N(SiMes),}4] (Fig. 14), which
hosts a number of intramolecular agostic interactions [127]
(Table 11). Addition of pyridine to this species results in asym-
metric cleavage of the mixed-metal ring structure, in turn forming
a kinetically stable, charge-separated “ate” species of the type
[(Me3Si),NCa(pyr),]*[Mg{N(SiMe3 ), }3]~ observed using '"H NMR
spectroscopy. This compound has been studied in enolization reac-
tions [127].

4. Pyrazolates

4.1. Pyrazolate ligand system

Pyrazole is a five-membered ring system containing two
adjacent nitrogen atoms. Deprotonation of the pyrazole (pzH)
results in a monoanionic aromatic heterocycle, called pyrazolate
(pz). Alkyl and aryl substituted pyrazolates have pK; values in
the range of 13-15. The pyrazolate anion can bind to one or more

metal centers through one or both of its nitrogen atoms (n' and
M2, respectively). In addition, pyrazolates can donate w-electron
density to varying degrees (n3, m*, and n°) (Fig. 15). The pyrazolate
ligand system is typically substituted with alkyl- and aryl-groups
in the 3- and 5-positions to modulate steric bulk, solubility and
electronic properties.

Pyrazolate ligands may be substituted in a variety of patterns
(Fig. 16). Among the symmetrically substituted pyrazolates, the
3,5-di-tert-butylpyrazolate (‘Buypz) is the most commonly used,
as the tert-butyl groups increase the steric bulk of the ligand and
enhance solubility. Much less prevalent are complexes contain-
ing asymmetrically substituted pyrazolates, Group Il complexes of
unsubstituted pyrazolates have not been reported. Most pyrazo-
late complexes containing Ca, Sr, and Ba have been pursued in an
attempt to find potential CVD precursors with high volatility.

4.2. Symmetrically substituted pyrazolate complexes

4.2.1. 3,5-Dimethylpyrazolate (Meypz)

Alkaline earth metal pyrazolates date back to 1995 when
the homoleptic “Ba(Me;,pz),” was obtained by direct metallation,
followed by treatment with GeCl,-dioxane. The resulting bimetal-
lic/metalloid complex Ba[(Me;pz);Ge],-1/2 dioxane, has ligands
that are isoelectronic with the scorpionate ligand [(Me,pz)3;BH]~
[146]. Interestingly, one of the pyrazolyl moieties in each ligand
donates w-electron density to the metal and binds in a m°-fashion,
while the other two pyrazolyl moieties are o-bound through a
nitrogen atom (Table 12).

Calcium complexes of the Me,;pz ligand have been
reported for a variety of neutral donors, including the
monomeric  Ca(Me;pz),(triglyme),  Ca(Me;,pz),(tetraglyme),
and Ca(Me;pz),(pmdta) (triglyme =2, 5, 8, 11-tetraoxadodecane;
tetraglyme=2, 5, 8, 11, 14-pentaoxapentadecane) [147]. Proto-
nated pyrazoles may also act as efficient donors, as shown with the
preparation of [M(Me,pz),(Me,pzH)4], M=Ca (Fig. 17), Sr [148],
stabilized by a hydrogen-bonding embrace between the anionic
pyrazolate and the coordinated neutral pyrazole (Table 12). The
barium complex, [{Ba(Me;,pz),(Me,pzH)4},] could only be iso-
lated as an aggregate with low solubility, limiting characterization.
Addition of a number of neutral donors in an attempt to suppress
aggregation showed that the polymer could not be broken once
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Fig. 15. Pyrazolate binding modes and abbreviations.

formed. Adding PMDTA to the initial reaction mixture resulted
in the isolation of the dimeric species [{Ba(Me,pz),(pmdta)},]
(Fig. 18) [149]. The dimeric barium complex contains two -
n?:m?-bridging pyrazolates that are twisted (but not tilted) to give
asymmetric binding to the metal centers. The twisting is caused by
steric repulsion between the methyl substituents of the bridging
pyrazoles and the PMDTA.

422, 3,5—Di-isopropylpyrazolate (iPrypz)
The 'Propz ligand has an intermediate steric bulk between
the Me,pz and Phypz. A series of dimeric alkaline earth metal

complexes [{Mg('Pr,pz);(PropzH)}, ], [{Ca(iPrapz)a(iPropzH); )2 ],
and [{Ba('Prypz)2(py)s}2] were synthesized utilizing Route vi,
M = Mg, Route v with ligand Hg(CgFs),, M = Ca, and Route iii, M=Ba
(Scheme 2) [151]. Repeated attempts to form the strontium ana-
logue were not successful. Illustrating steric saturation as the key
factorin the coordination chemistry of the target compounds, unre-
acted {Pr,pzH was found as the neutral donor in both the Mg and
Ca complexes even when excess metal was present during the
reaction. A hydrogen embrace was observed for the Mg and Ca com-
plexes similar to that seen above with [Ca(Me,pz),(Me;pzH)4] and
[Sr(Me,pz),(MeypzH),] (Table 12).

\\MW@

N—N
Phpz

MePhpz

Fig. 16. Pyrazolate substitution patterns and abbreviations.
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Table 12

Reported secondary interactions for select compounds.
Compound CN M. --C() (A) N---H-N (A)(°) References
[BaTp: > 8 3.173-3.400 [150]
Ba[(Me,pz);Ge],-1/2 dioxane 12 3.334 (avg) [146]
[Ca(Me;pz)2(Me,pzH)4] 6 2.01(2), 156(2)° [148]
[Sr(Me;pz),(MeapzH)4] 6 2.02(2), 161(2)°2.06(3), 161(2)° [148]
[{Mg("Prapz)("PropzH)}s] 4 1.77,141° [151]
[{Ca('Prypz),('PrapzH); }2 7 2.138(3), 147.88° [151]
[{Ba(Ph,pz),(tmeda)},] TMEDA 11 3.058(5)-3.281(5) [149]
[Mg(‘Buzpz)2(‘BuzpzH); ] 4 2.745(17), 153(3)° [152]
[Cas(‘Buzpz)s] 7 2.804(4)-2.995(4) [153]
[Sr4(‘Bupz)s] 12,9 3.029(7)-3.381(9) [153]
[Bas(‘Buzpz)i2] 12,10,10 3.10(1)-3.39(1) [153]
[{Sr(‘Buypz)a(thf)}2] 8 2.966(2)-3.085(2) [154]
[{Ba(‘Buypz),(thf) }2] 11 3.251(2)-3.499(2) [154]
[Cay(‘Buypz)s(LBu))] 9 2.832(2)-2.997(2) [155]
[Sr2(‘Buapz)a(LBU), ] 12 3.083(5)-3.229(5) [155]
[Baa(‘Buypz)o(LBU), ] 12 3.189(8)-3.325(8) [155]

Comparison of [{Mg(iPrypz),(‘PropzH)},],  [{Ca(iPrypz),
(iPrypzH);}2] and [{Ba(Prypz)y(py)s}z] illustrates the trend
towards increasing hapticity of the bridging pyrazolates as the
metal size increases. In [{Mg('Propz),(‘PrypzH)},] the bridging
pyrazolates are only -1':m'-bound, but are slightly twisted out of
plane to reduce steric interactions between the bridging and termi-
nal ligands. In [{Ca('Pr,pz),(‘PropzH); }, ] the bridging pyrazolates
are p-m':m2, avoiding higher hapticity by hydrogen bonding with
the bridging pyrazolates (Fig. 19). Finally, the bridging pyrazolates
in [{Ba(‘Propz),(py)s}2] are almost perpendicular in the p-n2:n?
mode, yet the need for higher hapticity of the bridging pyrazolates
through m-bonding is lessened by the presence of three neutral
pyridine donors.

4.2.3. 3,5-Diphenylpyrazolate (Phypz)
The Ph,pz ligand system has also been used to prepare com-

plexes of the heavier alkaline earth metals, Ca, Sr, and Ba using a
variety of neutral donors. The monomeric series [M(Ph,pz),(thf)4]
(M=Ca, Sr, Ba) (Scheme 2, Route iii, M=Ca, Sr, Ba, Route v with

Fig. 17. Structure of [Ca(Me;pz),(Me,pzH)4] which demonstrates the hydrogen
bonding embrace between coordinated neutral pyrazole and the anionic pyrazolate
ligand. The complex [Sr(Me,pz),(Me;pzH)4] is isostructural and displays hydrogen
bonding as well [148]. Hydrogen atoms not involved in agostic interactions removed
for clarity. Agostic interactions shown as dashed lines.

Fig. 18. Structure of [{Ba(Me,pz),(pmdta)},]. Many of the barium pyrazolate com-
plexes display this general dimeric structure, however the binding mode of the
bridging pyrazolates often depends on the need for secondary interactions. Here,
the bridging pyrazolates are p-n?:m?-bound and twisted [149]. Hydrogen atoms
removed for clarity.

Fig. 19. Structure of [{Ca('Prypz),('PropzH),},]. Hydrogen bonding between the
terminal pyrazole ligand and the bridging pyrazolate ligand prevent higher ligand
hapticity. Hydrogen atoms not involved in agostic interactions removed for clarity.
Agostic interactions shown as dashed lines.
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Fig. 20. Structure of [{Ba(Ph,pz),(tmeda)},] TMEDA. The bridging pyrazolates
engage in m-bonding to the metal centers owing to the use of a smaller neutral
donor [149]. Hydrogen atoms removed for clarity. M. - -C() interactions shown as
dashed lines.

thallium M = Ca, with mercury M= Ca, Sr, Ba) [148], interestingly,
all desolvate at room temperature. In all three, the Ph,pz ligands
adopt a transoid orientation with the four THF donors in equatorial
positions. A complementary series of [M(Phypz),(dme),] (M=Ca,
Sr,n=2; M=Ba,n=3)displays the Ph,pzligands in a cisoid arrange-
ment with the two DME donors capping the metal center [ 148]. The
barium complex accommodates an extra DME donor.

Employing the bulkier bidentate donor TMEDA, the
barium complexes [{Ba(Phypz),(tmeda)}, | TMEDA and
[Ba(Phypz),(tmeda), TMEDA were obtained [149]. Both

were synthesized via Route ii (Scheme 2) with the dimer
forming from stoichiometric amounts of TMEDA; the
monomer in the presence of excess amounts. The dimeric
structure of [{Ba(Ph,pz),(tmeda)},]- TMEDA (Fig. 20) is sim-
ilar to [{Ba(Meypz),(pmdta)},] (see Fig. 18 above) and
[{Ba(‘Pr;pz),(py)3}2], however the reduced steric require-
ments and hapticity of the TMEDA donor as compared to PMDTA
or three pyridine donors permits m-bonding of the bridg-
ing pyrazolates, giving a w-m:m32-binding mode (Table 12).
The coordination of additional TMEDA led to the monomeric
[Ba(Phypz),(tmeda), ] TMEDA, which has  m?2-coordinated
pyrazolates in a transoid arrangement.

4.2.4. 3,5-Di-tert-butylpyrazolate (*Buypz)

The most commonly used pyrazolate is the bulky {Bu,pz, with
alkaline earth metal compounds exhibiting a wide range of nuclear-
ity. Magnesium complexes include the donor-free [Mg,(‘Bu,pz)4],
in which the four-coordinate magnesium atoms are connected
by two p-n':m!-bridging pyrazolates [156]. Each magnesium
atom also has a terminal m2-bound pyrazolate which lies nearly
perpendicular to the plane of the bridging pyrazolates. A homolep-
tic monomeric magnesium species, [Mg(‘Bu,pz),(‘BuypzH), ] was
also reported. Curiously, the compound was obtained from a
THF solution [152]. The solid-state structure reveals hydro-
gen bonding between the coordinated neutral ‘BuppzH and
anionic ‘Buypz ligands (Table 12), similar to that observed in
the heavier monomeric analogues [Ca(Me,pz),(Me,pzH)4] and
[Sr(Me,pz),(Me,pzH)4] (see Fig. 17 above) [148]. Interestingly, the
iso-propyl substituted analogues [{Mg(‘Pr,pz),(:Pr,pzH)},] and
[{Ca(iPrypz),(‘PrypzH); }, ], which also exhibit pz---H. --pz hydro-
genbonding (see Fig. 19), form dimeric species even in the presence
of excess neutral ligand. Detailed structural analysis reveals that
the pz. - -H. - -pz hydrogen bonding in [{Mg(‘Pr,pz),(PrypzH)},] is
shorter/stronger than in [Mg(!Bu,pz),(‘BuypzH), ], suggesting that
hydrogen bonding has more influence than sterics over the result-
ing structure [151].

Fig. 21. Structure of [Sr4(‘Bu,pz)s]. In the absence of neutral donors, w-bonding of
the bridging pyrazolates satisfies coordinative saturation requirements, leading to
oligomeric structures. Methyl groups on the tert-butyl groups are not shown for
clarity [153]. Hydrogen atoms removed for clarity. M- - -C() interactions shown as
dashed lines.

The heavier analogues are homoleptic oligomers of increas-
ing chain length. The series of trimeric [Ca3(‘Buypz)g], tetrameric
[Sr4(*Buypz)g], and hexameric [Bag(‘Buypz)i2] were synthesized
via Route iii (Scheme 2) (Fig. 21) [153]. All are linear chains, with
the metal ions bridged by pyrazolates in a variety of modes. An
increase in points of contact is observed in the p-n2:m2- and
the w-m?:m>-bridging pyrazolates of [Ca3(‘Bu,pz)g] as compared
to the w-m':m!-bridging found in [Mg,(‘Buypz)s]. [Sra(‘Buypz)g]
shows all bridging pyrazolates inclined and engaged in -bonding
and a M..-C interaction of 3.22(1)A, whereas the hexameric
[Bag(‘Buypz)12] is a dimer of trinuclear units, with three unique
barium centers with the bonding modes p-n?:1?-, w-n?:m*-, and
p-n2:m-types (Table 12).

The ‘Buypz complexes have been reported with a variety of
donors, namely THF, pyridine, TMEDA, PMDTA, triglyme, and
tetraglyme. In addition, some mixed-ligand species containing
the ‘Buypz ligand have also been reported. The THF adducts
[Mga(‘Buzpz)a(thf)2], [Ca(*Buapz)z(thf)y ] and [{M(*Buzpz)y(thf)},]
(M=Ca, Sr, Ba), were obtained by a combination of synthetic routes
including Route i, M=Mg, Ca, Route ii, M=Sr, Ba (Scheme 2),
and by dissolving the homoleptic species in THF (Mg, Ca, Sr,
Ba) [147,154,156]. Among the dimeric species, the bridging pyra-
zolates bind in modes of increasing -contribution as metal
size increases with p-nl:m! for [Mg;(‘Buypz)4(thf);], p-n?:m? in
[{Ca('Buzpz)(thf)}2], and w-n°m? in [{Sr(‘Buapz)y(thf)},] and
[{Ba(‘Buypz),(thf); }5] (Table 12). All contain a terminal m2-bound
pyrazolate on each metal center. The larger Ba requires two THF
molecules to attain steric saturation, while Sr achieves this with
one THF molecule and close M.--H-C contacts involving a tert-
butyl group as well as an a-hydrogen on the coordinated THF
molecule with a value of 2.937A for both agostic interactions
(Fig. 22).

Employing the multidentate triglyme and tetraglyme co-ligands
affords M(!Buy pz),(triglyme) and M(‘Bu, pz),(tetraglyme) (M= Ca,
Sr, Ba) through Routes i and viii (Scheme 2) [147,157]. Simi-
larly, the nitrogen-based neutral donors afforded the monomeric
Mg(‘Buypz)y(tmeda),  Ca(‘Buppz)x(py)s,  Ca(‘Buypz)y(tmeda),
Ca(‘Buypz),(pmdta), and Sr(‘Buypz),(pmdta) [147,156,157], each
with two terminal n2-bound pyrazolate ligands.
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Fig. 22. Structure of [{Sr(‘Bu,pz),(thf)},]. The hydrogen atoms not involved in agostic interactions have been omitted for clarity [154]. Secondary interactions shown as

dashed lines.

The mixed-ligand dimeric complexes[Cay('Bu,pz)3(LBY)],
[{Sr(‘Buypz)(LBU)},], and [{Ba(‘Buypz)(L®BU)},] bearing the
B-diketiminate ligand N-tert-butyl-4-(tert-butylimino)-2-penten-
2-amine (LBUH) were achieved via Route viii (Scheme 2)[155]. The
bridging pyrazolates engage in p-m°:m2- and p-m2:n32-binding
(Table 12). The terminal ligands include m?-pyrazolate and m>-8-
diketimine. Solution studies suggest that ligand rearrangement
equilibria lie towards the formation of the mixed-ligand species
due to entropic resistance to forming the oligomeric species,
[Cas("Buzpz)s], [Sra(*Buzpz)g], and [Bag(*Buypz)iz].

4.3. Asymmetrically substituted pyrazolate complexes

With the growing body of structural evidence of alkaline
earth metal pyrazolates, it is becoming clear that factors
beyond simple sterics are controlling the coordination chem-
istry of these compounds. Asymmetrically substituted pyrazolate
ligands were studied to better understand factors such as sol-
vation vs. ligation, agostic interactions, and w-bonding. The
asymmetrically substituted pyrazolate complexes, all with bar-
ium, include [{Ba(Phpz),(pmdta)},], [{Ba(‘Bupz),(pmdta)},],
and [{Ba(MePhpz),(tmeda)},] as well as the polymeric
[{Ba('Bupz);(NHs )2 }n] [149)].

The effects of ligand substitution can be seen by compar-
ing the asymmetrically substituted [{Ba(Phpz),(pmdta)},] and
[{Ba(‘Bupz),(pmdta)},] (Fig. 23) with the symmetrically sub-
stituted [{Ba(Me;pz),(pmdta)},] (see Fig. 18 above). A general
dimeric structure is observed for each complex, with two pyra-
zolate ligands bridging the barium ions and an m2-bound terminal
pyrazolate as well as a tridentate PMDTA donor on each barium
ion. This arrangement leaves a portion of the metal coor-
dination sphere exposed, and each of the complexes fills it
differently: agostic interactions from a PMDTA methyl group in
[{Ba(Phpz),(pmdta)},], m-bonding from the bridging pyrazolates
in [{Ba(‘Bupz),(pmdta)}, ], and twisting of the bridging pyrazolates
in [{Ba(Me;pz),(pmdta)}, .

The effects of the neutral donor may at first seem
rather straightforward. For example, an increase in donor
size and hapticity reduces the nuclearity along the series
[Bag(‘Buzpz)i2], [{Ba(‘Buzpz)y(thf);},],  Ba(‘Buypz)y(triglyme)
and Ba(‘Buppz),(tetraglyme) [153,154,157]. However, non-
covalent interactions become important in the case of
[{Ba(‘Bupz);(NH3), }n] when compared to [{Ba(‘Bupz),(pmdta)},].
The smaller coordinative and steric requirement of two ammo-
nia donors, as compared to PMDTA, gives rise to increased
T-interactions and hydrogen bonding of an ammonia-hydrogen
atom to the uncoordinated nitrogen atom of an m!-bound

Fig. 23. Structures of [{Ba(Phpz),(pmdta)},] and [{Ba(‘Bupz),(pmdta)},]. Hydrogen atoms and some PMDTA methyl groups have been removed for clarity [149]. Agostic

and M. - -C(1r) interactions shown as dashed lines.
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pyrazolate in [{Ba(‘Bupz);(NH3);}s]. The tendency towards -
bonding and/or aggregation increases with decreasing neutral
donor size, as is observed for the bidentate TMEDA complexes
[{Ba(MePhpz),(tmeda)},] and [{Ba(Phypz),(tmeda)},]- TMEDA,
which contain p.-m?:m>-bridging pyrazolates. The larger tridentate
neutral donor PMDTA is found in [{Ba(Phpz),(pmdta)},], and
prevents w-bonding, even though the steric bulk of the ligands is
less.

4.4. Applications

Thermogravimetric analysis (TGA) and sublimation studies have
been carried out on a number of the above compounds to evaluate
their usefulness as CVD precursors. Of the series [{Mg(‘Bu,pz), }>],
[{Mg(‘Buzpz)(thf)}2], and [Mg('Bu,pz)y(tmeda)], only the
homoleptic species sublimed intact (150°C, 0.1 Torr). The others
showed evidence of partial or complete loss of neutral donor prior
to sublimation [156].

The loss of neutral donor was especially problematic for the
heavier alkaline earth metal complexes. All of the compounds in
the series of dimers [{Ca(‘Buypz),(thf)},], [{Sr(‘Buypz),(thf)},],
and [{Ba(‘Buypz),(thf),},] showed loss of coordinated THF prior
to 150°C [154]. Replacement of THF with other neutral donors
did not change this outcome as the complexes Ca(‘Buypz),(L)x
(where L=pyr, x=3; L=TMEDA, PMDTA and tetraglyme, x=1)
as well as Ca(Me,pz),(L) (where L=PMDTA, triglyme and
tetraglyme) decomposed prior to sublimation. The triglyme com-
plex Ca(‘Buypz),(triglyme) sublimed at 160°C but also showed
decomposition through loss of triglyme during the process [147].
A later report of the corresponding strontium and barium com-
plexes [M(‘Buypz),(L)] (where M =Sr and L=tetraglyme, triglyme,
PMDTA; M=Ba and L=tetraglyme and triglyme) also showed
that the complexes decomposed upon heating under vacuum
(130-150°C, 0.05 Torr) through loss of neutral ligand and pyrazole
[157].

Interestingly, the homoleptic complexes of the heavier ana-
logues, [Ca3(*Buypz)g], [Sra(‘Buypz)g], and [Bag(‘Buypz);»] did not
sublime intact, which was noteworthy given that they were initially
prepared and crystallized in sealed tubes in which they sublimed
intact. Clearly, the dynamic vacuum (sublimation studies) or ambi-
ent pressures (in the TGA) used during analysis affects the stability
of these complexes during vapor transport. These results indicate
that heavy alkaline earth pyrazolate complexes, especially those
containing neutral donors, are not suitable for applications as CVD
precursors.

5. Pyrrolates
5.1. Pyrrolate ligand system

The pyrrolato ligand is capable of binding through the nitrogen
in a o-fashion or through the m-electrons of the five-membered
ring. Theoretical calculations of the interactions between alkaline
earth metals and the pyrrolate anion indicate that the mode of
binding depends on metal size, with beryllium derivatives favor-
ing o-N-bonding, the calcium derivatives favoring m-bonding,
and magnesium derivatives showing similar propensity for both
[158]. The pyrrolate complexes of the alkaline earth metals
reviewed here illustrate how substituents also impact coordination
mode.

5.2. Pyrrole complexes
The most prominent pyrrole derivatives are based either on

substituted pyrrolato complexes of the form [M(pyr*),(thf)]
(where M=Ca, Sr, and pyr*=2,5-di-tert-butylpyrrolate) or

Fig. 24. Structure of [Ca(2-DMAMP),(pyridine);] [160]. Hydrogen atoms removed
for clarity.

pyrrolato ligands with a linker arm, (CH3);NCH,-, which
provides intramolecular stabilization in the monomeric
complexes, [Ca(2-DMAMP);(donor)x] (where 2-DMAMP =2-
(dimethylaminomethyl)pyrrole and donor=THF, pyr, x=2; DME,
TMEDA, x=1) [159,160]. The calcium complexes of 2-DMAMP
exhibit 6-coordinate metal centers, with the THF and pyridine
adducts displaying trans-oriented ligands and donors and the
DME and TMEDA adducts displaying cis-oriented ligands (Fig. 24).
Unlike the m-bonded pyr* complexes of calcium, the presence of
the linker arm in the 2-DMAMP complexes forces o—N-bonding
of the pyrrole nitrogen. Thermogravimetric analysis (TGA) studies
of the four calcium complexes showed complex decomposition
patterns for the ether-containing complexes, while the TMEDA
adduct showed a cleaner TGA pattern but with a significant amount
of residue remaining at 450 °C, indicating potential decomposition
as well.

6. Triazolates and tetrazolates
6.1. Triazolates and tetrazolates ligand system

The triazolate ligand is of interest due to its ability to bridge
metal centers in a variety of coordination modes. As such, a
substituted triazolate ligand has appeared in an investigation of
polynuclear magnesium species (Fig. 25).

Complexes of tetrazolate ligands are often sought as high energy
density materials for applications of propulsion and explosion. A
variety of substitution patterns are now possible, and tetrazolate
ligands have appeared in complexes of alkaline earth metals in a
number of recent publications, which are reviewed here (Fig. 25b).
Alkaline earth metal pentazolate complexes have been the subject
of theoretical investigations, but are not included in this review
[161].

6.2. A triazolate complex

A L-4-0X0 tetranuclear magnesium compound,
[Mg4(ug-oxo0)(p-triazolate)s] (where triazolate = 3,5-Pry-
1,2,4-triazolate)was obtained by Route i (Scheme 2) with an
undetermined oxygen source [152]. The four magnesium atoms
are centered around a p4-0xo-species, and are further bridged by
six w-n':m! triazolate ligands (Fig. 26).
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Fig. 25. (a) The 3,5-'Pr,-1,2,4-triazolate ligand used in investigations of polynuclear magnesium complexes. (b) A variety of substitution patterns of the tetrazolate ligand have
been found in complexes of alkaline earth metals including 5-(4-pyridyl)tetrazolate anion, 1,2,3,4-tetrazolate, dimethylaminotetrazolate and diisopropylaminotetrazolate.

6.3. Tetrazolate complexes

A pyridine derivative of the tetrazolate ligand, 5-(4-
pyridyl)tetrazolate anion, (4-PTZ)~, appears in the chain structure
[Ca1,5((4—PTZ)2H)(N3)2(H20)5](H20)03, which was obtained via
reaction of 4-cyanopyridine and Ca(Ns3), [162]. Interestingly, the
tetrazolate ligand in this complex is protonated, and is therefore
zwitterionic. A three-dimensional network structure is the result
of extensive hydrogen bonding between water molecules and the
nitrogen atoms of the tetrazolate ligands.

An unsubstituted tetrazolate ligand is found in the dimeric
strontium tetrazolate complex, Sry(1,2,3,4-tetrazolate)s-5H,0,
which was synthesized via reaction of the protonated tetrazole,
1H-1,2,3,4-tetrazole and Sr(OH),-8H,0 [163]. The two strontium
centers are bridged by two water molecules and two p-m':n!-
tetrazolate ligands.

Two tetrazolate complexes of barium, [Ba(tetrazolate),(18-
crown-6)] (where tetrazolate = dimethylaminotetrazolate
(CN4(NMe3)) and diisopropylaminotetrazolate (CN4(NiPry)))
were synthesized via Route viii (Scheme 2) in the presence of 18-
crown-6 [164] (Fig. 27). Both structures show transoid-oriented
tetrazolates with 18-crown-6 in the equatorial position. While
the CN4(NMe,) ligands adopt 1,2-n2-coordination, the CN4(NPr;)
ligands are 2,3-m2-bound and bend towards the 18-crown-6
due to lone pair donation towards antibonding orbitals on the
crown ether. Multiple N...-H-C interactions in each compound
(CN4(NMe;)=2.442-2.889, CN4(NiPry)=2.422 -2.862A) add
thermodynamic stability to the complex.

Finally, the barium tetrazolate salt [ {Ba(HBTA),-4H,0},] (where
HBTA =5-(tetrazol-5-ylamino)tetrazolate) was synthesized and
used for subsequent reactions with nitrogen rich cations to form
high energy salts [165]. The HBTA~ anion is deprotonated H,BTA,

Fig. 26. Structure of [Mg4(4-0x0)(-triaz)s]. Bond angle analysis indicated that ionic bonding forces were primarily responsible for the structure observed. Hydrogen atoms

removed for clarity.
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Fig. 27. Structure of [Ba(CN4(NiPr3))2(18-crown-6)]. Hydrogen atoms removed for
clarity.

which is an amine substituted with two tetrazole groups (Fig. 28).
The salt, Ba(HBTA),-4H,0, was synthesized by reacting barium
hydroxide with H,BTA. The dimeric structure displays two barium
atoms bridged by two p-m':m! tetrazolate ligands and two water
molecules.

7. Poly(pyrazolyl)borates and their derivatives
7.1. Poly(pyrazolyl)borate ligand system and their derivatives

In addition to acting as independent ligands, the azoles are
also found as parts of larger, polydentate ligands. Most notable
is the “scorpionate”, or hydrotris(pyrazol-1-yl)borate (Tp) ligand,
pioneered by Trofimenko [166]. Alkaline earth metal complexes of
Tp and its derivatives have been known since the 1990s and were
reviewed by Trofimenko in 1999 [167]. A more recent review by
Chisholm focused on alkaline earth metal complexes of Tp and its
derivatives that were developed for polymerization catalysts [168].
Here, we provide only a brief overview of the different ligand types
and the main characteristics of the relevant complexes that have
not previously been reviewed. Interest in these compounds arises
from their applications in atomic layer deposition (ALD) as precur-
sors for electronic materials, and as catalysts and bioorganometallic
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applications [150,169-171]. As multiple recent reviews are avail-
able on the topic, the following discussion will be brief.

7.2. Poly(pyrazolyl)borate complexes

The most common poly(pyrazolyl)borate complexes consist of
a BHj, unit bridging two or three pyrazolates which are themselves
bridged by a metal ion (Fig. 29). The dihydrobis(pyrazol-1-yl)borate
(Bp) ligands are bidentate and typically coordinate to the metal in a
k2-N,N’-binding mode with additional weak interactions between
one of the boron-bound hydrogen atoms and the metal. The
hydrotris(pyrazol-1-yl)borate (Tp) ligands are tridentate and typi-
cally coordinate to the metal center in a k3-N,N’,N”-binding mode.
The boron-bound hydrogen typically does not interact with the
metal. Both Bp and Tp are monoanionic ligands.

Alkaline earth metal complexes of these ligands are notable
for improved stability against hydrolysis and oxidation. In general,
the Tp complexes are more stable than Bp complexes having one
fewer B-H site for reactions to occur. Multiple “generations” of the
Tp ligands have been developed as different substitution patterns
have been explored. Tp ligands with pyrazole rings bearing no sub-
stituents are considered first generation and are denoted as simply
“Tp”. Second generation Tp ligands have substituents in the 3- and
5-positions of the pyrazole, which allows for changes in electronic
properties as well as sterics near the metal ion and the B-H group,
respectively (Fig. 29). The identity and number of the substituents is
denoted in superscript (TpR"). Many examples of second generation
Tp ligands and their complexes are known, owing to the ease with
which the parent Tp ligands can be prepared. Lesser known are the
third generation Tp ligands in which an alkyl or aryl group replaces
the boron-bound hydrogen. Fourth generation scorpionates have
very recently appeared in the literature (Fig. 29).

7.2.1. Dihydrobis(pyrazolyl)borate (Bp) complexes

The competition between solvent coordination and metal sta-
bilization through M. - -H-B interaction is illustrated by the three
magnesium complexes [Mg,(Bp),Cly(thf)s3], [Mg(Bp),(thf)], and
[Mg(Bp)(thf);] [172]. In [Mg;(Bp)2Cly(thf)3] and [Mg(Bp)(thf), ]
the coordination of solvent THF molecules precludes the need
for M. - -H-B interactions resulting in k2-N,N’-coordination of the
Bp ligand. In contrast, [Mg(Bp),(thf)] has fewer coordinated THF
molecules, so a weak Mg- - -H-B interaction takes place, giving rise
to a k3-N,N’,H-coordinated Bp ligand.

The larger heavier alkaline earth metals typically display
M...H-B interactions, as seen in the series of monomeric
complexes [M(Bp®u2),(thf)x] (M=Ca, Sr, Ba, x=0; and M=Ba,
x=1; BpBu2 = 3 5-di-tert-butyl(pyrazolyl)borate) [173]. The crystal
structures of [Sr(Bp™U2), ], [Ba(BptBu2),(thf)] and [Ba(Bptu2),] dis-
play similar structural features, with each metal ion coordinated
by two Bp'™BU2 in a k3-N,N,H-binding mode. Also, ligand distortions,
quantified by the M-N-N-B torsion angle, are caused by repul-
sions between bulky tert-butyl groups in the 3-position of each
pyrazole. Volatility and decomposition studies indicate that these

H H
N
HN __—N _Ht N ——N
el \ — / O \
\N/N HN\N/ \N/N HN\N/
H,BTA HBTA-

Fig. 28. The HBTA~ anion found in Ba(HBTA),-4H,0 [165].
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Fig. 29. General structures of bis(pyrazolyl)borate (Bp), which typically bind in a k3-N,N,H-fashion; tris(pyrazolyl)borate (Tp), where second generation Tp ligands are
substituted in the 3- and 5-positions; third generation Tp ligands are substituted with an alkyl or aryl group on the boron in place of the hydrogen (not shown). Recently
coined “fourth generation” scorpionates include a second boron atom, donor (Do) atoms such as nitrogen or oxygen, and a wider bite angle.

compounds are more stable than many known Group I CVD pre-
cursors, but they were less thermally stable than the corresponding
Tp complexes described below [150,174].

7.2.2. Hydrotris(pyrazolyl)borate (Tp) complexes

The hydrotris(pyrazolyl)borate (Tp) ligands and its derivatives
typically bind in a k3-N,N’,N”-binding mode without any nonco-
valent interactions. Most of the alkaline earth metal complexes of
the Tp ligand class that have been previously reviewed follow this
general trend [167,168,175].

The series of second generation Tp ligand complexes [M(Tp®2);]
(where M =Ca, Sr, Ba; R=3,5-diethyl-; 3,5-di-n-propyl-) exhibit
good volatility and high thermal stability due to the presence of
bulky substituents [150]. In general, the complexes are monomeric
with two k3-N,N’,N”-bound Tp ligands. The role of secondary inter-
actions in these structures is minimal, however steric interactions
between ligands were believed to force a “linear” arrangement,
with boron-metal-boron bond angles of 180°, in complexes such
as Ca(TpE2), (Fig. 30a). This general linear arrangement is in con-

trast to one member of the series, Ba(TpE®),, which has two
k3-N,N’,N”-bound TpE® ligands arranged in a “bent” fashion, with
a boron-metal-boron angle of 165.1(1)° (Fig. 30b). It is presumed
that the larger coordination sphere of the barium ion allows this
distortion from ideal geometry.

Instead of the usual k3-N,N’,N”-binding mode, the unsubstituted
dimeric [BaTp; ], displays metal-m bonding of the bridging Tp lig-
ands [150] (Fig. 31). One pyrazole is m°-bound to a barium ion,
(Table 12) while the same pyrazole is ! -bound to the other barium
ion through the nitrogen atom. The remaining two pyrazole moi-
eties bridge the metal centers in a Ba-(m!-pz)-B-(n!-pz)-Ba mode.
Each barium center is terminally bound by a k3-N,N’,N”-Tp ligand.

Application studies of these complexes as ALD precursors are
promising, as all of the complexes in the series [M(Tp®2),] (M =Ca,
Sr, Ba; R=Et, "Pr), with the exception of Ca(TpE2),, sublime as
liquids. All demonstrate high thermal stability - the solid barium
complexes decompose ~375°C, the solid calcium and strontium
complexes decompose >400 °C. Thermal gravimetric analysis (TGA)
studies show low residue (ranging from 0.1 to 5.5%). Sublimation

Fig. 30. Structures of (a) Ca(TpF?), showing a “linear” arrangement of the ligands and (b) [Ba(Tp®*2), ] showing the “bent” arrangement of the ligands [150]. Hydrogen atoms

removed for clarity.
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Fig. 31. Structure of [Ba(Tp);],. The flexibility of the Tp ligand allows the forma-
tion of a dimeric structure [150]. Hydrogen atoms removed for clarity. M. --C(1r)
interactions shown as dashed lines.

recoveries were >99% for all but one of the series. A more detailed
study of Ba(TpE?), as a precursor in the ALD growth of BaB,04
films was subsequently reported [174]. Not surprisingly, Ba(TpEt2),
proved to be more thermally stable than existing precursors for Ba-
containing thin film formation by CVD and ALD. Additionally, the
precise control of B/Baratio (2:1) in the thin film could be attributed
to the precursor composition.

Another second generation Tp complex, Ca(Tp*4),, was isolated
despite the bulky nature of the t-butyl substituents in the 3-position
[176]. Structural datarevealed one of the TpBY ligands coordinating
in an unusual k3-N,N,H-binding mode, in which one of the pyra-
zole rings does not bind to the metal center, and the boron-bound
hydrogen coordinates in its place. The other Tp®! ligand coordi-
nated in the typical k3-N,N’,N”-fashion, but with two pyrazoles
tilted towards each other, which allowed coordination of the two
pyrazoles from the first ligand.

Examples of third generation alkaline earth Tp complexes
include magnesium complexes, in which the boron-bound
hydrogen is replaced with a phenyl group [177]. Exam-
ples include the monomeric (PhTp®")MgR (R=Me, Et;
PhTpY = phenyl[tris(3-t-butylpyrazolyl)borate]) complexes,
displaying approximately tetrahedral geometry, and a magnesium
sandwich  complex, Mg(p-BrCgH4Tp), (p-BrCgH4Tp=para-
bromophenyl[tris(pyrazolyl)borate]), with a distorted octahedral
environment of the magnesium atoms, similar to that reported for
the first and second generation MgTp, complexes [171].

“Fourth generation” scorpionates have recently been presented
by Wagner and coworkers [170]. Here the Tp ligand was mod-
ified to allow control over ligand field strength through the
use of donor atoms other than nitrogen. In addition, the use of
two boron atoms opens the bite angle to allow for meridional
binding, as opposed to the more common facial coordination of
traditional Tp ligands (Fig. 29). Among a set of main group and
transition metal complexes reported were two fourth genera-
tion Tp monomeric magnesium complexes, [Mg(Cl)(thf)yL!] and
[Mg(Cl)(thf),L?], where L'=[Ph(pz)B(-N(Me))(11-pz)B(pz)Ph]~
and L2 =[Ph(pz)B(-0)(14-pz)B(pz)Ph]~. In addition a dinuclear
aggregate bridged by chlorine atoms [L!Mg(u-Cl),Mg(thf)L!] was
also synthesized. Structural analysis of [Mg(Cl)(thf),L2] reveals
a facially coordinating L2, while [L'Mg(.-Cl),Mg(thf)L!] displays
meridional coordination of L.

7.2.3. Hydrotris(triazolyl)borate complexes

Triazolyl derivatives of the traditional Tp ligand can lead to
interesting electronic effects (Fig. 32). While most of the other com-
pounds reported in this review are sensitive to air and moisture,
[M(HB(triazolyl); ),(H,0),],where M =Ca, Sr, were synthesized by
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Fig. 32. The hydrotris(1,2,4-triazolyl)borate ligand, abbreviated [HB(triazolyl);]~.

the aqueous reaction of Ca(NOs3), or SrCl,, respectively, with
the potassium salt, K(HB(triazolyl);) [178]. Attempts to form the
magnesium and barium analogues by the same route were not
successful. Structural analysis of [Ca(HB(triazolyl)3),(H,0),]-2H,0
revealed a bending of the (HB(triazolyl)) ligands (B- - -M- - -B, 131.0°),
reminiscent of Ba(TpEt2), [150]. However, the bending here is due
to the coordination of two water molecules. The electronic effects
of triazolyl can be observed in the longer Ca-N bond distances
in [Ca(HB(triazolyl)s),(H20),]-2H,0 compared to the correspond-
ing CaTp, complexes, suggesting that the triazolyl-based ligand
has increased ionic interactions with the metal ion compared
to the corresponding CaTp, complexes. The strontium complex,
[Sr(HB(triazolyl)3),(H,0),]-2H,0 was isostructural with the cal-
cium complex, based on powder X-ray diffraction data.

7.3. Poly(pyrazolyl)methane complexes

Another derivative of the classic Tp ligand system is obtained by
replacing the anionic BH™ group with CH, resulting in the neutral
and isoelectric tris(pyrazolyl)methane ligand (Fig. 33a). The neutral
tris(pyrazolyl)methane can be deprotonated at the C-bound hydro-
gen to give the tris(pyrazolyl)methanide anion (Fig. 33b). Methyl
substituents in the 3- and 5-positions on each of the pyrazole
rings give {HC(Me,pz)3 } and {C(Me,pz)3}~ respectively, providing
steric protection to both the coordinated metal and the carbanion.
The alkaline earth metal complexes of poly(pyrazolyl)alkanes that
have not previously been reviewed will be discussed [179,180].

The {HC(Me,pz);} and {C(Me,pz);}~ ligands afford the

sandwich compound [Mg{C(Me,pz)3}>] and a variety of
half-sandwich compounds including [Mg{C(Me,pz)s}Ph(thf)]
O :N N——N
- -
HC——N C<N—N
N——N @
) (b)

Fig. 33. (a) Tris(pyrazolyl)methane is neutral and (b) tris(pyrazolyl)methanide is
anionic.
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Fig. 34. Structure of [Mg(CH,SiMe;)(k2-p>-bpzcp)] [169]. Hydrogen atoms removed for clarity. M. - -C(r) interactions shown as dashed lines.

and [Mg{HC(Me,pz)3}Cly(thf)] [181], in addition to a
charge  separated species, [Mg{HC(Me;pz)3},][03SCFs],.
Notably [Mg{HC(Me,pz)3}Cly(thf)] is the first half-sandwich
tris(pyrazolyl)methane complex of any Group II metal, while
[Mg{C(Me,pz)s3}2] and [Mg{C(Me,pz)s}Ph(thf)] display the first
Mg species to contain “naked” sp3-hybridized carbanionic centers.

In a subsequent report, the {HC(Me;pz);} ligand was
reacted with a number of silyl amides: Mg[N(SiMes),],,
Mg[N(SiHMe; ), ], and Ca[N(SiMes ), »(thf),, affording the het-
eroleptic Mg{C(Me;,pz);}{N(SiMe3),} at room temperature after
24 h with longer reaction time affording [Mg{C(Me,pz)s}»] [182].
In the solid state Mg{C(Me,pz);}{N(SiMes3),} exhibits a zwit-
terionic complex with a “free” pyramidal cation. Monitoring
the reaction by VT NMR, at low temperatures, Mg{k2N-
HC(Me,pz)3}{N(SiMes3),}> was identified using ROESY data;
at temperatures above 0°C, one of the two {N(SiMes),} groups
is eliminated affording Mg{k3N-C(Me;,pz)s;}{N(SiMe3),}. Simi-
lar results were found for the less bulky {N(SiHMe;),} ligand,
leading to the isolation of the relatively stable intermedi-
ate Mg{k2N-HC(Me;pz);}{N(SiHMe,),},. Formation of the
analogous Mg{k3N-C(Me;pz);}{N(SiHMe,),}  product was
only achieved by heating the solution at 70°C for several
hours. Further 'H NMR studies using the deuterated ana-
logue, Mg{k?N-DC(Me;,pz)s}{N(SiHMe;),},, showed that C-H
bond cleavage is the rate-determining step of the conversion
between intermediate = Mg{k2N-HC(Me,pz)s}{N(SiHMe;);}>
and Mg{k3N-C(Me,pz)3}{N(SiHMe;),}. Finally, reactions of
{HC(Me;pz)3} with Ca[N(SiMes),]»(thf), yielded both the half-
sandwich, [Ca{C(Me,pz);}{N(SiMes),}(thf)] and the sandwich
[Ca{C(Me,pz)3},] complexes. Structural characterization of
both showed that the former has distorted trigonal bipyra-
midal geometry, similar to that seen in the above mentioned
[Mg{C(Me,pz)3}Ph(thf)]. The latter is the analogue of the above
mentioned [Mg{C(Me,pz)s}>].

Intentional incorporation of secondary interactions can be a
strategy of ligand design, as shown with the incorporation of
a cyclopentadienyl fragment into the poly(pyrazolyl)methane
ligand system to develop initiators for ring-opening polymer-
ization [169]. Among the complexes synthesized were a series
of magnesium species of the formula [Mg(R)(k2-w>-bpzcp)]
where R=Me, Et, "Bu, ‘Bu, CH,SiMes, and CH,Ph, and bpzcp=2,2-
bis(3,5-dimethylpyrazol-1-yl)-1,1-diphenylethylcyclopentadienyl
(Fig. 34). NMR studies indicated that the two pyrazoles are

equivalent and the -CsH, fragment is p.°>-bound. Structural charac-
terization of the {Bu and CH,SiMej3 derivatives revealed monomeric
complexes with distorted tetrahedral coordination of the Mg-ion
due to the k2-N,N-coordination of the scorpionate-portion and
w>-coordination of the —CsHy4 fragment.

8. Summary

The chemistry of nitrogen-based alkaline earth metal species
has seen significant progress in the last decade, with the synthesis
and characterization of a large array of compounds. Many of these
compounds have applications in synthetic, polymer or materials
chemistry, ensuring their continued development. An important
design element in the further development of the target com-
pounds is non-covalent interactions, whose significance is only
now being recognized. Further development will recognize these
interactions as a means to influence the structure and function of
the target compounds.
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