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Synthesis, Structure, and Ligand Redistribution Equilibria of Mixed Ligand
Complexes of the Heavier Group 2 Elements Containing Pyrazolato and
p-Diketiminato Ligands

Hani M. El-Kaderi,'?! Mary Jane Heeg,'?! and Charles H. Winter*!!
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Treatment of M[N(SiMej),]2(THF), (M = Ca, Sr, Ba) with vari-
ous stoichiometries of N-tert-butyl-4-(tert-butylimino)-2-
penten-2-amine  (L®'H) and 3,5-di-tert-butylpyrazole
(tBuypzH) afforded [(n2-tBuypz)Ca(u-n°:mn2-tBuypz)(u-n2m?-
Bupz)Ca(m®-L®)] (17 %),  [Sr(p-n°m>-tBuypz)(n’-L*Y)],
(50 %), and [Ba(p-n®:n2-tBuypz)(n®-LBY)], (66 %) as colorless
crystalline solids. The formulations of the new complexes
were assigned from spectral and analytical data and by X-
ray crystal structure determinations. In the solid state, [(n2-
tBu,pz)Ca(p-n°:n2-tBu,pz)(u-n?n2-tBu,pz)Ca(n®-LBY)] exists
as a dimer that is held together by p-n®mn?- and p-n2mn2-pyr-
azolato ligands, with a terminal n2-tBu,pz ligand on one cal-
cium ion and an n®-L®Y ligand on the other. The dimeric
structures of [Sr(pu-n°mn2-tBu,ypz)(n°-LBY], and [Ba(u-n°m?2-
tBu,pz)(n’-LBY)], are connected by two p-n®:n2-pyrazolato li-
gands, and the coordination sphere of each metal ion is
capped with an 1n°-L®" ligand. In toluene solution, [(n2-

tBu,pz)Ca(u-n°:n?-tBu,pz)(u-n?m2-tBu,pz)Ca(n®-LBY)] exists
as an equilibrium mixture of at least four compounds. In tolu-
ene solution, [Sr(pu-n®n2-tBu,pz)(n®-L®BY)], exists in equilib-
rium with Sr(n3-L*®Y), and Sr,(tBu,ypz)s. A van't Hoff analysis
of this equilibrium between 46 and 104 °C afforded AH® =
22.2+0.7 kcal/mol, AS° =43.7+1.9 cal/mol-K, and AG°(298 K)
= 9.2+0.9 kcal/mol. [Ba(u-n°n?-tBu,pz)(m®-LBY)], exists in
toluene solution as a single, pure species between —-60 and
+80 °C. The overall results suggest that the n°-L®" ligand is
better at saturating the coordination sphere of the metal ion
to which it coordinates than is the {Bu,pz ligand, and is sug-
gested as a more promising ligand for the construction of
practical, volatile chemical vapor deposition film growth pre-
Cursors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recent efforts in the coordination chemistry of calcium,
strontium, and barium have been driven by applications in
polymerization catalysis, organic synthesis, and film growth
by chemical vapor deposition (CVD) and related tech-
niques.l' ) Solid state materials containing the group 2 ele-
ments have many significant technological applications, and
CVD is commonly used for the growth of thin films of these
materials.' 31 Despite intense investigation, CVD precur-
sors of the heavier group 2 elements remain problem-
atic.l'31 Tt has been difficult to identify structures that com-
bine sufficient volatility and thermal stability, due to the
high molecular weights, the high coordination numbers,
and the low formation constants of complexes containing
these elements. The key to future developments in this area
must reside with ligand design. To date, the most widely
used group 2 CVD precursors have employed substituted
cyclopentadienyl® or B-diketonatol®! ligands.
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Our laboratory has devoted considerable effort to the de-
velopment of new nitrogen-based pyrazolato!® and B-diket-
iminatol” ligands for the group 2 elements. In particular,
we have found that group 2 bis(pyrazolato) complexes form
monomers only in the presence of neutral donor ligands,
but these complexes decompose prior to sublimation with
loss of the neutral ligands to afford oligomeric pyrazolato
complexes with very low vapor pressures.) We have also
recently reported that B-diketiminato ligands with alkyl
substituents on the nitrogen atoms bond to group 2 metal
centers with m- or n’-coordination modes, and that these
ligands coordinate unexpectedly well to the larger group 2
metal ions.[”l Herein we describe a surprising series of di-
meric calcium, strontium, and barium complexes that con-
tain both B-diketiminato and pyrazolato ligands. The B-di-
ketiminato ligands coordinate to the metal centers with a
terminal m’-coordination mode, while the pyrazolato li-
gands adopt terminal -, p-n%n>-, or p-n’:n>-coordination
modes. Documentation of pyrazolato ligand coordination
modes has been a central theme of many research reports
in recent years,®! but there have been few reports of heavier
group 2 pyrazolato complexes.[®®°] The results described
herein afford unusual examples of pyrazolato ligand coordi-
nation to group 2 centers, provide a conceptual method for
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reduction of oligomerization in pyrazolato complexes
through inclusion of terminal n>-B-diketiminato ligands, al-
low direct comparison of the donor characteristics of f-
diketiminato and pyrazolato ligands, and suggest new direc-
tions for the development of ligands that can be used to
manipulate the properties of group 2 complexes. We also
describe ligand redistribution equilibria of the new hetero-
leptic complexes and provide thermodynamic parameters
for the [Sr(u-n>:m>-tBuypz)(n>-LBY)], equilibria.

Results

Synthetic Chemistry

Treatment of M[N(SiMe;),],(THF), (M = Ca, Sr, Ba)!‘l
with various stoichiometries of N-fert-butyl-4-(tert-bu-
tylimino)-2-penten-2-amine (LB*H)!'!1 and 3,5-di-tert-bu-
tylpyrazole (Bu,pzH) as described in Equation (1) afforded
[(n*-1Bu,pz)Ca(p-n’m?>-Bu,pz)(u-n*n*1Buspz)Ca(n’>-L®Y)]
(1, 17%), [Sr(u-n>n2-tBuypz)(n>-L™BY)], (2, 50%), and
[Ba(u-n’:n2-1Bu,pz)(n>-L™BY)], (3, 66 %) as colorless crystal-
line solids. Variations in the L’B“H/tBu,pzH stoichiometries
away from those required for 1 did not lead to new prod-
ucts, and only 1 crystallized from the reaction mixtures.
Interestingly, the highest crystallized yields of 1 were ob-
tained with an L‘B¥H//Bu,pzH ratio of 2:2 and not 1:3 as
required for the stoichiometry of 1. The order of reagent
addition was important in the synthesis of 1-3. If tBu,pzH
was added first, followed by L‘BYH, then complex product
mixtures resulted. Complex 1 is soluble in hexane, while 2
and 3 are insoluble in hexane and are moderately soluble in
toluene at room temperature. The structural assignments
for 1-3 were based upon spectral and analytical data as well
as X-ray structure determinations. In solution, 1 exists as
an equilibrium mixture of at least four species at ambient

1. toluene, 3 h,
23°C
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18 h, 23 °C,
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temperature, while 2 exists as an equilibrium mixture of
three species. By contrast, 3 is a single species in solution
between —60 and +80 °C. The variable-temperature NMR
spectroscopic data for these complexes are described below.

X-ray Crystal Structure Determinations

The crystal structures of 1-3 were determined in order
to understand their molecular structures. Perspective views
of 1-3 are shown in Figures 1, 2 and 3. The crystal data
are given in Table 1. Selected bond lengths and angles are
presented in Tables 2, 3 and 4.

Figure 1. Perspective view of 1 with thermal ellipsoids at the 50%
probability level.

Figure 2. Perspective view of 2 with thermal ellipsoids at the 50%
probability level.

In the solid state, 1 can be thought of as Ca(n>-L/B%)(n?-
tBu,pz) and Ca(n>tBu,pz), fragments that dimerize
through formation of p-n’n?- and p-nZn2-pyrazolato li-
gands (Figure 1). The n°-LB" ligand has calcium-nitrogen
bond lengths of 2.322(2) and 2.342(2) A, while the calcium—
carbon bond lengths range between 2.741(3) and
2.827(3) A. These values are slightly shorter than those ob-
served in Ca(n’-LBY), (Ca—N 2.342-2.358, Ca-C 2.817-
2.901 A).’® The terminal n2-pyrazolato ligand has cal-
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Figure 3. Perspective view of 3 with thermal ellipsoids at the 50%
probability level.

Table 1. Summary of crystallographic data for 1-3.

1 2 3
Empirical formula C,46Hg,Ca,Ng C4gHggNgSr, C,gHggBa,Ng
Formula mass 827.36 952.50 1051.94
Temperature [K] 193(2) 295(2) 295(2)
Crystal system monoclinic monoclinic triclinic
Space group P21/c P2l/n Pl
a[A] 10.6303(8) 14.609(14) 10.6553(13)
b [A] 20.8169(15) 12.343(16) 11.4231(15)
c[A] 22.6456(17) 15.596(18) 12.1090(16)
a ] 90 90 78.097(2)
B 91.643(2) 101.61(3) 74.841(3)
v [°] 90 90 83.296(3)
VA7) 5009.2(6) 2755(6) 1388.9(3)
VA 4 2 1
d(calcd.) [g/em?] 1.097 1.148 1.258
Absorption coeffi- 0.265 1.972 1.445
cient [mm']
F(000) 1816 1016 544
Crystal size [mm] 0.30%0.20x0.10 0.20%0.20%x0.05 0.12x0.12%0.06
0 range [°] 1.92 to 28.31 1.74 to 28.28 2.30 to 28.32
No. of reflections 26303 19680 9890
collected
No. of independent 11683 6410 6393
reflections
GOF/F? 0.998 0.750 0.974
R indices [I > 2o(1)] 0.0493 0.0460 0.0637
R indices (all data)  0.1233 0.2021 0.1649
Largest differgance 0.305, -0.339 0.389, —0.599 0.637, —0.833

peak/hole [erA 3]
R(F) = Z||Fo| = |FllZIFol; Rw(F) = [Ew(Fy? — F2YEw(F?)]?

Table 2. Selected bond lengths [A] and angles [°] for 1.

Ca(1)-N(1) 2.3154(19) Ca(1)-C(23) 2.832(2)
Ca(1)-N(2) 2.299(2) Ca(1)-C(24) 2.997(2)
Ca(1)-N(3) 2.438(2) Ca(1)-C(25) 2.863(2)
Ca(1)-N(4) 2.433(2) Ca(2)-C(34) 2.773(2)
Ca(1)-N(5) 2.583(2) Ca(2)-C(35) 2.741(3)
Ca(1)-N(6) 2.5984(19) Ca(2)-C(36) 2.827(3)
Ca(2)-N(3) 2.642(2) Ca(1)-Ca(2) 3.5348(7)
Ca(2)-N(4) 2.588(2) N(1)-Ca(1)-N(2) 35.29(6)
Ca(2)-N(5) 2.480(2) N(3)-Ca(1)-N(4) 33.74(6)
Ca(2)-N(6) 2.452(2) N(5)-Ca(1)-N(6) 31.26(6)
Ca(2)-N(7) 2.322(2) N(5)-Ca(2)-N(6) 32.88(6)
Ca(2)-N(8) 2.342(2) N(3)-Ca(2)-N(4) 31.35(6)
N(7)-Ca(2)-N(8) 77.87(7)
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Table 3. Selected Bond lengths [A] and angles [°] for 2.[!

St-N(1) 2.516(5) Sr-C(15)’ 3.229(5)
Sr-N(2) 2.512(4) Sr-C(16)’ 3.083(5)
Sr-N(3) 2.618(4) Sr-Sr’ 4.097(2)

Sr-N(4) 2.614(5) N(1)-Sr-N(2) 71.95(14)
Sr-N(3)’ 2.897(4) N(3)-Sr-N(4) 31.15(10)
Sr-N(4)' 2.855(4) N(3)'-Sr-N(4)’ 28.26(9)
Sr-C(1) 3.052(6) N(2)-Sr-N(4) 109.27(17)
Sr—C(3) 3.004(6) N(1)-Sr-N(4) 127.11(14)
Sr-C(4) 3.025(6) N(2)-Sr-N(3) 129.79(14)
Sr-C(14)’ 3.148(5) N(1)-Sr-N(3) 106.43(15)

[a] Primes indicate symmetry-equivalent positions.

Table 4. Selected bond lengths [A] and angles [°] for 3.1

Ba N(1) 2.776(6) Ba C(3)’ 3.241(8)
BaN(2) 2.793(6) Ba Ba’ 4.297(2)

BaN(3) 2.642(6) N(1)-Ba-N(2) 28.99(16)
Ba N(4) 2.633(6) N(1)-Ba-N(3) 123.49(19)
BaN(1)’ 3.004(6) N(1)-Ba-N(4) 115.4(2)
Ba-N(2)' 3.036(6) N(2)-Ba-N(3) 104.98(19)
Ba-C(12) 3.121(8) N(2)-Ba-N(4) 133.5(2)
Ba C(13) 3.110(8) N(3)-Ba N(4) 67.98(19)
Ba-C(14) 3.176(8) N(1)’-Ba-N(2)' 26.67(15)
Ba-C(1)’ 3.189(8) N(1)’-Ba-N(3) 128.00(18)
Ba-C(2)’ 3.325(8) N(1)’-Ba-N(4) 144.0(2)

[a] Primes indicate symmetry-equivalent positions

cium-nitrogen bond lengths of 2.315(2) and 2.299(2) A,
which can be compared to the corresponding values in com-
plexes of the formula Ca(n®-R,pz),L (R = Me, rBu;L =
neutral donor; Ca-N = 2.311-2.529 A).1?] The calcium-—ni-
trogen bond lengths for the p-n%n2-tBu,pz ligand are
2.438(2) and 2.433(2)A for Ca(l) and 2.588(2) and
2.642(2) A for Ca(2). Thus, the p-n%n*-rBu,pz ligand is
more strongly bonded to Ca(l), and this metal center is
assigned as the Ca(n?-tBu,pz), fragment. For Ca(2), the
calcium-nitrogen bond lengths for the p-n’:n2-tBu,pz li-
gand are 2.452(2) and 2.480(2) A, while for Ca(1) these val-
ues are 2.583(2) and 2.598(2) A. The calcium-carbon bond
lengths range from 2.832(2) to 2.997(2) A. Based upon
bond lengths, Ca(2) is more strongly bonded to the pyrazol-
ato ligand containing N(5) and N(6), and thus Ca(2) is as-
signed as the Ca(n>-LBY)(n>-tBu,pz) fragment. The Ca(1)-
carbon(pyrazolato) distances are longer than the Ca(2)-
C(m>-LBY) distances in 1, and are comparable to those ob-
served in Ca(n>-LBY),.I”] The calcium—carbon bond length
in Ca(CsMes), is 2.64(2) A."21 Thus, the n’-pyrazolato li-
gand interaction involving Ca(l) within 1 is best described
as a m-donor interaction and is different from the terminal
n>-pyrazolato ligand bonding that has been described in se-
veral ruthenium complexes.['?!

The overall molecular structures of 2 and 3 are similar,
and can be viewed as dimers of two M(n>-L/®%)(n2-tBu,pz)
fragments (Figures 2 and 3). The n3-L®" ligand in 2 has
strontium-nitrogen bond lengths of 2.512(4) and
2.516(5) A, while the strontium—carbon bond lengths range
between 3.004(6) and 3.052(6) A. The analogous barium—
nitrogen distances in 3 are 2.633(6) and 2.642(6) A, while
the barium—carbon distances range between 3.110(8) and
3.176(8) A. The values are comparable to those of Sr(n’-
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LBY), [Sr=N  2473(2)-2.517Q2) A, Sr-C  2.928(2)-
3.004(2) A] and Ba(n’-LB%), (Ba—N 2.617-2.680 A, Ba—C
3.055-3.157 A).""] The metal-carbon distances in 2 and 3
are slightly longer than the metal-carbon distances in
St[Cs(/Bu);H,],(THF) (St-Ccp 2.87A  avg)'¥  and
Ba(CsMes), [2.98(1), 2.99(2) A].l'? The p-n>n2-Bu,pz li-
gand in 2 possesses strontium-nitrogen bond lengths of
2.614(5) and 2.618(5) A for the n*interaction, and 2.855(4)
and 2.897(4) A for the n’-bonded fragment. For 3, the re-
lated values are 2.776(6) and 2.793(6) A for the n2-interac-
tion, and 3.004(6) and 3.036(6) A for the n’-bonded frag-
ment. The metal-carbon distances associated with the p-
n°:n2-1Bu,pz ligand range between 3.083(5) and 3.229(5) A
for 2 and 3.189(8)-3.325(8) A for 3. These values are similar
to or longer than those associated with the n>-L/BY ligand
in 2 and 3 and M(n>-LB%),,[7°l and are 5-10% longer than
the related distances in Sr[Cs(/Bu);H,],(THF) (Sr—Ccgp
287 A avg)!'¥ and Ba(CsMes), [2.98(1), 2. 99(2) Al. (12
Again, the bond lengths associated with the p-1n°m?-tBu,pz
ligand suggest that the n°-interactions are best described as
n-donation to satisfy the Lewis acidity of the unsaturated
metal centers. The angle between the planes of the pB-diket-
iminato and pyrazolato C;N, cores is 20.8(3)° in 2 and
23.5(3)° in 3, which can be compared with CsMes(cen-
troid)-metal-CsMes(centroid) angles of 26-33° in the mo-
nomeric, base-free metallocenes M(CsMes),.!'?!

Variable-Temperature NMR Behavior of 1-3

Having established the solid-state structures, we next ex-
plored the solution structures using NMR spectroscopy.
The solution NMR behavior of 1-3 differed significantly.
Complex 1 exhibited four B-diketiminato ligand B-CH 'H
NMR resonances in [Dg]toluene at ambient temperature at
0=4.60,4.44,4.22, and 4.20 ppm, in a ratio of 26:15:12:47.
The resonance at 0 = 4.22 ppm was identified as the p-CH
resonance of Ca(n3-LBY),, by comparison with authentic
material {also 6 = 1.98 (CHs), 1.34 [C(CH3)s] ppm}.[""
Thus, Ca(n’-LBY), is a minor constituent of the solution.
A species with resonances consistent with 1 was observed
in the '"H NMR spectrum {3 = 6.19, 6.08, 6.04 (tBu,pz B-
CH), 4.20 (L™®" B-CH), 1.96 (L‘B" CH;), 1.45, 1.40, 1.28
[L™B C(CHs3)s]}, and accounted for 47% of the integrated
B-CH signals. The remaining two B-diketiminato ligand
LB4 B-CH resonances correspond to unknown species, but
probably contain mixed pyrazolato/L’®" ligand spheres. The
complex Ca;(1Bu,Pz)¢ has been recently described,®d and
has tBu,pz B-CH resonances at ¢ = 6.20, 6.08, and
6.00 ppm and a tert-butyl methyl resonance at 6 = 1.37 ppm
in the '"H NMR in [Dg]toluene at —55 °C. In the '"H NMR
spectrum of 1 in [Dg]toluene at —60 °C, tBu,pz B-CH reso-
nances were observed at 6 = 6.34, 6.29, 6.23, 6.18, and
6.08 ppm. These resonances do not match those reported
for Cas(1Bu,pz)s. It is possible that Casz(zBu,pz)s precipi-
tates from [Dg]toluene at —60 °C, and is thus not observed.
The presence of 1, Ca(n>-L™BY),, and one or two other un-
identified species in solutions derived from pure 1 suggest
that multiple equilibria are present.

2084 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In [Dg]toluene at ambient temperature, 2 exhibited a mix-
ture of two complexes containing B-diketiminato ligands [
=4.21, 4.19 (L"®" B-CH) ppm] in a 13:87 ratio. The major
species exhibits the resonances expected for 2 {6 = 6.26
(tBuypz B-CH), 4.19 (LB B-CH), 1.99 (L’B* CHs3), 1.47,
1.30 [L™®Y, tBu,pz C(CHs3)s]}. The minor species matches
the resonances that we have previously reported for Sr(n-
LBv), [7° The presence of Sr(n>-L™®Y), suggests the equilib-
rium depicted in Equation (2), wherein 2 converts partially
in [Dg]toluene to Sr(n’-L™BY), and the recently reported tet-
ramer Sry(tBu,pz)s.’d The 'H NMR spectrum of 2 at
—60 °C in [Dg]toluene revealed 1:1:1 pyrazolato B-CH reso-
nances at 6 = 6.35, 6.26, and 6.07 ppm and a tert-butyl
methyl resonance at 6 = 1.44 ppm, after the resonances for
Sr(n3-LBY), and 2 had been excluded. For comparison, the
"H NMR spectrum of Sr,(1Bu,pz)g at —60 °C in [Dg]toluene
is reported to have pyrazolato 3-CH resonances at 6 = 6.31,
6.16, and 6.08 ppm and a fert-butyl methyl resonance at
6 = 1.48 ppm.PY Thus, our '"H NMR spectrum at —60 °C
supports the presence of Sru(tBu,pz)g in the equilibrium
mixture. Below 46 °C, the mixture of Sr(n>-L™®%), and 2 re-
mained approximately constant, possibly due to a kin-
etically slow approach to the equilibrium. Above 46 °C,
however, the Sr(n>-L/BY),/2 ratio increased with temperature
(Table 5). Accordingly, we carried out a van’t Hoff analysis
of the equilibrium depicted in Equation (2). The equilib-
rium constants shown in Table 2 were determined between
46 and 104 °C by integration of the B-diketonate B-CH res-
onances of Sr(n’-LBY), and 2, and then calculating the con-
centrations of each species. The concentration of
Sr4(tBu,pz)g could not be measured directly between 46 and
104 °C due to very broad signals,®d but was calculated at
each temperature by assuming a stoichiometry of 1:4 with
Sr(n>-LBY),. Analysis of the data for the equilibrium de-
picted in Equation (2) using standard procedures for van’t
Hoff analyses!! afforded AH® = 22.2%0.7 kcal/mol, AS°® =
43.7+1.9 cal/mol-K, and AG°(298 K) = 9.2+0.9 kcal/mol.
Consistent with an equilibrium process possessing a posi-
tive AG®, the equilibrium at 298 K lies strongly toward 2
and is reflected by the small K., values in Table 2.

tBu
tBu

N N\)@
CHs N=tBu
/ tBu
4 CHs™st HsC

CHjz
Bu /Sr F\\(
\N/ Bu”

N\
tBu

tBu P

tBU\ /tBu H c
3
)\/k W/\f + Sry(tBuzpag

CH3 tBu

Sr(n®-LBY),

= [Sr(n®-LBU), 1 [Sry(tBuypz)g)[2]* Q)
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Table 5. Equilibrium constants for 2 at various temperatures.

T [K] Keq M]
319.2 2.17x10°
323.7 3.20x10°¢
328.1 5.26x10°¢
332.6 8.60x10°¢
337.0 1.39x10°
341.5 2.54x107°
345.6 4.52%x1073
350.2 6.66x107
354.4 9.74x 107
358.3 1.19x 10
363.8 1.41x10*
368.2 1.93x 10
372.7 3.29x10#
377.2 4.40%x10*

In contrast to 1 and 2, the '"H NMR spectra of 3 be-
tween —60 and +80 °C in [Dg]toluene revealed a single spe-
cies with resonances consistent with the solid-state struc-
ture. Thus, 3 shows no evidence for equilibria similar to
those described for 1 and 2.

Discussion

The m-coordination of the diketiminato ligands is a
prominent structural feature of 1-3. We have recently re-
ported that complexes of the formula M(n>-LBY), (M =
Ca, Sr, Ba) adopt sandwich-like structures with n>-L/BY li-
gands.”l In our paper on M(n>-LB%),,[7°l we analyzed the
n>-L/BY bonding in terms of the planes incorporating the
atoms MN; (a), N5(C,), (b), and (C,)>Cy (c). For M(n°-
L‘BY),, the a/b angles were between 70 and 72° and the b/c
angles were between 25 and 26°, and these metrical parame-
ters were used to support the n’-coordination mode and
differentiate it from the more common n2-form (which has
much smaller a/b and b/c values!”l). The corresponding met-
rical parameters for 1-3 are as follows: 1: a/b = 74.9° and
b/c = 29.4°; 2: a/b = 70.5° and b/c = 29.0°; 3: a/b = 70.5°
and b/c = 28.7°. These values are close to those of M(n°’-
LBY),, and are consistent with similar n>-bonding of the
LBY ligands in 1-3. All of the other heavier group 2 P-
diketiminato complexes described to date feature 2,6-diiso-
propylphenyl,4d-3161 2_methoxyphenyl,l!” or cyclohexyl!'®]
moieties as the nitrogen substituents. Calcium, strontium,
and barium complexes containing the 2,6-diisopro-
pylphenyl-substituted ligand [CH{C(CH3)N(2,6-iPr,C¢c-
H3)},] (LAY) exhibit the n2-coordination mode, through the
nitrogen atoms of LA™, Use of the N-cyclohexyl-substituted
diketiminato ligand [CH{C(CH3)N(C¢H;)},]" (L) af-
forded the dimeric barium complex Ba,(L®Y);[N(SiMe;),],
which contains 1’-, p-n%n?n°-, and p-n%n3-B-diketiminato
ligands."'81 Adoption of the n2-coordination mode in com-
plexes containing LAY is presumably a steric effect that is
driven by the bulky aromatic isopropyl substituents. The
various coordination modes of B-diketiminato ligands have
been recently reviewed.!'”! The n’-B-diketiminato ligand has
been structurally documented in a few main group, lantha-
nide, and early transition metal complexes, but still remains
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rare.’>18191 The present results, our previous report on
M(n>-LBY), 781 and Ba,(LY)5[N(SiMes),Jl'¥] suggest that
the n’-B-diketiminato coordination mode should be com-
mon in the heavier group 2 complexes when alkyl groups or
less bulky aromatic rings are present on the nitrogen atoms.
Complex 1 contains terminal n?-, p-nn?-, and p-n%n>-
pyrazolato ligands, while 2 and 3 possess p-n°:n2-pyrazol-
ato ligands. The terminal n?-coordination mode has been
documented in Ca(R,pz),(L,) (L, = polydentate oxygen or
nitrogen donor),l°?! M(Ph,pz),(THF), (M = Ca, Sr, Ba),l°
M(Ph,pz),(DME), (M = Ca, Sr, n = 2; M = Ba, n = 3),1°l
M(MC2PZ)2(MGQPZH)4 (M = Ca, Sr),[9°] Cag(lBusz)6,[9d]
Sr4(1Bu,pz)s,°d and Bag(1Bu,pz),,.°Y Terminal n2-pyrazol-
ato ligands are thus common in the heavier group 2 metal
complexes, and are probably driven by achieving maximum
electrostatic interactions between the pyrazolato ligand in-
plane nitrogen-based orbitals and the group 2 metal ions.
One pyrazolato ligand in 1 adopts the p-n*mn?-coordination
mode. This coordination mode has been previously ob-
served in Cas(tBu,pz)® and in lanthanide complexes such
as Ln;(Ph,pz) (Ln = La, Nd).?! The similar ionic radii®®”
of Ca™ (1.00 A), La™ (1.032 A), and Nd™ (0.983 A) are
most likely the origin of the similar pyrazolato ligand coor-
dination modes. Finally, 1-3 contain p-n’:n>-pyrazolato li-
gands. This coordination mode has been previously ob-
served in the group 2 complexes Cas(tBuypz)e,°d
Sr4(tBuypz),’Y and Bag(tBuypz);»,°Y and in lanthanide
complexes such as Ln;(Ph,pz)e (Ln = La, Nd)?!'" and Euy(z-
Bu,pz)s.>l Formation of p-n’:n2-pyrazolato ligands ap-
pears to arise due to the coordinative unsaturation at the
group 2 and lanthanide metal ions, which can be satisfied
in the absence of good neutral donor ligands by donation
of the out-of-plane n-orbitals of the pyrazolato ligand C3N,
cores to an adjacent metal ion. In 1-3, the p-n’:m?2-pyrazol-
ato ligands lead to dimeric species, whereas in the other
group 2 and lanthanide complexes, trimers, tetramers, and
even hexamers are obtained through formation of p-n’n2-
pyrazolato ligands. It is clear that the good donor capabili-
ties of LBY restrict the degree of oligomerization in 1-3.
The overall structures of 1-3 can be compared with those
of Ca;(1Bu,pz)e,®d Sru(1Bu,pz)s,®Y Bag(tBuspz);,,°d and
Euy(tBu,pz)s.l?3! Table 6 compares selected metal-nitrogen
bond lengths in 1-3 with the related fragments in Cas(¢-
Bu,pz),1°Y Sry(1Bu,pz)s,®¥ and Bae(1Bu,pz);,.I°d Remark-
ably, the Ca,(n*Bu,pz)(u-n°n2-Buspz)(u-nZn3-1Bu,pz)
fragment in 1 is virtually identical structurally to the coor-
dination sphere of the outer and middle calcium ions in
Cas(rBuypz)e. Indeed, if an outer Ca(tBu,pz);~ fragment in
Ca;(1Bu,pz)s is replaced by LY the molecular structure
of 1 is obtained. Such similarity suggests that the Ca,(n>-
Bu,pz)(p-n°n2-1Buspz)(u-nZn2-tBuypz) fragment is par-
ticularly stable. The structural parameters of the M,(u-
n>n?-tBuypz), core fragments in 2 and 3 show a similar
high degree of congruence with the inner metal ion M,(p-
N>n>-tBuypz), substructures of Sry(tBuspz)s, Bag(Bu,-
pz)15, and Euy(rBu,pz)s. In fact, as shown in Table 6, the
metal-nitrogen bond lengths of the M,(p-n°1>-tBuspz),
substructures in 2 and Sry(rBu,pz)s and 3 and Bag(tBu,-
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Table 6. Comparison of pyrazolato metal-nitrogen distances in 1-3 with those of Cas(rBu,pz)s, Sr4(1Buspz)g, and Bag(tBu,ypz)is.

Complex M-N [A] M-N [A] M-N [A] M-C [A]
terminal n? p-n2n? p-n’n? p-n3n?
1 2.299(2) 2.433(2) 2.452(2) 2.832(2)
2.315(2) 2.438(2) 2.480(2) 2.997(2)
2.588(2) 2.583(2) (n) 2.863(2)
2.642(2) 2.598(2) (n)
Cas(1Buypz)®d 2.303(3) 2.447(4)-2.618(4) 2.415(3)-2.455(3) 2.816(5)-2.960(4)
2.318(3) 2.577(3)-2.583(3) (m)

[Ca(1) and Ca(2) only]
2

Sry(1Bu,pz)sY
[Sr(1) and Sr(2) only]
3

Bay(1Bu,pz);,°)
[Ba(1) and Ba(2) only]

2.614(5) 3.083(5)
2.618(4) 3.229(5)
2.855(4) (m) 3.148(5)

2.897(4) (m)
2.453(9)-2.648(6)
2.730(6)-2.779(6) ()

3.029(7)-3.381(9)

2.776(6) 3.189(8)
2.793(6) 3.325(8)
3.004(6) (m) 3.241(8)

3.036(6) (1)
2.72(1)-2.84(1)
2.89(1)-3.06(1) ()

3.10(1)-3.39(1)

pz);» are very similar. Replacement of the outer two
Sr(tBu,pz);~ fragments in Sru(1Buspz)g by LBY ligands af-
fords the molecular structure of 2. In Bag(zBu,pz);,, re-
placement of outer Ba(zrBu,pz);- and Bas(tBu,pz); frag-
ments by two LB ligands affords the molecular structure
of 3. Such close structural similarities suggest that the
M,(u-n>:n?-tBuypz), substructure is particularly stable, and
that this unit is likely to be observed in other strontium and
barium complexes that contain /Bu,pz ligands. As in 1, the
LBY ligands in 2 and 3 are sterically saturating and block
these complexes from forming higher oligomeric structures.

The redistribution equilibria of 1-3 are of relevance to
recent reports of lactide polymerization catalysis by unsym-
metrical group 2 complexes (LMX) containing -diketimin-
ato ligands (L).[¢1:17 In such catalysis, it is presumably the
unsymmetrical LMX complex that is the active and desired
precatalyst, since X possesses the needed nucleophilic
properties to initiate catalysis and the steric properties of L
are designed to promote stereoselectivity in the polymeriza-
tions. By contrast, ML, is unlikely to initiate catalysis ef-
ficiently and MX, may not promote stereoselective poly-
merization. A recent report by Hill has explored the sta-
bility of p-diketiminato complexes of the formula
LA™™I[N(SiMes),](THF) toward ligand redistribution in
solution.['®] Interestingly, LA"Ca[N(SiMe;),J(THF) was
found to be inert toward ligand redistribution in [Dg]tolu-
ene solution at ambient temperature, while LA"Ba[N-
(SiMe;),)(THF) was in equilibrium with Ba(LA"), and
Ba[N(SiMe;),[(THF), under the same conditions. Thermo-
dynamic parameters were not reported for the latter system.
It was proposed that the larger size and lower Lewis acidity
of the barium ion makes it more susceptible toward ligand
redistribution, compared to LA'Ca[N(SiMe;),](THF).[1%a]
The equilibrium trend observed for LA™™[N(SiMes),]-
(THF) is the opposite of what we have observed in the pres-
ent study. Qualitatively, 1 undergoes more ligand redistri-
bution at ambient temperature than 2, since the percentage
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of the dimeric starting material present in 1 (47%) is lower
than in 2 (87%). Thus, the order of ligand redistribution in
solution is 1 > 2 >> 3. While it was not possible to carry
out a van’t Hoff analysis on 1, due to the multiple equilib-
ria, the thermodynamic parameters for 2 provide some in-
sight into the factors that stabilize the heteroleptic struc-
tures for 1-3. In view of the positive AG® values for 2 in
the temperature range that was studied (46-104 °C), the K 4
values are very small and strongly favor the heteroleptic
starting material. In 2, AH° is large (22.2£0.3 kcal/mol),
but this value is offset by a large AS® value (43.7£0.3 cal/
mol-K), which allows the AG® values to decrease and the
K. values to increase with increasing temperature. We have
previously proposed that the L™®" ligands in M(n>-LBY),
bond most strongly to the barium ion and least strongly
to the calcium ion, based upon comparison of the metal-
nitrogen and metal-carbon bond lengths with those of
Cp*,M.IPIf this proposal holds for 1-3, then the AH° val-
ues should increase in the order 1 < 2 < 3, which follows
the qualitative trend in redistribution equilibria. It is also
likely that there is an entropic contribution to the equilibria,
since the homoleptic pyrazolato complexes adopt the oligo-
meric structures Casz(tBuspz)s, Sra(tBu,pz)s, and Bag(t-
Bu,pz);, in the solid state and appear to adopt similar
structures in solution.®d Thus, the AS° values should de-
crease in the order 1 > 2 > 3 to reflect the increasing or-
ganization required for the oligomeric series. It is likely that
the resistance of 3 toward ligand exchange in solution re-
sults from a combination of optimum bonding to the L/B¢
ligands and the entropic penalty associated with the forma-
tion of the hexameric product Bag(tBu,pz);,. These results
suggest that the nature of the ligands has a pronounced
effect upon redistribution equilibria of heteroleptic group 2
complexes, and that appropriate choice of ligands can re-
verse the normal redistribution equilibrium trend of Ca >
Sr > Ba.l'4 There are few other equilibrium constant data
with which those of 2 can be compared. Cp*Cal(THF), is
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reported to dissociate in [Dg]THF to afford Cp*,Ca-
(THF), and Cal,(THF), with K., = 4.4 (CsiPr,H)Cal-
(OEt,), dissociates in diethyl ether to Ca(CsiPryH), and
Caly(OEt,), with an estimated K., of 2.1 Mixtures of
Ba(CH,C4Hs),(THF), and Ba(CsMe4SiMe,C¢Hs), favor
the heteroleptic complex Ba(CsMe,SiMe,C¢Hs)-
(CH,C¢Hs)(THF) with K. values that are much greater
than one.”®) The complex [Ba(CsHiPr,)(I)(THF),], resists
ligand redistribution in tetrahydrofuran, but does scramble
ligands in less coordinating solvents such as benzene.[*”! Re-
distribution equilibria are also important for the heavier
group 2 Grignard analogs.l?®!

With regards to the design of heavier group 2 metal com-
plexes for thin film growth applications, our previous study
of M(n>-LB%),[7%l and the results herein demonstrate that
the LBY ligand is very effective at blocking a face of the
metal ion to which it coordinates toward further oligomer-
ization. By contrast, the rBu,pz ligand does not provide the
same degree of steric saturation as the LBY ligand, which
leads to oligomeric complexes containing various pyrazol-
ato ligand coordination modes in the absence of neutral
amine or ecther donor ligands. While Cas(tBu,pz)s,
Sr4(tBu,pz)g, and Bag(tBu,pz);, are reported to be vola-
tile,®¥ our experience with Ca(/Bu,pz),(L,)° suggests that
the vapor pressures are very low and probably not high
enough for practical use in CVD processes employing ther-
mal source delivery. Thus, pyrazolato ligands are not likely
to be as promising as other donor ligands in the search for
improved volatile group 2 CVD precursors.

Experimental Section

General Considerations: All reactions were performed under argon
using either glovebox or Schlenk line techniques. M[N(SiMej3)-]»-
(THF), (M = Ca, Sr, Ba),l'% N-tert-butyl-4-(tert-butylimino)-2-
penten-2-amine (L™B"H),l' and 3,5-di-tert-butylpyrazole!*”! were
prepared according to reported methods. 'H and 3C{'H} NMR
spectra were obtained at 400 and 100 MHz, respectively, in [Dg]-
toluene. Infrared spectra were obtained using Nujol as the medium.
Elemental analyses were performed by Midwest Microlab, India-
napolis, IN. Melting points were obtained with a Haake-Buchler
HBI digital melting point apparatus and are uncorrected.

Synthesis of [(n?-tBu,pz)Ca(n-n3:1m2-tBu,pz)(p-n*:n>-1Bu,pz)Ca(n’-
L] (1): A 100-mL Schlenk flask was charged with Ca[N(Si-
Mes),]»(THF), (0.420 g, 0.831 mmol) and toluene (30 mL). This
solution was treated with L®“H (0.175 g, 0.831 mmol) and was
stirred at ambient temperature for 3 h. The resultant solution was
then treated with rBu,pzH (0.150 g, 0.831 mmol) in small portions
and was further stirred for 18 h. The volatile components were re-
moved under reduced pressure and the crude material was ex-
tracted with hexane (30 mL). The hexane extract was filtered
through a 2-cm pad of Celite on a coarse glass frit to afford a
colorless solution. The filtrate was concentrated to a volume of
10 mL and was stored at —30 °C for 24 h to afford 1 as colorless
crystals {0.06 g, 17%, based on Ca[N(SiMe3),],(THF),}: m.p. 184—
186 °C (dec). IR (Nujol): ¥ = 1632 (m), 1500 (m), 1250 (m), 1215
(w), 1188 (w), 1007 (w), 976 (w), 810 (w), 797 (w), 767 (w) cm!.
'"H NMR ([Dg]toluene, 23 °C): § = 1.45, 1.40, 1.34, 1.32, 1.28, 1.13
[pyrazolato and L™ C(CHs3)s], 1.99, 1.98, 1.96, 1.85 (L™B" CHs),
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4.60, 4.44,4.22, 4.20 (LB B-CH), 6.22, 6.19, 6.08, 6.04, 5.98 (pyra-
zolato ring B-CH) ppm. Cy4sHg,Ca,Ng (827.36): C 66.78, H 9.99,
N 13.54; found C 66.46, H 9.89, N 13.30.

Synthesis of [Sr(p-13:12-tBu,pz)(n3-L™®Y)], (2): In a fashion similar
to the preparation of 1, treatment of Sr[N(SiMes),],(THF),
(0.459 g, 0.831 mmol) with L’®'H (0.175 g, 0.831 mmol), followed
by tBu,pzH (0.150 g, 0.831 mmol) in toluene (30 mL), afforded 2
as colorless crystals upon cooling of a hot toluene solution to
=30 °C {0.20 g, 50%, based on Sr[N(SiMe;),],(THF),}: m.p. 245—
247 °C. IR (Nujol): v = 1250 (m), 1210 (m), 1186 (m), 1025 (w),
994 (w), 797 (w), 768 (w), 757 (w) cm . 'H NMR ([Ds]toluene,
23°C): 6 = 1.30 [s, 36 H, L'BY C(CHs);), 1.47 [s, 36 H, pyrazolato
C(CH;)5), 1.99 (s, 12 H, CH;), 4.19 (s, 2 H, B-CH), 6.26 (s, 2 H,
pyrazolato ring CH) ppm. '3C{'H} NMR ([Dg]toluene, 23 °C): §
=25.21[s, C(CH3)], 31.57 [s, pyrazolato C(CHj3)3], 32.62 [s, pyrazo-
lato C(CH3)3], 33.01 [s, L™ C(CHs);], 54.18 [s, L’®* C(CHj3)s],
92.00 (s, B-CH), 102.62 (s, pyrazolato ring CH), 160.21 [s, pyrazol-
ato ring CC(CH3)s), 164.37 (s, CCH3) ppm. C4gHggNgSr, (952.50):
C 60.53, H 9.31, N 11.76; found C 59.50, H 9.05, N 11.41. In
addition to the resonances reported for 2, 13% of Sr(n>-LBY),7b1
was also observed in the "TH NMR spectrum at ambient tempera-
ture in [Dg]toluene, and was identified by comparison of its 'H
NMR resonances with those of authentic material.

Synthesis of [Ba(u-n3:n>-Bu,pz)(n>-L™BY)], (3): In a fashion similar
to the preparation of 2, treatment of Ba[N(SiMes),],(THF),
(1.00 g, 1.66 mmol) with L'B'H (0.350 g, 1.66 mmol), followed by
tBu,pzH (0.300 g, 1.66 mmol) in toluene (30 mL), afforded 3 as a
colorless crystals from toluene (0.580 g, 66%, based on Ba[N-
(SiMe;),]»(THF),): m.p. 289-291 °C. IR (Nujol): v = 1247 (w),
1208 (m), 1185 (m), 1042 (w), 1023 (w), 967 (w), 793 (m), 765 (m)
cm!. '"H NMR ([Dg]toluene, 23°C): § = 1.30 [s, 36 H, L/Bv
C(CHs;)3), 1.47 [s, 36 H, pyrazolato C(CH3)3], 2.00 (s, 12 H, CH3),
4.18 (s, 2 H, L™ B-CH), 6.27 (s, 2 H, pyrazolato ring CH) ppm.
13C{'H} NMR ([Dg]toluene, 23 °C): & = 24.76 [s, C(CH3)], 31.63
[s, pyrazolato C(CHs)3], 32.31 [s, pyrazolato C(CHs);], 32.88 [s,
C(CHs)s3], 54.27 [s, C(CH3)3], 90.41 (s, B-CH), 103.25 (s, pyrazolato
ring CH), 157.86 [s, pyrazolato ring CC(CHs);], 162.68 (s, CCHz)
ppm. CysHggBasNg (1051.94): C 54.81, H 8.43, N 10.65; found C
54.88, H 8.47, N 10.38.

X-ray Crystallography: Crystals of 1-3 were grown as described
above. Diffraction data were collected with a Bruker P4/CCD dif-
fractometer equipped with Mo radiation and a graphite monochro-
mator at —80 °C (1) or at ambient temperature with the crystals
mounted in glass capillaries (2 and 3). A sphere of data was mea-
sured at 10-20 s/frame and 0.2-0.3° between frames. The frame
data were indexed and integrated with the manufacturer’s SMART,
SAINT, and SADABS software.3% All structures were refined
using Sheldrick’s SHELX-97 software.’!] In the model for 1, one
of the tert-butyl groups was severely disordered and was assigned
partial atoms [C(20)-C(22)]. All three structures show typically
large thermal parameters in the tert-butyl groups. All non-
hydrogen atoms were refined anisotropically and the hydrogen
atom positions were calculated. Complexes 2 and 3 occupy crystal-
lographic inversion centers. CCDC-260847 (1), -260848 (2),
and -260849 (3) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

van’t Hoff Analysis of 2: A 5-mm NMR tube was charged with 2
(0.0150 g, 0.0157 mmol) and [Dg]toluene (0.85 mL) and was sealed
with a plastic cap. 'H NMR spectra were recorded between 46 and

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2087



FULL PAPER

H. M. El-Kaderi, M. J. Heeg, C. H. Winter

104 °C. For analysis of the data, see the text and Supporting Infor-
mation.
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