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New Structural Features in Heavy Alkaline Earth-Metal Chemistry —
Molecular Heterobimetallic Group 1, Ba Complexes
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Introduction

Heterobimetallic complexes of magnesium have received
significant attention as polymerization initiators,[1] reagents
for selective alkylation,[2] deprotonation and metalation,[3]

and halogen–magnesium exchange reactions.[4] In contrast,
simple heterobimetallic compounds involving the heavier al-
kaline earth metals remain one of the least explored areas
in group 2 chemistry. Aside from a handful of calcium com-
pounds,[5] structurally characterized heterobimetallic com-
plexes involving alkali metals and the heaviest congener,
barium, are scarce; examples are limited to the multinuclear
[KACHTUNGTRENNUNG{Ba2ACHTUNGTRENNUNG(OSiPh3)5ACHTUNGTRENNUNG(dme)2}],[6] [(Li3Ba6O2)

11+
ACHTUNGTRENNUNG(OtBu)11 ACHTUNGTRENNUNG(thf)3],[7]

[Na2Ba{p-tBu-calix[4] ACHTUNGTRENNUNG(OC5H9)2(O)2}2],[8] and [IBa-
ACHTUNGTRENNUNG(LiOtBu)4(OH) ACHTUNGTRENNUNG(thf)4].[9] The rational preparation of a
family of simple complexes composed of alkali and heavy al-
kaline earth metals will advance the understanding of
metal–ligand interactions by illuminating a) the principle of
solvation versus ligation, b) structural trends within groups 1
and 2, and c) the detailed correlation between heavy alka-
line earth and divalent rare-earth metals. Moreover, this

new class of compounds may provide exciting alternatives to
the well-established magnesium analogues.[10] Preliminary
studies have also indicated their potential as precursors for
heavy alkaline earth-metal-containing solids, such as high-
temperature superconductors.[11]

A possible reason for the absence of simple heterobime-
tallic complexes is the failure of conventional metathesis, in
contrast to the successful preparation of the rare-earth “ate”
analogues.[12] Synthetic attempts involving group 2 reagents
typically afford only homometallic species,[5d] a result also
confirmed in our group.[13] We now present solid-state direct
metalation for the preparation of simple heterobimetallic
group 1, Ba complexes. Developed for rare-earth com-
plexes,[14] this synthetic route shows great promise in alka-
line earth-metal chemistry.[15]

Our choice of ligand, 2,6-diphenylphenol (HOdpp), is
based on recent results, from our laboratory and others,[16]

expressing the stabilizing effect of metal–p interactions. Ex-
amples include the dinuclear, homoleptic [M2ACHTUNGTRENNUNG(Odpp)4] (Ca,
7; Sr, 8 ; Ba, 9)[15a] and the anionic aryloxolanthanoidates
[K{Ln ACHTUNGTRENNUNG(Odpp)4}] (Ln=La, Nd)[16a] and [Na{Ln ACHTUNGTRENNUNG(Odpp)4}]
(Ln=Nd, Er).[16b] Here, we aim to explore the significance
of such secondary interactions in the structural features of
the heterobimetallic-aryloxo complexes of group 1 elements
Li, Na, K, and Cs, accompanied by the heavy alkaline earth
metal barium in the solid state and in the presence of Lewis
bases.
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Results and Discussion

The reaction of elemental barium, 2,6-diphenylphenol
(HOdpp), and alkali-metal phenolate in the non-coordinat-
ing medium 1,3,5-tri-tert-butylbenzene (Mes*H) in an evacu-
ated Carius tube at 225–250 8C affords the target compounds
[Eq. (1)] either after crystallization from toluene ([Na{Ba-
ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 1; [K{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 2 ; [Cs{Ba-
ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 3), directly from the tube ([Li2{Ba-
ACHTUNGTRENNUNG(Odpp)4}], 4), or after addition of THF to 4 to give [Li2-
ACHTUNGTRENNUNG(thf)2Ba ACHTUNGTRENNUNG(Odpp)4}]·PhMe, 5 ; or diglyme to 2 affording [K{Ba-
ACHTUNGTRENNUNG(Odpp)3ACHTUNGTRENNUNG(diglyme)}], 6. The synthesis of these species pro-
ceeds with good yields and excellent purity in the absence
of mercury activation, which is frequently necessary in syn-
theses that use rare-earth and alkaline-earth metals.[14c,d,15a]

In solid-state metalation the flux agent, Mes*H, offers easy
and economical scale-up possibilities as it can be recovered
and reused. The absence of any volatile solvents in the pro-
cedure adds to the attractive and environmentally conscious
nature of the process.

BaðsÞ þ nMOdppðsÞþ2 HOdpp

! ½MnBaðOdppÞ2þn� þ H2 ð1� 4Þ
ð1Þ

1:M=Na, n=1; 2 :M=K, n=1; 3 :M=Cs, n=1; 4 :M=Li,
n=2

In a variation of the synthetic procedure, the exposure of
a mixture of the metals to the alcohol (HOdpp) was success-
ful for the preparation of compound 1 [Eq. (2)]. This ap-
proach makes the synthetic procedure more convenient as
no air-sensitive reagents need to be prepared. Alkaline-
earth and rare-earth metals differ in that heterobimetallic
compounds of the latter are available by high-temperature
reactions of the metal chlorides and alkali-metal 2,6-diphe-
nylphenolates[16b] or 3,5-di-tert-butylpyrazolates.[17] In addi-
tion, the preparation of [K{Ln ACHTUNGTRENNUNG(Odpp)4}](Ln=La, Nd)[16a] in-
volves the use of rare-earth-metal aryloxides as the metal
source.

BaðsÞ þ NaðsÞ þ 3 HOdpp ! ½NaBaðOdppÞ3�ð1Þ þ 1:5 H2

ð2Þ

Although metalation procedures to prepare alkaline-
earth-metal aryloxides or amides are not new, previous
schemes require the presence of donor solvents such as
THF, HMPA (hexamethylphosphoramide), or NH3, with the
resulting compounds occurring as adducts of these bases.[18]

Use of these solvents involves the added inconvenience of
drying procedures. The removal of water from THF and
HMPA utilizes standard procedures, whereas NH3 involves
condensation over sodium, and the added safety risk of
working with a condensed gas. We believe that solid-state,
high-temperature metalation offers a very attractive synthet-
ic approach by providing a low-maintenance, facile alterna-
tive. Current work in our laboratory focuses on expanding
the solid-state methods towards other ligand systems.

Compounds 1–3 share many critical structural features, as
shown in Figures 1 and 2. Pertinent bond lengths and angles
are summarized in Table 1. In these compounds, three aryl-
oxides bridge the alkali metals and barium, giving a pyrami-
dal MO3 core for each metal. This unusual structural motif
that contains solely bridging-oxygen atoms is closely related
to the [Yb2ACHTUNGTRENNUNG(Odpp)3]

+ cation[19] and a series of heterobime-
tallic group 14 species [Li{Sn ACHTUNGTRENNUNG(Odpp)3}]

[16c] and [M{Ge-
ACHTUNGTRENNUNG(Odpp)3}] (M=Li, Na, K, Cs, Rb).[16d] The structural similar-
ities between the group 2 and divalent group 14 elements
are surprising considering the vast difference in their metal
diameters.[20] A related core structure is also found in di-
ACHTUNGTRENNUNGmeric 9, which contains a fourth aryloxide located in a ter-

Figure 1. Structure of [Na{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 1. For clarity, the hydrogen
atoms and toluene solvate are not shown.

Figure 2. Structure of [Cs{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 3. For clarity, the hydrogen
atoms and toluene solvate are not shown.
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minal position. In contrast, previous monoanionic amido cal-
ACHTUNGTRENNUNGciates[5a,d] and magnesiates[3,21] display one of three ligands
in a terminal position, probably an expression of the smaller
alkaline-earth metal size.

The Ba�O bond lengths in 1 fall within a small range (av
2.563(2) M) and are comparable to the bridging Ba�O bond
lengths in the three-(oxygen)coordinate Ba center of 9
(2.588(2) M).[15a] The Na�O bond lengths of 1 are in a
narrow range (av 2.333(2) M) and compare favorably to
[Na{Ge ACHTUNGTRENNUNG(Odpp)3}] (av 2.306(2) M),[16d] but are significantly
shorter than in [NaNdACHTUNGTRENNUNG(Odpp)4] (2.343(6)–2.722(5) M),[16b] in
which sodium has a higher formal coordination number. The
close range of O-Ba-O, O-Na-O, and Ba-O-Na angles in 1
result in approximate C3 symmetry around the metal cen-
ters. Compound 2 exhibits 50/50 disorder over the two metal
sites, an observation completely consistent with the very
similar ionic radii (Ba2+ (CN6)=1.49 M; K+ (CN6)=1.
52 M; CN=coordination number). As such, metal–oxygen
distances carry a slightly higher degree of uncertainty, with
differences in Ba�O and K�O bond lengths of up to ca.
0.2 M. In general, a larger range of metal-oxygen bond
lengths are observed for the heavier alkali-metal derivatives,
a trend consistent with structural features in germanates, in
which large deviations were observed in the Cs species.[16d]

Analogously, 3 displays a relatively wide range of Ba�O
bond lengths (2.513(5)–2.678(6) M), as well as significant dis-
parities in the Cs�O contacts, with one short bond
(2.773(5) M) and two longer interactions (3.102(6) and
3.044(6) M). The differences in bond lengths and angles are
associated with increased structural flexibility, as well as in-
creased capacity for p-arene interactions.[16a]

With their simple framework and close metal–oxygen con-
tacts, 1–3 represent the first examples of molecular cage-like
structures for alkali (Na, K, or Cs)/barium complexes. The
rational synthesis and the unassociated structural motif of
these compounds are significant because heterobimetallic
complexes involving alkali and heavy alkaline earth metals
are usually based on multinuclear arrangements.[6–9]

In contrast to the 1:1 alkali (Na, K, Cs)/Ba formulation of
1–3, use of lithium aryloxide in a 1:1 reaction with barium
gives 4, a compound with a 2:1 lithium/barium ratio
(Figure 3, Table 2). With a theoretical yield of 50 %, 4 was

then prepared rationally by introducing two equivalents of
lithium aryloxide. In 4 the barium center is in a severely dis-
torted tetrahedral environment created by four aryloxides.
The O�Ba�O angles of 4 range from 65.34(4)–146.76(4)8 ;
the narrow angles that involve barium bridge two oxygen
atoms that are linked to one lithium center. To reduce steric

Table 1. Selected bond lengths [M] and angles [8] in [Na{Ba-
ACHTUNGTRENNUNG(Odpp)3}]·PhMe (1), [K{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe (2), and [Cs{Ba-
ACHTUNGTRENNUNG(Odpp)3}]·PhMe (3).

1 ACHTUNGTRENNUNG(M=Na) 2 ACHTUNGTRENNUNG(M=K) 3 ACHTUNGTRENNUNG(M=Cs)

bond lengths
Ba1�O1 2.547(2) 2.570(7) 2.678(6)
Ba1�O2 2.599(2) 2.710(6) 2.570(4)
Ba1�O3 2.542(2) 2.523(6) 2.513(5)

M1�O1 2.338(2) 2.618(7) 2.773(5)
M1�O2 2.326(2) 2.527(5) 3.102(6)
M1�O3 2.335(2) 2.742(6) 3.044(6)

bond angles
O1-Ba1-O2 72.13(6) 75.0(2) 76.5(2)
O1-Ba1-O3 74.69(6) 77.4(2) 81.9(2)
O2-Ba1-O3 73.32(6) 71.0(2) 80.2(2)
O1-M1-O2 81.02(8) 77.4(2) 66.9(1)
O1-M1-O3 82.69(7) 70.4(2) 71.5(2)
O2-M1-O3 82.39(8) 72.9(2) 64.3(1)
Ba1-O1-M1 87.36(6) 92.8(2) 95.0(2)
Ba1-O2-M1 86.38(6) 91.6(2) 89.7(2)
Ba1-O3-M1 87.52(6) 91.0(2) 92.1(2)
Ba1-O1-C11 135.9(2) 139.6(5) 121.0(5)
Ba1-O2-C21 136.0(2) 112.9(4) 138.2(4)
Ba1-O3-C31 137.1(2) 140.2(4) 140.0(4)
M1-O1-C11 136.7(2) 125.8(6) 138.6(4)
M1-O2-C21 137.6(2) 139.8(4) 103.3(4)
M1-O3-C31 135.2(2) 109.9(4) 111.1(5)

Figure 3. Structure of [Li2{Ba ACHTUNGTRENNUNG(Odpp)4}], 4. For clarity, the hydrogen
atoms are not shown.

Table 2. Selected bond lengths [M] and angles [8] in [Li2{BaACHTUNGTRENNUNG(Odpp)4}] (4).

bond lengths
Ba1�O1 2.625(1) Li1�O1 1.872(4)
Ba1�O2 2.640(1) Li1�O2 1.777(4)
Ba1�O3 2.627(1) Li2�O3 1.888(4)
Ba1�O4 2.701(1) Li2�O4 1.804(2)

bond angles
O1-Ba1-O2 65.75(4) O1-Li1-O2 103.1(2)
O1-Ba1-O3 104.88(4) O3-Li2-O4 102.4(2)
O1-Ba1-O4 142.08(4) Ba1-O1-Li1 91.7(1)
O2-Ba1-O3 146.76(4) Ba1-O2-Li1 93.4(1)
O2-Ba1-O4 141.61(4) Ba1-O3-Li2 91.9(1)
O3-Ba1-O4 65.34(4) Ba1-O4-Li2 91.4(1)
Ba1-O1-C11 145.5(2) Li1-O1-C11 119.7(2)
Ba1-O2-C21 119.5(1) Li1-O2-C21 145.6(2)
Ba1-O3-C31 141.4(1) Li2-O3-C31 118.1(2)
Ba1-O4-C41 123.3(1) Li2-O4-C41 144.5(2)
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strain and allow a maximum of
intramolecular p interactions,
the three metal centers are ar-
ranged in a nonlinear fashion
with a Li1-Ba-Li2 angle of
153.1(1)8 and the two LiO2Ba
rings tilted by 53.28. The phenyl
substituents in 4 are tilted rela-
tive to the phenoxide unit (at
C2 40.98, at C6 54.08) to further
maximize p interactions. The
two four-membered rings, aside
from displaying similar geomet-
rical features, are non-planar
(sum of endocyclic angles=354
and 3518).

As rationalized by the core
structure of 4, the Ba�O bond
lengths are slightly longer than
in 1, but closely resemble the
bridging distances in the hex-
americ [Ba6ACHTUNGTRENNUNG(OPh)12ACHTUNGTRENNUNG(TMEDA)4]
(TMEDA=N,N,N’,N’-tetrame-
thylethylenediamine) (2.619(3)–
2.676(3) M).[22] Li�O bond
lengths in 4 (1.777(2)–
1.888(4) M) are shorter than in
solvated magnesiates, including
[Li2ACHTUNGTRENNUNG(TMEDA)2Mg(2-Me-
C6H4O)4] (1.917(5)–
1.964(5) M),[23] despite a higher
formal coordination number in
4 (CN=5 (Li1); 6 (Li2).

In contrast to 4, lithium germanates and stannates have
the composition [Li{E ACHTUNGTRENNUNG(Odpp)3}] (E=Ge, Sn),[16c,d] although
dianionic complexes are well recognized in magnesiates,
[Li2ACHTUNGTRENNUNG(MgR4)] (R=alkyl, aryl, amide, aryloxide).[21b, 23, 24] The
tendency to form a [M2Ae(OR)4] (M=Li, Ae=Ba, R=

aryl) species for lithium versus the cage-like motif for 1–3
may be due to the small metal size of lithium, disfavoring
the rare triply bridging motif.

A significant structural feature in 1–4 is the stabilization
of the metals through p-arene interactions from the neutral
phenyl substituents (Table 3). Although the role of p coordi-
nation in alkaline-earth-metal chemistry has been well es-
tablished for cyclopentadienides and cyclooctadien-
ACHTUNGTRENNUNGides,[5f, 25,26] the involvement of neutral arenes as part of
larger ligand systems is only now being realized as a major
structure-determining force.[15,27] The extent of metal–arene
interaction depends on the metal diameter, in 1 the barium
interacts with the three phenyl substituents in a h3:h3:h3

fashion (upper limit�3.48 M);[15a] the shortest distance is
3.178(2) M. The smaller sodium center displays a h1:h1:h1

binding mode to three phenyl substituents with Na–p Ar
contacts in the range of 2.849(3)–2.913(3) M (upper limit
3.01 M).[16b, 17] In 2, both metal centers (K/Ba, 50/50 disorder)
exhibit a h2 :h3 :h4 :h1 binding mode that involves interactions

from both phenyl substituents and the ipso carbon of the
phenoxide unit. As the metal diameter increases, metal–
arene interactions become more prominent, as seen in 3, in
which the large cesium metal (Cs+ (CN6)=1.81 M) exhibits
a h6 :h5 :h6 coordination to three pendant phenyl rings and an
additional h2:h1 binding mode involving the ipso and ortho
carbons of the phenoxide units, with Cs–C distances ranging
from 3.302(6) to 3.776(6) M. The sum of the Ba–arene inter-
actions (h2:h4:h2) in 3 compares to those of 1 and 2, with
only minor variations with regards to the p contributions
from the individual phenyl rings.

In 4, the addition of a fourth aryloxide ligand increases
the steric congestion around the barium center, resulting in
a decreased amount of p bonding (h1:h1:h1:h2) relative to 1–
3. The lithium centers are also stabilized through p interac-
tions originating from the phenyl substituents as well as ipso
carbons of the phenoxide units (Li1: h2:h1; Li2: h1:h2:h1; Li–
C distances 2.482(5)–2.776(5) M). The extensive p interac-
tions in 1–4 are in contrast to the aryloxomagnesiate [Li2-
ACHTUNGTRENNUNG(TMEDA)2Mg(2-Me-C6H4O)4] and several other magnesi-
ates with a 2:1 or 1:1 Li/Mg ratio, albeit secondary interac-
tions have been shown to stabilize some of these com-
pounds.[23]

Table 3. Metal–carbon distances [M] of p-phenyl–metal interactions in 1–6, in which n=xyz x indicates the
oxygen number of the ligand, y indicates the 2- or 6- positions of phenyl substituents, and z indicates the
carbon number in phenyl substituents.

1 2 3 4 5 6
Ba1�Cn Ba1�Cn Ba1�Cn Ba1�Cn Ba1�Cn Ba1�Cn

121 3.282(3) 121 3.373(8) 121 3.293(6) 12 3.267(2) 326 3.396(2) 226 3.400(2)
122 3.203(3) 122 3.374(9) 126 3.371(7) 25 3.439(2)
123 3.320(3) 21 3.436(7) 221 3.322(5) 54 3.273(2) Li2�Cn K1�Cn
221 3.328(3) 261 3.235(7) 222 3.324(7) 67 3.430(2) 31 2.756(4) 161 3.035(2)
222 3.249(3) 262 3.419(7) 223 3.474(7) 68 3.444(2) 41 2.732(4) 162 3.248(2)
223 3.359(3) 266 3.381(7) 226 3.475(7) 166 3.179(2)
321 3.308(3) 321 3.287(6) 321 3.32(1) Li1�Cn 21 3.433(2)
325 3.394(3) 322 3.271(8) 322 3.313(9) 11 2.776(5) 261 3.044(2)
326 3.178(3) 323 3.40(1) 326 3.37(1) 161 2.491(5) 262 3.295(3)

326 4.349(7) 166 2.482(5) 266 3.217(2)
Na1�Cn Cs1�Cn 31 3.412(2)

166 2.849(3) K1�Cn 161 3.449(6) Li1�Cn 361 3.068(2)
262 2.896(3) 161 3.320(7) 162 3.500(8) 124 2.718(5) 362 3.416(2)
366 2.913(3) 166 3.376(6) 163 3.596(6) 31 2.766(4) 365 3.135(2)

221 3.279(6) 164 3.620(9) 321 2.588(4)
222 3.290(8) 165 3.577(7) 326 2.643(5)
223 3.421(7) 166 3.474(9)
226 3.376(7) 21 3.639(9)

31 3.417(7) 26 3.774(9)
361 3.174(7) 261 3.302(6)
362 3.341(7) 262 3.517(6)
366 3.383(7) 263 3.776(6)

265 3.670(6)
266 3.415(6)

31 3.756(9)
361 3.405(8)
362 3.507(8)
363 3.716(8)
364 3.790(8)
365 3.698(9)
366 3.509(9)
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The importance of p interactions that increase the stabili-
zation of the target compounds is further demonstrated in
the unsuccessful preparation of heterobimetallic compounds
by using the bulky ligand 2,6-tBu2-4-MeC6H2OH
(HBHT).[28] Despite repeated attempts to prepare the target
compounds by using solid-state and solution chemistry in
various solvents, only the homometallic compounds were
isolated. In contrast, 1 can be reproduced in excellent yield
(93 %) by solution chemistry involving the homometallic
species [Ba2ACHTUNGTRENNUNG(Odpp)ACHTUNGTRENNUNG(m-Odpp)3] (9) and sodium phenolate in
toluene [Eq. (3)]. A possible pathway for the formation of 1
may include the spontaneous dissociation of the dimeric
barium species and association with sodium phenolate to
form the metal-arene stabilized heterobimetallic complex.

½Ba2ðOdppÞðm-OdppÞ3� þ 2 NaOdpp

! 2 ½NaBaðOdppÞ3�ð1Þ
ð3Þ

Experiments focusing on the addition of the oxygen-
donor THF were conducted to explore the significance of
metal–arene interactions. Remarkably, adduct formation
was observed with 4, whereas the molecular cages, 1–3, re-
mained donor-free. The addition of THF to 4 led to the co-
ordination of the Lewis base donor to the lithium centers to
afford 5. The [Li2Ba(OR)4] core is maintained in the THF
solvate 5 (Figure 4) in which the Ba�O (av 2.626(2) M) and

bridging Li�O (av 1.854(4) M) bond lengths are comparable
to the distances in 4 (Table 4). The Li�OACHTUNGTRENNUNG(thf) bond lengths
(1.912(4) and 1.869(4) M) are in good agreement with litera-
ture values.[5i] The solvation in 5 led to a significant reduc-
tion of lithium-arene interactions relative to 4; only Li2 ex-
hibited p bonding (h1:h1) to the ipso carbon of two phenox-
ide units of O3 and O4. Moreover, the minimal amount of p
interactions allows the LiO2Ba rings to tilt further away
from each other (tilt angle=798), with an approximate
linear arrangement of the metal centers (Li1-Ba1-Li2

angle=1778). The orientation of the fused-rings enhances
the steric saturation of the barium center, which displays
only one close Ba–C contact (3.400(2) M). The distorted-tet-
rahedral geometry around barium observed in 4 is also evi-
dent in 5, in which the two narrow O-Ba-O angles of both
compounds are quite similar (ca. 658). However, all other
O-Ba-O angles in 5 are relatively more acute than in 4, ren-
dering more planar LiO2Ba rings in 5 (sum of endocyclic
angles=360 and 3598).

Illustrating further the competition between solvation and
intramolecular stabilization involving metal–p arene interac-
tions, one equivalent of diglyme coordinates to barium in 2
to afford 6. Notably, the coordination of diglyme to barium
in 6 (Figure 5) contrasts the THF coordination in 5 wherein

Figure 4. Structure of [Li2 ACHTUNGTRENNUNG(thf)2{Ba ACHTUNGTRENNUNG(Odpp)4}]·PhMe, 5. For clarity, the hy-
drogen atoms and toluene solvate are not shown.

Table 4. Selected bond distances [M] and angles [8] in [Li2 (thf)2{Ba-
ACHTUNGTRENNUNG(Odpp)4}]·PhMe (5).

bond lengths
Ba1�O1 2.612(2) Li1�O1 1.868(4)
Ba1�O2 2.631(2) Li1�O2 1.862(4)
Ba1�O3 2.618(2) Li1�O5 1.912(4)
Ba1�O4 2.602(2) Li2�O3 1.835(4)

Li2�O4 1.850(4)
Li2�O6 1.869(4)

bond angles
O1-Ba1-O2 66.14(4) O1-Li1-O2 100.2(2)
O1-Ba1-O3 131.48(5) O1-Li1-O5 119.2(2)
O1-Ba1-O4 137.25(5) O2-Li1-O5 139.5(2)
O2-Ba1-O3 141.48(5) O3-Li2-O4 101.7(2)
O2-Ba1-O4 128.19(5) O3-Li2-O6 137.1(2)
O3-Ba1-O4 66.37(5) O4-Li2-O6 119.7(2)
Ba1-O1-C11 137.5(1) Ba1-O1-Li1 97.1(1)
Ba1-O2-C21 136.8(1) Ba1-O2-Li1 96.6(1)
Ba1-O3-C31 139.9(1) Ba1-O3-Li2 95.9(1)
Ba1-O4-C41 141.5(1) Ba1-O4-Li2 96.0(1)

Li1-O1-C11 124.9(2)
Li1-O2-C21 126.5(2)
Li2-O3-C31 120.5(2)
Li2-O4-C41 117.7(2)

Figure 5. Structure of [K{Ba ACHTUNGTRENNUNG(Odpp)3 ACHTUNGTRENNUNG(diglyme)}], 6. For clarity the hydro-
gen atoms are not shown.
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the solvent bonds preferentially to the smaller lithium
metals. The overall structural features of donor-free 2 and
solvated 6, including the three bridging aryloxides and asym-
metric pyramidal geometry at the metal centers (Table 5),

are similar. The bridging Ba�O bond lengths (av
2.564(2) M) and K�O distances (av 2.779(2) M) in 6 are
slightly longer than those in 2, and the terminal
Ba�OACHTUNGTRENNUNG(diglyme) bond lengths are longer (av 2.848(2) M)
than the bridging distances. The O-K-O angles in 6 are in
good agreement with those in 2, however, the O-Ba-O
angles in 6 are approximately 108 wider as a consequence of
a significant reduction in p interactions with the bridging li-
gands. The p stabilization on barium decreased to an h1

binding mode (Ba–C distance=3.396(2) M), but not surpris-
ingly, the K–p arene interactions (h3:h4:h4) are rather similar
to those in 2. The subtle differences between lanthanoids
and alkaline-earth metals are demonstrated by the reactions
of diglyme with either [Na{LnACHTUNGTRENNUNG(Odpp)4}] (Ln=Nd, Er) or
compound 2. Although the former affords separated ions
[Na ACHTUNGTRENNUNG(diglyme)2][Ln ACHTUNGTRENNUNG(Odpp)4] (Ln=Nd, Er),[16b] complex 6 is
observed for the later by using a relatively smaller amount
of the donor, a result explained by the weaker metal–ligand/
donor bonds. The addition of a large excess of diglyme to 2,
as carried out in the lanthanoids experiments, resulted in
the homometallic donor adduct, [BaACHTUNGTRENNUNG(Odpp)2 ACHTUNGTRENNUNG(diglyme)2].[13]

Upon gentle heating of 5 and 6, THF and diglyme are re-
leased, presumably leading to the formation of 4 and 2, re-
spectively. Thermogravimetric analysis (TGA) studies show
loss of THF from 5 beginning at 100 8C, and being complete
at 150 8C. In the case of 6, diglyme is lost upon heating to
116 8C, with its complete loss at 140 8C. These observations

are further supported by variable temperature (VT) powder
diffraction data, in which different powder patterns were ob-
served at temperatures above 140 8C.

To gain further insight into the solution-state constitution
of compounds 1–6, room-temperature 1H NMR spectra in
C6D6 were obtained. In addition to chemical shifts for tolu-
ene, THF, and diglyme if appropriate, each compound
shows a single set of signals for the Odpp ligand with slight
differences in the chemical shifts for 1–3 and 6. However,
more upfield resonances (ca. 0.2 ppm) of the doublets repre-
senting ortho hydrogens are seen in 4 and 5. These observa-
tions indicate that the distinct structural features of the com-
pounds are maintained in solution, consistent with the cage-
like motif of 1–3 and the fused-rings core of 4 as seen in the
solid state. It is important to note that the identification of
metal–p phenyl interactions in solution is not possible due
to the propensity for metal–C6D6 coordination.

Conclusion

The synthesis of heterobimetallic group 1, Ba complexes
demonstrates the potential of the solid-state metalation
route for the preparation of alkaline-earth-metal species.
The target compounds allowed detailed analysis of strategies
to achieve steric saturation. Moreover, these species high-
light the importance of secondary interactions through p

bonding in stabilizing the highly reactive metal centers, a
principle that will guide future developments in alkaline-
earth-metal compounds and potential synthetic and materi-
als applications. The preliminary data suggests the related
calcium derivative can be utilized as a metal–organic chemi-
cal vapor deposition (MOCVD) precursor.[13] Consequently,
current work is concerned with solution studies as well as
the correlation of metal combinations with thermal stability
and volatility. Furthermore, solid-state metalation is current-
ly being explored as an alternative synthetic method for
other families of alkaline-earth-metal compounds.

Experimental Section

The compounds described herein are extremely air and moisture sensi-
tive, consequently, all manipulations are to be carried out under an inert-
gas atmosphere. 2,6-Diphenylphenol (HOdpp) was purchased from Al-
drich and used as received. MOdpp (M=Li, Na, K, Cs) was prepared ac-
cording to literature procedures.[29] All other reagents and solvents were
purified under standard procedures. 1H NMR spectra were recorded by
using a Bruker DPX 300 spectrometer. IR spectra (4000–650 cm�1) were
recorded as Nujol mulls between NaCl plates by using a Nicolet IR200
spectrometer. Metal analyses were determined by Complete Analysis
Laboratories, Parsippany, NJ, USA. Carius tubes were charged with the
starting materials then sealed under vacuum (50 mtorr) and heated in a
furnace. The tubes were cooled to RT and placed in the glove box, in
which the crude product was transferred to a Schlenk flask and washed
with hexane (2 S 30 mL) to remove 1,3,5-tBu3C6H3. Crystals of 1, 2, and 3,
suitable for X-ray diffraction, were obtained by recrystallization from tol-
uene. In the case of 4, crystalline material was collected from a deposit
from the top of the tube. Crystallization of 5 and 6 is described below.

Table 5. Selected bond lengths [M] and angles [8] in [K{Ba ACHTUNGTRENNUNG(Odpp)3-
ACHTUNGTRENNUNG(diglyme)}] (6).

bond lengths
Ba1�O1 2.530(2) K1�O1 2.826(2)
Ba1�O2 2.620(2) K1�O2 2.766(2)
Ba1�O3 2.542(2) K1�O3 2.745(2)
Ba1�O4 2.856(2)
Ba1�O5 2.910(2)
Ba1�O6 2.777(2)

bond angles
O1-Ba1-O2 85.65(5) O1-K1-O2 77.50(5)
O1-Ba1-O3 83.98(5) O1-K1-O3 72.53(5)
O2-Ba1-O3 78.33(5) O2-K1-O3 74.93(5)
O1-Ba1-O4 124.94(5) Ba1-O1-K1 85.26(5)
O1-Ba1-O5 132.98(5) Ba1-O2-K1 84.81(5)
O1-Ba1-O6 77.90(5) Ba1-O3-K1 86.75(5)
O2-Ba1-O4 135.89(5) Ba1-O1-C11 158.6(2)
O2-Ba1-O5 127.83(5) Ba1-O2-C21 153.9(2)
O2-Ba1-O6 121.58(5) Ba1-O3-C31 158.5(2)
O3-Ba1-O4 74.02(5) K1-O1-C11 114.0(1)
O3-Ba1-O5 129.61(5) K1-O2-C21 109.5(1)
O3-Ba1-O6 151.29(5) K1-O3-C31 109.3(1)
O4-Ba1-O5 57.40(5)
O4-Ba1-O6 98.05(5)
O5-Ba1-O6 57.17(5)
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Crystallographic analyses for compounds 1–6 were conducted as de-
scribed.[30, 31]

[Na{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 1

Method A : Ba (0.69 g, 5.0 mmol), HOdpp (0.50 g, 2.0 mmol), NaOdpp
(0.27 g, 1 mmol), and 1,3,5-tBu3C6H3 (1.0 g, 4 mmol) were heated to
225 8C for 5 days. Yield: 0.58 g (62 %).

Method B : Ba (0.41 g, 3.0 mmol), Na (0.023, 1.0 mmol), HOdpp (0.74 g,
3.0 mmol), and 1,3,5-tBu3C6H3 (1.0 g, 4 mmol) were heated to 225 8C for
7 days. Yield: 0.20 g (21 %).

Method C : [Ba2 ACHTUNGTRENNUNG(Odpp) ACHTUNGTRENNUNG(m-Odpp)3] (0.55 g, 0.44 mmol) (prepared accord-
ing to literature procedures, but without the addition of mercury)[15a] was
dissolved in 30 mL toluene then added to NaOdpp (0.27 g, 1.0 mmol).
The solution was stirred overnight, warmed to 80 8C, then cooled to RT
to give colorless crystals after 2 days. Yield: 0.76 g (93 %).

M.p. (sealed tube/N2): 270–274 8C; 1H NMR (300 MHz, [D6]benzene,
25 8C): d=7.46 (d, 12 H; o-H(Ph)), 7.33 (d, 6H; m-aryl-H), 7.15 (m,
2.5H; aryl-PhMe), 6.84 (t, 12H; m-H(Ph)), 6.78 (t, 3H; p-aryl-H), 6.73
(t, 6H; p-H(Ph)), 2.11 ppm (s, 1.5H; CH3-PhMe); IR (Nujol): ñ=2921
(s), 1957 (w), 1892 (w), 1827 (w), 1592 (m), 1581 (m), 1551 (m), 1494
(m), 1451 (s), 1411 (s), 1295 (s), 1254 (s), 1172 (m), 1154 (w), 1106 (w),
1068 (m), 1025 (w), 1009 (m), 990 (m), 917 (s), 849 (s), 813 (w), 799 (w),
766 (m), 754 (s), 730 (w), 704 (s), 623 cm�1 (w); metal analysis calcd (%)
for C54H39BaNaO3 (896.32) (toluene lost by exposure to vac.): Na 2.57,
Ba 15.32; found: Na 2.77, Ba 15.40.

1: C54H39BaNaO3·PhMe; Mr=988.32; monoclinic P21/c ; a=15.258(1), b=
16.934(1), c=18.393(2) M; a=g=90, b=94.325(2)8 ; V=4738.8(7) M3;
T=97 K; Z=4; m=0.894 mm�1 (MoKa); yellow block 0.32 S 0.30 S
0.16 mm3; 8345 independent reflections, 3.6�2q	50.0; R1=0.0313,
wR2=0.0767 for data [I>2q(I)] and R1=0.0351, wR2=0.0796 for all
data. Disorder in one of the phenyl groups was handled by introducing
50:50 split positions.

[K{Ba ACHTUNGTRENNUNG(Odpp)3}]·PhMe, 2 : Ba (0.41 g, 3.0 mmol), HOdpp (0.50 g,
2.0 mmol), KOdpp (0.28 g, 1 mmol), and 1,3,5-tBu3C6H3 (0.5 g, 2 mmol)
were heated to 245 8C for 7 days. Yield: 0.36 g (26 %). M.p. (sealed tube/
N2): 284–287 8C; 1H NMR (300 MHz, [D6]benzene, 25 8C): d=7.42 (d,
12H; o-H(Ph)), 7.30 (d, 6H; m-aryl-H), 7.15 (m, 5H; aryl-PhMe), 6.86
(t, 12H; m-H(Ph)), 6.75 (m, 9H; p-aryl-H, p-H(Ph)), 2.11 ppm (s, 3 H;
CH3-PhMe); IR (Nujol): ñ=2910 (s), 2723 (m), 1950 (w), 1878 (w), 1681
(w), 1667 (w), 1650 (w), 1644 (w), 1589 (m), 1547 (m), 1455 (s), 1410 (s),
1294 (s), 1258 (s), 1170 (m), 1153 (m), 1106 (m), 1074 (m), 1064 (m),
1025 (w), 1009 (m), 989 (m), 916 (s), 848 (s), 801 (w), 768 (w), 757 (s),
737 (s), 703 (s), 665 (w), 624 cm�1 (w).

2 : C54H39BaKO3·PhMe; Mr=1004.43; monoclinic P21; a=12.487(2), b=
12.712(2), c=15.380(2) M; a=g=90, b=108.632(2)8 ; V=2313.4(6) M3;
Z=2; m=0.997 mm�1 (MoKa); colorless block 0.42 S 0.30 S 0.20 mm3;
11207 independent reflections, 2.8�2q	56.7; R1=0.0724, wR2=0.1643
for data [I>2q(I)] and R1=0.0746, wR2=0.1655 for all data.

[Cs{BaACHTUNGTRENNUNG(Odpp)3}]·PhMe, 3 : Ba (0.41 g, 3.0 mmol), HOdpp (0.50 g,
2 mmol), CsOdpp (0.38 g, 1 mmol), and 1,3,5-tBu3C6H3 (0.50 g, 2 mmol)
were heated to 235 8C for 5 days. Yield: 0.47 g (43 %). M.p. (sealed tube/
N2): 290–294 8C; 1H NMR (300 MHz, [D6]benzene, 25 8C): d=7.52 (d,
12H; o-H(Ph)), 7.32 (d, 6H; m-aryl-H), 7.15 (m, 5H; aryl-PhMe), 6.89
(t, 12H; m-H(Ph)), 6.80 (m, 9H; p-aryl-H), p-H(Ph)), 2.11 ppm (s, 3 H;
CH3-PhMe); IR (Nujol): ñ=3047 (s), 2961 (s), 2851 (s), 1952 (w), 1887
(w), 1821 (w), 1600 (s), 1539 (s), 1494 (s), 1449 (s), 1404 (s), 1290 (s),
1257 (s), 1175 (w), 1151 (w), 1110 (m), 1065 (s), 1028 (m), 983 (m), 910
(m), 853 (s), 808 (m), 763 (s), 747 (s), 693 (s), 587 cm�1 (s).

3 : C54H39BaCsO3·PhMe; Mr=1098.24; monoclinic P21; a=15.635(2), b=
12.817(2), c=12.540(2) M; a=g=90, b=71.257(3)8 ; V=2379.6(6) M3;
T=98 K; Z=2; m=1.635 mm�1 (MoKa); colorless block 0.24 S 0.10 S
0.08 mm3; 11 796 independent reflections, 2.8�2q	56.8; R1=0.0544,
wR2=0.1335 for data [I>2q(I)] and R1=0.0571, wR2=0.1359 for all
data. Disorder in one of the phenyl groups has been handled by introduc-
ing 60:40 split positions.

ACHTUNGTRENNUNG[Li2{BaACHTUNGTRENNUNG(Odpp)4}], 4 : Ba (0.41 g, 3.0 mmol), HOdpp (0.50 g, 2 mmol),
LiOdpp (0.52 g, 2 mmol), and 1,3,5-tBu3C6H3 (0.50 g, 2 mmol) were
heated to 245 8C for 5 days. Yield: for 1:1 Li/Ba: 0.11 g (18 %), for 2:1 Li/

Ba: 0.37 g (33 %). M.p. (sealed tube/N2): 246–251 8C; 1H NMR (300 MHz,
[D6]benzene, 25 8C): d=7.24 (d, 16H; o-H(Ph)), 7.14 (d, 8H; m-aryl-H),
6.99 (t, 16H; m-H(Ph)), 6.89 (t, 8 H; p-H(Ph)), 6.73 ppm (t, 4H; p-aryl-
H); IR (Nujol): ñ=2923 (s), 1958 (w), 1892 (w), 1922 (w), 1731 (w), 1592
(m), 1582 (m), 1492 (s), 1449 (s), 1407 (s), 1305 (m), 1287 (s), 1268 (s),
1251 (s), 1175 (w), 1155 (w), 1108 (w), 1083 (s), 1069 (s), 1024 (m), 1010
(m), 993 (m), 919 (m), 847 (s), 803 (s), 754 (s), 707 (s), 666 (w), 618 cm�1

(w); metal analysis calcd (%) for C72H52BaLi2O4 (1132.32): Ba 12.13;
found: Ba 11.87.

4 : C72H52BaLi2O4; Mr=1132.36; monoclinic P21/c ; a=18.867(1), b=
10.8852(7), c=26.682(2) M; a=g=90, b=97.560(1)8 ; V=5432.1(6) M3;
T=94 K; Z=4; m=0.784 mm�1 (MoKa); yellow block 0.36 S 0.28 S
0.10 mm3; 13 534 independent reflections 3.5�2q	56.6; R1=0.0355,
wR2=0.0823 for data [I>2q(I)] and R1=0.0431, wR2=0.0861 for all
data.

ACHTUNGTRENNUNG[Li2 ACHTUNGTRENNUNG(thf)2{Ba ACHTUNGTRENNUNG(Odpp)4}]·PhMe, 5 : Complex 5 was obtained by addition of
THF to 4. Work up with toluene and layering the solution with THF
(2 mL) and hexane (5 mL) gave colorless crystals after 3 days at 0 8C.
Yield: 0.39 g ACHTUNGTRENNUNG(57 %). M.p. (sealed tube/N2): 122 8C (1st), 251–256 8C (2nd);
1H NMR (300 MHz, [D6]benzene, 25 8C): d=7.30 (d, 16H; o-H(Ph)),
7.21 (d, 8 H; m-aryl-H), 7.15 (m, 5 H; aryl-PhMe), 7.03 (t, 16H; m-
H(Ph)), 6.87 (t, 8H; p-H(Ph)), 6.75 (t, 4H; p-aryl-H), 3.23 (m, 8H; THF)
2.11 (s, 3H; CH3-PhMe) 1.26 ppm (m, 8H; THF); IR (Nujol): ñ=3047
(s), 2973 (s), 2847 (s), 1940 (w), 1874 (w), 1800 (w), 1760 (w), 1670 (w),
1584 (s), 1552 (s), 1498 (s), 1457 (s), 1408 (s), 1319 (m), 1277 (s), 1266 (s),
1179 (m), 1143 (m), 1065 (s), 1032 (s), 1004 (m), 922 (m), 890 (s), 849 (s),
762 (s), 710 (s), 616 cm�1 (s).

5 : C80H68BaLi2O6·PhMe; Mr=1368.70; monoclinic P21/c ; a=13.081(2),
b=21.094(3), c=25.168(3)M; a=g=90, b=100.399(2)8 ; V=6830(2) M3;
T=100 K; Z=4; m=0.638 mm�1 (MoKa); colorless block 0.40 S 0.40 S
0.38 mm3; 17 077 independent reflections, 2.5�2q	56.8; R1=0.0397,
wR2=0.0916 for data [I>2q(I)] and R1=0.0485, wR2=0.0966 for all
data.

[K{Ba ACHTUNGTRENNUNG(Odpp)3 ACHTUNGTRENNUNG(diglyme)}]·PhMe, 6 : Compound 6 was obtained by addi-
tion of diglyme to 2. Work up with toluene and addition of diglyme
(0.30 mL, 2 mmol) gave yellow crystals after 2 days at 0 8C. Yield: 0.65 g
(62 %). M.p. (sealed tube/N2): 146 8C (1st), 280–285 8C (2nd); 1H NMR
(300 MHz, [D6]benzene, 25 8C) (sample for 1H NMR recrystallized from
toluene): d=7.46 (d, 12H; o-H(Ph)), 7.31 (d, 6H; m-aryl-H), 7.15 (m,
2.5H; aryl-PhMe), 6.88 (t, 12H; m-H(Ph)), 6.80 (m, 9 H; p-H(Ph), p-aryl-
H), 3.31 (t, 4H; CH2-diglyme), 3.2 (t, 4H; CH2-diglyme), 3.05 (s, 6 H;
CH3-diglyme), 2.11 ppm (s, 1.5 H; CH3-PhMe); IR (Nujol): ñ=2921 (m),
1960 (w), 1885 (w), 1836 (w), 1593 (s), 1549 (s), 1493 (s), 1453 (s), 1361
(s), 1312 (s), 1289 (s), 1247 (s), 1210 (m), 1174 (m), 1154 (m), 1123 (w),
1100 (s), 1069 (s), 1026 (s), 1012 (s), 967 (m), 943 (w), 920 (s), 860 (s),
846 (s), 803 (s), 769 (s), 747 (s), 705 (s), 683 (s); metal analysis calcd (%)
for C60H53BaKO6·0.5PhMe (1092.25): Ba 12.57; found: Ba 12.81.

6 : C60H53BaKO6; Mr=1046.46; orthorhombic P212121; a=15.1884(9), b=
16.0355(9), c=20.435(1) M; a=b=g=908 ; V=4976.9(5) M3; Z=4; m=

0.934 mm�1 (MoKa); yellow block 0.4 S 0.28 S 0.24 mm3; 12 356 independ-
ent reflections, 3.2�2q	56.6; R1=0.0267, wR2=0.0653 for data [I>
2q(I)] and R1=0.0287, wR2=0.0662 for all data.
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