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Polar Molecular Precursors for Alkali and Alkaline Earth Metal Clusters and
Low-Dimensional Polymer Structures: the Solid-State Structures of
[Cal(dme)s]], and cis-[Srl(diglyme),] (dme = CH;0C,H,OCHj3;
diglyme = CH3(OC2H4)20CH3)
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Two new alkaline earth metal halide adducts with oxygen-
donor polyether ligands are described. One of them, cis-
[SrI,(diglyme),], features two terminally bonded anions in vi-
cinal positions, and at an angle of ca. 90°. The low bond val-
ence sum of ca. 1.9 indicates how well the cation is shielded
by its ligands in the solid state, and that ligand exchange
can be expected in solution and upon reaction. The second

compound, [Cal(dme);]l, consists of an ion pair formed by
the cationic complex [Cal(dme);]* with one anion in terminal
position, and one iodide. Both compounds possess a strong
dipole moment at the molecular level, but crystallize in cen-
trosymmetric space groups.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

We are interested in molecular compounds, especially
oxygen donor adducts of alkaline earth metal iodides, be-
cause they are used as starting materials in the synthesis of
low-dimensional ~ polymeric ~ compounds, including
clusters.[! 7191 The latter are used in the low-cost synthesis
of superconductors and other oxide materials by the sol-gel
technique, or as volatile precursors in CVD processes./>10]
Furthermore, alkaline earth metal iodides complexed with
polyether ligands have also been shown to have a dramatic
effect on the dealkylation reactions of phosphinic esters.['!]
We have also started to investigate the synthesis of polar
materials for possible applications in NLO, for instance se-
cond harmonic generation. We became interested in these
compounds because we wished to understand how they
were formed and discover whether polar molecules can be
forced to crystallize in polar space groups.

Compounds that have so far been isolated in the class
of molecular species are, for instance, the zero-dimensional
compounds trans-[Cal,(THF)'2 or trans-[MI5(THF)s]
(M = Sr,['31 Bal'l), in which the metal cation is always sur-
rounded in a linear or quasi-linear fashion by the two
anions, whereas the THF ligands are found in the equa-
torial positions of a square or pentagonal bipyramid. They
are commonly used as starting materials for substitution
reactions of at least one iodide. Other compounds can also
be molecular, but without any direct M—I contacts left to
be reactive. Instead, the halide ions are replaced in the first
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coordination sphere by neutral water or polyether oxygen
donor ligands for instance, leading to compounds such as
[Ba(OH,)(triglyme),]1, [triglyme = CH;(OC,H,);OCHj;],["]
in which the anions are linked to the cationic complex by
hydrogen bonding to the protons of the water molecules
remaining in a second coordination sphere.

We now present some new exceptional molecular com-
pounds that possess either two M —1I bonds in cis-positions
or only one M—1I bond, leading in both cases to polar mo-
lecular precursors of alkaline earth metal iodides.

Results and Discussion

When Srl, is dissolved and re-crystallised from freshly
dried and distilled diglyme (CH;0C,H,OC,H4,OCH3), only
the compound cis-[Srl,(diglyme),] (1) is obtained. Com-
pound 1 crystallises in the monoclinic space group P2;/c
with two independent molecules A and B per asymmetric
unit (Figure 1).['¥ Both molecules consist of a strontium
cation to which two diglyme ligands and two anions are
directly linked, with Sr—I distances between 3.314(3) and
3.335(3) A, the shorter bonds being found in the first mol-
ecule A with Srl. They are 0.11 A longer than the Sr—I
bonds in other molecular strontium iodide adducts, firstly
due to the higher coordination number in 1 (eight instead
of seven), and secondly due to the intra-ionic repulsion be-
tween the iodides in the cis-positions.'%!3] On the other
hand, they are shorter than the bonds in compounds where
iodide plays the role of a p-bridging ligand between two
strontium cations.'% The 11—Sr1—12 angle is, at 91.26(9)°,
slightly smaller than that in the second molecule,
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13—Sr2—14[91.78(9)°]. In addition to the anions, each alka-
line earth metal cation is surrounded by two diglyme li-
gands, their oxygen atoms coordinating to the strontium ion
with distances ranging between 2.614(7) and 2.731(8) A.
This results in a severely distorted square antiprismatic co-
ordination sphere around the cation in each molecule. In
molecule A, the bite angles of the diglyme ligand are
58.6(7)° and 60.8(7)° for the first, and 58.8(6)° and 60.6(6)°
for the second ligand. In molecule B, the corresponding val-
ues are 61.1(7)°, 60.3(7)°, 60.7(6)° and 59.2(6)°, slightly
larger than in molecule A. The O—Sr—O angles closest to
linear are O1—Sr1—06 [166.9(7)°] and O9—Sr2—012
[165.6(7)°]. The other angles between the two diglyme li-
gands of each molecule are 74.3(6)° and 74.3(7)° for
O1—Sr1—-04 and O3—Srl1—06, respectively, and 80.9(3)°
for O3—Sr1—04 in molecule A, and 74.1(7)°, 74.3(7)° and
81.2(7)° for 09-Sr2—-010, O7-Sr2-012 and
O7-8r2-010, respectively, in molecule B. The C~O and
C—C bonds are normal at 1.42 and 1.55 A, respectively, on
average, but with the general tendency of being slightly
longer in molecule B than in molecule A. The molecules A
and B can be considered as isolated as there aren’t any close
contacts between, for instance, the iodide of one molecule
and hydrogen atoms of a neighbouring unit (>3 A). Only
one intramolecular H-bond can be found in molecule B,
with a I3—H24B distance of 2.958(6) A. There are no con-
tacts between the iodides of one unit and the strontium cat-
ions of another, as the cation is completely protected by
the organic ligands and its own anions. Thus, the shortest
distance between the anions of one molecule and the cation
of another is greater than 6 A. Although there is some simi-
larity between the two molecules A and B of 1, no corre-
lation matrix was found linking the two in order to indicate
a higher symmetry. Furthermore, careful analysis of the X-
ray data gave no hints for the presence of a higher sym-
metry. The relatively high R value is due to slight disorder
in the polyether ligands as well as — and more import-
antly — to strong absorption effects, which could unfortu-
nately not be corrected. This is not unusual for structures
containing heavy elements such as iodine, and residual elec-
tron density as high as three electrons close to the anions
in 1 has also been reported in other structures.!!

Figure 1. Two independent molecules of 1; H atoms not shown

The coordination number of eight for the strontium cat-
ion is common. Generally, the strontium cation usually be-
haves more like barium than calcium as far as coordination
numbers are concerned. Examples are found with a coordi-
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nation number of seven in the compounds trans-
[MI(THF)s] (M = Sr, Ba) whereas the corresponding cal-
cium compound possesses a coordination number of six in
trans-[Cal,(THF)4], or for coordination number five as in
[IM(O7Bu)4(Li{thf}),(OH)] for M = Sr and Ba, whereas
the corresponding Ca compound has not been re-
ported.[®1% Barium compounds with sterically similar poly-
ether ligands exist, and they all show a coordination num-
ber of nine for the alkaline earth metal cation, the corre-
sponding bond valence sums being greater than two to
satisfy the charge requirements.[’] In 1, however, we observe
a coordination number of eight for the strontium cation,
and, more importantly, a bond valence sum of 1.95 and
1.91 for Srl and Sr2, respectively, which is obviously less
than two.['>] This means that the cation is not sufficiently
coordinated and would therefore be an excellent starting
material for further synthesis, as it would tend to complete
its coordination sphere by exchanging ligands for instance.
However, the space-filling model of molecule A (Figure 2)
shows how well the cation is shielded by its ligands, ex-
plaining why the bond valence sum remains below two.

Figure 2. Molecule A of 1: Srl and its coordination sphere as ball-
and-stick model (a) and as space-filling representation (b)

The most intriguing fact about this structure is the fact
that both anions occupy vicinal positions. This has never
been observed before in a molecular species of the heavier
alkaline earth metal halides, but only in two- or three-di-
mensional compounds with H-bonding involved,>7-1 or
forming polymers or dimers with other anions of the neigh-
bouring units.[":!7-18 For small alkaline earth metal cations,
like Mg, with a coordination number of four, two anions
are automatically in the vicinal positions, although with a
larger angle between the anions than in 1.'°! In general,
to obtain such structures with the anions in cis-positions a
sterically important ligand, which shields one side of the
cation, such as slightly too small crown ethers, is re-
quired.'®l In these cases the X—M—X angles are usually
much larger, the M—X bonds are longer than in 1, and the
anions are involved in H-bonding to build up a polymeric
structure. Compound 1 is therefore the first example of a
polar molecular alkaline earth metal iodide precursor. The
strongly bent I—Sr—1I feature in this structure is reminiscent
of the alkaline earth metal halides, especially the heavier
ones with strontium, barium and iodide as counterions, in
the gas phase. Indeed, experimental as well as theoretical
data show bent structures for the molecules in the gas
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phase.”® So, 1 could be compared to a gas phase species
stabilised by oxygen donor ligands. The bent structure is
also reminiscent of the cyclopentadienyl derivatives of the
alkaline earth metals. They have bent structures as well, al-
though in the solid state they form polymers via contacts
to neighbouring units. The THF-solvated cyclopentadienyl
species are more similar to 1.>!1 More generally, other neu-
tral complexes of alkaline earth metal cations, with coordi-
nation numbers greater than or equal to six, where two
anions, such as halides or bulky amides for instance, are
directly linked to the cation, preferentially show the anions
organised in frans-positions. If the anions and further coor-
dinating ligands are sterically more demanding, a distortion
from the quasi-linear arrangement is observed, although it
never reaches as small angles between the anions as in
1.117=19.221 Unfortunately, the polarity of the molecules of 1
is not maintained in the overall solid state as the compound
crystallizes in a centrosymmetric space group.

The second compound presented here, [Cal(dme)s]I (2),
was obtained by crystallizing Cal, from freshly dried and
distilled DME.I' 1t is built up from two independent cat-
ionic molecules A and B per asymmetric unit, each con-
sisting of a calcium cation, Cal and Ca2, to which one iod-
ide and three DME ligands are bonded terminally via both
oxygen atoms, with two separate iodides as counterions
(Figure 3). Thus, the cation reaches a coordination number
of seven, that is, between six and eight, which are the most
common coordination numbers for the calcium atom in
general. The coordination geometry can roughly be de-
scribed as a distorted pentagonal bipyramid with one iodide
and an oxygen atom in axial positions. The corresponding
[—-Ca—0O0 angle is, however, far from linear with an average
value of 155°. This is due to the bite angles of the DME
ligands, which vary from 63.7(4)° to 68.8(3)°. Of the five
oxygen atoms in equatorial positions, one is clearly more
out of the mean plane (formed by Ca and the five oxygen
atoms) than the other four oxygen atoms, as has been de-
scribed for a calcium compound with a similar coordination
sphere.’>*l The Ca—O bonds vary between 2.375(11) and
2.496(11) A, the shorter bonds on average being found in
molecule A around Cal. The Ca—1I bond is 3.120(3) A and
3.121(3) A for Cal and Ca2, respectively. This gives a cat-
ionic species for each molecule, the counterions 12 and 14
not being bonded at all to the cationic unit since all further
Ca—1 contacts are larger than 5.8 A. In fact, there are no
H—1 contacts to 12 and 14 of less than 3.7 A. Therefore,
these anions can be considered as independent and not H-
bonded to the cationic units. A similar compound can be
obtained by replacing the three DME ligands of 2 by two,
larger diglyme molecules. The number of oxygen atoms
then remains identical, and so does their arrangement
around the cation. The compound which is then obtained
can be written as [Cal(diglyme),]I.**! Unfortunately, crys-
tals of both polar compounds are difficult to grow, as men-
tioned by Rogers et al.,[>’ and the single crystal data is not
yet of sufficient quality for publication. However, we have
shown before that small polyether molecules (such as
DME) can easily be replaced by larger ones (diglyme or
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triglyme for instance), as long as the number of oxygen
atoms remains constant, without changes in the structure
except for higher symmetries.”]

Figure 3. Two independent molecules of 2; H atoms omitted for
clarity

A heavier analogue to 2 with pseudo-halides is [Sr(NO3)-
(EO3),](NO3) (EO3 = triethylene glycol)®>>! where one
anion is directly bonded to the cation whereas the other is
weakly linked via H-bonds to an OH group of one of the
polyglycols. In contrast to 2, the H-bonding allows connec-
tions between anions and cationic units to form an overall
threedimensional network. This is not observed in 2.

The [Cal(dme);]" cations of 2 possess a strong dipole
moment along the Ca—1I bond vector, as can be seen from
Figure 4. Such polar species are scarce: in the literature,
only one example with calcium and iodide has been de-
scribed so far to the best of our knowledge,
[Cal(THF)s]",[% in which the cation possesses a coordi-
nation number of six, the counterion being an extremely
bulky phosphonium diylide. The bond lengths in 2 are gen-
erally longer than in [Cal(THF)s]*, which is readily ex-
plained by the larger coordination number. In fact, the
bond-valence sums for the calcium cations in 2 are, at 2.227
and 2.266, larger than the charge of the cation, indicating
a more than satisfying bonding situation. The cation is in-
deed well wrapped up by its ligands, as shown in the space-
filling model (Figure 4). Other polar compounds of alkaline
earth metal cations linked to one halide and other neutral
ligands can only be achieved when one coordination side of
the cation is efficiently shielded by a sterically bulky li-
gand.l'®27] In some cases, formation of dimers occurs when

Figure 4. Cationic unit A [Cal(dme);]* of 2 and its space filling
model
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coordination sites on the cation remain empty, in order to
avoid single polar units,?®21 whereas other complexes form
infinite polymer structures via H-bonding of the neutral li-
gands toward both of the linked and free anions.?#3%

Conclusions

We have synthesised two adducts of alkaline earth metal
halides, one of which carries both anions connected to the
cation in mutual cis-positions, and the other with only one
iodide bound to the cation with the second anion showing
no interaction with the cationic units. Both compounds
possess a strong dipole moment at the molecular level, al-
though this vanishes in the overall solid-state structure as
both crystallize in centrosymmetric space groups. Both type
of species are rare in the chemistry of the heavier alkaline
earth metal halides, and could therefore be useful alterna-
tives for precursors in new substitution reactions as have
been described in the literature on trans-alkaline earth me-
tal iodide adducts.['%!213:171 In all of the examples cited
above, the polarity remains a local phenomenon, whereas
the compounds crystallize in centrosymmetric space groups,
so that the dipole moment vanishes in the solid state. We
are now investigating the possibilities of crystallizing these
compounds, 1 and 2, in polar space groups, relying on the
presence of polar ion pairs in solution.

Experimental Section

General: All experiments were carried out under an inert nitrogen
atmosphere, using Schlenk techniques. The solvents DME and di-
glyme (diethylene glycol dimethyl ether) were dried over Na/benzo-
phenone and distilled under nitrogen prior to use. IR spectra were
carried out on a Perkin—Elmer Spectrum One IR spectrometer.

1: Srl, (0.174 g, 0.51 mmol) was dried for 30 min under vacuum at
300 °C and then dissolved in 30 mL of freshly dried and distilled
diglyme, heating to reflux. The solution was filtered while hot and
was then left to stand at room temperature. After two days, colour-
less single crystals grow in a yield of 78% with respect to Srl,.
Cy4Hs61,04,S1, (1219.6): caled C 23.64, H 4.63; found C 25.97, H
5.27. The differences between found and calculated values are due
to solvent, which remains on the crystals as they can’t be dried
under vacuum, and decompose rapidly if left in air. IR (nujol, Csl
plates): v = 2849 cm ! (Nujol), 2077(w), 1971(w), 1939(w), 1605,
1459(Nujol), 1380(m), 1354(Nujol), 1286(m), 1269(w), 1249(vs),
1203(vs), 1129(s, sh), 944(m), 870(s), 839(s), 723(Nujol), 559(s),
489(w), 461(m), 367(w)

2: Cal, (0.24 g, 0.817 mmol) was dried under vacuum for half an
hour at 300 °C, and then dissolved in 30 mL of freshly dried and
distilled DME by heating to reflux for 15 minutes. The solution
was filtered while hot, and colourless single crystals of 2 formed
within one day at room temperature. Out of the mother liquor,
crystals quickly lose solvent, as can be observed under the micro-
scope, where they turn from clear colourless to opaque. The yield
has therefore been estimated at 70% with reference to Cal,. The
lower evaporation temperature of DME compared to diglyme ex-
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plains the values found for elemental analysis, where values are
generally too low. Co4HggCasl4045, (1128.5): caled. C 25.54, H 5.36;
found C 21.47, H 4.9. IR (nujol, CsI plates): ¥ = 863 cm ™! (Nujol),
2059(w), 1915(w), 1622(m), 1465(Nujol), 1374(Nujol), 1285(s),
1247(s), 1192(s), 1123(w, sh), 937(w), 859(vs), 721(Nujol), 569(m),
387(s)
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