Crown ether chemistry of the alkaline earth nitrates
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Crystallization of the alkaline earth nitrates M(NO;),-xH,0 (M = Mg, x = 6; M = Ca, x =4; M = Sr or Ba,

x =0) from an aqueous solution of either 15-crown-5 or 18-crown-6 resulted in complex formation in all cases.
Thus, [Mg(H,0),(15-crown-5)];[NO;]s and [Mg(H,0)s(NO,;)]NO;-18-crown-6-H,0, [Ca(NO,),(15-crown-5)],
[Sr(H,O)(NO;),(15-crown-5)], [St(NO;),(18-crown-6)], [Ba(15-crown-5),][Ba(NO;),(15-crown-5)], and
[Ba(H,O)(NOs;),(18-crown-6)] have all been characterized using X-ray crystallography. Wide variations in the
co-ordination sphere of the metals are observed as the ionic radius increases, and the mode of bonding to the
crown ether varies considerably as the diameter of the crown is modified.

Introduction

Crown ethers have received much attention since the pioneering
work of Pedersen 2 in 1967. The focus of this attention has pre-
dominantly been on the binding capacity of the crown to alkali
metals, but also to a lesser extent the alkaline earth metals.’
The major factors influencing binding capacity of a metal ion
by crown ethers are the solvent and solvation free energies,
degree of preorganization, ligand flexibility and host—guest com-
plementarity. A major aspect of the complementarity of crown
and metal ion guests is the “size fit” of the metal with respect
to the size of the crown ether cavity which can therefore be
related to the ratio of the ionic diameter of the metal ion to the
effective diameter of the macrocycle. Studies have shown that,
for the alkali metals, ratios of 0.75 to 0.90:1 are favourable for
direct ion—crown ether binding.* Thus, for 18-crown-6 (cavity
diameter 2.6 to 3.2 A)s ratios of 0.61 to 0.75, 0.83 to 1.02 and
1.03 to 1.27:1 are obtained for Na*, K™ and Cs™ respectively
and, along with factors such as chelate ring size,® contribute to
the selectivity of 18-crown-6 for binding of K* over the other
alkali metals. Likewise, for 15-crown-5 (cavity diameter 1.7 to
2.2 A)% aratio of 0.89 to 1.15:1 is obtained for Na* and reflects
the size match for that ion. For the alkaline earth metals limited
studies have shown capacity for binding of the ions by crown
ethers, and we extend this work to those of the Group 2 nitrates.
The nitrates are of interest, particularly in aqueous media,
because both the nitrate and water ligands can compete with
the crown ether for binding sites on the metal. While the chelate
and macrocyclic effects of the crown ether would be expected to
overcome the competition offered by the water molecule, the
possibility of bidentate binding by nitrate is well known and is
of interest from a structural point of view.

As part of our study of crown ether complexation of
metal species and hydrogen bonding interactions of hydrated
metal salts in the presence of crown ethers,”"! we have now
investigated the formation of complexes obtained by the inter-
action between a Group 2 nitrate and either 15-crown-5 or 18-
crown-6 under aqueous conditions. Thus we report herein the
syntheses and crystal structures of [Mg(H,0),(15-crown-5)];-
[NO;¢ 1, [Mg(H,0)5(NO;)INO;-18-crown-6-H,0 2, [Ca(NO;),-
(15-crown-5)], 3, [Sr(H,0)(NO;),)(15-crown-5)] 4, [Sr(NO;),-
(18-crown-6)], 5, [Ba(l5-crown-5),][Ba(NO;);(15-crown-5)], 6
and [Ba(H,0)(NO;),(18-crown-6)] 7. There has been a previous

report of [Ca(NO;),(18-crown-6)] where the complex has
similar structure to the strontium analogue reported in this
paper."?

Experimental

All alkaline earth metal nitrates, 15-crown-5 and 18-crown-6
were obtained from Aldrich Chemical Co. Distilled water was
used as solvent. Infrared spectra were recorded as Nujol mulls
in sodium chloride plates on a Perkin-Elmer 1600 series FTIR
spectrophotometer. Microanalytical data for all compounds
were obtained on a Carlo Erba EA 1108 C,H,N analyzer at
James Cook University and several cases were hampered by
either water loss or extreme hygroscopic nature. Yields were
good in all cases (ca. >80%) and no attempts were made to
maximize yields. Reaction conditions throughout were opti-
mized to yield X-ray quality crystals.

Preparations

All compounds were prepared following the same general
procedure. The salts M(NO;),-6H,0 (0.45 mmol) and the
appropriate crown ether (0.45 mmol) were dissolved in water
(3 ¢cm®) and allowed to stand at room temperature. In all
cases colourless crystals of the product grew over 1-2 weeks.
Complexes 1 and 2 proved extremely difficult to separate from
free crown ether, a problem compounded by their extreme
deliquescense. In both cases analytical data indicated con-
tamination by ca. 7% free crown ether.

[Mg(H,0),(15-crown-5)];[NO;]¢ 1 (Found: C, 31.51; H, 6.56;
N, 6.06. Calc. for C,,H,,MgN,0O,,: C, 29.69; H, 5.98; N, 6.92%):
IR (Nujol, v) 3564s (br), 1681s (br), 1130s, 945m, 870w and
828m cm .

[Mg(H,0)5(NO;)]NO;-18-crown-6-H,0O 2 (Found: C, 29.45;
H, 7.98; N, 4.72. Calc. for C;,H;sMgN,O,4: C, 27.68; H, 6.97;
N, 5.38%): IR (Nujol, v) 3564s (br), 1642s (br), 1135s, 1100m,
962m, 865w and 820w cm ™.

[Ca(NO;),(15-crown-5)] 3 (Found: C, 31.49; H, 5.67; N, 7.05;
Calc. for C,yH,,CaN,0O,;: C, 31.25; H, 5.24; N, 7.29%). IR
(Nujol, v): 1091s (br), 1000m, 946m, 867m and 822m cm .

[Sr(H,0)(NO,),H(15-crown-5)] 4 (Found: C, 27.27; H, 5.27,
N, 5.95. Calc. for C;yH,,N,0,,Sr: C, 26.70; H, 4.93; N, 6.23%):
IR (Nujol, v) 3541s (br), 1650s (br), 1085s, 1010m, 948m, 867m
and 825m cm ™.
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[Sr(NO,),(18-crown-6)] 5 (Found: C, 30.45; H, 5.28; N, 5.92.
Calc. for C;,H,,N,0.,Sr: C, 30.28; H, 5.08; N, 5.89%): IR
(Nujol, v): 1094s, 1035m, 964m, 867m, 838m and 825m cm .

[Ba(15-crown-5),][Ba(NO,);(15-crown-5)], 6 (Found: C,
28.89; H, 5.16; N, 5.05. Calc. for C,yHgyBa;N¢O;4: C, 28.85; H,
4.84; N, 5.05%): IR (Nujol, v): 1244m, 1081s, 1034m, 945m,
859m and 824m cm .

[Ba(H,0)(NO;),(18-crown-6)] 7 (Found: C, 27.44; H, 5.11; N,
5.23. Calc. for C;,H,BaN,0,5: C, 26.51; H, 4.82; N, 5.15%): IR
(Nujol, v) 3563s (br), 1644s (br), 1153m, 1078m, 1010w, 962m,
890m and 831w cm ™.

Crystallography

Single crystals of complexes 1 to 7 were sealed in thin walled
glass capillaries. For 3, 4 and 7 final lattice parameters as deter-
mined from the least-squares refinement of the angular settings
of 25 high angle reflections (260 > 30°) accurately centered on an
Enraf-Nonius CAD4 diffractometer are given in Table 1. A
summary of data collection parameters is also given. Gaussian
absorption corrections were performed on these three com-
pounds and calculations were carried out using the XTAL 3.4
system of computer programs.’® For compounds 1, 2, 5 and
6 data were collected on a Nonius ¥*PP2CCD diffractometer
and calculations carried out using the SHELX-97 suite of
computer programs ' with the aid of RES2INS."

Positions of heavy atoms in all compounds were determined
from a three-dimensional Patterson function. All other
non-hydrogen atoms were located from a Fourier-difference
synthesis except water hydrogen atoms which were located
from the difference map. All non-hydrogen atoms were refined
anisotropically. Remaining hydrogen atoms were placed at
calculated positions and their parameters were not refined.

CCDC reference number 186/1263.

See http://www.rsc.org/suppdata/dt/1999/407/ for crystallo-
graphic files in .cif format.

Results and discussion
Preparation of complexes

Complexes were prepared by mixing equimolar mixtures of
the alkaline earth metal nitrate and the respective crown
ether in an aqueous medium. The ease of formation contrasts
with the report that isolation of these and the alkali metal
salt complexes as crystalline solids is difficult due to the very
high lattice energies resulting in a reassembling of the metal
nitrate.® Indeed, we have also been able to isolate the alkali
metal nitrate-crown ether complexes as crystalline solids
from aqueous media.!' For compounds 1 to 5 and 7 a 1:1
M(NO;),:crown ether was obtained; for 6 the resulting stoi-
chiometry was 3:4. The reason for the latter stoichiometry
is not known, but may be due to the incorrect fit of Ba in
15-crown-5 thus not favouring the 1:1 stoichiometry due to
“sandwich” complexation of Ba by two 15-crown-5 molecules
in the cation and concurrent triple bidentate nitrate co-
ordination in the anion (see structural section).

Structural results

Selected bond distances and angles for complexes 1-7 are
shown in Tables 2-8.

[Mg(H,0),(15-crown-5)1;INO,]; 1. This complex crystallizes
as [Mg(H,0),(15-crown-5)]" cations and NO,;~ anions
which exhibit a hydrogen bonded array through O-H---O
(NO;") interactions (see Fig. 1). The cation is similar to that
observed in [Mg(H,0),(15-crown-5)]CL,-H,0 '¢ and [Mg(H,0),-
(15-crown-5)][CuCl,]-H,0" where the Mg(H,0)*" moiety is
threaded through the macrocycle and displays close to regular
pentagonal bipyramidal stereochemistry [Mg—O on distances
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Fig. 1 Structure of pentagonal bipyramidal Mg** complex [Mg-
(H,0),(15-crown-5)[;[NOs]s 1, showing the hydrogen bonded array.

range from 2.012(7) to 2.357(8) A and Mg—Oyaeer) distances are
2.002(4) and 2.026(5) A]. The Mg resides within the plane
defined by the heteroatoms of the crown and demonstrates
the close-fit relationship of the cavity of this crown ether for
Mg*". It is significant that crown ether complexation of the
Mg*" ion is favoured over Mg - - (O-NQO,) binding. Further-
more, the crown ether complexation occurs in preference to
hydration, which for magnesium is energetically favourable
because of its high charge/radius ratio (c¢f. complex 2, see
below). The ionic diameter of Mg (1.30 A) is slightly small for
selective encapsulation by the crown ether. The ratio of the
ionic diameter'® to the effective diameter of the 15-crown-5
cavity is between 0.59 and 0.76:1, and lies on the low side
of the viable range of 0.75 to 0.90:1 established for alkali
metal binding.* The axial water molecules form an extended
hydrogen-bonded array by interacting with the NO;~ anions
[see Table 2(ii)].

[Mg(H,0)s(NO;)INO;-18-crown-6-H,0 2. This complex
does not crystallize as discrete anions and cations. There are
significant hydrogen-bonded contacts between the [Mg(H,0)s-
(NO;)]* cations and NO;~ anions and the neutral 18-crown-6
and water molecule of solvation giving an extended hydrogen-
bonded network (see Fig. 2).

The six-co-ordinate [Mg(H,0)s(NO,)]* cation has very close
to regular octahedral geometry with five water ligands and a
monodentate NO;~ ligand. It is isostructural with a series of
transition metal complexes (Mn, Co, Ni, Zn, Cd) which have
recently been studif:d.8 The Mg-Ogaiery and MO girarey dis-
tances of 2.057(2) A (average) and 2.154(2) A respectively are
similar to those in the isostructural [Zn(H,0)s(NO;)](18-crown-
6)-H,O (2.092 and 2.233 A respectively).® The aqua ligands of
the [Mg(H,0)s(NO;)]" cation are hydrogen bonded in a second-
sphere fashion by the 18-crown-6 molecule which in turn is
also hydrogen-bonded to the unbound water molecule [see
Table 3(ii)]. The unbound nitrate anion and water molecule are
also bound in this hydrogen-bonded network. While Mg**
complexation by 18-crown-6 has been observed, for example
in [Mg(18-crown-6)][HCl,],,"® the hydration energies of Mg**
in aqueous systems are apparently more favorable and thus
metal complexation does not occur as with the analogous 15-
crown-5 complex 1, where the cavity of the crown ether is more
closely related to the ionic radius of Mg?* (the ratio of the
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Table 1 Crystal data and summary of data collection for complexes 1-7

1 2 3 4 5 6 7
Formula C;30Hs,Mg;NeOy C,H3;MgN, 044 C,oH30CaN, 0y, C,oH2,N,04,Sr C1,H4N,0,,8r CaoHsoBa;NeO34 C,,H;BaN,0y3
M 1192.71 520.74 384.4 449.9 475.96 1665.12 543.7
Space group P2,/c P2,/n Pbca P1 P2,/c P1 P2,/n
alA 14.4935(6) 7.1335(4) 16.029(2) 8.245(1) 7.5064(4) 10.4078(3) 9.204(6)
blA 14.1996(3) 16.0605(11) 13.473(2) 9.967(3) 15.5520(11) 16.1040(4) 15.802(7)
clA 25.7650(10) 20.8953(10) 15.221(1) 11.542 8.1597(4) 19.5482(7) 14.062(9)
al® 81.87(9) 91.542(1)
pl° 96.525(2) 99.306(2) 84.04(9) 106.313(2) 104.877(1) 96.39(9)
y° 73.68(9) 104.036(1)
VIA? 5268.2(3) 2362.3(2) 3286.9(7) 899(1) 914.23(9) 3058.1(2) 2032(2)
4 4 4 8 2 2 2 4
DJgcm™ 1.505 1.464 1.553 1.662 488 1668 1088
F(000) 2488 1112 1616 460 1.729 1.808 1.776
u/mm™! 0.17 0.16 0.44 3.06 3.02 2.02 2.02
Crystal size/mm 0.80 x 0.60 x 0.10 0.20 x 0.10 x 0.05 0.58 x 0.32 X 0.20 0.76 x 0.44 x 0.42 0.40 x 0.40 x 0.40 0.30 x 0.30 X 0.20 0.32 x 0.32 X 0.80
Diffractometer Nonius ¥#PP*CCD Nonius ¥#P*CCD Enraf-Nonius CAD4 Enraf-Nonius CAD4 Nonius ¥#P2CCD Nonius ¥#P*CCD Enraf-Nonius CAD4
Radiation Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka
20 range/® 6.40-50.00 7.58-52.00 2-50 2-50 7.38-52.00 6.70-52.00 2-50
Reflections collected 43962 20656 3256 3392 7811 25782 3947
Unique data 9210 4582 2874 3150 1770 11048 3556
Observed reflections — — 1460 2091 — — 2697
Parameters 842 299 218 227 125 842 254
Cut-off — — 30 30 — — 30
T/IK 100 123 296 296 123 123 296
R1° 0.1117 0.046 0.046 0.064 0.070 0.032 0.047
R’ (or wR2)* 0.2472 0.105 0.054 0.069 0.190 0.086 0.060
Largest peak/e A3 0.594 0.180 0.745 2.217°% 2.03% 0.957 2.232°

“ For X#PP2CCD structures (SHELXL 97), wR2, R1; for CAD4 structures R’. ® Close to metal atom.




Table2 Selected bond lengths (A) (i) and hydrogen-bonding distances
(A) and angles (°) (ii) for [Mg(H,0),(15-crown-5)];[NO;], 1

Table 3 Selected bond lengths (A) (i) and hydrogen-bonded distances
(A) and angles (°) (ii) for [Mg(H,0)5(NO,)]NO;-18-crown-6-H,0 2

(@) (@)
Mg(1)-O(1) 2.003(5) Mg(1)-O(2) 2.026(5) Mg(1)-O(1) 2.054(2) Mg(1)-O(4) 2.067(2)
Mg(1)-O(la) 2.282(4) Mg(1)-O(2a) 2.180(4) Mg(1)-O(2) 2.048(2) Mg(1)-O(5) 2.092(2)
Mg(1)-O(3a) 2.140(5) Mg(1)-O(4a) 2.197(5) Mg(1)-0(3) 2.024(2) Mg(1)-O(6) 2.154(2)
Mg(1)-O(5a) 2.153(5)

D-H---A DH H---A D---A D-H-A
D-H---A DH H---A D---A DHA (i)

O(1)-H(12)---O(la)  0.90 1.93 2.821(2) 168.0
(i) O(1)-H(I1)---O(5a)  0.98 1.88 2.846(2) 172.4
O(6a)7H(624) .e0Q2) 098  1.92 2.867(8)  161.1 OB)-H@B1)---O(ls) ~ 0.92 1.78 2.690(2) 168.0
O(7a)-H(72a)-+-0(6)  1.04 171 2.743(7) 1753 02)H(22)---O¢4a) - 098 191 28%42) 1707
O(7Tb)-H(7lb)---O(7) 099 175 2736(6)  168.3 O(4) H(2)---0(10) 086 1.98 2.814(2) 164.6
O(6c) H(blc)---O(16) 095 182 2756(6) 1682 O(1s)-H(Isl)- --O(10)  0.91 1.98 2.809(2) 150.6
O(6d)-H(61d)---O(13)  1.06  1.84 2.832(8) 1537 O(ls)-H(1s2)---O(8) ~ 0.90 1.98 2.874(2) 172.0

O(6d)-H(61d)---O(13)  1.06  2.20 3.078(7) 1394

Fig. 2 Hydrogen-bonding network in [Mg(HZO)S(NO3)]NO3 18-
crown-6-H,0 2.

04
N(2)

0(5) o(6)

Fig. 3 Molecular structure of nine-co-ordinate [Ca(NO;),(15-crown-
5)] 3.

Mg** ionic diameter® to the effective diameter of the 18-
crown-6 cavity is 0.41 to 0.50:1 and lies outside the 0.75 to
0.90: 1 alkali metal binding range).*

[Ca(NO,),(15-crown-5)] 3. This complex crystallizes as dis-
tinct [Ca(NO;),(15-crown-5)] molecules with no significant
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Table 4 Selected bond lengths (A) for [Ca(NO,),(15-crown-5)] 3

Ca(1)-O(1) 2.484(4) Ca(1)-O(2a) 2.499(4)
Ca(1)-0(2) 2.458(4) Ca(1)-0O(3a) 2.524(4)
Ca(1)-0(4) 2.567(4) Ca(1)-O(4a) 2.524(4)
Ca(1)-0(5) 2.446(4) Ca(1)-O(5a) 2.581(4)
Ca(1)-O(la) 2.474(3)

intermolecular interactions. The Ca atom is nine-co-ordinate,
being ligated by five crown ether oxygen atoms and two bi-
dentate nitrate ligands (see Fig. 3). The calcium centre is
too large to be encapsulated by the crown ether (diameter
1.98 A) and adopts a perching geometry. The ratio of the
ionic diameter to the effective diameter of the 15-crown-5 cavity
is between 0.90 to 1.16:1 and lies on the upper limit of the
range of 0.75 to 0.90:1 established for alkali metal binding.*
The Ca—Oeowm distances range from 2.474(3) to 2.581(4) A
and are similar to those in [Ca(SCN),(H,0)(15-crown-5)]
(average 2.540 A).2 One of the bidentate nitrate ligands is
bound in a rather symmetrical fashion with Ca-— O(m"m)
distances of 2.458(4) and 2.484(4) A, while the other nitrate
group is far more unsymmetrical with distances of 2.446(4)
and 2.567(4) A.

[Sr(H,0)(NO,),(15-crown-5)] 4. This complex does not
crystallize as discrete molecules but exists as a non-molecular
polymer as a consequence of intermolecular hydrogen-bonding
contacts between the water molecule and nitrate oxygen atoms.
The water molecule O(7) hydrogen bonds to nitrate oxygen
atoms O(1) and O(6), O---O distances 2.82(10) and 2.84(10)
A, but is also within hydrogen bonding distance of the nitrate
oxygen atoms O(1) and O(5) where the O - - - O distances are
2.95(1) and 2.93(1) respectively.

Complex 4 is similar to [Ca(NO;),(15-crown-5)] 3 in which
the metal atom adopts a perching geometry. However, the most
striking difference between 3 and 4 is the incorporation of a
water molecule into the co-ordination sphere of 4 (see Fig. 4),
due to the much larger ionic radius of strontium compared
with calcium (1.13 A for Sr and 0.99 A for Ca)' resulting in a
ten-co-ordinate Sr (¢f. nine-co-ordinate Ca in compound 3.
The Sr—O ¢ ouny distances range from 2.705(9) to 2.788(7) A and
are similar to those in [Sr(OSiPh;),(15-crown-5)]-thf (thf=
tetrahydrofuran) (average 2.78 A).?' Both of the bidentate
nitrate ligands are bound in a rather symmetrical fashion
with two short St—O i distances of 2.642(8) and 2.61(1) A
and two longer ones of 2.748(9) and 2.87(1) A. This type of
binding, where the Sr is bound out of the face of the cavity and
further ligands bind to the opposing side of the metal centre



Fig. 4 Molecular structure of ten-co-ordinate [Sr(H,O)(NO,),(15-
crown-5)] 4.

structure of ten-co-ordinate

Fig. 5 Molecular
crown-6)] 5.

[Sr(NO;),(18-

has been seen in several complexes, including [Sr(OSiPh;),(15-
crown-5)]-thf mentioned above.!

The ratio of the ionic diameter to the effective cavity dia-
meter for strontium (ionic diameter 2.26 A)" and 15-crown-5
(cavity diameter 1.7 to 2.2 A)is 1.02 to 1.33: 1, and reflects the
lack of size match between the two entities, thus dictating that
the Sr resides exterior to the macrocycle.

[Sr(NO,),(18-crown-6)] 5. This complex crystallizes as dis-
crete molecules with no significantly short intermolecular con-
tacts (see Fig. 5). The strontium atom resides on an inversion
centre. The compound is also isostructural with its calcium
analogue,'? where the metal atom is threaded through the crown
ether with two O,0’-bidentate nitrates on opposing sides of
the macrocycle plane. The Sr—Oown distances range from
2.667(5) to 2.755(3) A and are similar to those in compound 4
above (average 2.75 A) even though the mode of crown binding
is significantly different and, as expected, slightly longer than
in the calcium analogue (Ca—Ogoum average 2.615 A)."? Un-
like compounds 3 and 4, the bidentate nitrato ligands are
rather symmetrical with Sr—Ojprae) distances of 2.645(4) and

Table 5 Selected bond lengths (A) for [Sr(H,0)(NO,),(15-crown-5)] 4
(H atom positions not determined)

St(1)-0(1) 2.642(8) St(1)-0(1a) 2.788(7)
St(1)-0(2) 2.748(9) St(1)-0(2a) 2.705(9)
St(1)-0(4) 2.61(1) St(1)-0(3a) 2.708(9)
Sr(1)-0(5) 2.87(1) St(1)-O(4a) 2.769(9)
St(1)-0(7) 2.543(9) St(1)-0(5a) 2.757(8)

Table 6 Selected bond lengths (A) for [Sr(NO,),(18-crown-6)] 5

St(1)-0(1) 2.667(5) Sr(1)-0(4) 2.680(3)
St(1)-0(2) 2.752(3) St(1)-0(5) 2.645(4)
Sr(1)-0(3) 2.755(3)

Fig. 6 Structures of (a) the ten-co-ordinate cation and (b) the eleven-
co-ordinate anion in [Ba(15-crown-5),][Ba(NO;),(15-crown-5)], 6.

2.680(3) A, which is also the case for the calcium analogue
where othe Ca—Oppitratey distances are much shorter 2.500 and
2.520 A).!? This type of Sr** binding where the metal ion resides
within the crown has also been identified in [Sr(Bu,PO),(18-
crown-6)]-H,0?* and [Sr(BH,),(18-crown-6)].%

The ratio of the ionic diameter to the effective cavity
diameter for strontium (ionic diameter 2.26 A)"” and 18-crown-
6 (cavity diameter 2.6 to 3.2 A)®is 0.71 to 0.87:1, and thus falls
within the range of 0.75 to 0.90:1, favourable for direct ion—
crown ether binding for alkali metals.*

J. Chem. Soc., Dalton Trans., 1999, 407-414 411



(444

vIv=LOY ‘6661 “SUpLL uoipq 20§ WYy

Table 7 Selected bond distances (A) and angles (°) for [Ba(15-crown-5),][Ba(NO;);(15-crown-5)], 6
Barium environments in the anions: r is the barium-ligand distance; other entries in the matrices are the angles subtended by the relevant atoms at the head of the rows and column; non-italicized entries are for the
environment about Ba(1) and italicized entries for that about Ba(2)

Atom r 0(22)/B O(3a)/B O(4a)/B O(52)/B o(1)/10 oQ)11 013 o(5)/14 o716 o®)17
O(la) 2.903(2) 58.34(6) 98.80(6) 81.66(6) 58.88(6) 150.54(7) 126.64(6) 73.76(7) 70.51(7) 138.81(7) 134.22(6)
O(1b) 2.914(2) 58.09(6) 98.24(6) 81.56(6) 58.86(6) 76.19(7) 69.72(6) 131.16(6) 140.65(7) 153.50(7) 127.40(6)
0(2a) 2.879(2) 59.56(6) 94.48(6) 113.01(6) 129.34(6) 174.25(6) 109.81(7) 70.91(7) 111.71(7) 78.48(6)
0(2b) 2.893(2) 59.51(6) 94.53(7) 112.75(6) 112.77(7) 72.65(7) 76.39(6) 113.27(7) 127.30(6) 171.38(6)
0(3a) 2.910(2) 57.22(6) 111.28(6) 72.21(7) 115.24(6) 169.37(7) 125.68(7) 109.28(6) 67.94(6)
0(3b) 2.861(2) 57.00(6) 110.70(6) 172.27(7) 128.16(7) 69.68(6) 109.24(6) 71.44(7) 111.94(7)
O(4a) 2.963(3) 55.72(6) 69.81(7) 83.91(7) 127.37(6) 152.17(7) 138.97(7) 118.82(6)
0(4b) 2.966(2) 55.47(6) 126.31(6) 151.18(6) 121.48(6) 137.09(7) 72.32(7) 80.53(7)
0(52) 2.868(2) 97.42(6) 70.60(6) 71.77(6) 107.27(6) 130.30(7) 166.72(7)
0(5b) 2.856(2) 71.24(6) 104.95(6) 169.97(7) 129.73(7) 101.04(7) 70.28(6)
o(l) 2.852(2) 44.95(7) 117.98(7) 137.75(7) 69.16(8) 69.52(7)
0(10) 2.835(2) 45.06(7) 109.80(6) 73.30(6) 115.88(7) 75.79(7)
0(Q2) 2.822(2) 75.38(7) 112.78(7) 66.83(7) 97.43(6)
o(11) 2.833(2) 81.35(6) 71.19(7) 135.99(7) 114.89(7)
0(4) 2.841(2) 45.07(7) 73.70(7) 111.58(6)
0(13) 2.908(2) 44.35(6) 69.34(7) 100.08(6)
0o(5) 2.838(2) 68.70(8) 82.32(7)
0(14) 2.828(2) 64.87(7) 67.28(7)
o(7) 2.865(2) 43.90(6)
0(16) 2.920(2) 44.48(6)
0(8) 2.908(2)

0(17) 2.808(2)

Barium environments in the cations: r is the bismuth-ligand distance; other entries in the matrices are the angles subtended by the relevant atoms at the head of the rows and column; non-italicized entries are for the
environment about Ba(3) (X = C), and italicized entries for that about Ba(4) (X = D)

Atom r o(1X") 0(2X) 02X ") 0(3X) 03X 0(4X) 04X 0(5X) 0(5X)
0o(1X) 2.841(2) 180.0 59.03(6) 120.97(6) 108.07(7) 71.93(7) 111.87(6) 68.13(6) 58.62(7) 121.38(7)
2.887(2) 180.0 58.89(6) 121.11(7) 109.1(2) 70.9(2) 109.79(7) 70.21(7) 57.5(2) 122.5(2)
0(2X) 2.824(2) 180.0 59.40(7) 120.60(7) 107.57(6) 72.43(6) 97.67(7) 82.33(7)
2.841(2) 180.0 61.2(3) 118.8(3) 108.47(7) 71.53(7) 98.4(2) 81.6(2)
0(3X) 2.818(2) 180.0 59.00(6) 121.00(6) 97.97(7) 82.03(7)
2.81(1) 180.0 59.8(3) 120.2(3) 99.8(3) 80.2(3)
0(4X) 2.825(2) 180.0 58.52(6) 121.48(6)
2.761(2) 180.0 57.8(2) 122.2(2)
0(5X) 2.845(2) 180.0
2.728(9) 180.0

“ Symmetry transformations used to generate equivalent atoms: for Ba(3), —x — 1, —y, —z + 1; for Ba(4), —x, -y + 1, —z + 1.
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Fig. 7 Molecular structure of eleven-co-ordinate [Ba(H,O)(NO;,),(18-
crown-6)] 7.

[Ba(15-crown-5),][Ba(NQO;);(15-crown-5)], 6. This compound
crystallizes in space group P1 with two anions and two half
cations comprising the asymmetric unit. The Ba atoms in the
sandwich cations [Ba(3) and Ba(4)] reside on inversion centres.
The overall compound comprises distinct cations and anions
with no significantly short distances representing any interionic
contacts. In the cations [Fig. 6(a)] the ten-coordinate Ba centre
is sandwiched between two 15-crown-5 molecules in a fashion
similar to that in [Ba(15-crown-5),]Br,-2H,0 with Ba-O dis-
tances of 2.728(9) to 2.887(2) A, {cf. [Ba(l5-crown-5),]-
Br,-2H,0 where the distances range from 2.75(2) to 2.88(2)
A)}.* The anion is a remarkable example of an eleven-co-
ordinate “barate” complex involving three O,0’-bidentate
nitrate ligands and a crown ether molecule bound through the
five oxygen atoms [see Fig. 6(b)]. In the anions the Ba—Oqyn)
distances range from 2.856(2) to 2.966(2) A which are mar-
ginally longer than those in the cations (see above). The bi-
dentate nitrate ligands show very close to symmetrical binding
to the Ba with Ba—Opiyrae) distances from 2.822(2) to 2.908(2)
A. The reason for this [Ba(NO,),(15-crown-5)]~ complex anion
formation is unknown, but presumably favourable binding
between nitrate and Ba*>* and 15-crown-5 and Ba*" as well as
efficient crystal packing tips the balance towards complex anion
formation over “free nitrate” counter ions. Barate anion com-
plexes are comparatively rare in the literature. A search of the
Cambridge crystallographic database reveals the recently
reported [BaCp;]~ (Cp = cyclopentadienyl),”® and the much
more closely related [C3sH 5N 5] [Ba(NO;)6][NO;],-6H,0 % con-
taining the [Ba(NO,)¢]*~ anion. The ratio of the ionic diameter
for Ba** (2.70 A) ™ to the effective cavity diameter for 15-crown-
5(1.7 to 2.2 A)® of 1.23 to 1.59:1 indicates that 15-crown-5 is
not large enough for effective encapsulation of Ba**.* Thus, for
the cations, sandwich formation is more favourable and for the
anions there is a balance between perching macrocyclic binding
and bidentate nitrate binding.

[Ba(H,0)(NO,),(18-crown-6)] 7. Compound 7 crystallizes as
distinct molecules exhibiting short hydrogen-bonded contacts
between the aqua ligand and the unco-ordinated oxygen atoms
of nitrato ligands on two adjacent molecules; O(7)---03
2.838(5), O(7)+--0O(6) 2.876(5) A. The aqua ligand itself
resides in the centre of a bowl-like cavity formed by the
adjacent crown ether.

The eleven-co-ordinate Ba is co-ordinated to six O o €ther,
two bidentate O iqaeey a0d 0one Ogyyeery ligand thus increasing
the co-ordination sphere compared with the analogous 18-
crown-6 compounds for Ca and Sr (see above). The barium

Table 8 Selected bond lengths (A) for [Ba(H,O)(NO,),(18-crown-6)] 7

Ba(1)-O(1) 2.94(1) Ba(1)-O(2a) 2.887(9)
Ba(1)-0(2) 2.98(1) Ba(1)-O(3a) 2.908(8)
Ba(1)-0O(4) 2.90(1) Ba(1)-O(4a) 2.83(1)
Ba(1)-0(5) 2.845(9) Ba(1)-O(5a) 2.878(9)
Ba(1)-O(7) 2.809(8) Ba(1)-O(6a) 2.860(9)
Ba(1)-O(1a) 2.846(9)

centre resides roughly in the plane of the crown ether cavity
with the two nitrate ligands in a cisoid type arrangement on
one side of the crown and the water ligand on the opposing
side of the crown ether (see Fig. 7). In-crown binding of
Ba?* has been seen in other 18-crown-6 complexes, for
example [Ba(CF,COCHCOCF,),(18-crown-6)]*’ and [Ba-
(H,0),(18-crown-6)][Co(SCN),].?® The Ba—O(crown) distances
of 2.830(10) to 2.908(8) A are very similar to those in the
anions of compound 6 above, and slightly longer than in the
cation sandwiches in the same complex, while the roughly
symmetrical bidentate nitrates are bound at distances of
2.845(9) to 2.980(10) A, again similar to the anion in 6. Similar
results are observed for [Ba(OC¢H;Bu'-3,5)(18-crown-6)]-3,5-
Bu‘C,H;OH"18-crown-6.%

The ratio of the ionic diameter for Ba?* (2.70 A)" to the
effective cavity diameter for 18-crown-6 (2.6 to 3.2 A)3 of 0.84
to 1.04:1 indicates that 18-crown-6 is a more suitable size for
effective encapsulation of Ba?>* compared with 15-crown-5.

Conclusion

This work has established that both 15-crown-5 and 18-crown-
6 compete effectively with nitrate for binding sites about the
metal centre. With increasing ionic radius of the metal from
Mg?* through to Ba®* there is a corresponding increase in the
co-ordination sphere about the metal from a co-ordination
number of 6 to 11. This chemistry highlights the binding ability
of the alkaline earth metals by both 15-crown-5 and 18-crown-
6 but, due to size limitations of the cavity of the crown ethers,
complete encapsulation only occurs for Mg?* in 15-crown-5
and Ca®*, Sr*" and Ba®" by 18-crown-6. In other cases a bal-
ance is found between the often observed sandwich formation
by two crown ethers and the “one-face” complexation by the
crown and bidentate NO;~ binding on the opposing face. For
all four metals studied, complexation by both the crown ethers
and nitrate is observed, and reflects the affinity of the alkaline
earth metal cations for hard oxyanions. For alkali metals the
ratio of the ionic diameter of the metal ion to the effective
diameter of the macrocycle reflects the binding capacity of
the particular crown for the ion. Studies have shown that for
the alkali metals, ratios of 0.75 to 0.90:1 are favourable for
direct ion—crown ether binding and we find in this work
that these ratios are also relevant for the alkaline earth metals.
Further work is continuing on crown ether chemistry of the
Group 2 metals with anions that have a poorer ligating ability
to establish the bonding modes in the absence of competing
anionic ligands.
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