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Introduction

There is considerable current interest in the synthesis, geo-
metric and electronic structures, and reactions of polynitro-
gen species both from their inherent chemical interest and
from their potential in high energy-density materials.[1–4] A
major part of this recent work has been renewed interest in
azide derivatives, including examples such as the homoleptic
azides and azido-anions of Mo, W, Te, Sb, Nb and Ti.[5–7] In
a recent paper[8] we reported on the unexpected range of co-
ordination modes found in azide complexes of alkali-metal
crown ethers, which included, k1 as in [Li([12]crown-4)N3],

two bridging modes—m-1,1-N3 as in [{Cs([18]crown-6)(N3)}2]
and m-1,3-N3 in [Cs([18]crown-6)(N3) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(MeOH)],—
whilst in [{M([18]crown-6)(N3) ACHTUNGTRENNUNG(H2O)}2] (M=K or Rb) the
dimeric units are principally linked by H-bonding between
the azide and water ligands. In other systems azide counter-
ions are present, for example, [Na([15]crown-5) ACHTUNGTRENNUNG(H2O)2]N3.

[8]

Here we report studies of crown ether complexes of the
alkaline earth metals. As in the earlier work on the alkali-
metal crown-ether azide complexes, we have used the sim-
plest crown-ethers, [12]crown-4, [15]crown-5 and [18]crown-
6, to keep the molecular size low and enable the electronic
structure calculations to be performed in a reasonable time.
Also, we have explored both direct reaction of the crown
ether with M(N3)2 and metathesis routes to introduce the
azides. Literature examples of complexes of alkaline-earth
metal azides are very few, but include [M{N-
ACHTUNGTRENNUNG(CH2CH2OH)3}2](N3)2, (M=Ca or Sr)[9] in which the metal
is eight-coordinate (bonded to two nitrogens and six oxy-
gens in the N ACHTUNGTRENNUNG(CH2CH2OH)3 units) and azide counter-anions,
[Ca ACHTUNGTRENNUNG(dmf)2(N3)2] which is polymeric with the calcium O-coor-
dinated to the dmf and to four bridging azides,[10] and
[Ca(N3)2(H2O)2]·(bicyclo[4,4,0]-1,4,6,9-tetraazadecane) where
the six-coordinate calcium is bonded to four bridging azides
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and two water molecules and the azamacrocycle lies be-
tween the layers.[11] Alkaline-earth metal complexes of
crown ether ligands are well established, although less thor-
oughly studied than their alkali metal analogues.[12,13]

The overall aim of this work was to see if nitrogen clusters
could be stabilised between alkaline-earth crown ethers and
to investigate the geometric and electronic structures of the
alkaline-earth metal azide-crown ether complexes synthe-
sized.

Experimental Section

General : Physical measurements were made as described previously.[8]

The crown ethers were obtained from Aldrich and used as received.

CAUTION : HN3 is dangerously explosive when concentrated and is also
highly toxic. In this work dilute solutions (~5–10%) were prepared as de-
scribed by Audrieth and Gibbs[14] with the preparation conducted in a
good fume cupboard behind a polycarbonate blast screen. The alkaline-
earth azides were made by modifications of the method of Gray and
Waddington.[15] Although no problems were experienced in this work, the
alkaline-earth azides can explode under some conditions and their crown
complexes were made on a small scale with appropriate precautions.

Ca(N3)2 : This was made by adding 40% H2SO4 (25 mL) dropwise to a re-
fluxing solution of NaN3 (3.5 g) in water (30 mL) and distilling the HN3

produced directly into a suspension of CaCO3 (2.5 g) in water. When all
the carbonate had reacted, the clear solution was concentrated on a
water bath until solid began to precipitate, then more HN3 solution (ca.
5 mL) was added to convert any hydrolysis products to the binary azide.
The solution was evaporated until solid began to separate, cooled and
the product precipitated by adding ethanol. The white powder was dried
in vacuo. Yield: 1.5 g (48%). IR (Nujol): ñ =2145 (sh), 2115, 633 cm�1.

Sr(N3)2 and Ba(N3)2·H2O : These were made similarly using the appropri-
ate hydroxides. Yields 60–70%; IR (Nujol): Sr(N3)2: ñ =2098 (vbr),
633 cm�1; Ba(N3)2·H2O: ñ=~3300, 2123 (sh), 2053, 649, 620 cm�1.
[Ba([18]crown-6)(N3)2 ACHTUNGTRENNUNG(MeOH)]·H2O : Barium azide (0.22 g, 1.0 mmol)
and [18]crown-6 (0.26 g, 1.0 mmol) were added to methanol (20 mL) and
the mixture heated to reflux, then evaporated to about 5 mL by heating.
The solution was cooled and diethyl ether added dropwise until turbidity
was observed. The solution was refrigerated for 12 h and the white
powder which deposited filtered off and dried in vacuo. Yield: 0.40 g
(77%). Elemental analysis calcd (%) for C13H30BaN6O8 (535.6): C 29.1,
H 5.6, N 15.7; found: C 29.1, H 5.4, N 16.0; 1H NMR (300 MHz, CDCl3,
25 8C): d=3.8 (s, 24H; CH2), 3.2 (s, H; OH (MeOH)), 2.8 (s, 3H; CH3),
2.2 ppm (s, 2H; H2O); IR (Nujol): ñ=3300 (br, m), 2072 (s), 2032 (s),
1995 (sh), 1630 (w), 1291 (m), 1138 (w), 1092 (s), 1020 (m), 960 (m), 828
(w), 633 (m), 620 (m), 526 (w) cm�1.

[Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)]: Sr(N3)2 (0.34 g, 2.0 mmol) was suspended
in methanol (20 mL), a solution of [15]crown-5 (0.44 g, 1.0 mmol) in
methanol (15 mL) added and the mixture heated to boiling. The solution
was evaporated to about 10 mL, cooled and diethyl ether (10 mL) added
dropwise with stirring. The solution was refrigerated for 48 h and the
white polycrystalline product filtered off, rinsed with diethyl ether
(5 mL) and dried in vacuo. Yield: 0.54 g (65%). Further material was ob-
tained by refrigerating the filtrate for some days. Elemental analysis
calcd (%) for C10H22N6O6Sr (409.9): C 29.3, H 5.4, N 20.5; found: C 29.4,
H 5.4, N 20.8; 1H NMR (300 MHz, CDCl3, 25 8C): d=3.62 (s, 20H; CH2),
1.6 ppm (s, 2H; H2O); IR (Nujol): ñ=3300 (br), 2068 (sh), 2038 (s), 1996
(s), 1626 (m), 1355 (m), 1287 (m), 1255 (m), 1175 (s), 1070 (s), 1036 (s),
948 (s), 923 (m), 875 (s), 828 (m), 637 (m), 625 (m), 552 (w), 523 (w)
cm�1.

[Sr([15]crown-5)(N3)ACHTUNGTRENNUNG(NO3)]: This was obtained as a small number of col-
ourless crystals from a solution of [Sr([15]crown-5)(N3)2] adventitiously
contaminated with nitrate in MeOH-diethyl ether (see text). Elemental
analysis calcd (%) for C10H20N4O8Sr: C 29.2, H 4.9, N 13.6; found: C

29.6, H 5.3, N 13.2; IR (Nujol): ñ=2045 (s), 1340 (sh), 1295 (m), 1108
(m), 1080 (s), 1036 (m), 956 (m), 926 (w), 862 (m), 832 (w), 620 (m), 625
(w), 560 (w) cm�1.

[Ca([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)]: Method 1: [Ca([15]crown-5) ACHTUNGTRENNUNG(NO3)2ACHTUNGTRENNUNG(H2O)]
(0.4 g, 1.0 mmol) was dissolved in boiling methanol (15 mL) and a solu-
tion of CsN3 (0.36 g, 2.0 mmol) in methanol (10 mL) added, resulting in
an instant white precipitate. The mixture was heated and stirred for
5 min, cooled and the white solid (identified as predominantly CsNO3 by
its IR spectrum) filtered off and discarded. The solution was allowed to
stand for 5 h and a further small amount of white solid which separated,
filtered off and discarded (This was a mixture of some CsNO3 and the de-
sired complex). The clear filtrate was treated dropwise with anhydrous
diethyl ether (20 mL) and the mixture refrigerated overnight. The fine
white powder which separated was filtered off and dried in vacuo. Yield:
0.15 g (41%). Elemental analysis calcd (%) for C10H22CaN6O6 (362.4): C
33.1, H 6.1, N 23.2; found: C 33.6, H 5.8, N 24.7; 1H NMR (300 MHz,
CDCl3, 25 8C): d =3.65 (s, 20H; CH2), 1.5 ppm (s, 2H; H2O); IR (Nujol):
ñ=3340 (br), 2094 (vs), 2051 (sh), 1648 (w), 1250 (w), 1084 (vs), 1041
(vs), 950 (s), 870 (m), 833 (w), 616 (m) cm�1.

Method 2: [Ca(N3)2] (0.14 g, 1.1 mmol) was suspended in methanol
(20 mL), a solution of [15]crown-5 (0.22 g, 1.0 mol) in methanol (15 mL)
added and the mixture heated to boiling, when the salt dissolved to give
a clear solution. The solution was evaporated to about 10 mL, cooled and
diethyl ether (10 mL) added dropwise with stirring. The white powder
was filtered off, rinsed with diethyl ether (5 mL) and dried in vacuo.
Yield: 0.13 g (34%). Elemental analysis calcd (%) for C10H22CaN6O6

(362.4): C 33.1, H 6.1, N 23.2; found: C 32.6, H 5.8, N 24.0. IR and NMR
spectra were as for Method 1 above.

[Ca([15]crown-5)ACHTUNGTRENNUNG(NO3)2]: Ca ACHTUNGTRENNUNG(NO3)2·4H2O (0.69 g, 3.0 mmol) was dis-
solved in hot methanol (20 mL) and [15]crown-5 (0.66 g, 3.0 mmol) in
methanol (15 mL) added. The solution was briefly refluxed, cooled and
concentrated to 10 mL. Cooling overnight in a refrigerator gave white
crystals. Yield: 0.80 g (69%) Elemental analysis calcd (%) for
C10H20CaN2O11 (384.5): C 31.3, H 5.2, N 7.3; found: C 31.4, H 5.2, N 7.2;
1H NMR (300 MHz, CDCl3, 25 8C): d=3.7 ppm (s, CH2); IR (Nujol): ñ=

1570 (m), 1350 (br), 1251 (m), 1084 (vs), 1034 (vs), 949 (s), 919 (sh), 868
(m), 823 (m), 526 (w) cm�1.

[Sr([15]crown-5) ACHTUNGTRENNUNG(NO3)2 ACHTUNGTRENNUNG(H2O)]: This was made by using Sr ACHTUNGTRENNUNG(NO3)2 follow-
ing the method used for the above calcium complex. Yield: 65%. Ele-
mental analysis calcd (%) for C10H22N2O12Sr (449.9): C 26.7, H 4.9, N 6.2;
found: C 26.8, H 4.8, N 6.0; 1H NMR (300 MHz, CDCl3, 25 8C): d=3.7 (s,
20H; CH2), 1.8 ppm (s, 2H; H2O); IR (Nujol): ñ =3430 (br), 1646 (w),
1350 (m), 1127 (w), 1114 (w), 1082 (s), 1037 (s), 949 (s), 933 (sh), 868
(m), 824 (m), 730 (sh), 516 (w) cm�1.

[Ba([18]crown-6)ACHTUNGTRENNUNG(NO3)2 ACHTUNGTRENNUNG(H2O)2]: This was made following the method
for the above calcium nitrate complex from barium nitrate and
[18]crown-6 in aqueous methanol. Colourless crystals. Yield: 65%. Ele-
mental analysis calcd (%) for C12H28BaN2O14 (561.7): C 25.7, H 5.0, N
5.0; found: C 26.0, H 4.5, N 5.2; 1H NMR (300 MHz, CDCl3, 25 8C): d=

3.7 (s, 24H; CH2), 1.6 ppm (s, 4H; H2O); IR (Nujol): ñ=3460 (br), 1608
(w), 1350 (br), 1091 (vs), 1023 (sh), 960 (s), 834 (m), 801 (w), 522 (w),
480 (w) cm�1.

Simple impact tests on the alkaline-earth metal azide-crown ether com-
plexes prepared did not result in any explosions.

X-ray crystallography : Crystals of (C10H20O5)(N3)2Sr·1/2H2O were isolat-
ed from the preparation by storing the filtrate in a freezer for a few
weeks. All other crystals were obtained by vapour diffusion of diethyl
ether into a methanol solution of the compound. Brief details of the data
collection and refinement are presented in Table 1. Data collection used
a Bruker-Nonius Kappa CCD diffractometer with the crystal held at
120 K in a cold nitrogen stream. Structure solution[16] and refinement[17]

were routine with H atoms of the crowns added in calculated positions.
Any less common features are commented on below.
(C10H20O5)(N3)2Sr·1/2H2O gave no evidence for H atoms bonded to O6
and the adp ellipsoids indicated disorder in the crown ring most marked
at C9 and C10. This was modelled with two conformations of the ring at
these atoms (A and B) using isotropic C atoms and Shelxl DFIX com-
mands on associated C�C and C�O bonds. For (C12H24O6)(N3)2Ba·4/
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3MeOH the intensity data from the initial triclinic unit cell from the dif-
fractometer (ca. a=17.32; b=17.69; c=20.97 S) failed to give a solution
using the TREF command in Shelxl although there were recognisable
crown ring fragments. Inspection of the measured intensities using the
Layer program[18] showed that all zones with k odd were extremely weak
but that the diffractometer software had found enough to force the use
of a larger supercell. With a sequential (non-area detector) diffractome-
ter this larger cell would in all probability not have been found. Trans-
forming the data to this smaller cell gave a convincing solution with six
Ba atoms in the unit cell in the space group P1̄ which refined well. On
making the C atoms anisotropic, several of the crown C atoms associated
with Ba3 became elongated indicative of disorder. No attempt was made
to model this, and H atoms associated with the MeOH were not included
in the model. It should be noted that in halving b, the resulting cell is not
in the reduced form and it is necessary to transform to the standard set-
ting (a <b <c). The origin of the weak zones of reflections is not clear:
it may arise from the disorder associated with the Ba3 containing cation.
In principle a doubled cell could remove the disorder required in the
present model but would also require translational symmetry that is half
of the crystallographic translational symmetry of the larger cell.

CCDC-634502 (Sr/N3), CCDC-634503 (Sr/N3/NO3), CCDC-634504 (Ba/
N3), CCDC-634505 (Ba/NO3) contain 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.

Computational details: All calculations were performed at the density
functional theory (DFT) level, by using the Becke–Perdew BP86 general-
ised gradient functional[19] in conjunction with the Resolution of Identity
(RIDFT) approximation.[20] The Pople-style valence triple zeta plus po-
larization 6–311G ACHTUNGTRENNUNG(d,p) basis set was used for all atoms, except for stronti-
um and barium where the Stuttgart V97 relativistic effective small core
potentials (ECPS[21]) were used.[22] For the Sr atom the ECP describes 28
core electrons and uses the basis set contraction Scheme (6s6p5d)/ ACHTUNG-

TRENNUNG[4s4p2d] for the valence electrons; for
Ba, 46 electrons are described by the
ECP and one f function is added to
the valence basis set, for the resulting
contraction Scheme (6s6p5d1f)/ ACHTUNG-
TRENNUNG[4s4p2d1f]. The auxiliary basis sets
needed for the RIDFT method were
generated during the run time. The
molecular structure of each complex
was optimised by checking the Hessi-
an matrix; vibrational frequencies
and zero-point energies were estimat-
ed according to the harmonic approx-
imation. All calculations were per-
formed by using the Gaussian 03
package.[23] All optimized structures
gave real frequencies.

Calculations were performed on the
following alkaline-earth complexes.

i) calcium: [Ca([15]crown-5)(N3)2]

ii) strontium: [Sr([15]crown-5)(N3)2];
[Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)];
[Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)]

iii) barium: [Ba2([18]crown-6)2(N3)3-
ACHTUNGTRENNUNG(MeOH)2]

+ ; [Ba([18]crown-6)-
ACHTUNGTRENNUNG(NO3)2]; [Ba([15]crown-5)(N3)2];
[Ba([18]crown-6)(N3)2]

Results and Discussion

The alkaline-earth metal
azides Ca(N3)2, Sr(N3)2 and
Ba(N3)2·H2O were made[14] by

distilling excess dilute aqueous HN3 directly onto slurries of
MCO3 or M(OH)2 in water (see Experimental Section). The
strontium and barium compounds were readily obtained,
but as previously reported,[14] the calcium compound is
prone to hydrolysis and excess HN3 and cautious precipita-
tion with alcohol is necessary to obtain a reasonably pure
sample and the yield is poorer.
The reaction of Ba(N3)2 and [18]crown-6 in a 1:1 mol.

ratio in methanol produced a white powder, identified by
analysis, 1H NMR and IR spectroscopy as [Ba([18]crown-
6)(N3)2 ACHTUNGTRENNUNG(MeOH)]·H2O, in particular the water and methanol
were both evident in the spectroscopic data. Vapour diffu-
sion of diethyl ether into a solution of the complex in meth-
anol produced colourless crystals which were identified as
[Ba([18]crown-6)(N3)2ACHTUNGTRENNUNG(MeOH)]·1/3MeOH (see below).
Apart from the absence of features due to water in the IR
and 1H NMR spectra, the data, most notably the azide
modes in the region of 2100–1950 cm�1 were very similar to
those of the bulk solid and it seems certain that the same
barium environment is present. The structure consists of di-
meric units of two types. Each ten-coordinate Ba is bonded
to the six O atoms of the crown and on an “axial” position
is a coordinated MeOH ligand. The first type of dimer
formed from Ba1 and Ba2 has three bridging azides (Fig-
ure 1a, Table 2) with Ba�N distances of 2.804(4)–2.856(4) S.
The second type of dimer (Ba3/Ba3a) is centrosymmetric
with necessarily disordered azides (Figure 2a) and in total

Table 1. Crystallographic data and refinement details.[a]

compound ACHTUNGTRENNUNG(C10H20O5)(N3)2Sr·
1/2H2O

ACHTUNGTRENNUNG[(C10H20O5)(N3) ACHTUNGTRENNUNG(NO3)Sr] ACHTUNGTRENNUNG[(C12H24O6) ACHTUNGTRENNUNG(NO3)2Ba] ACHTUNGTRENNUNG(C12H24O6)(N3)2Ba·
4/3MeOH

formula C10H21N6O5.5Sr C10H20N4O8Sr C12H24BaN2O12 C26.67H58.67Ba2N12O14.67

Mr 400.95 411.92 525.67 1056.87
crystal system monoclinic orthorhombic monoclinic triclinic
space group P2/c (no. 13) P212121 (no. 19) P21/c (no. 14) P1̄ (no. 2)
a [Å] 12.7961(11) 8.437(2) 8.300(2) 8.8449(10)
b [Å] 9.4865(10) 12.291(3) 15.540(4) 17.3250(10)
c [Å] 13.1647(11) 15.198(4) 7.6191(12) 20.969(2)
a [8] 90.0 90.0 90.0 83.789(4)
b [8] 94.676(5) 90.0 106.316(12) 86.470(4)
g [8] 90.0 90.0 90.0 88.953(5)
U [S3] 1592.7(3) 1576.1(7) 943.2(4) 3188.1(5)
Z 4 4 2 3
m [mm�1] 3.42 3.47 2.17 1.92
F ACHTUNGTRENNUNG(000) 820 840 524 1596
total no. of
obsns (Rint)

16727 (0.143) 7146 (0.055) 10316 (0.038) 65178 (0.051)

unique obsns. 2807 3412 2158 14592
no. of parame-
ters, restraints

217, 6 209, 0 125, 0 781, 3

goodness-of-fit
on F2

1.034 0.977 1.032 1.034

resid. electron
density [eS�3]

�0.72 to +0.52 �0.71 to +0.48 �0.58 to +0.44 �2.39 to +2.45

R1, wR2
(I>2s(I))[b]

0.055, 0.102 0.046, 0.084 0.024, 0.043 0.040, 0.089

R1, wR2 (all
data)

0.099, 0.118 0.058, 0.089 0.041, 0.048 0.061, 0.098

[a] Common items: temperature=120 K; wavelength (MoKa)=0.71073 S. [b] R1=S j jFo j� jFc j j /S jFo j .
wR2= [Sw ACHTUNGTRENNUNG(Fo

2�Fc
2)2/SwFo

4]1/2.
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there are three azide ligands. Label N13 is the site of atom
N13 and N16 (not labelled) and each of the nine atoms
N10–N18 have a site-occupation factor (sof) of 0.5 (Fig-
ure 2b, Ba�N 2.711(7)–3.001(7) S). There are three of these
moieties in the unit cell whose charges are balanced by
three uncoordinated azide anions. There are also uncoordi-
nated MeOH solvate molecules. The Ba�Ocrown distances

2.863(3)–2.972(3) S may be compared with those in
[Ba([18]crown-6) ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(H2O)][24] 2.808(6)–2.875(5) S. The
latter structure is mononuclear with nine-coordinate barium,
but has a similar barium environment with barium coordi-
nated to six crown oxygens with two terminal thiocyanates
on one side of the molecule and a coordinated water mole-
cule on the other. In the present complex the coordinated
methanol takes the place of the water, and three azide
bridges (Ba�N=2.804(4)–2.856(4) S) replace the terminal
thiocyanates (Ba�N=2.779(12), 2.839(11) S).
The combination of Sr(N3)2 and [15]crown-5 in methanol

produced a colourless microcrystalline solid [Sr([15]crown-
5)(N3)2 ACHTUNGTRENNUNG(H2O)] that showed spectroscopic features in the 1H
and IR spectra consistent with the presence of the crown,
water and azide ligands. The azide stretching region showed
several bands, but it is not possible to deduce the structural
unit present from the spectrum. Colourless crystals were ob-
tained directly from the reaction solution and the structure
consists of Sr1 coordinated by the five O atoms of the
crown and linked into dimers through a bridging azide (see
Table 3 and Figure 3a and 4). N2 is positioned on a two-fold
axis and the azide N1-N2-N1a bonds to Sr1 and Sr1a (Sr1�
N1 2.626(5) S). A second terminal azide (N3-N4-N5) is
bonded to Sr1 (Sr1-N3 2.547(7) S) and the dimers are
linked into a chain through a disordered H-bonded azide.
The O6 of a water molecule and the azide N6-N7-N8 are
disordered with N8 on a two-fold axis common to the two
azides (N6-N7-N8 and N8-N7b-N6b) (see Figure 4). The
linking into a chain is thus of the type Sr�O6···N8-N7b-N6b-
Sr’ where the O6···N8 distance is 2.921(11) S and the Sr1�
N6 distance is 2.561(10) S resulting in an eight-coordinate
Sr atom. The Sr�O and Sr�N distances are unexceptional
and similar to those in [Sr([12]crown-4) ACHTUNGTRENNUNG(NCS)2 ACHTUNGTRENNUNG(H2O)2],

Figure 1. a) Structure of one dimeric unit involving Ba1 and Ba2 in
[Ba([18]crown-6)(N3)2 ACHTUNGTRENNUNG(MeOH)]·1/3MeOH showing the atom labelling
Scheme for the non-C atoms. This species has no crystallographic symme-
try. Ellipsoids are drawn at the 50% probability level and H atoms of the
crown omitted for clarity. b) Calculated structure of [Ba2([18]crown-
6)2(N3)3 ACHTUNGTRENNUNG(MeOH)2]

+ .

Table 2. Selected bond lengths [S] and angles [8] for [Ba([18]crown-
6)(N3)2 ACHTUNGTRENNUNG(MeOH)]·1/3MeOH.[a]

Ba1�O1 2.904(3) (2.948) Ba2�O7 2.909(3) (2.947)
Ba1�O2 2.863(3) (2.916) Ba2�O8 2.876(3) (2.921)
Ba1�O3 2.935(3) (2.998) Ba2�O9 2.939(3) (2.996)
Ba1�O4 2.908(3) (2.968) Ba2�O10 2.920(3) (2.969)
Ba1�O5 2.953(3) (3.005) Ba2�O11 2.942(3) (2.997)
Ba1�O6 2.972(3) (3.146) Ba2�O12 2.926(3) (3.149)
Ba1�O19 2.810(3) (2.917) Ba2�O20 2.797(3) (2.902)
Ba1�N1 2.819(4) (2.820) Ba2�N3 2.856(4) (2.817)
Ba1�N4 2.811(4) (2.814) Ba2�N6 2.811(3) (2.816)
Ba1�N7 2.804(4) (2.794) Ba2�N9 2.825(4) (2.793)
N1�N2 1.178(5) (1.189) N2�N3 1.186(5) (1.186)
N4�N5 1.177(5) (1.188) N5�N6 1.174(5) (1.188)
N7�N8 1.176(5) (1.187) N8�N9 1.180(5) (1.188)
Oc-Ba1-Oc

(ca. 608)
55.80(8)-59.17(8)
(55.1–58.0)

Oc-Ba2-Oc

(ca. 608)
56.23(8)-58.29(8)
(54.9–57.9)

O19-Ba1-Oc 64.04(8)-83.40(8)
(53.7–86.5)

O20-Ba2-Oc 62.62(9)-80.52(9)
(53.7–86.3)

N1-Ba1-N4 74.40(11) (78.9) N3-Ba2-N6 71.79(11) (79.1)
N1-Ba1-N7 70.87(12) (78.6) N3-Ba2-N9 73.10(13) (78.4)
N4-Ba1-N7 75.57(11) (79.1) N6-Ba2-N9 74.73(11) (79.2)
Ba1-N1-N2 129.3(3) (133.8) Ba2-N3-N2 127.3(3) (130.7)
Ba1-N4-N5 124.3(3) (130.9) Ba2-N6-N5 132.4(3) (133.4)
Ba1-N7-N8 131.5(3) (132.4) Ba2-N9-N8 125.5(3) (132.9)
N1-N2-N3 178.8(5) (179.0) N4-N5-N6 177.5(4) (178.9)
N7-N8-N9 178.0(4) (179.1)

[a] Data are given for the Ba1/Ba2 dimer unit. Oc refers to a crown O
atom. Values in brackets are computed values for [Ba2([18]crown-
6)2(N3)3 ACHTUNGTRENNUNG(MeOH)2]

+ (see Figure 1b).

Figure 2. a) Structure of one dimeric unit involving Ba3 and Ba3a in
[Ba([18]crown-6)(N3)2 ACHTUNGTRENNUNG(MeOH)]·1/3MeOH showing the atom labelling
Scheme for the non-C atoms. This species has a centre of symmetry and
disorder involving the three bridging azide groups. Ellipsoids are drawn
at the 50% probability level with boundary ellipsoids for C atoms. H
atoms of the crown are omitted for clarity. Symmetry operation: a=3�x,
1�y, �z. b) The bridging disordered azide ligands involved in the Ba3�
Ba3a unit showing the atom-labelling scheme. N13 and N16 (unlabelled)
occupy the same position in the model and all N atoms have a site occu-
pation factor of 0.5. Details as Figure 2a.

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2615 – 26242618

J. M. Dyke, W. Levason et al.

www.chemeurj.org


which is mononuclear with eight-coordinate strontium.[25]

The reason for the different structural motifs observed be-
tween the mononuclear thiocyanate complexes and the di-
nuclear or polymeric azide complexes presumably lies in the
diminished affinity of the s-block metal for the thiocyanate
sulfur (a few examples of S-CN coordinated thiocyanates
are known for s-block metals, but they are very rare[13]).
The synthesis of the strontium azide-([15]crown-5) com-

plex was carried out on a number of occasions and gave the
same product (IR evidence), but one sample gave a few
clear crystals with a quite different unit cell. The structure
solution showed these crystals to be the azide-nitrate com-
plex [Sr([15]crown-5)(N3)ACHTUNGTRENNUNG(NO3)], and sufficient crystals
were obtained from this batch to allow microanalytical data
to be obtained and the IR spectrum recorded. The latter

shows clear differences in the azide stretching region from
that of [Sr([15]crown-5)(N3)2ACHTUNGTRENNUNG(H2O)] and weak features due
to nitrate groups (see Experimental Section). The structure
consists of Sr1 coordinated by the five oxygen atoms of the
crown and linked into a chain through a bridging azide (see
Table 4 and Figure 5a and 6). The two Sr1�N distances are
similar (Sr1�N1 2.589(4), Sr1�N3a 2.577(4) S) and in addi-
tion there is a symmetrically bonded bidentate nitrate ligand
coordinated to the Sr atom completing the nine-coordina-
tion. Spot tests on the reagents for nitrate proved negative,
and the serendipitous presence of nitrate is believed to have
arisen in this sample from a contaminated glass sinter
cleaned with HNO3 and insufficiently rinsed with water. The

Table 3. Selected bond lengths [S] and angles [8] for [Sr([15]crown-
5)(N3)2]·1/2H2O.

[a]

Sr1�N1 2.626(5) (2.518) Sr1�N6 2.561(10) (–)
Sr1�N3 2.547(7) (2.383) Sr1�O6 2.606(9) (2.644)
Sr1�O1 2.720(4) (2.931) Sr1�O4 2.709(4) (2.709)
Sr1�O2 2.653(4) (3.295) Sr1�O5 2.696(4) (2.689)
Sr1�O3 2.632(4) (2.853) N1�N2 1.179(5) (1.212)
N3�N4 1.170(9) (1.211) N6�N7 1.150(14) (–)
N4�N5 1.190(9) (1.168) N7�N8 1.046(12) (–)
N1-N2-N1a 179.7(8) (178.9) N1-Sr1-N3 85.3(2) (102.3)
N3-N4-N5 178.8(7) (179.3) N1-Sr1-N6 88.2(3) (–)
N6-N7-N8 172.9(11) (–) N3-Sr1-N6 80.5(3) (–)
N1-Sr1-O6 78.2(2) (64.0) N6-Sr1-O6 27.1(3) (–)
Sr1-N1-N2 167.3(5) (151.1) N3-Sr1-O6 104.6(3) (107.1)
Sr1-N6-N7 151.9(10) (–) Sr1-N3-N4 164.1(5) (169.8)
O1-Sr1-O2 62.40(12) (53.2) O4-Sr1-O5 61.99(14) (62.2)
O2-Sr1-O3 61.03(12) (52.7) O5-Sr1-O1 60.66(12) (58.6)
O3-Sr1-O4 60.82(12) (58.4)

[a] N6, N7, N8 and O6 are disordered atoms (see text). Symmetry opera-
tion: a=2�x, y, 1/2�z. Values in brackets are computed values for
[Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)] (see Figure 3b). The calculated parameters
have been compared with the experimental parameters of Figure 3a in-
cluding O6 and azides N1, N2 and N1a and N3, N4 and N5, but omitting
N6, N7 and N8.

Figure 3. a) The asymmetric unit in [Sr([15]crown-5)(N3)2]·1/2H2O showing the atom numbering scheme. N2 and N8 are lying on twofold axes and the
open bonds show the links to the disordered O6 and N6, N7, N8 azide from Sr1. There is disorder in the crown particularly at C9 and C10 and the dia-
gram shows C9a and C10a and omits C9b and C10b. Ellipsoids are drawn at the 50% probability level and H atoms omitted for clarity. b) Calculated
structure of [Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)]. c) Calculated structure of [Sr([15]crown-5)(N3)2].

Figure 4. A schematic diagram of the disordered chain in [Sr([15]crown-
5)(N3)2]·1/2H2O in the a direction linking the residues. The dashed line
identifies the O6···N8 H-bond in one of the disordered arrangements (see
text). Symmetry operations: a=2�x, y, 1/2�z ; b=1�x, y, 1/2�z. The
crown ether unit associated with each strontium atom is not shown.
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formation of this complex is significant in respect of the
metathesis reactions described below.
In view of the production of the novel strontium structure,

we attempted to obtain a barium nitrate-azide complex by
allowing a very dilute solution of NH4NO3 in methanol to
diffuse into a solution of [Ba([18]crown-6)(N3)2ACHTUNGTRENNUNG(MeOH)] in
the same solvent. After a few days some block crystals had
formed, but the structure of these showed them to be the di-

nitrate [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2]. This structure consists
(Table 5, Figure 7a) of a discrete centrosymmetric molecule
with ten-coordinate Ba1 lying in the centre of the [18]-
crown-6. The symmetrically bonded bidentate nitrate ligands
(Ba1�O4 2.811(2), Ba1�O5 2.841(2) S) complete the Ba1
coordination. This result does not of course prove that
barium-azide-nitrate species do not form, but it does illus-
trate both the affinity of barium for the O-donor nitrate and
that crystals form easily in alkaline-earth nitrate-crown
ether systems. The latter point has been noted by others.[26]

The structure of the related hydrate [Ba([18]crown-6)-
ACHTUNGTRENNUNG(NO3)2ACHTUNGTRENNUNG(H2O)] has been reported previously.[26] It contains an
eleven-coordinate barium with two chelating nitrates on one
side of the Ba-crown plane and a water molecule coordinat-
ed on the other. In the hydrate the Ba�O distances are
slightly longer (Ba�Ocrown=2.83(1)–2.908(8) S and Ba�
O2NO=2.845(9)–2.98(1) S) than in the present structure re-
flecting the higher coordination number in the former.
Combination of Ca(N3)2 and [15]crown-5 in methanol was

carried out on a number of occasions with minor modifica-
tions and seemed to give the same basic complex based
upon the IR spectra obtained. Analytical data on these sam-
ples was rather variable and some samples turned yellow on

Table 4. Selected bond lengths [S] and angles [8] for [Sr([15]crown-
5)(N3) ACHTUNGTRENNUNG(NO3)].

[a]

Sr1�N1 2.589(4) (2.422) Sr1�N3a 2.577(4) (–)
Sr1�O1 2.715(3) (2.792) Sr1�O5 2.695(3) (2.704)
Sr1�O2 2.647(3) (2.724) Sr1�O6 2.644(4) (2.544)
Sr1�O3 2.801(3) (2.854) Sr1�O7 2.688(4) (2.583)
Sr1�O4 2.777(3) (2.701) N1�N2 1.179(5) (1.214)
N2�N3 1.168(5) (1.167) N4�O6 1.260(5) (1.308)
N4�O7 1.286(5) (1.308) N4�O8 1.241(5) (1.287)
N1-N2-N3 178.0(5) (179.1) N1-Sr1-N3a 77.79(14) (–)
N1-Sr1-O6 99.91(14) (96.4) N1-Sr1-O7 76.18(13) (116.1)
N3a-Sr1-O6 88.17(12) (–) N3a-Sr1-O7 122.07(12) (–)
Sr1-N1-N2 153.3(4) (159.8) Sr1-N3a-N2a 162.7(4) (–)
O1-Sr1-O2 60.86(10) (59.9) O4-Sr1-O5 60.83(9) (61.9)
O2-Sr1-O3 58.60(10) (58.5) O5-Sr1-O1 63.02(9) (60.6)
O3-Sr1-O4 60.32(9) (59.9) O6-Sr1-O7 47.82(12) (51.0)
O6-N4-O7 116.2(4) (116.4) O6-N4-O8 122.5(4) (122.5)
O7-N4-O8 121.2(4) (121.0)

[a] Symmetry operation: a=x�1/2, 1/2�y, 1�z. Computed values of
[Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)] in brackets (see Figure 5b).

Figure 5. a) Coordination around Sr1 in [Sr([15]crown-5)(N3)ACHTUNGTRENNUNG(NO3)]
showing the atom labelling scheme. Ellipsoids are drawn at the 50%
probability level and H atoms omitted for clarity. Symmetry operation:
a=x�1/2, 1/2�y, 1�z. b) Calculated structure of [Sr([15]crown-5)(N3)-
ACHTUNGTRENNUNG(NO3)].

Figure 6. [Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)] showing part of the chain structure
arising from a 21 screw axis in the a direction where the azide acts as a
bridging ligand. The crown moiety has been omitted for clarity. Details
as in Figure 5a.

Table 5. Selected bond lengths [S] and angles [8] for [Ba([18]crown-6)-
ACHTUNGTRENNUNG(NO3)2].

[a]

Ba1�O1 2.7591(16) (2.815) Ba1�O4 2.811(2) (2.880)
Ba1�O2 2.8195(17) (2.872) Ba1�O5 2.841(2) (2.878)
Ba1�O3 2.7979(18) (2.872) N1�O4 1.254(3) (1.295)
N1�O5 1.257(3) (1.294) N1�O6 1.239(3) (1.231)
O1-Ba1-O2 59.66(5) (61.5) O3-Ba1-O1a 60.74(5) (59.8)
O2-Ba1-O3 60.71(5) (61.8) O4-Ba1-O5 44.61(6) (46.7)
O4-N1-O5 117.4(2) (116.8) O4-N1-O6 121.6(2) (121.7)
O5-N1-O6 121.0(2) (121.5)

[a] Symmetry operation: a=1�x, �y, 2�z. Computed values of [Ba([18]-
crown-6) ACHTUNGTRENNUNG(NO3)2] in brackets (see Figure 7b).
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keeping over a period of a few days. By using a slight excess
of Ca(N3)2: ACHTUNGTRENNUNG(crown) (ca. 1.1:1) and rapidly isolating the prod-
uct, we obtained a white powder which did not yellow on
keeping and analysed as [Ca([15]crown-5)(N3)2ACHTUNGTRENNUNG(H2O)]. The
IR spectrum shows the presence of crown, water and coordi-
nated azide, but the structure present cannot be deduced
from the data. Despite many attempts we have been unable
to grow suitable crystals of this substance for an X-ray
study; the complex appears to decompose slowly in solution.
The complex [Ca([15]crown-5) ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(H2O)] has been struc-
turally characterised and contains an eight-coordinate calci-
um centre.[27]

Since alkaline-earth metal azides are not commercially
available, we also sought a metathetical route to introduce
the azide groups. Metathesis is rarely used to produce crown
ether complexes since the likelihood of forming mixtures is
obvious, but a few cases of the successful isolation of a
single species from a mixture of cations/anions and crown
have been reported.[28] After some preliminary work, the
anion exchange between [M ACHTUNGTRENNUNG(crown) ACHTUNGTRENNUNG(NO3)2] and either NaN3

or CsN3 in methanol was selected, which it was hoped
would be driven by the insolubility of alkali metal nitrates,
(always assuming the crown ether would bond to the alka-
line-earth cation). Samples of the [Ca([15]crown-5) ACHTUNGTRENNUNG(NO3)2],
[Sr([15]crown-5) ACHTUNGTRENNUNG(NO3)2ACHTUNGTRENNUNG(H2O)] and [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2-
ACHTUNGTRENNUNG(H2O)2] were made from the appropriate metal nitrate and

crown in methanol and fully characterised (see Experimen-
tal Section). Solutions of the appropriate [M ACHTUNGTRENNUNG(crown) ACHTUNGTRENNUNG(NO3)2-
ACHTUNGTRENNUNG(H2O)x] and CsN3 or NaN3 in methanol in a 1:2 mol. ratio
were mixed, and the products which precipitated were fil-
tered off; further products were precipitated on concentra-
tion of the solutions. All products were monitored by IR
spectroscopy to identify the anions present. Taking the calci-
um system as an example, as described in the Experimental
Section by using CsN3 and [Ca([15]crown-5) ACHTUNGTRENNUNG(NO3)2] the ini-
tial precipitate is CsNO3 (which is poorly soluble in metha-
nol) and typically amounts to about 95% of the theoretical
yield. Further solid deposited proved to be a mixture of
CsNO3 and some CsN3. Finally a white powder precipitated
on concentration which was identified as [Ca([15]crown-
5)(N3)2 ACHTUNGTRENNUNG(H2O)] by analysis and comparison of its IR spec-
trum with that of a sample produced from Ca(N3)2. Howev-
er reproducibility using this route is not good, and minor
changes in the reaction conditions led on other occasions to
products containing some residual nitrate evident in the IR
spectrum. Attempts to prepare strontium or barium azide
complexes by metathetical routes were unsuccessful, the IR
spectra of the products varying from preparation to prepara-
tion, and usually showing substantial amounts of nitrate
present. The ease with which the nitrate complexes form
and crystallise (see above), and the formation of the stronti-
um azide-nitrate from small amounts of nitrate show the
preference of the alkaline-earth metals for nitrate over
azide ligands, which is only partially offset by the very low
solubility of the (crown-free) alkali metal nitrates in metha-
nol. It was concluded that metathesis was not a generally
useful route to the azide complexes. Attempts to isolate a
magnesium azide-[12]crown-4 complex from CsN3 and
[Mg([12]crown-4) ACHTUNGTRENNUNG(NO3)2] were also unsuccessful.

Computational Results and Comparison between
Computed and Experimental Structures

Comparison between experimental and computed structures
is shown in Figure 1, 3, 5 and 7, and comparison of the ex-
perimental and computed structural parameters is shown in
Tables 2 to 5.
i) [M([15]crown-5)(N3)2] (M=Ca, Sr or Ba) and [Ba([18]-

crown-6)(N3)2]: The geometries and harmonic vibrational
frequencies of [Ca([15]crown-5)(N3)2], [Sr([15]crown-
5)(N3)2], [Ba([15]crown-5)(N3)2] and [Ba([18]crown-6)(N3)2]
have been calculated taking into account two possible posi-
tions of the two azide moieties. In the first (angular form),
both azide ions, coordinated to the metal centre, lie on the
same side of the crown ether unit; in the second (axial
form) the two N3 units lie on opposite sides. Zero point cor-
rected energies reveal that the angular and axial forms of
[Ca([15]crown-5)(N3)2] have approximately the same energy
(the axial form is ca. 1 kJmol�1 more stable than the angular
one), while in the [Sr([15]crown-5)(N3)2] and [Ba([15]crown-
5)(N3)2] cases the angular form is more stable than the axial
form (by 37 kJmol�1 and 63 kJmol�1, respectively). When

Figure 7. a) The structure of [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2] showing the atom-
labelling scheme. The Ba1 atom is on a centre of symmetry. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.
b) Calculated structure of [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2].
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[Ba([18]crown-6)(N3)2] is considered, the axial form is the
more stable (by 20 kJmol�1). This behaviour can be ex-
plained in terms of the structures of the isolated M(N3)2 and
of the relative dimensions of the metal centre and the crown
ether. For the alkaline-earth azides, M(N3)2, (M=Ca, Sr or
Ba), only calcium azide possesses, at the level of calculation
used in this work, a D1h minimum, while the strontium and
barium azides have an angular C2v geometry in their ground
states. When coordinated to the crown ether, the Ca(N3)2
moiety would like to maintain its linear structure in an axial
geometry, but the calcium atom cannot coordinate to the
two azide groups with the same strength, being slightly
above the crown ether plane. In fact, the two Ca�N distan-
ces are 2.226 and 2.514 S and, as a result, the azide ion
below the crown ether plane bends forming an angle N-N-
Ca of 1148 instead of about 1808. The axial form is thus de-
stabilized.
Calculations on the Sr(N3)2 and Ba(N3)2 molecules show

that they prefer angular geometries. When the barium atom
is combined with the [18]crown-6 ether, its angular coordi-
nation is satisfied by the oxygen atoms and, since Ba fits
well in the centre of [18]crown-6, a perfectly axial di-azide
centrosymmetric structure results: the Ba�N distances are
2.609 S and the N-N-Ba angles are 1808 on both sides of the
crown. The angular coordination should be satisfied also for
Sr in [Sr([15]crown-5)(N3)2], but now the metal is well out-
side the plane of the crown ether, so that it cannot have a
strong interaction with the azide below the plane (Sr�N dis-
tances are 2.400 and 2.801 S, respectively in an axial struc-
ture), which shows a M-N-N angle (N-N-Sr is 1178) similar
to the one in [Ca([15]crown-5)(N3)2]. Therefore the angular
form of [Sr([15]crown-5)(N3)2], whose geometric parameters
are reported in Table 6, is the most stable. Incidentally, for
the same reason, enhanced by the size of the barium atom,
the angular form of [Ba([15]crown-5)(N3)2] is 63 kJmol�1

more stable than the axial geometry.

ii) Strontium complexes: [Sr([15]crown-5)(N3)2],
[Sr([15]crown-5)(N3)2ACHTUNGTRENNUNG(H2O)] and [Sr([15]crown-5)(N3)-
ACHTUNGTRENNUNG(NO3)]: The main difference between the experimental
structure of the [Sr([15]crown-5)(N3)2ACHTUNGTRENNUNG(H2O)] unit and the
calculated structure of the isolated complex with the same
stoichiometry lies in the coordination of the metal centre to

the crown ether (see Figure 5). This, in turn, seems to be
heavily affected by the position of the water molecule. The
calculated values of the distances between the strontium
atom and the oxygen atoms of the crown ether disagree
with the distances obtained in the experimental five-coordi-
nate structure. In particular, from the calculated Sr�O dis-
tances, the Sr1 seems not coordinated to the O2, and per-
haps also to the O1 atom, as revealed by rather large values
of distances and small values of the corresponding angles.
This disagrees also with the Sr�Ocrown values calculated for
Sr([15]crown-5)(N3)2] (Table 6) and for [Sr([15]crown-
5)(N3)ACHTUNGTRENNUNG(NO3)] (Table 4), which show a metal centre coordi-
nated to all the oxygen atoms of the crown ether. The
angles at the Sr1 involving the azide residues and O6 show,
not surprisingly, rather larger differences between calculated
and experimental values probably due the the bridging
azide (N1, N2, N1a) and the disorder associated with O6
and the H-bonded azide (N6, N7, N8).
The only relevant difference between the experimental

and calculated structures of [Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)] is
the N1-Sr1-O7 angle, which differs by about 408, and is
probably due to a rearrangement caused by the absence of
the azide group coordinated to the strontium atom in the
extended solid state structure as seen in Figure 5a and 6.
iii) Barium complexes: [Ba2([18]crown-6)2(N3)3-

ACHTUNGTRENNUNG(MeOH)2]
+ and [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2]: The experimen-

tal characterization of the dimeric unit Ba1/Ba2 is well sup-
ported by the calculated structure of the model compound
[Ba2([18]crown-6)2(N3)3 ACHTUNGTRENNUNG(MeOH)2]

+ . The values listed in
Table 2 show that the maximum deviations between the ex-
perimental and calculated values are about 6% in bond
lengths and 10% in bond angles. In particular, the positions
of the three azide moieties coordinated to the two barium
atoms are well reproduced, with a maximum deviation less
than 1.5% for the six Ba�N bond lengths, while the distan-
ces between the metal centres and the oxygen atom belong-
ing to CH3OH are overestimated by only 4%.
Taking into account that the comparison is made between

a model compound in the isolated state and experimental
data obtained by X-ray diffraction measurements on a crys-
talline compound, we can conclude that the computational
approach used here clearly supports the experimentally ob-
tained structure.
In the 2100 cm�1 region of the calculated harmonic vibra-

tional spectrum of [Ba2([18]crown-6)2(N3)3ACHTUNGTRENNUNG(MeOH)2]
+ , three

normal modes localized on the azide groups can be identi-
fied. These represent asymmetric stretching modes involving
almost entirely the central nitrogen atom of the azide moiet-
ies, which lead to hardly any change of Ba�N distances on
vibration. Following the atom-labelling scheme in Figure 1a,
the quasi-degenerate modes at 2099 and 2101 cm�1 corre-
spond to an in-phase movement of N2 and N8 with an out-
of-phase movement of N5, and an out-of-phase movement
of N2 and N8 with no movement of N5, respectively. The
third mode at 2160 cm�1, the most intense, is a synchronous
all-in-phase movement of the central N atoms of the three
azide ions. Taking into account the correction for anharmo-

Table 6. Selected calculated bond lengths [S] and angles [8] for
[Sr([15]crown-5)(N3)2] (see Figure 3c).

Sr1�N3 ACHTUNGTRENNUNG(2.415) Sr1�N6 ACHTUNGTRENNUNG(2.420)
Sr1�O1 ACHTUNGTRENNUNG(2.766) Sr1�O4 ACHTUNGTRENNUNG(2.815)
Sr1�O2 ACHTUNGTRENNUNG(2.701) Sr1�O5 ACHTUNGTRENNUNG(2.671)
Sr1�O3 ACHTUNGTRENNUNG(2.792) N6�N7 ACHTUNGTRENNUNG(1.213)
N3�N4 ACHTUNGTRENNUNG(1.214) N7�N8 ACHTUNGTRENNUNG(1.167)
N4�N5 ACHTUNGTRENNUNG(1.167)
N3-N4-N5 ACHTUNGTRENNUNG(179.2) N3-Sr1-N6 ACHTUNGTRENNUNG(111.3)
N6-N7-N8 ACHTUNGTRENNUNG(179.2) Sr1-N3-N4 ACHTUNGTRENNUNG(163.9)
Sr1-N6-N7 ACHTUNGTRENNUNG(162.3) O3-Sr1-O4 ACHTUNGTRENNUNG(59.3)
O1-Sr1-O2 ACHTUNGTRENNUNG(62.6) O4-Sr1-O5 ACHTUNGTRENNUNG(59.3)
O2-Sr1-O3 ACHTUNGTRENNUNG(60.5) O5-Sr1-O1 ACHTUNGTRENNUNG(61.4)
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nicity effects (which give rise to a decrease of ca. 5% of the
harmonic frequencies), the calculated range of these fre-
quencies fits well inside the experimental range for these
asymmetric stretching modes.
The comparison between the experimental and calculated

structure of the [Ba([18]crown-6) ACHTUNGTRENNUNG(NO3)2] species can be
made by inspecting Table 5 and Figure 7. Although the
agreement between the experimental and calculated values
mirrors that found for [Ba2([18]crown-6)2(N3)3ACHTUNGTRENNUNG(MeOH)2]

+ ,
two major differences are present: the two NO3 groups are
not oriented along the axis perpendicular to the crown ether
plane, but are bent by about 108 (exptl. Ba1···N1�O6=

174.28) compared to the calculated values of 175.88
(Ba1···N1�O6) and 167.18 (Ba1···N1a�O6a, where the label
a indicates the second NO3 group); furthermore the NO3

groups are rotated in the computed structure with respect to
each other by about 538 (the torsion angle O4�N1···N1a�
O4a), a value which corresponds approximately to one
-OCH2O- period of the crown ether. This establishes that,
although some symmetry is evident in the calculated struc-
ture, the computed structure of isolated [Ba([18]crown-6)-
ACHTUNGTRENNUNG(NO3)2] is not centrosymmetric like the same unit in the
crystal structure.
As in our earlier study of alkali metal azide-crown ether

complexes, a comparison has been made between the calcu-
lated M�Nterminal distances for the isolated M(N3)2 and
[Ca([15]crown-5)(N3)2], [Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)],
[Sr([15]crown-5)(N3)2], [Ba([18]crown-6)(N3)2] and
[Ba2([18]crown-6)2(N3)3 ACHTUNGTRENNUNG(MeOH)2]

+ as well as the computed
Mulliken charges on the M and N centres in the M�Nterminal

bond in each case (Table 7). The effect of O!M electron
transfer in reducing the metal and Nterminal Mulliken charges
in the crown ether complexes compared to the parent
M(N3)2 is again evident. Also, the M�Nterminal bond lengths

are shorter in the M(N3)2 complexes than in the
M([m]crown-n)(N3)2 complexes, although it must be remem-
bered that on comparing computed M�Nterminal bond lengths
for isolated alkaline-earth azide complexes with M�Nterminal

bond lengths from X-ray crystallographic measurements the
effects of the lattice and hydrogen bonding in the lattice
have been neglected.
For the complexes [M([15]crown-5)(N3)2], where M=Ca,

Sr and Ba, and [Ba([18]crown-6)(N3)2], the reaction enthal-
py to give the alkaline earth crown ether plus 3N2 was calcu-
lated in each case. The reaction enthalpies obtained were
76, 22, 77 and 48 kJmol�1 respectively indicating that in all
four case production of N2 from these complexes is endo-
thermic (in comparing these values it should be borne in
mind that an all electron basis set has been used for Ca and
ECPs have been used for Sr and Ba).

Concluding Remarks

The work has successfully characterised the first examples
of Ca, Sr and Ba azides with crown ethers and provided X-
ray structural data. Their electronic structures have been in-
vestigated with DFT calculations. The various coordination
modes of the azide ligand identified in our previous study
on alkali metal azide-crown ether complexes[8] were ob-
served here—specifically k1 in [Sr([15]crown-5)(N3)2]·1/
2H2O and m-1,3 in [Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)] and [Ba([18]-
crown-6)(N3)2ACHTUNGTRENNUNG(MeOH)], whilst in [Sr([15]crown-5)(N3)2]·1/
2H2O hydrogen bonding between water molecules and
azide ligands assembles the chain structure. The triple azide
bridges in the dibarium cations [Ba2([18]crown-6)2(N3)3-
ACHTUNGTRENNUNG(MeOH)2]

+ are the first examples in s-block chemistry. The
serendipitous formation of [Sr([15]crown-5)(N3) ACHTUNGTRENNUNG(NO3)] and

the problems encountered in
the attempted metathetical syn-
theses show the marked prefer-
ence of these hard metals for O
donors such as nitrate, which
are clearly preferred over N-co-
ordinated azide. As shown in
Tables 2 to 5 and Figure 1, 3, 5
and 7, the calculated structures
for alkaline earth metal azide-
crown ether complexes repro-
duce well the solid state struc-
tures derived from X-ray crys-
tallographic measurements,
apart from [Sr([15]crown-
5)(N3)2 ACHTUNGTRENNUNG(H2O)] and [Sr([15]-
crown-5)(N3) ACHTUNGTRENNUNG(NO3)] where the
local structure around the
metal in the crystal cannot be
represented as an isolated
metal azide-crown ether com-
plex. The bonding in all these
complexes is believed to be pre-

Table 7. Comparison of M�N bond lengths and computed metal–nitrogen charge densities.

Compound Nearest M�N ACHTUNGTRENNUNG(terminal)
[S]

Mulliken Charges Comments

M N ACHTUNGTRENNUNG(terminal)

[Ca([15]crown-5)(N3)2]
[a] 2.27, 2.28 (calcd) 1.13 �0.56, �0.56

Ca(N3)2
[b] 2.14 (calcd) 1.26 �0.58 DFT, linear

[Sr([15]crown-5)(N3)2 ACHTUNGTRENNUNG(H2O)] 2.54, 2.63 (exptl)
2.38, 2.52 ACHTUNGTRENNUNG(calcd)

1.05 �0.59, �0.51

[Sr([15]crown-5)(N3)2]
[a] 2.41, 2.42 (calcd) 1.13 �0.53, �0.53

Sr(N3)2
[b] 2.29 (calcd) 1.32 �0.54 DFT, angu-

lar
ACHTUNGTRENNUNG[Ba2([18]crown-6)2(N3)3-
ACHTUNGTRENNUNG(MeOH)2]

+

2.82, 2.81, 2.80,
2.85, 2.81, 2.82 (exptl)

ACHTUNGTRENNUNG[Ba2([18]crown-6)2(N3)3-
ACHTUNGTRENNUNG(MeOH)2]

+

2.82, 2.81, 2.79,
2.82, 2.82, 2.79 (calcd)

1.09,
1.09

�0.45, �0.45,
�0.44
�0.44, �0.45,
�0.45

[Ba([18]crown-6)(N3)2]
[a] 2.57, 2.57 (calcd) 1.16 �0.52, �0.52

Ba(N3)2
[b] 2.43 (calcd) 1.27 �0.53 DFT, angu-

lar

[a] This is the structure with the azide groups on the same side of the crown ether ring; it is termed the “angu-
lar” structure. For Ca, this is a higher energy structure than the structure with the two azide groups on oppo-
site sides of the ring (the “axial” structure) (by 1.3 kJmol�1 at the B3LYP level). For Sr and Ba, the angular
structure is lower in energy than the axial structure. [b] Isolated Ca(N3)2 is computed to be linear in its ground
state. Sr(N3)2 and Ba(N3)2 are computed to have a C2v minimum energy geometry at the DFT level.
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dominantly ionic or ion-dipole in character, with the differ-
ences in geometries reflecting the balance between maximis-
ing the coordination number of the metal centre and mini-
mising ligand–ligand replusions.
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