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Abstract: A series of alkali metal
azide-crown ether complexes, [Li([12]-
crown-4)(N;)], [Na([15]crown-5)(N;)],
Na([15]crown-5)(H,0),]Nj,
K([18]crown-6)(N3)(FLO)],
Rb([18]crown-6)(N;)(H,0)],
Cs([18]crown-6)(N5)],, and
[Cs([18]crown-6)(N;)(H,0)(MeOH)],
has been synthesised. In most cases,
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lowed the effects of the crystal lattice
on the structures to be investigated.
Also, a study of the M—Ni. ina metal—
azide bond length and charge densities
on the metal (M) and terminal nitrogen
centre (Nimina) in these complexes has
allowed the nature of the metal-azide
bond to be probed in each case. The
bonding in these complexes is believed

to be predominantly ionic or ion-dipole
in character, with the differences in ge-
ometries reflecting the balance be-
tween maximising the coordination
number of the metal centre and mini-
mising ligand-ligand repulsions. The
structures of the crown ether com-
plexes determined in this work show
the subtle interplay of such factors. The

single crystals were obtained, which al-
lowed X-ray crystal structures to be de-
rived. The structures obtained have
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significant role of hydrogen bonding is
also demonstrated, most clearly in the
structures of the K and Rb dimers, but
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been compared with molecular struc- ] : also in the chain structure of the hy-
. ) functional calculations X-ray
tures computed by density functional structures drated Cs complex.

theory (DFT) calculations. This has al-

Introduction

The discovery and characterisation of [Ns]* has stimulated
considerable interest in polynitrogen species.!! Related spe-
cies include arylpentazoles, tetrazole azide, and nitrosyl
azide (ONNNN).”*! The most readily available polynitro-
gen species are hydrazoic acid, HN;, and the derived azide
anion [N;]~, which were first reported over 100 years ago!
but are now the subject of renewed study both in their own
right and as possible synthons for larger polynitrogen spe-
cies. Examples of newly reported azide compounds®” in-
clude [Ti(Ns),], [Ti(N3)s] ", and [Te(N3)s]*".
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The alkali metal azides MN; (M = Li-Cs) are among the
more stable known azides, and two (Na and Cs) are com-
mercially available. During the development of the crown
ether complexation chemistry of the alkali metals in the
1960s and 1970s, a few examples of crown ether complexes
with alkali metal azides were briefly mentioned in the litera-
ture, and it was shown that crown ethers could facilitate the
phase transfer of alkali metal azides into organic solvents,
making for improved reactivities in various organic synthe-
ses.’! However, the alkali metal azide-crown ether com-
plexes themselves were not examined in any detail. Only
one example was structurally characterised, in a charge den-
sity study of [K([18]crown-6)(N5)(H,0)], in which interest
was focussed on the K-([18]crown-6) interaction.’] As part
of an investigation into polynitrogen species, we report here
the synthesis and X-ray crystal structures of a range of such
complexes. DFT calculations have been carried out to com-
pute the minimum-energy structures and infrared spectra of
these systems. We have recently shown that the simple
azides MN; (M = K, Rb or Cs) can be vapourised on heat-
ing under vacuum and the molecular MNj; species can be

Chem. Eur. J. 2006, 12, 2620-2629



characterised by matrix-isolation techniques."”! Following on
from this, the corresponding crown ether complexes have
now been synthesised and attempts to vapourise them are
described herein.

Experimental Section

General: Infrared spectra were recorded in the range 4000-200 cm™'

from samples as Nujol mulls between Csl plates using a Perkin-Elmer
983G spectrometer. '"H NMR spectra were recorded from samples in
CDCl; solution using a Bruker AC300 spectrometer. Microanalyses were
undertaken by the University of Strathclyde microanalytical service.
Sodium azide and cesium azide were obtained from Aldrich and were
used as received. Lithium azide monohydrate was prepared by the
method of Hofman-Bang!"!! by metathesis of lithium sulfate and sodium
azide in aqueous ethanol, and was recrystallised twice from hot ethanol.
Potassium azide was prepared from nBuNO, and N,H,-H,O in alcoholic
KOH solution!"” and recrystallised by precipitation with ethanol from a
saturated aqueous solution. RbN; was similarly prepared by using
RbOH. The crown ethers [12]crown-4, [15]crown-5, and [18]crown-6
were purchased from Aldrich and were used as received.

CAUTION: Although no problems were experienced in this work, azide
complexes may be unpredictably explosive and HN;, which is liberated in
acid solution, is extremely toxic and highly explosive when concentrated.

[Li([12]crown-4)(N5)]: Lithium azide hydrate (0.09 g, 1.3 mmol) and
[12]crown-4 (0.23 g, 1.3 mmol) were dissolved in boiling methanol
(25 mL). The solution was concentrated to a volume of about 5 mL, di-
ethyl ether (10 mL) was added, and the solution was refrigerated. Colour-
less crystals separated after about 2 d, which were filtered off and dried
in vacuo. Yield 0.19g (65%). Elemental analysis calcd (%) for
CgH (LiN;O, (227.2): C 42.7, H 7.3, N 18.7; found: C 42.5, H 7.3, N 18.4;
'"H NMR (300 MHz, CDCl, 25°C): 6 = 3.6 ppm (s); IR (Nujol): ¥ =
2043 (s, br), 1350 (m), 1291 (m), 1236 (w), 1134 (m), 1083 (s), 1011 (m),
906 (m), 858 (w), 735 (s), 623 (m), 480 cm ™' (w).

[Na([15]crown-5)(N;)]: Sodium azide (0.12 g, 2.0 mmol) and [15]crown-5
(0.44 g, 2.0 mmol) were dissolved in anhydrous methanol (20 mL) and
the solution was heated to reflux. It was then cooled to room tempera-
ture and concentrated to a volume of 5 mL on a rotary evaporator. Dry
diethyl ether was added dropwise until turbidity appeared (ca. 5 mL) and
then the solution was refrigerated overnight. The white solid that separat-
ed was filtered off, rinsed with diethyl ether (2 mL), and dried in vacuo.
Yield 0.42¢g (75%). Elemental analysis calcd (%) for C,;H,N;NaOs
(285.3): C 42.1, H 7.2, N 15.2; found: C 42.2, H 7.2, N 15.2; '"H NMR
(300 MHz, CDCl;, 25°C): 6 = 3.65 ppm (s); IR (Nujol): # = 3372 (sh)
(combination band?), 2035 (vs, br), 1350 (m), 1293 (m), 1277 (m), 1247
(m), 1115 (vs, br), 1090 (vs, br), 944 (s), 865 (m), 842 (w), 826 (m), 625
(m), 544 (m), 526 cm ™' (m).

[Na([15]crown-5)(H,0),IN;: The preparation was carried out as above,
but the solvent was allowed to evaporate from the concentrated metha-
nolic solution in air until a few very small crystals formed, and then the
solution was refrigerated for two weeks. The small clear crystals that sep-
arated were filtered off and dried in vacuo. Yield 25 %. Elemental analy-
sis caled (%) for CjoH,,N;NaO, (321.3): C 37.4, H 7.4, N 13.1; found: C
36.3, H 6.9, N 13.3; '"H NMR (300 MHz, CDCl;, 25°C): 6 = 3.6 (s, 10H;
CH,), 1.8 ppm (s, 2H; H,0); IR (Nujol): # = 3420 (m), 2013 (s, br), 1630
(m), 1350 (m), 1293 (m), 1272 (w), 1247 (m), 1115 (vs, br), 1090 (vs, br),
944 (s), 865 (m), 826 (m), 642 (m), 544 cm™! (m).
[K([18]crown-6)(N;)(H,0)]: This complex was similarly prepared from
KN; (0.16 g, 2.0 mmol) and [18]crown-6 (0.52 g, 2.0 mmol) in methanol/
diethyl ether. The white solid that separated after storage in a refrigera-
tor overnight was dried in vacuo. Yield 0.46 g (68 %). Further refrigera-
tion of the filtrate gave colourless crystals (ca. 0.02 g). Elemental analysis
caled (%) for C;,H,KN;0; (363.5): C 39.6, H 7.1, N 11.5; found: C 38.8,
H 7.6, N 10.8; '"H NMR (300 MHz, CDCl;, 25°C): 6 = 3.80 (s, 12H;
CH,), 2.6 ppm (s, 1H; H,0); IR (Nujol): # = 3420 (br), 2011 (vs, br),
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1619 (m), 1350 (m), 1295 (w), 1240 (m), 1110 (sh), 1101 (vs, br), 1090
(sh), 962 (s), 836 (m), 634 (w), 540 (m), 528 cm™" (m).
[Rb([18]crown-6)(N;)(H,0)]: This complex was prepared following a
method analogous to that used for the potassium salt; it was obtained as
a white powder in 56% yield. Elemental analysis caled (%) for
C,Hy6N;O7RDb (409.8): C 35.1, H 6.9, N 10.2; found: C 35.25, H 6.6, N
10.2; '"H NMR (300 MHz, CDCl;, 25°C): 6 = 3.75 (s, 12H; CH,),
2.6 ppm (s, 1H; H,O); IR (Nujol): # = 3424 (br), 2023 (vs, br), 1662 (m),
1352 (m), 1295 (w), 1249 (m), 1115 (sh), 1101 (vs, br), 1090 (sh), 957 (s),
835 (m), 634 (w), 629 (w), 540 cm™' (m).

[Cs([18]crown-6)(N;)],: CsN; (0.35 g, 2.0 mmol) was dissolved in anhy-
drous methanol (10 mL) and a solution of [18]crown-6 (0.50 g, 2.0 mmol)
in methanol (5 mL) was added. The mixture was heated to boiling, then
cooled and concentrated under reduced pressure to a volume of about
5 mL. Diethyl ether (10 mL) was slowly added to the stirred solution, re-
sulting in the deposition of a white precipitate; this was filtered off and
dried in vacuo. Yield 0.55g (65%). Elemental analysis calcd (%) for
C,H,,CsN;04 (439.2): C 32.8, H 5.5, N 9.6; found: C 32.9, H 5.6, N 8.9;
'H NMR (300 MHz, CDCl;, 25°C): 6 = 3.55 ppm (s, CH,); IR (Nujol): #
= 3283 (sh) (combination band?), 1997 (vs), 1352 (m), 1286 (m), 1250
(m), 1120 (sh), 1101 (vs, br), 955 (s), 835 (m), 631 (w), 527 cm™' (m).
[Cs([18]crown-6) (N;)(H,0)(MeOH)]: This complex was prepared follow-
ing a similar method to that used for the anhydrous complex, but was iso-
lated by allowing the solvent from the concentrated methanolic solution
to slowly evaporate in air. White crystals were obtained. Yield 46 %. Ele-
mental analysis caled (%) for C;3H;,CsN;O; (489.3): C 31.9, H 6.2, N 8.6;
found: C 31.0, H 5.8, N 8.3; '"H NMR (300 MHz, CDCl,, 25°C): 6 = 3.55
(s, 24H; CH,), 3.4 (s, 3H; CH;), 2.3 ppm (s, 2H; H,0); IR (Nujol): 7 =
3420 (vs, br), 2011 (vs), 1636 (m), 1350 (s), 1282 (m), 1251 (m), 1105 (s),
1021 (m), 957 (s), 834 (m), 639 (w), 523 cm™! (w).

X-ray crystallography: Crystals of [Li([12]crown-4)(N;)] were obtained
when the above-mentioned reaction mixture was kept in a freezer. On
warming to room temperature the crystals dissolved but, by working
quickly, it was possible to mount crystals for X-ray examination. The
sodium compound was obtained as very small crystals from a reaction
mixture stored in a freezer for several weeks. Crystals of the Rb and Cs
compounds were obtained by vapour-phase diffusion of diethyl ether into
concentrated solutions of the compounds in methanol. The two Cs com-
pounds were obtained from different tubes containing methanolic solu-
tions enclosed in the same sealed container.

Brief details of the crystal data and refinement are given in Table 1. Data
collections were carried out using a Bruker-Nonius Kappa CCD diffrac-
tometer with graphite-monochromated Moy, radiation (A = 0.71073 A)
and with crystals held at 120 K in a gas stream. Structure solution and re-
finement was routine!® except, as described below, with H atoms of
the crown introduced in calculated positions. The eight H atoms of the
water molecules were identified in the electron-density map of the Na
compound and were introduced into the model but not refined. In this
case, there was some disorder in the crown ring, which was modelled at
C5—C6 with two conformations requiring the use of DFIX instructions
on the C—C and C—O distances. For the Rb compound, the H atoms of
the water (O7) were refined. For [Cs([18]crown-6)(N;)(H,0)0.75-
(MeOH)], the H atoms on the water O (013, O14) were not refined.
The MeOH groups were found to be disordered and one showed much
larger isotropic atomic displacement parameter (adp) values, which were
compensated for by reducing the occupation factor for the C26 and O16
atoms to 0.5. The four largest peaks in the difference Fourier map were
close (<1.2 A) to C and O of the methanol solvates.

CCDC-272473 (Li), CCDC-272474 (Na), CCDC-272475 (Rb), CCDC-
272476 (Cs anhydrous), and CCDC-272477 (Cs monohydrate methanol
solvate) contain supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational details: All calculations were performed at the density
functional theory (DFT) level, using the BP86 functional'® along with
the resolution of the identity approximation (RI-DFT!')). The basis sets
selected were as follows: the triple valence plus polarisation basis set 6—
311G (d,p) was used for H, C, N, O atoms in all calculations, and for Li
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Table 1. Crystal data and structure refinement details."”!

Compound [Li([12]crown- [Rb([18]crown-6)(N;)-  [Cs([18]crown- [Cs([18]crown-6)(N5)(H,0)-0.75- [Na([15]crown-5)-
4)(N3)] (H0)] 6)(N;)], (MeOH)] (H,O),]N;

formula CsH;cLiN;0, C1,Hy;N;0;Rb CyHysCs; NGOy, Cys55HssCs,NeO; 55 CyHysNgNa, O,y

M, 225.18 409.83 878.50 962.60 642.62

crystal system monoclinic monoclinic monoclinic monoclinic triclinic

space group C2/c (no. 15) P2,/n (no. 14) P2,/n (no. 14) P2,/n (no. 14) P1 (no. 2)

a [/°\] 11.260(4) 9.948(1) 11.927(2) 8.340(1) 9.936(2)

b [A] 8.883(3) 9.673(2) 8.286(2) 20.338(3) 12.469(2)

c [A] 11.368(4) 18.805(2) 17.250(3) 24.618(2) 13.047(3)

a[°] 90.0 90.0 90.0 90.0 89.19(2)

A 1°] 90.01(1) 92.42(1) 93.674(8) 90.838(8) 80.50(2)

v [°] 90.0 90.0 90.0 90.0 89.60(2)

U [A7] 1137.1(7) 1808.0(5) 1701.3(4) 4175.4(8) 1594.0(6)

Z 4 4 2 4 2

u [mm™] 0.103 2.775 2207 1.812 0.134

F(000) 480 848 880 1948 688

total no. of obsns. (R;,) 5340 (0.058) 15199 (0.061) 25214 (0.060) 47691 (0.044) 19585 (0.039)

unique obsns. 1310 4122 3897 9487 7207

min., max. transmission  0.683, 1.000 0.864, 1.000 0.788, 1.000 0.781, 1.000 0.845, 1.000

no. of parameters, 100, 0 215,0 200, 0 435,2 379,9

restraints

goodness-of-fit on F? 1.036 1.060 1.059 1.069 1.044

resid. electron density —0.23 to +0.34 —0.56 to +0.48 —0.82 to +0.88 —1.37to +2.31 —0.72 to +0.90

[eA7]

R1,wR2 (I > 20(I))™ 0.045, 0.104 0.033, 0.063 0.030, 0.054 0.036, 0.093 0.064, 0.162

R1, wR2 (all data) 0.080, 0.121 0.064, 0.071 0.047, 0.059 0.049, 0.101 0.108, 0.188

a] Common items: temperature = ; oxa) = 0. A; 6(max) = 27.5°. = NE s wR2 = [Ew(F,>—F, wF,* .
C i p 120 K; A(Mog,) = 0.71073 A; 0(max) = 27.5°. [b] R1 = S||F,|—|F.||/S|F,|; wR2 = [Sw(F,>—F2)SwF,*]|"?

and Na atoms in their crown ether complexes. The Stuttgart '97 effective
core potentials (ECPs)'¥! were used for K, Rb, and Cs'™! atoms; these
are relativistic small core quality ECPs that describe 10, 28, and 46 core
electrons for potassium, rubidium, and cesium, respectively, and use a
basis set contraction scheme (7s6p)/[Ss4p] for the valence electrons. The
auxiliary basis set for the RI-DFT calculations was generated during the
run time. The molecular structure of each complex was optimised by
checking the Hessian matrix. Vibrational frequencies and zero-point en-
ergies were estimated by using the harmonic approximation. All calcula-
tions were performed by using the Gaussian 03 package.*”!

Results and Discussion

The aim of this work was to obtain examples of neutral
complexes of the type [M(crown)Ns] with the azide coordi-
nated to the alkali metal. Hence, we used the crown ether
of optimum ring size for each metal®! and, to simplify the
electronic structure calculations, the simplest crown ligands,
that is to say [12]crown-4 (Li), [15]crown-5 (Na) and
[18]crown-6 (K, Rb, Cs). A few other combinations with
mismatched cavity sizes were examined, including LiN;-
([15]crown-5) and RbN;-([15]crown-5), but these failed to
give crystalline products. The general synthesis method was
to react the crown ether with the appropriate MNj; in anhy-
drous methanol and then crystallise the product by addition
of anhydrous diethyl ether. The complexes formed were
identified by a combination of analysis, IR and 'H NMR
spectroscopy. They were found to be extremely soluble in al-
cohols, moderately so in acetone and chlorinated hydrocar-
bons, and, like all alkali metal coordination complexes, un-
dergo rapid ligand exchange in solution, as evidenced by the
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singlet '"H NMR resonance for the crown methylene protons
being slightly shifted to higher frequency compared to that
of the free crown. The linear symmetrical azide ion has
three vibrations: the antisymmetric stretch v; at about
2100 cm™!, the symmetric stretch v, at around 1300 cm !,
and the bend v, at around 630-660 cm™', with only v, and v,
being IR-active,*?? although in some cases combination
bands appear in the spectra, allowing v, to be estimated.
The IR spectra of the crown ether complexes showed very
strong features at around 2000-2100 cm ™' and weak features
in the region 650-620 cm™'; generally, the band derived
from v; (N3) was not observed; it either remained of very
low intensity or was obscured by the intense crown ether vi-
brations in this region. The pattern of azide vibrational fre-
quencies showed differences from those of the parent MN,',
suggesting significant interactions of the azide in most of the
crown ether complexes, but since the coordination modes
were unclear from the IR spectra, crystal structures of the
complexes were obtained, which revealed an unexpected di-
versity of M—Nj linkages. It is convenient to discuss the com-
plexes in turn.

[Li([12]crown-4)(N3)]: This was the only species isolated
from the LiNy/[12]crown-4 system. The structure consists of
discrete molecules with crystallographic two-fold symmetry
(see Figure 1a and Table 2). The atoms Lil, N1, N2, and N3
are necessarily colinear and the geometry around the five-

! Literature values for the azide vibrations in alkali metal salts are sur-
prisingly variable.®*'! Our # values recorded from samples in Nujol
mulls are: LiN;-H,0 2065 (s), 630 (w); NaN; 2142 (vbr), 639 (m); KN,
2048 (vbr), 648 (m); RbN; 2007 (vbr), 641 (m); CsN; 2011 (vs),
636 cm™' (m).
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Figure 1. a) The crystal structure of [Li([12]crown-4)(N;)] showing the
atom-labelling scheme. The molecule has twofold symmetry along the
Li—N1 bond. Hydrogen atoms have been omitted for clarity and the el-
lipsoids are drawn at the 50 % probability level. Symmetry operation: a
= 1-x, y, 3/2—z. b) Calculated (DFT-BP86) structure of [Li([12]crown-
H(N3)].

coordinate Lil is to a good approximation a square pyramid
with Lil 0.858(4) A out of the plane of the four O atoms of
the crown. There are few structurally characterised lithium
azide complexes and in the one example®! with a p,-bonded
N, the shortest N—Li distance (1.96(1) A) is similar to that
in the present compound (1.913(4) A). Groth®**! has re-
ported two thiocyanate lithium complexes with crown ether
ligands containing four O atoms. In both cases, square-pyra-
midal lithium is found with axial N-bonded thiocyanate and
in the [12]crown-4 complex®! the Li—N (1.96(1) A) distance
and Li—O (2.05(1)-2.14(1) A) distances are comparable to
the values reported here. The Li—N distance is considerably
shorter than the sum of the van der Waals radii (ca. 3.5 A)
and the description of the complex as containing coordinat-
ed azide is unequivocal.

The experimental bond lengths determined from the crys-
tal structure and the bond lengths computed at the DFT
level using a BP86 functional are compared in Table 2, and
the computed minimum-energy structure is shown in Fig-
ure 1b. As can be seen from Table 2, the agreement between
the experimental and calculated geometrical parameters is
good. The Lil—N1 distance is underestimated by about 5%,
while the Lil—O1 and Li1—O2 distances are overestimated
by about 6 %. The experimental results indicate that the two
N—-N bonds are virtually equivalent, whereas in the calculat-
ed geometry the N1-N2 bond is slightly longer than the
N2—-N3 bond, by about 2%. Also, the calculated C—H bond
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Table 2. Comparison of the more important experimental and computed
(BP86-DFT) bond lengths [A] and angles [°] for the complex [Li([12]-
crown-4)(N;)].1

Experimental Calculated

Lil-N1 1.913(4) 1.819
Li1-0O1 2.114(2) 2.234
Li1-02 2.123(2) 2.256
N1-N2 1.179(3) 1.204
N2—-N3 1.172(3) 1.173
01-C1 1.437(2) 1.432
02-C3 1.440(2) 1.432
02-C2 1.440(2) 1.436
C1-C2 1.506(2) 1.527
C3—-C4 1.505(2) 1.527
Cl-H1A 0.97(2) 1.108
C1-H1B 0.98(2) 1.109
N1-Lil-Ola 113.8(1) 1213
N1-Li1-O1 113.8(1) 118.8
N1-Lil-O2a 114.0(1) 1182
N1-Li1-O2 114.0(1) 121.5
Ola-Lil-O1 132.5(2) 119.8
Ola-Lil-O2a 80.9(1) 75.5

O1-Li1-O2a 80.2(1) 75.4

Ola-Lil-O2 80.2(1) 75.4

O1-Li1-O2 80.9(1) 75.7

02a-Lil1-02 132.0(2) 120.3
N2-N1-Lil 180.0 179.6
N3-N2-N1 180.0 179.9
C1-O1-C4a 114.0(1) 1153
C1-O1-Lil 107.7(1) 108.9
C4a-O1-Lil 108.2(1) 112.5
C3-02-C2 113.4(1) 115.4
C3-02-Lil 109.1(1) 112.5
C2-02-Lil 108.5(1) 109.0
01-C1-C2 111.0(1) 106.2

[a] Symmetry operation: a = 1—x, y, *sh—z.

lengths are longer than the experimental bond lengths. The
computed and experimental IR spectra obtained show good
agreement, with the most intense absorption computed at
2154 cm™ (N; antisymmetric stretch) and observed at
2043 cm ™.

[Na([15]crown-5)(N;)] and [Na([15]crown-5)(H,0),](N;): A
similar synthetic route to that used for the lithium com-
pound above, but using NaN; and [15]crown-5, reproducibly
gave [Na([15]crown-5)(N;)] as a white powder, but repeated
attempts to obtain this complex in a crystalline form for an
X-ray study failed. Spectroscopically, the complex seems
analogous to [Li([12]crown-4)(N;)], with IR-active azide vi-
brations at 2035 (vs, br) and 625 cm™' (w) and no evidence
of the presence of water in the IR spectrum. A structure
with coordinated azide and a six-coordinate Na centre with
five oxygen atoms and one nitrogen atom coordinated to
the metal centre seems likely, and is supported by the DFT
calculations. However, if the solvent of the reaction mixture
was allowed to evaporate in air, a crystalline species was
produced, the IR spectrum of which showed the presence of
water and featured azide vibrations at 2013 (vs, br) and
642 cm ™' (m). This structure does not contain a coordinated
azide anion, the sodium coordination being made up of the
five O atoms of the crown and either two (Nal) or one
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(Na2) bonded water molecules giving seven- and six-coordi-
nate Na atoms, respectively (Figure 2 and Table 3). All of
the hydrogen atoms of the water ligands were located in the

a)

b) 013

C13

Figure 2. The crystal structure of [Na([15]crown-5)(H,0),]N; showing the
environment around the two distinct sodium atoms Nal (a) and Na2 (b)
in the unit cell. There is some disorder in the crown residues, which is
most pronounced at atoms C5/C6. Only C5a and C6a are shown in the di-
agram, with C5b/C6b omitted. Hydrogen atoms have been omitted for
clarity and the ellipsoids are drawn at the 50 % probability level.

Table 3. Selected bond lengths [A] and angles [°] for [Na([15]crown-5)-
(H,0)]N;.

Nal-O1 2.475(2) Na2-06 2.440(2)
Nal-02 2.603(2) Na2—07 2.402(2)
Nal-03 2.516(2) Na2—-08 2.374(2)
Nal—04 2.460(2) Na2—09 2.453(2)
Nal—05 2.468(2) Na2—010 2.378(3)
Nal-O11 2.514(2) Na2—013 2.293(2)
Nal-012 2318(2)

NI-N2 11713) N2-N3 1.175(3)
N4-N5 1.179(3) N5-N6 1.199(3)
01-Nal-02 64.18(7) 06-Na2-07 69.49(8)
02-Nal-O3 65.36(7) 07-Na2-08 69.46(8)
03-Nal-O4 67.03(8) 0O8-Na2-09 69.91(9)
04-Nal-05 67.00(7) 09-Na2-010 66.89(9)
05-Nal-O1 65.94(7) 010-Na2-06 68.04(8)
N1-N2-N3 179.0(3) N4-N5-N6 179.8(3)
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© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

structure, and there is extensive hydrogen-bonding mainly
of the type O—H--N (O-N 2.840-2.943 A). Similar hydro-
gen-bonded networks have been studied in some detail in
sodium [18]crown-6 complexes with a variety of anions.”

DFT calculations were only performed on the [Na([15]-
crown-5)(N;)] complex. The computed BP86/RIDFT struc-
ture is similar to that of the [Li([12]crown-4)(N;)] complex
in Figure 1. No comparison with experimental values is pos-
sible because no crystals of [Na([15]crown-5)(N;)] were ob-
tained. In the infrared spectrum computed at the BP86/
RIDFT level, the most intense absorptions occur at
2119 cm™ (N; antisymmetric stretch) and 1327 cm™ (N,
stretching) (experimental values 2035 and 1350 cm™!). The
vibrational mode between Na and N; is computed at
277 cm™, and azide bending vibrations, computed at 608
and 610 cm™!, are calculated to have very low intensity.
Comparison of the experimental spectrum with the BP86/
RIDFT computed spectrum shows good agreement.

[K([18]crown-6)(N;)(H,0)] and [Rb([18]crown-6)(N;)-
(H,0)]: These two complexes have similar IR spectra and
were the only species isolated from the respective syntheses.
The crystal structure of [K([18]crown-6)(N;)(H,O)] has
been determined previously”” so only the structure of
[Rb([18]crown-6)(N5)(H,0O)] was determined in this work.
The structure of the [K([18]crown-6)(N;)(H,O)] complex
taken from reference [9] is shown in Figure 3a, where it is
compared with the computed DFT structures obtained in
this work for the monomer (Figure 3b) and the dimer (Fig-
ure 3c). Comparison of the computed structures shown in
Figure 3b and Figure 3c shows that on going from the mono-
mer to the dimer a flattening of the N; unit occurs, which is
consistent with the structure found experimentally. The
computed dimer structure and the experimental structure
are very similar, with the experimental structure being of
higher symmetry; the K—Nmina bonds are equal for the K-
N; groups in the experimental structure but not in the com-
puted structure. These K—N.mina bond lengths are comput-
ed as 2.784 and 2.905 A (the experimental value from
ref. [9] is 2.896 A (x2)). Experimentally, the K-0O,;,, distan-
ces are in the range 2.78-2.97 A, and this is also the case in
the computed dimer structure. The K—O,,., distances are
computed as 3.403 and 3.773 A, and are thus longer than the
experimental value of 2.880 A (x2). This, as well as the
higher symmetry of the experimental structure, is probably
the result of packing in the lattice.

The N; asymmetric stretching modes for [K([18]crown-
6)(N;)(H,0)], are calculated at 2081 and 2095 cm™!, with
the 2081 cm™' absorption calculated to have ten times the
intensity of the 2095 cm™ absorption (experimental value
2011 cm™).

The structure of the [Rb([18]crown-6)(N,)(H,0)] complex
is also dimeric. It consists of a rubidium atom coordinated
by the six O atoms of the crown, N1 of the azide, and O7 of
a water molecule. There is an hydrogen bond between O7
and N1 (see Figure 4a) and the Rb atom is out of the plane
defined by the six O atoms of the crown by 0.96 A. In addi-
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Figure 3. a) The crystal structure obtained for [K([18]crown-6)(N;)(H,O)] from reference [9]; coordinates and

FULL PAPER

Rb—N; groups are computed
as 3.030 and 3.161 A compared
with the experimental value of
3.020 A (x2). Experimentally,
the Rb—O,,, distances are in
the range 2.87-3.12 A, and this
is also the case in the comput-
ed [Rb([18]crown-6)(N5)-
(H,0)], structure. The Rb—
Oaer distances are computed
as 3.175 and 3364 A, com-
pared to the experimental
value of 3.210 A (x2). The N,
asymmetric stretching modes
for [Rb([18]crown-6)(N5)-
(H,0)], are calculated as 2077
and 2091cm™', with the
2077 cm™!  absorption being
calculated to have ten times
the intensity of the 2091 cm™
absorption (the experimental
value is 2023 cm ™).

atom-labelling scheme taken from the CSD (Refcode: LIBKAI). b) Computed (DFT-BP86) structure obtained
in this work for [K([18]crown-6)(N;)(H,0)]. ¢) Computed (DFT-BP86) structure obtained in this work for

[K([18]crown-6)(N3)(H,O)],. (The H atoms have been omitted from the computed structures). Comparison of
the computed (c) and experimental (a) structures shows them to be very similar.

tion, there are interactions between two of these residues to
form a centrosymmetric dimeric unit with additional hydro-
gen-bonding between O7 and N1 (see Figure 4b and
Table 4). The N1a—Rbl and O7a—Rbl distances are about
05A longer than the corresponding N1-Rb1l and O7—Rbl
distances and this would give a ten-coordinate Rb atom
were these atoms to be counted as within the coordination
sphere. Both of the H atoms of O7 are involved in hydro-
gen-bonding, and the O7-N1 and O7—Nla distances are
equal (2.89 A). The shorter Rb—N distance (Rb1—NI1,
3.020(2) A) is comparable to those found in an Rb/Cr azide
derivative™  (3.010(8)-3.136(5) A).  The  complex
[Rb([18]crown-6)(NCS)], has also been reported,??! which
has six Rb—O distances (2.929-3.146 A), similar to those in
the present compound, and rather symmetrical bridging thi-
ocyanate Rb—N distances (3.314, 3.226 A), which do not
show the disparity in bond lengths observed here. The struc-
ture of [Rb([18]crown-6)(N;)(H,0)] is very similar to the
known structure of [K([18]crown-6)(N;)(H,0)],”’ but the
“dimer unit” is more distorted in the potassium complex
(Figure 3a). The central hydrogen-bonded unit is very simi-
lar in each, suggesting that the “dominant” factor is the O—
H--N interactions and that these assemble the dimers, with
the very long M-N/O distances being a consequence of this
rather than the O—H--N interactions significantly contribu-
ting to M-N/O binding.

For [Rb([18]crown-6)(N;)(H,0)],, the computed structure
is very similar to that computed for [K([18]crown-6)(N;)-
(H,0)], (see Figure 4c) and is of lower symmetry than the
experimental structure. The Rb—N.ins bond lengths for the
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[Cs([18]crown-6)(N3)], and
[Cs([18]crown-6)(N;)-

(H,0):0.75(MeOH)]: In the
case of cesium, it was apparent
that two different compounds formed under quite similar re-
action conditions. It was established that an anhydrous com-
pound of stoichiometry [Cs([18]crown-6)(N;)] was precipi-
tated from an anhydrous methanolic solution on addition of
anhydrous diethyl ether, and that a complex of composition
[Cs([18]crown-6)(N;)(H,O)(MeOH)] was obtained by allow-
ing the solvent to evaporate from the methanolic solution of
the complex in air until crystallisation occurred. The two
compounds are distinguished by quite different azide vibra-
tions in their IR spectra (see the Experimental Section), al-
though again the structural unit present cannot be deduced
from the spectra. The crystal structure of the anhydrous
complex shows it to be a symmetrical dimer, [Cs([18]crown-
6)(N5)],, with bridging azide ligands (see Figure 5a and
Table 5). Each cesium is eight-coordinate, this coordination
sphere being formed by the six O atoms of the crown and
two N atoms of different azides. The centrosymmetric dimer
has symmetrical bridging azide bonds (Cs1—N1 3.238(3),
Cs1-Nla 3.226(3) A), in sharp contrast to the rubidium
compound above, and the Cs atom lies 1.43 A out of the
plane of the six crown O atoms. Comparable compounds are
rare: a Cs—N distance (3.198(3) A) in a p-bridging azide
compares well,”” and a dimer with bridging N-bonded NCS
ligands and dibenzo crown moieties®®! has Cs—N distances
(3.19(1), 3.25(1) A) and Cs—O distances (3.07-3.34 A) simi-
lar to those in the present compound. The crystal structure
of the hydrated compound shows the stoichiometry of the
crystal examined to be [Cs([18]crown-6)(N;)(H,0)-0.75-
(MeOH)]. This compound has a chain structure with p,-
azide ligands linking the Cs atoms (note also that the azide
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a) o7 H7y

Rh.1a
/\ N/N3
— 0= 2
N—N‘_N\K_‘;—_Nl

Ta

3a 2a la
Rb

Figure 4. The crystal structure of [Rb([18]crown-6)(N;)(H,O)]. a) Repre-
sentation showing the ellipsoids and the atom-labelling scheme. The
O7--N1 H-bond is shown dotted. b) The dimer molecule showing the
bonds linking the two Rb1 residues (open bonds). All but two H atoms
have been omitted for clarity and the ellipsoids are drawn at the 50 %
probability level. Symmetry operation: a = —x, 1—y, —z. ¢) Computed
(DFT-BP86) structure of [Rb([18]crown-6)(N;)(H,0O)],. (The H atoms
have been omitted from the computed structure). Comparison of the
computed (c) and experimental structures (b) shows them to be very sim-
ilar.

bridges here are Cs-N-N-N-Cs compared with Cs-N(N,)-Cs
in the anhydrous dimer). There are three crystallographical-
ly distinct azide groups in this complex (Figure 6), two of
which are centrosymmetric (at N4 and N6). The environ-

www.chemeurj.org
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Table 4. Selected bond lengths [A] and angles [°] for [Rb([18]crown-
6)(N3)(H,0)],."

Rb1-O1 3.023(2) Rb1-04 2.920(2)
Rb1-02 2.911(2) Rb1-05 2.962(2)
Rb1-03 3.119(2) Rb1-06 2.869(2)
Rb1-N1 3.020(2) Rb1-07 321002)
Rbl-Nla 3.558(2) Rb1-07a 3.670(2)

N1-N2 1.190(3) N2-N3 1.166(3)

07--N1 2.888(3) 07-Nla 2.891(3)

o-C 1.421(3)-1436(3) C-C 1.485(4)-1.501(4)
O1-Rb1-02  57.30(5) 04-Rb1-05 58.04(5)
02-Rb1-03  56.37(5) 05-Rb1-06  56.77(5)
03-Rb1-04  56.37(5) 06-Rb1-01 56.30(4)
N1-Rb1-07 55.14(6) N1-N2-N3 179.1(3)
N1.-O7--Nla  83.13(8) 07-N1--O7a  96.87(8)
N2-N1--07 127.1(2) N2-N1-Rbl 134.7(2)
Rb1-0-C 101.3(2)-122.6(1)  C-O-C 110.8(2)-113.5(2)
[a] Symmetry operation: a = —x, 1—y, —z.

Figure 5. a) The crystal structure of [Cs([18]crown-6)(N3)], showing the
atom-labelling scheme. The molecule has a centre of symmetry. H atoms
have been omitted for clarity and the ellipsoids are drawn at the 50 %
probability level. Symmetry operation: a = 2—x, 1—y, —z. b) Computed
(DFT-BP86) structure of [Cs([18]crown-6)(N3)],.

Chem. Eur. J. 2006, 12, 2620-2629
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Table 5. Selected bond lengths [A] and angles [°] for [Cs([18]crown-6)(N;)],. (Computed values at the BP86
DFT level are given in parentheses)."

3.260(2) (3.350)
3.063(2) (3.270)
3.282(2) (3.408)
3.226(3) (3.318)
1.179(4) (1.189)

53.16(5) (50.64)
52.06(5) (52.23)
52.69(5) (52.88)
178.8(3) (178.98)
116.1(2) (118.3)

FULL PAPER

and azides have been men-
tioned in relation to the previ-
ous Cs compound.

Comparison of the DFT
computed structure of the an-
hydrous complex with the ex-
perimental crystallographic
structure shows reasonable
agreement. However, the crys-
tal structure has C; symmetry,
whereas the BP86-DFT com-
puted structure has C; symme-

Cs1-01 3.106(2) (3.239) Cs1-04
Cs1-02 3.156(2) (3.367) Cs1-05
Cs1-03 3.033(2) (3.150) Cs1-06
Cs1-N1 3.238(3) (3.197) Cs1-Nla
N1-N2 1.183(4) (1.201) N2-N3
o-C 1.421(3)-1.434(3) (1.424-1.436)

c-C 1.496(4)-1.514(4) (1.515-1.518)

01-Cs1-02 53.76(5) (52.82) 04-Cs1-05
02-Cs1-03 54.08(5) (52.45) 05-Cs1-06
03-Cs1-04 54.38(5) (50.64) 06-Cs1-01
Cs1-N1-Csla 98.41(8) (80.0) N1-N2-N3
N2-N1-Csla 127.9(2) (82.3) N2-N1-Csl
Cs1-0-C 98.3(1)-124.5(2) (97.6-123.8)

Cc-0-C 110.6(2)-112.4(2) (111.5-113.0)

try. In the experimental struc-

[a] Symmetry operation: a = 2—x, 1—y, —z.

a) N1

Figure 6. The crystal structure of [Cs([18]crown-6)(N;)(H,0)-0.75-
(MeOH)]. a) The environment around Csl showing the atom-labelling
scheme. The geometry at Cs2 is very similar. The ellipsoids are drawn at
the 50% probability level. b) The chain structure along c¢. The O—H--N
hydrogen bonds between azide N and water molecules (O13, O14) are
shown as thin lines. There is additional hydrogen-bonding between water
and methanol molecules (not shown). There are centres of symmetry at
N6 and N4, and H atoms have been omitted for clarity.

ment around Csl (Figure 6a and Table 6) shows eightfold
coordination based on coordination to the six O atoms of
the crown and two N atoms of different azide groups. Cs2 is
very similarly disposed. There are two water molecules
(013, O14) in the asymmetric unit, which are hydrogen-
bonded between N1 and N5 and between N3 and N7 (Fig-
ure 6b). In addition, there is hydrogen-bonding between the
water and the disordered solvate methanol. The Cs atoms
are positioned 1.34 A (Cs1) and 129 A (Cs2) out of the
plane of the crown. Comparable compounds for Cs crowns
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ture, each Cs is bonded to one
nitrogen atom of each azide
group forming a parallelogram
(see Figure 5a), and there are
two different Cs—N bond lengths of 3.238 and 3.226 A. In
the computed structure, because the symmetry is lower, all
four Cs—N bond lengths are unequal and have values of
3.197, 3.318, 3.331, and 3.149 A. This difference in symmetry
may well be due to the effect of the rest of the lattice on the
structure of the dimeric unit. In the IR spectrum, the N;
asymmetric stretching mode is observed at 2011 cm™ !, com-
pared to the computed values of 2064 and 2072 cm™".

Table 6. Selected bond lengths [A] and angles [°] for [Cs([18]crown-
6)(N;)(H,0)-0.75 (MeOH)].1!

Cs1-01 3.220(3) Cs1-04 3.030(3)
Cs1-02 3.018(3) Cs1-05 3.189(3)
Cs1-03 3213(3) Cs1-06 3.084(3)
Cs1-N1 3.116(4) Cs1-N5 3.220(4)
N1-N2 1.180(5) N2-N3 1.174(5)
N4-N5 1.180(4) Csl--Ol4a 4.399(4)
Cs2-07 3.051(3) Cs2-010 3.184(3)
Cs2-08 3.170(3) Cs2-011 3.018(3)
Cs2-09 3.027(3) Cs2-012 3.193(3)
Cs2-N3 3.143(3) Cs2-N7 3.151(4)
N7-N6 1.177(4) Cs2--013 3.566(5)
014-N1b 2.836(5) 014--N5b 2.869(5)
013--N3 2.820(6) 013-N7 2.846(6)
01-Cs1-02 54.92(7) 04-Cs1-05 55.04(9)
02-Cs1-03 54.06(7) 05-Cs1-06 53.91(9)
03-Cs1-04 53.87(8) 06-Cs1-01 53.17(8)
Cs1-N1-N2 130.9(3) N1-N2-N3 179.1(4)
Cs1-N5-N4 138.1(2) N1-Cs1-N5 79.35(9)
07-Cs2-08 54.61(8) 010-Cs2-011 53.98(7)
08-Cs2-09 54.96(7) 011-Cs2-012 55.36(7)
09-Cs2-010 54.33(7) 012-Cs2-07 54.40(7)
Cs2-N3-N2 140.4(3) Cs2-N7-N6 1362(3)
N3-Cs2-N7 77.58(10)

[a] Symmetry operations: a = 3/2—x, y—1/2, 1/2—z; b = 312—x, y+1/2,
1/2—z.

Thermal decomposition of the azide complexes: The work
described above has demonstrated conclusively that alkali
metal azide-crown ether complexes are stable at room tem-
perature, with well defined crystal structures. It is of some
interest to explore whether the corresponding molecular
species also exist in the gas phase, and whether they may be
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produced by sublimation of the heated solids. Many high-
temperature salt molecules that can be produced in this way
are now known, and these have been routinely detected and
characterised by mass spectrometry and matrix-isolation IR
spectroscopy; in general, the cesium salts have been found
to be the most stable in the vapour phase.

Several experiments were therefore carried out on anhy-
drous [Cs([18]crown-6)(N3)], in which the material was
heated in high vacuum, the products were condensed with
an excess of nitrogen under matrix-isolation conditions, and
the low-temperature deposits were probed by IR spectrosco-
py. If molecular crown-azide complexes could be produced
in this way, they should be readily detectable by the simulta-
neous presence of intense characteristic azide and ligand ab-
sorptions.

The results of these experiments, however, did not sup-
port the existence of vapour-phase complexes. At a relative-
ly low temperature (ca. 500 K), the anhydrous cesium crown
azide began to decompose,
and the only vapour-phase spe-
cies detected was the free

dependent upon the metal coordination number,*! and this
factor also complicates comparisons between the different
complexes. A major factor on going from Li to Cs is the de-
crease in the charge/radius ratio as the metal ion radius in-
creases. Comparisons within each complex are more infor-
mative. For [Li([12]crown-4)(N;)], the Li—N distance is
about 0.2 A (~1000) shorter than the average Li—O dis-
tance, reflecting the strong interaction of the small lithium
ion with the azide anion. In contrast, for the heavier alkali
metals (K, Rb, Cs), the M—O and M—N distances are very
similar, showing that the significant decrease in charge/
radius ratio reduces this difference.

Table 7 shows the calculated M-N,.ina distances (isolated
molecules) for MN; and [Li([12]crown-4)(N3)], [Na([15]-
crown-5)(N;)],  [K([18]crown-6)(N5)],,  [Rb([18]crown-
6)(N3)],, and [Cs([18]crown-6)(N3)],, as well as the comput-
ed Mulliken charges for the M and N centres in the M—
Nierminar DONd in each case. The effect of O—M electron

Table 7. Comparison of M—N bond lengths and computed metal-nitrogen charge densities.

ligand. Further heating to Compound Nearest M:N(termlnal) Mulliken Chargefs Comments
. distance [A] M N(terminal)
around 700 K resulted in es- - -
. Li ([12]crown-4)-N; 1.913 (expt) 0.413 —0.497 this work
sentially complete release of
. 1.819 (calcd)
the crown, together with a res- 1N, 1.699 (caled) 0.316 ~1.084 B3LYP, linear
idue of solid CsN;. Still further ~ Na ([15]crown-5)-N; 2.263 (calcd) 0.507 —0.508 this work
heating to about 800 K result-  NaNs 2.067 (caled) 0.860 ~1.39%4 B3LYP, linear
. . R [K([18]crown-6)-N;-H,O], 2.896 (expt) ref. [9]
e.d 1n. the formation of a mc.etal K, N;: 2.784 K, 0622 N: 0,59
lic film of elemental cesium, KNy 2,905 (caled) K0 0606  Ny,: —0.588
together with molecular CsN;, KN, 2.443 (caled) 0.987 —0.845 B3LYP, linear
as would be anticipated from  [Rb([18]crown-6)-N;-H,O],  3.020 (expt) this work
previous work on the parent Rb,~N: 3.030 Rb;: 0.628 Ny —0.600
4619 The other alkali metal Rb,,-N,,: 3.161 (caled) ~ Rb,,:0.634  N,,: —0.585
azide. 1 RbN, 2.930 (caled) 0.975 ~0.712 B3LYP, triangular
azide-crown ether complexes  [Cs([18]crown-6)-N], 3.226, 3.238 (expt) 0.744;0.750  —0.519; —0.530  this work
were also found to decompose 3.197 (calcd)
to the free ligand and alkali CsN; 3.053 (calcd) 0.962 —0.673 B3LYP, triangular

azide.

Concluding Remarks

In this work, a series of alkali metal azide-crown ether com-
plexes has been synthesised and their crystal structures de-
termined. Their properties have been investigated by infra-
red spectroscopy and DFT calculations.

The bonding in complexes of the alkali metals is believed
to be predominantly ionic or ion-dipole in character, with
the irregular geometries reflecting a balance between maxi-
mising the coordination number of the metal centre and
minimising ligand-ligand repulsions.’” The structures of the
crown ether complexes determined in this work show the
subtle interplay of such factors. The significant role of hy-
drogen bonding is also demonstrated, most clearly in the
structures of the K and Rb dimers, but also in the chain
structure of the hydrated Cs complex. Packing within the
lattice may also play a role in determining the observed
structures. The ionic radii of alkali metal ions are markedly
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transfer in reducing the Mulliken charges in the crown ether
complexes compared to the parent MNj is clearly evident.
Comparison of the calculated bond lengths for isolated mol-
ecules with the X-ray crystallographic bond lengths of the
solid complexes clearly neglects differences in phase and the
effects of hydrogen bonding and lattice packing in the
solids. Nevertheless, as can be seen from Table 7, for Li, Na
and K, the M—N . bond lengths are considerably shorter
in the MN; complexes than in the M([n]crown-m)N; com-
plexes, whereas in the case of Rb and Cs, the M—Nnina
bond lengths are similar for both the MN; and M([n]crown-
m) complexes, with the MNj values still being lower. The re-
duced differences in M—N,¢mina distances between MN; and
[M(crown)N;] as Group 1 is descended is probably again at-
tributable to the decreased charge/radius ratio, which makes
Rb and Cs less sensitive to their surrounding ligands than Li
or K.

Although the reaction enthalpies for nitrogen release
from all of the crown ether complexes considered in this

Chem. Eur. J. 2006, 12, 2620-2629
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work have not been calculated, the reaction enthalpy has
been calculated in one case, that is, Na([15]crown-5)N; —
Na([15]crown-5) + %/ N,. This process was found to be
endothermic with AE = 162kImol”' and AH =
+20.5 kJmol ™",

Acknowledgements

The authors gratefully acknowledge QinetiQ U.K. for providing support
for this work, which was carried out as part of the Weapons, Platforms
and Effectors domain of the MOD research programme, and the EPSRC
for a studentship (to M.D.B.). Support from the EPSRC (UK) National
Service for Computational Chemistry Software is also acknowledged.

[1] K. O. Christe, W. W. Wilson, J. A. Sheehy, J. A. Boatz, Angew.
Chem. 1999, 111, 2112; Angew. Chem. Int. Ed. 1999, 38, 2004; D. A.
Dixon, D. Feller, K.O. Christe, W. W. Wilson, A. Vij, V. Vij,
H. D. B. Jenkins, R. M. Olson, M. S. Gordon, J. Am. Chem. Soc.
2004, 1206, 834.

[2] a) A. Hammerl, T. M. Klapotke, Inorg. Chem. 2002, 41, 906; b) A.
Hammerl, T. M. Klapotke, H. N6th, M. Warchhold, G. Holl, Propel-
lants, Explosives and Pyrotechnics 2003, 28, 165.

[3] A. Schulz, I. C. Tornieporth-Oetting, T. M. Klapotke, Angew. Chem.
1993, 105, 1697; Angew. Chem. Int. Ed. Engl. 1993, 32, 1610.

[4] M. T. Nguyen, Coord. Chem. Rev. 2003, 244, 834, and references
therein.

[5] A.D. Yoffe, in Developments in Inorganic Nitrogen Chemistry, vol. 1
(Ed.: C.B. Colburn), Elsevier, Amsterdam, 1966, Chapter 2; I. C.
Tornieporth-Oetting, T. M. Klapotke, Angew. Chem. 1995, 107, 559;
Angew. Chem. Int. Ed. Engl. 1995, 34, 511.

[6] R. Haiges, J. A. Boatz, S. Schneider, T. Schroer, M. Yousufuddin,
K. O. Christe, Angew. Chem. 2004, 116, 3210; Angew. Chem. Int. Ed.
2004, 43, 3148.

[7] R. Haiges, J. A. Boatz, A. Vij, M. Gerken, S. Schneider, T. Schroer,
K. O. Christe, Angew. Chem. 2003, 115, 6031; Angew. Chem. Int. Ed.
2003, 42, 5851; C. Knapp, J. Passmore, Angew. Chem. 2004, 116,
4938; Angew. Chem. Int. Ed. 2004, 43, 4834.

[8] C.J. Liotta in Synthetic Multidentate Macrocyclic Compounds (Eds.:
R.M. Izatt, J. C. Christensen), Academic Press, London, 1978,
Chapter 3 and references therein.

[9] T. Koritsanszky, J. Buschmann, P. Luger, A. Knochel, M. Patz, J.
Am. Chem. Soc. 1994, 116, 6748.

[10] J. M. Dyke, F. Ferrante, J.S. Ogden, W. Levason, L. Gagliardi,
Chem. Eur. J. in press

[11] N. Hofman-Bang, Acta Chem. Scand. 1957, 11, 581.

[12] M. W. Miller, L. F. Audrieth, Inorg. Synth. 1946, 2, 139.

[13] G. M. Sheldrick, SHELXS-97, Program for solution of crystal struc-
tures, University of Gottingen, Germany, 1997.

[14] G. M. Sheldrick, SHELXL-97, Program for refinement of crystal
structures, University of Gottingen, Germany, 1997.

FULL PAPER

[15] G. M. Sheldrick, SADABS, Bruker-Nonius area detector scaling and
absorption correction (V2.10), University of Gottingen, Germany,
2003.

[16] J. P. Perdew, Phys. Rev. B 1986, 33, 8322.

[17] B.1. Dunlap, J. Chem. Phys. 1983, 78, 3140; B. 1. Dunlap, J. Mol.
Struct. 2000, 529, 37.

[18] T. Leininger, A. Nicklass, W. Kiichle, H. Stoll, M. Dolg, A. Bergner,
Chem. Phys. Lett. 1996, 255, 274.

[19] Institut fiir Theoretische Chemie, Universitit Stuttgart; ECPs and
corresponding basis sets. http://www.theochem.uni-stuttgart.de/
Stuttgart RSC '97 effective core potentials are indicated as follows:
ECP10MWB (K), ECP28MWB (RB), ECP46 MWB (Cs).

[20] Gaussian 03, Revision B.05, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
yJr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J.J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.

[21] Synthetic Multidentate Macrocyclic Compounds (Eds.: R. M. Izatt,
J. C. Christensen), Academic Press, London, 1978.

[22] S. D. Ross, Inorganic Infrared and Raman Spectra, McGraw Hill,
New York, 1972, p. 119.

[23] R. Fleischer, D. Stalke, Chem. Commun. 1998, 343.

[24] P. Groth, Acta Chem. Scand. A 1981, 35, 460.

[25] P. Groth, Acta Chem. Scand. A 1981, 35, 463.

[26] J. W. Steed, P. C. Junk, J. Chem. Soc. Dalton Trans. 1999, 2141.

[27] M. A.S. Goher, M. A. M. Abu-Youssef, F. A. Mautner, H. P. Fritzer,
Z. Naturforsch. B 1992, 47, 1754.

[28] J. D. Dunitz, M. Dobler, P. Seiler, R. P. Phizackerley, Acta Crystal-
logr. Sect. B 1974, 30, 2733.

[29] M. Dobler, R.P. Phizackerley, Acta Crystallogr. Sect. B 1974, 30,
2746.

[30] M. R. Kopp, B. Neumiiller, Organometallics 1997, 16, 5623.

[31] P.R. Mallinson, J. Chem. Soc. Perkin Trans. 2 1975, 261.

[32] Comprehensive Coordination Chemistry 11, vol. 3, (Eds.: J. A.
McCleverty, T. J. Meyer), Elsevier, Oxford, 2004.

[33] E A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, Wiley,
New York, 1999, 6th ed., p. 1301.

Received: August 31, 2005
Published online: December 21, 2005

Chem. Eur. J. 2006, 12, 2620-2629

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 2629


www.chemeurj.org

