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Treatment of Ba[N(SiMejs)]o(THF), with 2 equiv of dimethylami-
notetrazole or diisopropylaminotetrazole and 1 equiv of 18-crown-6
afforded Ba[CN4(NMe,)],(18-crown-6) (87%) and Ba[CN4(NiPr,)].-
(18-crown-6) (79%) as colorless crystalline solids. Ba[CN4(NMey)],-
(18-crown-6) contains two 1,2-%*tetrazolato ligands and one #5-
18-crown-6 ligand. The molecular structure of BaJ[CN4(NiPr)]»(18-
crown-6) is similar to that of Ba[CN4(NMe,)],(18-crown-6), except
that the tetrazolato ligands exhibit the isomeric 2,3-77%-coordination
mode and the tetrazolato ligand CN, cores are bent significantly
toward the 18-crown-6 ligands. Molecular orhital calculations were
carried out on the model complexes Ba(azolate),(18-crown-6)
(azolate = 1,2-572-CHNy, 2,3-17%-CHN,, and %*Ns) and demonstrate
that the ligand coordination modes are influenced by intramolecular
interactions between filled nitrogen orbitals on the azolato ligands
and empty C—H ¢* orbitals on the 18-crown-6 ligands.

remains to be demonstrated and certainly represents a
formidable synthetic challenge. As an extension of our work
on pyrazolato complexéswe have been exploring metal
complexes containing 1,2,4-triazolato and tetrazolato ligands.
Our idea is that the coordination chemistry of these nitrogen-
rich heterocyclic ligands should be similar to that of the N
ligand and that our efforts should identify concepts, metals,
and ligands that will help to stabilize thesNligand.

Herein, we describe the synthesis, structure, and molecular
orbital calculations of barium complexes of the formula Ba-
(azolate)(18-crown-6). With dimethylaminotetrazolate [GN
(NMe,)], a complex containing 1,22-CN4(NMe,) ligands
is obtained, whereas diisopropylaminotetrazolate CN
(NiPry)] affords a complex with 2,3-CN4(NiPr,) ligands.
Molecular orbital calculations demonstrate that these differing
coordination modes can be attributed to weakHZ--N
interactions between the tetrazolato and 18-crown-6 ligands.
Ba(Ns),(18-crown-6) has been examined by molecular orbital

The quest to prepare isolable metal complexes containingca|culations and exhibits a structure that is similar to that of

the pentazolato (M) ligand has received considerable

the 2,3#ntetrazolato complex. This work demonstrates the

demonstrated the high stability ofsNand have predicted
that it can coordinate to different metals witi- and #°-
coordination modes2 The N;~ ion has been detected in the

defines orbital interactions between-@& bonds and het-
eroatoms that can influence and stabilize coordination modes
of ligands.

gas phase as an electron-induced decomposition product of Treatment of Ba[N(SiMgs]o(THF), with 2 equiv of CN-

aryl pentazoledIn addition, the synthesis of pentazolic acid,

HNs, has been claimed through ceric ammonium nitrate
oxidation of an aryl pentazofeDespite these advances, the

isolation of a stable complex containing ars"Nligand
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(NMeg)H or CNy(NiPr)H and 1 equiv of 18-crown-6
afforded Ba[CN(NMey)]»(18-crown-6) (; 87%) and Ba-

[CN4(NiPr,)]2(18-crown-6) 2; 79%) as colorless crystalline
solids (eq 1).
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THF, 23 °C
-2 HN(SiMe3)2
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H
BaX,(18-crown-6) (1M
1, X = 1,2-0%-CN4(NMe,), 87%

2, X = 2,3-n%-CN4(NiPry), 79%

The structures of and2 were assigned on the basis of the
spectral and analytical data and also by X-ray crystal-
lographic structure determinatioh©RTEP views ofl and

2 are shown in Figure 1, along with selected bond lengths.
Complex1 contains two 1,23*-tetrazolato ligands and one
n%-18-crown-6 ligand. The BaN bond lengths are 2.771(1)
and 2.849(1) A, which are different within the experimental
uncertainty. The BaO bond distances are between 2.790
and 2.842 A. The BapIN,N interplanar angles are 7.0¢1)
whereas the tetrazolato ligand ¢Mores form angles of
6.4(1y with the BaQ@ best plane. The molecular structure
of 2is similar to that ofl, except that the tetrazolato ligands
exhibit the isomeric 2,3?-coordination mode and the GN
cores are bent significantly toward the 18-crown-6 ligands.
The 2,3#?-tetrazolato ligands i@ probably result from steric
repulsion associated with the diisopropylamino groups. The
Ba—N bond lengths are 2.869(8) and 2.885(8) A, whereas
the Ba-O bond distances range between 2.772(2) and
2.821(2) A. The BabN;N interplanar angles are 32.2(7)
and 33.6(7), whereas the tetrazolato ligand ¢dbres form
angles of 26.9(X)with the BaQ best plane.

To understand the bonding modes of the tetrazolato
ligands, molecular orbital calculations were performed on
the model complexes Ba(azolai{@B-crown-6) 8, azolate
= 1,249?-CHNy; 4, azolate= 2,342-CHNy; 5, azolate= #?-

Ns) using the Gaussian-03 prografh$he B3LYP hybrid
density functiondP was used along with the 6-311G(d,p)
basis sét on all atoms except barium, where the MWB46
pseudo potential was usét Optimization of 3 afforded
asymmetric Ba-N distances of 2.782 and 2.878 A, with
BaN,/N2N interplanar angles of 1°7 Similar optimization
afforded Ba-N distances of 2.831 and 2.833 A and BaN
N2N interplanar angles of 184or 4 and Ba-N distances

of 2.864 and 2.867 A and BaHNN,N interplanar angles of
28.9 for 5. Model 4 was 0.8 kcal/mol more stable th&n

All three complexes possess intramolecular interactions
between the azolato ligand N atoms and the 18-crown-6
C—H bonds. For natural bond order (NBO) analySethe
complexes were divided into four fragments: the barium ion,
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(b)

Selected bond lengths (A) and angles (deg) fori(a)Ba—
N(1) 2.771(1), BaN(2) 2.849(1), BaO(1) 2.790(1), BaO(2) 2.842(1),
Ba—0(3) 2.784(1); (bR: Ba—N(2) 2.869(8), Ba-N(3) 2.885(8), Ba-O(1)
2.772(7), Ba0O(2) 2.821(2), BaO(3) 2.869(8).

Figure 1.

the 18-crown-6 ligand, and the two azolato ligands. Stabi-
lization was then calculated between the orbitals localized
on the four fragments. Selected interactions are shown in
Figure 28 Complex3 has a stabilization of 1.33 kcal/mol,
which arises mostly from interactions of the 2- and 3-N atom
lone pairs andr orbitals mixing with the equatorial and axial
C—H o* orbital (Figure 2a). The asymmetric B& distances
arise from overlap of the 2-N atoms with an adjacenrttC
bond. The majority of the 1.33 kcal/mol stabilization4n
comes from occupied N atom p-type orbitals and lone pairs
interacting with the €&H o* orbitals on the crown ether
(Figure 2b,c). The tetrazolato ligands bend toward the 18-
crown-6 ligands to facilitate these interactions. The stabiliza-
tion of 5, 2.26 kcal/mol, is larger than that df as a result

of the interaction of the NN s orbitals with the CG-H o*
orbitals (Figure 2d). A further estimate of the strength of
the intramolecular interactions was obtained by constraining
the azolato ligands id and5 to a verticaly? orientation to
minimize their interactions with the crown ether. This led
to energy increases of 3.6 and 3.5 kcal/mol, respectively.

The crystal structures of and 2 were reexamined to
identify short C-H---N contacts. Complet possesses many
short C-H---N contacts in the range of 2.442.889 A. In
particular, N(2) has a short intramolecular contact to €(3)
H, which appears to be the origin of the longerBébond
length to N(2). In2, N(1) and N(4) have numerous
intramolecular and intermolecular-+-N interactions that
range between 2.422 and 2.862 A. The sum of the van der
Waals radii for N and H is about 2-8.0 A 1 which supports
weak, attractive €H---N interactions inl and2.

Herein, we have demonstrated that the coordination modes
of the azolato ligands ii—5 are determined by €H-:-N
interactions with the 18-crown-6 ligands, and we have used
molecular orbital calculations to understand the orbital
interactions and energies. The calculations can only address
the intramolecular contacts, but the structureslaind 2
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Figure 2. Selected orbital interactions from NBO analyses for3ajb and c)4, and (c)5.
demonstrate that there are also intermolecutaHE&-N close imply that structural distortions in many reported metal

contacts in the solid state. The results provide insight into complexes may originate from weak interactions between
the weak interactions that are collectively described as crystalligand heteroatoms and adjacent 8 bonds. For example,
packing forces® The C-H---N interactions provide ad- the acetylide ligands in M(CCR)L8-crown-6) (M= Ca, Sr,
ditional thermodynamic stabilization, which should assist Ba) are bent significantly toward the 18-crown-6 ligaftls.
with efforts to isolate complexes containingNigands. For The bending may be due to attractive-8---C, interactions
comparison, the calculated structures of MNI = Li, Na, between the acetylide system and adjacent 18-crown-6
K, Rb) are predicted to have all six atoms lying in the same carbon-hydrogen bonds, although other explanations are
plane andy? coordination of the N ligand?¢ Thus, in the possible. Delineation of €H---E interactions, as described
absence of other ligands, the lowest energy bonding modeherein, allows a deeper understanding of ligand coordination
appears to be one where the metal ion lies in the plane ofchemistry and the forces that lead to observed structures.
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