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There is considerable interest in the coordination chemistry of
anionic, five-membered, heterocyclic N ligands.[1–6] Much of
this activity has centered on pyrazolato ligands,[1] and many
new and unexpected coordination modes have been docu-
mented recently.[2] Theoretical predictions regarding the high
stability of the pentazolate (N5

�) ion suggest that metal
complexes of this ligand might be stable enough to allow
isolation.[5] Recent tantalizing results in this area include the
first experimental detection of the N5

� ion (in the gas
phase),[6] as well as isolation and characterization of metal
complexes containing the isoelectronic P5

� ligand.[7] As
experimental work moves inexorably toward ligands with
higher nitrogen content,[3,4, 6,8–10] a considerable barrier to
development remains the formation of insoluble oligomeric
or polymeric complexes in which the nitrogen atoms of the
heterocyclic ligands bridge metal ions.[3,9, 10] Coordination
modes of 1,2,4-triazolato and tetrazolato ligands to single
metal centers remain poorly developed so far. Several
examples of h1 coordination of 1,2,4-triazolato and tetrazolato
ligands are known.[3, 4,11] However, h2 coordination of 1,2,4-
triazolato ligands to single metal centers has only recently
been reported for [(tBu2pz)3Ti(h2-Me2tz)] (tBu2pz= 3,5-di-
tert-butylpyrazolato, Me2tz= 3,5-dimethyltriazolato)[4] and
[Ti(h2-iPr2tz)4] (iPr2tz= 3,5-diisopropyl-1,2,4-triazolato).[8] A
related compound, benzotriazolatopotassium, contains
h2 bonding interactions within a more complex bridging
structure.[9] h2 Bonding interactions within more complex
bridging coordination modes of tetrazolato ligands are
restricted to [{(C5H4(CH3))2Ln(m :h2(N,N’’),h1(N’’)-Phttz)}2]
(Ln=Yb, Gd, Dy, Er; Phttz= 5-phenyltetrazolato)[12a] and
5-cyanotetrazolatocesium.[12b] Other structurally authenti-
cated coordination modes of 1,2,4-triazolato and tetrazolato
ligands have not been reported to date.

Herein, we report the synthesis, structure, and properties
of 3,5-diisopropyl-1,2,4-triazolato and 5-phenyltetrazolato
complexes of the ([18]crown-6)potassium fragment. These
complexes exhibit slipped terminal h2 coordination of the
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heterocyclic ligands to the metal centers. The potassium ion
normally bonds to anionic five-membered nitrogen hetero-
cyclic ligands with a variety of bridging coordination
modes,[9, 13,14] so the terminal coordination described herein
is particularly novel. In addition, the results suggest that
(pentazolato)([18]crown-6)potassium is a potential target for
stabilization of the pentazolate ion on a metal center.

Treatment of 3,5-diisopropyltriazole[15a] or 5-phenyltetra-
zole[15b] with potassium hydride and [18]crown-6 in THF at
ambient temperature led to slow hydrogen evolution and
formation of (3,5-diisopropyl-1,2,4-triazolato)([18]crown-
6)potassium (1, 88%) and (5-phenyltetrazolato)([18]crown-
6)potassium (2, 94%) as white crystalline solids [Eq. (1)].
Complexes 1 and 2 can be alternatively prepared by a two-

step sequence in which the potassium salts are formed first,
and are then treated with [18]crown-6. Both 1 and 2 are very
soluble in alcohols and hot THF, and are easily crystallized
from the latter. The microanalytical data are consistent with
the proposed formulations, and the 1H and 13C{1H} NMR
spectroscopy data in [D4]methanol show the expected signals
for the nitrogen heterocycles and [18]crown-6 ligands. The
single set of signals for the isopropyl groups in 1 and the sharp
single resonances of the [18]crown-6 ligands in 1 and 2 suggest
that the ligands are involved in dynamic exchange processes
in solution at room temperature.

Complexes 1 and 2 exist in the solid state as monomers
that contain h6-[18]crown-6 ligands[2c,16] and slipped h2-3,5-
diisopropyl-1,2,4-triazolato (in 1) or slipped h2-phenyltetra-
zolato (in 2) ligands (Figures 1 and 2).[17] There are no
intermolecular bonding interactions. The K�N bond lengths
in 1 (2.709(3), 3.304(3) D) and 2 (2.744(2), 3.102(3) D)
indicate slipped h2 bonding,[19] as opposed to the more
common idealized h2 bonding. Roesky, MEsch-Zanetti and
co-workers previously documented a difference in bond
length of 0.475 D as an example of extreme slippage in an
aluminum complex containing an h2-pyrazolato ligand.[19c]

The bond-length difference of 0.595 D in 1 is similar to, or
slightly shorter than, that in the aforementioned aluminum
pyrazolato complex, given the difference in ionic radii
between potassium (1.38 D) and aluminum (0.535 D).[20] By
the same argument, the bond-length difference in 2 of 0.358 D
clearly places it within the regime of slipped h2 bonding. The
shorter K�N bond lengths in 1 and 2 are comparable to those
in [K(Ph2pz)(thf)]6 (2.76–2.87 D),[13] while the longer K�N
bond lengths are comparable to or longer than the related
values in structurally characterized [K([18]crown-6)(en)]+

fragments (2.88–3.08 D; en= ethylenediamine).[16d,e] The
K�O bond lengths (1, 2.789–2.934 D; 2, 2.777–2.926 D) are
similar to those in other potassium complexes containing
h6-[18]crown-6 ligands.[2c,16] In 1, the KN2 plane and triazolato
ligand core are nearly coplanar (angle between least-squares
planes: 2.18). By contrast, the corresponding planes in 2
deviate from coplanarity by 19.58. Interestingly, 2 exists as the
h2-1,2 isomer, as opposed to the h2-2,3 isomer. We have
previously reported molecular orbital calculations that pre-
dict the h2-1,2 and h2-2,3 isomers to differ in energy by less
than 0.8 kcalmol�1 in model titanium complexes.[4a] In the
case of 2, formation of the 1,2 isomer may be a result of the
higher basicity of the N atoms.

Complexes 1 and 2 contain slipped h2-azolato ligands, in
which one K�N bond is 0.36–0.60 D longer than the other.
Slipped h2-pyrazolato ligands have been documented in
several different metal complexes,[19] but the asymmetry in

Figure 1. Perspective view of 1. Selected interatomic distances [=] and
angles [8]: K1�N1 2.709(3), K1�N2 3.304(3), K1···N3 4.902(3), K1�O1
2.789(2), N1�N2 1.380(4), C1�N1 1.293(4), C1�N3 1.329(4); C1-N1-
K1 151.0(3), C2-N2-K1 157.3(2), N1-K1-O1 91.19(10), N2-K1-O2
73.31(8), N2-K1-O1 84.29(9), N1-K1-N2 24.02(9).

Figure 2. Perspective view of 2. Selected bond lengths [=] and
angles [8]: K1�N1 2.744(2), K1�N2 3.102(3), K1�O1 2.926(3), N1�N2
1.341(3), N2�N3 1.299(3), N3�N4 1.342(3); K1-N2-N3 160.22(17),
K1-N1-C13 153.62(13), N1-K1-N2 25.60(5).
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the metal–nitrogen bond lengths was clearly attributable to
steric crowding. In 1 and 2, the steric demands of the C-bound
substituents of the azolato ligands are not particularly high,
and so the slipped h2 bonding cannot be a result of to steric
crowding. The structural distortions observed in 1 and 2, that
is, the slipped h2 coordination modes and the bending in 2,
must reflect optimization of the bonding interactions between
the azolato ligands and the potassium center. The bending in 2
suggests that the basicity of the in-plane nitrogen lone pairs is
reduced in tetrazolato ligands to the point where the out-of-
plane p orbitals may be similar in energy. The results of this
study are of fundamental importance, and have implications
for efforts to prepare metal complexes containing pentazolato
ligands. In particular, 2 is thermally stable and shows no
tendency to undergo cycloreversion to benzonitrile and
(azido)([18]crown-6)potassium.[21] Accordingly, it is possible
that (pentazolato)([18]crown-6)potassium may exhibit a sim-
ilar stability toward loss of dinitrogen, and might therefore
possess sufficient thermal stability to allow its isolation. The
slipped h2-azolato ligands in 1 and 2 suggest that a similar
coordination mode could be present in (pentazolato)([18]-
crown-6)potassium. However, extrapolation of the bending
observed in 2 to the pentazolato ligand raises the intriguing
possibility that (pentazolato)([18]crown-6)potassium may
exist with a facial h2-pentazolato ligand or even an h5-
pentazolato ligand. In this vein, similar bending features have
been found in related 1,2,4-di-tert-butyltriphospholylato and
1,4,2-di-tert-butylstibadiphospholylato complexes of lantha-
nide ions.[22] Additionally, recent theoretical studies predicted
that bis(h5-pentazolato)iron(ii) is stable thermodynamically
and may have sufficiently thermal stability to allow isola-
tion.[5a,b]

Experimental Section
Complexes 1 and 2 were not noticeably affected by short exposure to
air, but were hygroscopic upon extended exposure. Accordingly, all
manipulations were performed under a purified argon atmosphere
using standard Schlenk techniques.

1: A mixture of 3,5-diisopropyl-1,2,4-triazole (1.53 g, 10.0 mmol),
potassium hydride (0.42 g, 10.5 mmol), and [18]crown-6 (2.77 g,
10.5 mmol) in THF (100 mL) was stirred at ambient temperature
for 5 h until hydrogen evolution was complete. The volatile compo-
nents were then removed under reduced pressure, and the resulting
residue was washed with hexane to afford 1 as an analytically pure
white solid (4.01 g, 88%); m.p. 1678C; 1H NMR (400 MHz, CD3OD,
23 8C, TMS): d= 3.61 (s, 24H; OCH2), 3.01 (septet, 2J= 7.2 Hz, 2H;
CH), 1.27 ppm (d, 2J= 7.2 Hz, 12H; CH3); 13C{1H} NMR (100 MHz,
CD3OD, 23 8C, TMS): d= 168.23 (s; NCCH), 71.33 (s; OCH2), 29.15
(s; CHCH3), 22.59 ppm (s; CH3); MS (EI): m/z (%): 303 (100)
[K([18]crown-6)]+; Elemental analysis (%) calcd for C20H38KN3O6: C
52.72, H 8.41, N 9.22; found: C 52.59, H 8.34, N 9.24. Single crystals
suitable for X-ray diffraction analysis were obtained from THF/
hexane (1/1) at �20 8C.

2 : In a fashion similar to the preparation of 1, reaction of 5-
phenyltetrazole (1.46 g, 10.0 mmol), potassium hydride (0.42 g,
10.5 mmol), and [18]crown-6 (2.77 g, 10.5 mmol) afforded 2 as a
white solid (4.22 g, 94%); m.p. 1578C; 1H NMR (400 MHz, CD3OD,
23 8C, TMS): d= 7.27, 7.28 (m, 5H; aromatic CH), 3.41 ppm (s, 24H;
OCH2); 13C{1H} NMR (100 MHz, CD3OD, 23 8C, TMS): d= 162.93 (s;
tetrazolato ring CN), 131.42 (s; Ph ring CH), 129.71 (s; overlapping
Ph ring CH and ipso-C), 127.73 (s; Ph ring CH), 71.31 ppm (s; CH2);

MS (EI): m/z (%): 303 (100) [K([18]crown-6)]+; Elemental analysis
(%) calcd for C19H29KN4O6: C 50.88, H 6.52, N 12.49; found: C 50.32,
H 6.46, N 12.55. Single crystals suitable for X-ray diffraction analysis
were obtained from THF at ambient temperature.
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