
NO- Anion Trapped in a Molecular Oxide Bowl

N. Kawanami,† T. Ozeki,*,‡ and A. Yagasaki*,†

Department of Chemistry, Kwansei Gakuin UniVersity
Uegahara-Ichibancho, Nishinomiya 662-8501, Japan

Department of Chemistry and Materials Science
Tokyo Institute of Technology, O-okayama

Meguro-ku, Tokyo 152-8551, Japan

ReceiVed October 4, 1999

Nitric oxide (NO) is attracting increasing interest from diverse
fields ranging from biology to catalysis.1 It has an odd number
of valence electrons, and forms nitrosonium ion (NO+) by losing
one electron or nitroxyl anion (NO-) by acquiring one electron.
Although the chemistry of NO and NO+ is well documented, that
of NO- is still sketchy due to its instability and short life under
normal experimental conditions.2 Even a simple salt like NaNO
has not been isolated. During the course of studying the reactivity
of molecular oxides, we have recently isolated [(NO)V12O32]5-,
the first example of the nitroxyl anion isolated in the solid phase.
Here we report its synthesis and structural characterization.

When Et4NVO3
3 was reacted with NO in nitromethane, a

compound that contained NO was precipitated out from the
solution as a dark brown microcrystalline powder. Spectroscopic
data indicated the formation of a compound that has a metal-
oxygen framework similar to [(CH3CN)V12O32]4-, an inorganic
inclusion compound where an acetonitrile molecule is trapped in
a V12O32 bowl.4 The result of its elemental analysis, however,
was not quite right for a compound of the formula [Et4N]4[(NO)-
V12O32].5 We needed X-ray crystallographic data to solve the
puzzle.

Much to our surprise, the X-ray crystal structural analysis,
together with the result of the elemental analysis, revealed that
this compound contained NO as nitroxyl anion and not as
electronically neutral nitric oxide.6 In other words, the compound
obtained was [Et4N]5[(NO)V12O32], not [Et4N]4[(NO)V12O32]. Five
Et4N+ cations per [(NO)V12O32]5- anion were unambiguously
located in the crystal structure. Reduction of the molecular

vanadium oxide moiety was another possibility, but this was
excluded because the compound gave three very narrow51V NMR
peaks of equal intensity in nitromethane. The lengths of all V-O
bonds in [(NO)V12O32]5- (Figure 1) were normal for VV and no
anomaly was observed in calculated bond valences and their
sums.7 Moreover, the N-O bond length in the current compound
(1.198 Å) is significantly longer than the value reported for neutral
NO molecule (1.150 Å).8 The current compound can be most
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Figure 1. Structure of the [(NO)V12O32]5- anion viewed along the
crystallographic 4-fold axis (a) and 90° away from the 4-fold axis (b).
Ellipsoids are drawn to encompass 50% of the probability density. The
symmetry operation for the atoms labeled with superscripted i and ii is
y, -x, zand-y, x, z, respectively. Only one of the four possible sites for
the NO units is shown for clarity. Selected distances (Å): V1-O1 1.605-
(2), V1-O4 1.727(2), V1-O4ii 1.908(2), V1-O7 2.024(2), V1-O8
1.910(1), V1-O9 2.736(6), V1i-O9 2.750(6), V2-O2 1.615(2), V2-
O5 1.819(2), V2-O6 1.809(2), V2-O7 1.942(2), V2-O8 1.958(2), V3-
O3 1.613(2), V3-O5i 1.827(2), V3-O6 1.845(2), V3-O7i 1.911(2), V3-
O8 1.925(2), V3-N1 2.750(8), N1-O9 1.198(10), N1-O8 2.959(8),
O9-O4 2.785(6), O9-O7 2.756(6), O9-O8 2.861(6).
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appropriately described as an inorganic inclusion compound where
a nitroxyl anion is trapped in a bowl made of molecular oxide.9

This is the first example of the NO- anion isolated in the solid
phase. Some very weak interactions between the NO- anion and
the bowl-shaped V12O32 are observed (O9‚‚‚V1 ) 2.736 Å, O9‚
‚‚V1i ) 2.750 Å, and N1‚‚‚V3 ) 2.750 Å; see Figure 1 for the
symmetry code). However, these are totally different in nature
from the strong metal-nitrogen interaction (<2.0 Å) found in
so-called “bent metal nitrosyl” complexes where the NO ligand
is formally considered as NO-.10,11

The basic metal-oxygen framework in the current compound
is the same as that of [(CH3CN)V12O32]4- and [(C6H5CN)-
V12O32]4-.4,12 Yet one can notice some differences on a closer
look. The molecular oxide bowl of the current compound is free
from the elliptical distortion observed in both [(CH3CN)V12O32]4-

and [(C6H5CN)V12O32]4-. Another, more important, difference is
the penetration depth of the guest molecule. The NO- ion
penetrates much deeper into the V12O32 bowl than CH3CN and
C6H5CN molecules (see Figure 2). The oxygen atom of the
nitroxyl anion is only 1.84 Å away from the plane defined by
four basal vanadium atoms (V1). The nitrogen atom of CH3CN
in [(CH3CN)V12O32]4- lies 2.22 Å above this basal plane and the
C6H5CN molecule in [(C6H5CN)V12O32]4- locates itself much
further away from the bottom of the bowl. In fact, there are several
short contacts between the NO- anion and the molecular oxide
bowl that are just about the sum of the van der Waals radii
(O9‚‚‚O4 ) 2.785 Å, O9‚‚‚O7i ) 2.756 Å, O9‚‚‚O8 ) 2.861 Å,
N1‚‚‚O7i ) 2.894 Å, N1‚‚‚O8 ) 2.959 Å). It seems the NO-

anion is penetrating into the V12O32 bowl as deep as possible. In
addition, it is sticking to the inner surface of the bowl.

Inclusion of an anionic guest into an anionic molecular oxide
host might be surprising at first glance. However, such a

phenomenon is not without precedence.13 Inclusion of Cl-,14,15

Br-,14 I-,14 NO3
-,16 ClO4

-,17 and N3
- 14,18 anions into anionic

molecular oxides have been reported. The major difference is that
the molecular oxides make a closed cage in these compounds
and offer no path for the guests to come out from the cage, while
the V12O32 bowl has an open structure and the guest can come
out from the molecular oxide moiety. It is also interesting to note
that an ab initio calculation predicts the inner part of the V12O32

bowl to be a region of charge depletion and electrophilic.19 It is
possible that the low charge density inside the V12O32 bowl is
stabilizing the otherwise unstable NO- anion. Given its open
bowl-shaped structure together with the observation that formation
of NO- anion is a crucial step in the catalytic decomposition of
NO over zeolite,20 the study of the reactivity of the current
inclusion compound [(NO)V12O32]5- would be a matter of great
interest. Preliminary experiments showed that [Et4N]5[(NO)-
V12O32] is relatively stable against heat. Its51V NMR and IR
spectra did not change after heating at 90°C under vacuum. The
compound [(n-Bu)4N]4[(CH3CN)V12O32] loses its CH3CN guest
molecule and transforms to a compound that gives a totally
different IR spectrum under similar conditions.21 Further study
on the reactivity of [(NO)V12O32]5- is in progress.
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Figure 2. Space-filling cutaway views of [(NO)V12O32]5- (a), [(CH3CN)V12O32]4- (b), and [(C6H5CN)V12O32]4- (c). All atoms are represented by
spheres having van der Waals radii (C, 1.6 Å; H, 1.2 Å; O, 1.4 Å; N, 1.5 Å).
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