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NO~ Anion Trapped in a Molecular Oxide Bowl
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Nitric oxide (NO) is attracting increasing interest from diverse
fields ranging from biology to catalystslt has an odd number
of valence electrons, and forms nitrosonium ion (N®y losing
one electron or nitroxyl anion (NQ by acquiring one electron.
Although the chemistry of NO and NGs well documented, that
of NO™ is still sketchy due to its instability and short life under
normal experimental conditiorisEven a simple salt like NaNO
has not been isolated. During the course of studying the reactivity
of molecular oxides, we have recently isolated [(N@®5,]°,
the first example of the nitroxyl anion isolated in the solid phase.
Here we report its synthesis and structural characterization.
When EiNVO3® 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 [(CKCN)V1,035]*", an inorganic Figure 1. Structure of the [(NO)V.0s]% anion viewed along the
inclusion compound where an acetonitrile molecule is trapped in crystallographic 4-fold axis (a) and 9@way from the 4-fold axis (b).
a V1,03, bowl# The result of its elemental analysis, however, Ellipsoids are drawn to encompass 50% of the probability density. The

was not quite right for a compound of the formulaJ&[(NO)- symmetry operation for the atoms labeled with superscripted i and ii is
V1203,).5> We needed X-ray crystallographic data to solve the Y, —Xx, zand-y, X, z respectively. Only one of the four possible sites for
puzzle. the NO units is shown for clarity. Selected distances (A):—\i1 1.605-

Much to our surprise, the X-ray crystal structural analysis, (2), V1-04 1.727(2), VI-O4' 1.908(2), V}-O7 2.024(2), V+-08
together with the result of the elemental analysis, revealed that1-910(1), VI-09 2.736(6), V1-O9 2.750(6), V202 1.615(2), V2-
this compound contained NO as nitroxyl anion and not as ©51.819(2), V206 1.809(2), V2-071.942(2), V208 1.958(2), V3-
electronically neutral nitric oxideIn other words, the compound ~ 93 1.613(2), V3-05 1.827(2), V3-06 1.845(2), V3-O7 1.911(2), V3-
obtained was [EN]s[(NO)V1,0s], not [EtN][(NO)V1,0s7]. Five 08 1.925(2), V3-N1 2.750(8), N+-09 1.198(10), N+ 08 2.959(8),
EtN* cations per [(NO)VY;037]°~ anion were unambiguously 09-04 2.785(6), 0907 2.756(6), 0908 2.861(6).

located in the crystal structure. Reduction of the molecular . . . - .
y vanadium oxide moiety was another possibility, but this was

l lefmsei Gakuin fUniv?]rsitly. excluded because the compound gave three very n&bWMR
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(1) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced gealés (.)f ecll\lugl Intensét,y Ig.nltror?_ethane' The Ielr;gth\; Oféﬂw
Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999; p 327 onds in [(NO)Mz032°" ( -igure ) were normal for Vand no )
and the references therein. anomaly was observed in calculated bond valences and their
Loi2) Stamler, J. S.: Singel, D. J.; Loscalzo Stiencel992 258 1898- sums’ Moreover, the N-O bond length in the current compound

(3) () EtNVOs was prepared by dissolving:@s (2.0 g, 1.1x 10-2 mol) (1.198 A) is significantly longer than the value reported for neutral
in a 10% aqueous solution of JOH (35 mL, 2.2x 102 mol), stirring the NO molecule (1.150 A§.The current compound can be most

solution for 18 h, evaporating it to dryness under vacuum, dissolving the
resulting solid in 50 mL of acetonitrile, filtering off a small amount of insoluble (6) (@) Single crystals of [EN]s[(NO)V1,03:]-4CH,Cl, are at 125 K,
material, adding 150 mL of diethyl ether to the filtrate, collecting the white tetragonal, space groug, witha = 19.3979(4) Ac = 11.3278(3) A, an@
precipitate that formed by filtration, and drying it oves@2 under vacuum = 2. Diffraction data were collected on a Siemens SMART CCD diffractoifieter
(4.2 g, 1.8x 1072 mol, 82% yield). (b) The tetraethylammonium salt of YO using Mo Ko radiation. 35282 reflections were collected, of which 6461 are
is hygroscopic and completely water-free material cannot be obtained. It would unique Ry = 0.0308). Structure was solved and refined usingShtELX-

more appropriately be formulated asMVO3-xH,0. Since the exact amount 97%¢ program suite. N and O atoms of the N@roup were refined with

of water is not known and can vary in different preparations, we postulate isotropic displacement parameters. All the other non-hydrogen atoms were
= 0 for the sake of simplicity and convenience throughout the current paper. refined anisotropically. Hydrogen atoms were refined with the riding model.

(4) Day, V. W.; Klemperer, W. G.; Yaghi, O. M. Am. Chem. S0d989 Full-matrix least-squares refinement BAconverged tdx(F) = 0.0286,R,-
111, 5959-5961. (F?) = 0.0745, and GOF= 1.084 for 5959 reflections witk, > 40(F,). The
(5) Dark brown microcrystals of [EN]s[(NO)V12037]:CH3NO,:2.5H,0 NO™ anion is located very close to the crystallographic 4-fold axis and is

precipitated out from solution by bubbling NO gas from a cylinder through a disordered over four equally occupied positions. The N and O atoms in the
solution of E{NVO3 (1.0 g, 4.4x 1072 mol) in 20 mL of nitromethane at a nitroxyl anion were assigned so as to give reasonable isotropic displacement
rate of ca. 100 mL mint for 30 min with stirring (0.18 g, 9.4 107° mol, parametersUis, values for 09 and N1 are 0.027(2) and 0.015(2wkh the

22% yield based on V). Anal. Calcd fon{Bl10d\N7V1,0s75 C, 25.77; H, 5.70; current assignment; they would be 0.040(2) and 0.00Q(i)W&h the

N, 5.13; V, 32.0. Found: C, 26.07; H, 5.42; N, 5.00; V, 31.7. Infrared (Nujol interchanged assignment. @MART and SAINT: Area Detector Control and
mull, 1000-400 cntl): » (cm™1) 997 (sh), 980 (s), 963 (s) 844 (m), 754  Integration SoftwaresSiemens Analytical X-ray Systems, Inc.: Madison, WI,
(m), 704 (m), 634 (m), 542 (w), 514 (WV NMR (CH3NO,): 6 (ppm) 1996. (c) Sheldrick, G. MSHELX-97, Program for the Analysis of Crystal
—569 (1V), =592 (1V), —600 (1V). Crystals suitable for X-ray structure Structures University of Gdtingen, Gdtingen, Germany1997.

determination were obtained by dissolving 0.18 g of the microcrystalline (7) Brown, I. D.; Altermatt, |. D.Acta Crystallogr. Sect. B985 B41

material in 4 mL of propylenecarbonate and adding 12 mL of@H Rod- 244-247.
shaped crystals started to appear in an hour. The crystals exhibited IR and (8) Wells, A. F. Stuctural Inorganic Chemistrysth ed.; Oxford University
5%/ NMR spectra identical with those of the microcrystalline compound. Press: Oxford 1984; p 808.
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Figure 2. Space-filling cutaway views of [(NO)MOs2]>~ (a), [(CHCN)V120327*~ (b), and [(GHsCN)V12037]*~ (c). All atoms are represented by
spheres having van der Waals radii (C, 1.6 A; H, 1.2 A; O, 1.4 A; N, 1.5 A).

appropriately described as an inorganic inclusion compound wherephenomenon is not without precededgénclusion of CI,141°

a nitroxyl anion is trapped in a bowl made of molecular oxXide.
This is the first example of the NOanion isolated in the solid
phase. Some very weak interactions between the Aitlon and
the bowl-shaped O3, are observed (O9V1 = 2.736 A, 09
+V1l = 2.750 A, and N1:-v3 = 2.750 A; see Figure 1 for the
symmetry code). However, these are totally different in nature
from the strong metatnitrogen interaction €2.0 A) found in
so-called “bent metal nitrosyl” complexes where the NO ligand
is formally considered as NQ0:1t

The basic metatoxygen framework in the current compound
is the same as that of [(GBN)V1,03]* and [(GHsCN)-
V1,034 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 [(GEN)V1,03,]*~
and [(GHsCN)V1:,035]*". Another, more important, difference is
the penetration depth of the guest molecule. The~N@n
penetrates much deeper into the;®5, bowl than CHCN and
CeHsCN molecules (see Figure 2). The oxygen atom of the
nitroxyl anion is only 1.84 A away from the plane defined by
four basal vanadium atoms (V1). The nitrogen atom o;CN
in [(CH3CN)V1,057]4~ lies 2.22 A above this basal plane and the
CsHsCN molecule in [(GHsCN)V1:035]%" locates itself much
further away from the bottom of the bowl. In fact, there are several
short contacts between the N@nion and the molecular oxide
bowl that are just about the sum of the van der Waals radii
(09+-04=12.785 A, 09--07 = 2.756 A, 09--08=2.861 A,
N1:-O7 = 2.894 A, N%:-08 = 2.959 A). It seems the NO
anion is penetrating into the;%0s, 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

(9) The exact reaction pathway to [(NOY®Ds,]>~ is not currently known.
Disproportionation of NO by water in the reaction mixture is one possibility
(2NO + H,O — HNO + HNO,; see ref 3b). It is also possible that the organic
cation, EiNT, is working as the reductant. Yet another possibility is
disproportionation of NO by V@: 12VO;~ + 8NO — [(NO)V1,03]>" +
ANO,~ + 3NO". Here NO is working as an oxygen abstractor.

(10) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@ciples
and Application of Organotransition Metal Chemistiyniversity Science
Books: Mill Valley, CA, 1987; pp 194196

(11) Reference 8, pp 8t3B15.

(12) Klemperer, W. G.; Marquart, T. A.; Yaghi, O. Mater. Chem. Phys.
1991, 29, 97-104.

Br—,1 |7, NO3—,18 ClIO,~,'” and Ny~ 1418 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 V1,03, 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 thgOé,
bowl to be a region of charge depletion and electrophfli¢.is
possible that the low charge density inside thgO4, bowl is
stabilizing the otherwise unstable NGnion. 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® the study of the reactivity of the current
inclusion compound [(NO)YOs3,]°~ would be a matter of great
interest. Preliminary experiments showed that,f§4[(NO)-
V1,037 is relatively stable against heat. % NMR and IR
spectra did not change after heating at@under vacuum. The
compound [(-Bu)sN]4[(CH3CN)V1,053;] loses its CHCN guest
molecule and transforms to a compound that gives a totally
different IR spectrum under similar conditiofisFurther study

on the reactivity of [(NO)\,0s2]° is in progress.
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