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The unstable acetonitrild-oxide molecule, CECNO, has been thermolytically generated in very high yield

in the gas phase from its stable ring dimer, dimethylfuroxan, and studied by ultraviolet photoelectron
spectroscopy, photoionization mass spectroscopy, and mid-infrared spectroscopy. The individual spectroscopies
provide a detailed investigation into the vibrational and electronic character of the molecule, and are supported
by both conventional ab initio calculations and density functional theory. The ground-state structure is also
investigated by theory at the B3-LYP, MRn = 2—4), QCISD, and QCISD(T) levels with medium to large

basis sets, and illustrates the need for a precise description of electron correlation. Given that both isomerization
and dimerization are feasible loss processes for this unstable molecule, the relative stabiligCbf@With

respect to the known cyanate (gBLCN), isocyanate (CH¥NCO), and fulminate (CEDNC) isomers and the
mechanism of the dimerization processes were studied with density functional theory.

Introduction phase by ultraviolet photoelectron (PE), photoionization mass

Several open-chain isomers of simple pseudohalide moleculestP'M). and mid-IR spectroscopies, and consider potential loss
containing a “CNO” group can be drawn, some of which are Processes involving isomerization and/or dimerization. Rela-
known experimentally. The methy! derivatives represent the only tlvgly stable large aromaﬂg nitrile oxides are knpwn to isomerize
example of small pseudohalides where the three lowest energy!C iSocyanates upon heating, whereas the primary loss process
isomers (isocyanate{NCO), cyanate-+OCN), and nitrile oxide of small nitrile oxides is dimerizatiohThus, 1 is unstable at

(—CNO) in order of decreasing thermodynamic stability) are f00M temperature, dimerizing within 1 min at € to the
known and can be cleanly generated in the gas phasg: CH dimethylfuroxanring2 (3,4-dimethyl-1,2,5-oxadiazole 2-oxide),
NCO is a liquid at room temperature (boiling point,-446 °C),1 thereby inhibiting investigation in the gas phase. It is stated,
the generation and gas-phase spectroscopy of the semistabl@oWever;® that 1 can be stored at temperatures well below 0
CH3;OCN molecule was recently reporté8and a gas-phase °C. For solution chemlstrﬂ is normally generate_d in situ by
investigation of pure CECNO is discussed in the present work. dehydrohalogenation of acetohydroxamy! chloridectiloro-
A fourth open-chain isomer (excluding the unreasonable valence@cetaldoxime or by dehydration of nitroetharteOf relevance
structures—NOC and —CON) is the much higher energy to the present g_as-phase \_/vork_ls the qbservatlonjllmm be
fulminate, CHONC, observed by low-temperature infrared (IR) 9enerated from its stable ring dime,using the flash vacuum
spectroscopy. thermolysis (FVP) method (60TC, 1_03 Tc_>rr).20 Nonetheless,
Substituted nitrile oxides, XC=N—O, the archetypal 1,3- the IR spectrum ol has only been mve_stlgated in solu_tl_ons of
dipolarophiles, have proven to be useful reagents in synthetic CCla. CS: and cyclohexan&, and matrix IR has identified
organic chemistry. Because of their high reactivity and propen- following photolysis of acetonitrile and €R) atoms: The only
sity to dimerize, they are not isolated, but rather are generatedPublished gas-phase spectroscopy is the microwave (¥
in situ for various dipolar cycloaddition reactions including and milimeter wave specttaof samples obtained by the
formation of substituted heterocycles such as 2-isoxazolines, Standard route of HCl elimination frone-chloroacetaldoximé?
isoxazoles, 1,3,4-dioxazoles, 1,2,4-oxadiazélemd many The an_alyzedS structure indicates thélt is a symmetric top
important biologically active compoundsMlore recently, the ~ (Ca.) with a large dipole moment (4.49 D).
smaller derivatives (¥= Br—,”8 Cl—,210NC—,1 and ONC- Early ab initio calculations limited to the Hartre€ock (HF)
12) have been generated as unstable molecules in the gas phaséevel with modest (STO-3G, 4-31G, 6-31G*) basis 3&t8
Of interest are their structures and the associated spectrossuggested that had a linear CCNO frame, in agreement with
copy&10.1315 phringing into focus issues of quasi-linearity, the the MW results. This was fortuitous since it is now well-known
efficacy of quantum mechanical calculations to predict structures that large basis sets and the inclusion of electron correlation
and barriers to linearity?11.121617and for those species are of crucial importance in the prediction of the structures of
containing the relatively abundant elements C, N, O, and H nitrile oxides/-?11.16.17.21n the present work ab initio calcula-
possible candidacy for astrophysical observation. tions (including density functional theory (DFT) methods) are
In the present work we discuss the gas-phase generation andised to assess the effect of basis set size and electron correlation
first characterization of the GJ&NO molecule,l, in the gas on the calculated versus MW structurelpfand to assist in the
. —— _analysis of the PE and IR data. Sintend the better known
Ch;;"b‘:]"qgomj C‘\j\;g&%’(‘)%g‘éﬁ :L‘q%‘fgdubfgiifgﬁscssd- E-mail: pasinszki.inc@ isomers CHNCO and CHOCN can potentially interconvert and
T Budapest University of Technology and Economics. are of interest as model compounds for substituted R(CNO)
* University of Guelph. species, comparison is made to the spectroscopy and structure
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of these isomers, including DFT calculations of their bending
potentials, and the unimolecular isomerization processes of
to the other isomers. The dominant loss proces$, afimer-
ization to the ring furoxar2, is also considered using DFT.

Experimental Section

The specifics of the generation @ffrom the stable dimer
precursor2 are given below in the Results and Discussion.
Several methods of synthesizirgy are known. Many are
multistep procedures often utilizing the oxidizing power of liquid
dinitrogen tetroxide, BD,. One of the simplest (and oldest)
methods describes the oxidation of dimethylglyoxime with
N.0,;.28 Since it has been noted that dichloroglyoxime can be
oxidized to dichlorofuroxan using white fuming HN@ and
since the handling of liquid nitric acid, HNQis easier than
that of NbO,4, we adopted and modified this latter method using
concentrated HN@to prepare2 from dimethylglyoxime (Al-
drich), Scheme 1.

A 40 g sample of dimethylglyoxime was added slowly (3 h),
with stirring, to 300 mL of concentrated nitric acid (68%m)
at room temperature. The evolution of brown nitrogen oxides
was observed instantly, the solution turning brown. Upon
completion of the addition of dimethylglyoxime, the solution
was stirred for 1 h, poured onto ice, and extracted witk 3
100 mL of dichloromethane. The extract was washed with ice
water until neutral, dried over magnesium sulfate, and evapo-
rated. A 25 mL sample of a pale green raw product was
obtained, which was distilled four times through a 15 cm long
Vigreux column, giving2 as an almost colorless liquid with a
boiling point of 506-52 °C at ca. 2.5 mmHg. The purity was
confirmed by IR spectroscopy. The repeated distillations were
of crucial importance in obtaining pug since the boiling point
of the green side product (not identified in this work) was only
4 °C lower at 2.5 mmHg than that &. Due to the loss of
during the repeated purification process, the final yield was low,
ca. 30%, but this could certainly be improved using more
sophisticated purification methods.

Hel (21.2 eV) PE spectra were recorded on a fast-pumping
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the pressure was kept constant between 450 and 500 mTorr.
The spectra were recorded at 0.5 ¢mesolution.

Computational Methods

Ab initio calculations for the structure df were carried out
at the MP2, MP3, MP4SDQ, MP4MP4SDTQ), QCISD, and
QCISD(T) levels using standard basis sets, viz., 6-31G**,
6-311G(2d,2p), or cc-pVTZ (Dunning’s correlation-consistent
basis set; [4s,3p,2d,1f] on C, N, and O atoms, and [3s,2p,d] on
H atoms). All electrons were included in the correlation energy
calculations (i.e., “full”). DFT, in the form of B3-LYP (Becke’s
three-parameter exchange functional in combination with the
Lee, Yang, and Parr correlation functional), was also used to
calculate the equilibrium structure tf Isomerization ofl, the
interconnecting transition states (TSs), and the dimerization
mechanism were investigated at the cost-effective B3LYP/6-
31G** level. Equilibrium molecular geometries were fully
optimized and harmonic vibrational frequencies calculated at
the minimum-energy geometries to confirm them as real points
on the potential energy surface (zero imaginary frequencies).
TSs were characterized by one imaginary frequency. IP& for
were calculated using the HAMB and the outer valence
Green’s function (OVGF) method$.All calculations were
performed with the Gaussian-92 and Gaussian-94 quantum
chemistry packagé$3®implemented on Silicon Graphics Inc.
Challenge/XL and Origin 200 workstations.

Results and Discussion

Generation, Identification, and Stability of CH3CNO, 1.

For direct gas-phase generationlothe methods used for in
situ 1,3-dipolar cycloadditions in solutid® are inappropriate
due to unwanted elimination products (e.g., HCI from aceto-
hydroxamoyl chloride). An approach based on the thermolytic
cycloreversion of?° offers a direct route capable of generating

1 as the sole product for spectroscopic investigation. Precedents
for this approach also include our recent demonstration of the
clean generation of NCCNO from its stable furoxan dither
and the use of this method by other grogpBy attaching the
thermolysis tube directly to the spectrometers, we could monitor
the efficiency of the thermolytic cycloreversion, and directly
observe potential intramolecular rearrangements to isomers of
1 (e.g., the isocyanate), or possible dimerization.

Thermolysis of2 was carried out in a quartz tube (8 mm
i.d.) heated along 15 cm, packed with quartz chips to improve
efficiency. The FVP oR led to smooth formation of at 600
°C. From the various spectroscopies (below) which confirmed
the identity of the molecule, the direct gas-phase yieltl cén

spectrometer specifically designed to study reactive and unstablene almost quantitative, with only trace amounts of CO,,CO

species®3L The resolution was ca. 45 meV during the experi-
ments, with spectra calibrated using the known ionization
potentials (IPs) of @and N.. Mass analysis of ions is achieved
with a quadrupole mass analyzer (Hiden Analytical, 320 amu)
mounted directly above the photoionization point. With the
conventional El source removed, ionization is provided by
single-wavelength Hel or unfiltered Hlg, (10.2-12.7 eV)
radiation. PE and PIMS spectra, although not done in coinci-

NO, CH;NCO, and CHCN as side products. Purer samples
could be obtained by condensirigat —196 °C in a U-trap
connected to the IR cell or PE spectrometer and then gradually
warming, pumping off traces of side products belex®0 °C.

1 had sulfficient vapor pressure a0 °C for PES and PIMS,
and at—10 °C for IR investigation. After the spectra were
recorded, the temperature was increased 1€;0only gaseous

1 was observed at this temperature, indicating that dimerization

dence, can be recorded within seconds of each other underof the trapped material is slow, unlike the case of BrCNO.

identical conditions; thus, it is assumed that for a given PE
spectrum the subsequent PIMS is of the same compound.
Mid-IR spectra ofl were collected on a Nicolet 20SXC
interferometer equipped with a 20 cm single-pass cell. The cell,
with KBr windows, gave a spectral range down to 350-ém
The effluent from the pyrolysis tube or sample container was
pumped continuously through the cell using a rotary pump while

This trapping/revaporizing result suggests thebuld be trapped
and stored at liquid pltemperatures, and then recovered upon
warming. There was no indication of isomerizationlofinder
these conditions.

Computational Investigation of the Structure of 1. Since
the inclusion of electron correlation is de rigeur for calculations
on simple nitrile oxideg;>11.16.17.27the geometry ofl was
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TABLE 1: Calculated Barriers to Linearity, Equilibrium Structures, Total Energies, Rotational Constants, and Dipole
Moments of CH;CNO, 12

MP2 MP3 MP4SD Q MP4 QCISD QCISD(T) B3-LYP exptl MRV
Barrier to Linearity

basis set

cc-pVTZ 0.0 0.0

6-311G(2d,2p) (19.3) 0.0 0.0 126.6 0.0 0.0 (0.0)

6-31G** (75.5) (0.0) (0.0) (226.4) (0.0) (0.0) (0.0

Structure for the Largest Basis Set and Experimental Structure

c-C 1.453 1.466 1.468 1.477 1.469 1.471 1.456 1.442
C—N 1.174 1.148 1.159 1.191 1.156 1.166 1.156 1.169
N—-O 1.198 1.210 1.216 1.213 1.221 1.221 1.210 1.217
C—H 1.085 1.084 1.086 1.087 1.086 1.088 1.091 no data for
C—H" 1.089 H params
CCN 180.0 180.0 180.0 154.5 180.0 180.0 180.0 180.0
CNO 180.0 180.0 180.0 172.7 180.0 180.0 180.0 180.0
HCC 110.6 110.2 110.3 110.4 110.2 110.3 110.7
H"'CC 110.5
total energy —207.588165 —207.520477 —207.536622 —207.582668 —207.536014 —207.570355 —207.981613
A° 161.9197 161.4988 161.1145 121.6789 160.9994 160.5556 160.5408
B 3.9180 3.9312 3.8926 3.9500 3.8890 3.8608 3.9266 3.914796
C 3.9180 3.9312 3.8926 3.9196 3.8890 3.8608 3.9266
ud 5.276 5.406 5.460 5.002 5.482 5.436 4271 4.49

aBond angles in deg, bond lengths in A, total energies in au. For the structures, the cc-pVTZ basis set was used at the B3-LYP and MP2 levels
and the 6-311G(2d,2p) basis set was used at the MP3, MP4, and QClI levels. All of the electrons were included in the correlation energy calculations
(“full™). P Barriers to linear CCNO frame in ch Values in parentheses refer to barriers obtained with smaller basi$ Retsitional constants in
GHz. 9 Dipole moments in D.

calculated at various levels of post-HF theory, with increasing (T) level 28 the linear geometry of the molecule is reproduced

basis set size from 6-31G** through 6-311G(2d,2p) to cc-pVTZ
to study basis set effects.

The calculated equilibrium geometry bfis shown in Table
1, and concurs (but see below) with the experimanigdéometry
of the heavy atoms obtained from the MW d&ahich suggest
a symmetric-top molecule with a linear CCNO frame. From
the I-type doubling constant a value of 150(50) cmwas
obtained for the lowest frequency deformation, insufficiently
low enough to indicate quasi-linear behaibhut suggesting
that, as with other simple nitrile oxides, difficulties with

and the calculated geometry is in better agreement with the
experimental structure. Clearly, the electron-rich nature of nitrile
oxides poses a serious computational challenge due to large and
sensitive electron correlation effects, and demands the use of
extra large basis sets and very high levels of theory when
accurate structural and spectroscopic properties are calculated.
This has been demonstrated recently in calculations for the
structure of HCN®' and in calculating energy levels in the
region of the barrier for BrCN& and CICNOY”

We note here that if very high level conventional ab initio

calculated structures might be expected. Indeed, the calculatectalculations are not feasible, DFT (e.g., using B3-LYP) can
structures fall into the familiar patterf®11with respect to both  provide a reliable cost-effective alternative, giving, for nitrile
the size of the basis set and the level of electron correlation. oxides, reasonable results for structures (Table 1) and good
With the smallest basis set (6-31G**) the MP3, MP4SDQ, agreement with vibrational frequencies. For this reason we have
QCISD, QCISD(T), and B3-LYP levels predict a linear CCNO used the B3-LYP method in calculations of the related isomers
frame, whereas MP2 and MP4SDTQ predict a bent molecule. and their interconversions, and for evaluating the dimerization
Increases in basis set size decrease the barrier to linearity, withprocess (below).
the calculated structure becoming linear at MP2/cc-pVTZ.  The known structural differences betwegrand the ChH-
Correspondingly, the €N bond, which is strongly correlated  NCO and CHOCN isomers suggest different electronic struc-
to the CCN angle, is shortest at linearity, e.g., with MP2, 1.193 tyres and chemical reactivities. To highlight these before
A (6-31G**) — 1.181 A (6-311G(2d,2p)~ 1.174 A (cc-pVTZ). discussing the spectroscopy, we have calculated the (B3-LYP/
Resource limitations precluded further increases in basis set sizq;c_p\/-rz) structures of these two other isomers (where MW
at the MP4SDTQ level, wheris still bent, but we expectthe  structures are also know#?9 and compared the potentials of
same trend toward linearity to hold. their lowest frequency deformations with that hf Figure 1

The strong electron correlation effects on calculated properties demonstrates that GBCN has a steep harmonic well, which
noted previously (BrCNG,CICNO.? and HCNG') are dem-  pecomes progressively more anharmonic ins880 and CH-
onstrated by an oscillatory behavior in the M&pansion series  CNO. The fitted potentials are as follows:
(MP1=HF, MP2, MP3, MP4), for example, the=eN bond
length using the 6-311G(2d,2p) basis set (1.123, 1.181, 1.148, . 1y 2
andg1.191 ,g respectivel;s), baFr)r)ier height (((), 19.3,0, and 126.6 CHOCN:V (cm ) = 7830.60+ 22.75) — 6.36(" +
cm™1, respectively), and total energy (Table 1). The other effect 0.064°
is that triple excitations markedly lengthen theeR bond ) 1 2
length, tending to bend the structure; compare MP4SDQ with CHNCO:V (cm ™) = 595.95+ 4.64p — 1.19%" +
MP4SDTQ and QCISD with QCISD(T). MP4SDTQ clearly 0.014° + 0.0001p*
overestimates the €C and G=N bond lengths and barrier 1 ) 4
height, in accord with the known fact that the method exag- CHsCNO:V (cm %) = 0.581" + 0.00016
gerates triple contributions to the correlation enefgBy
including a better description of triple excitations at the QCISD- wherep is the deviation from 180at the central atom. What
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Figure 1. Calculated (B3-LYP/cc-pVTZ) potentials (constructed by

optimizing every 8) of the lowest frequency deformations in (a) €H
CNO, (b) CHNCO, and (c) CHOCN.
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Figure 2. (a) Hel and (b) Hls 3, photoionization mass spectra of gH
CNO.

emerges is that C4#CN is strongly bent and rigid (small
amplitude deformation), C4CNO is linear and floppy (large
amplitude deformation at the central carbon atom), and-CH
NCO is in between, its frame being less bent, but more flexible
than that of CHOCN. These pronounced structural differences
are reflected in the spectroscopy.

Photoionization Mass SpectroscopyThe Hel and Hlg,
PIMS spectra ofl (Figure 2) are relatively simple, confirm its
identification, and clearly distinguish it from the cyanate and
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Figure 3. Gas-phase mid-infrared spectrum of £LHNO at ca. 450
mTorr and 0.5 cm! resolution. Insets show details of tig v; and
vs, andv, bands.

pseudohalide (X= ONC—, NC—) group by electropositive
—CHs. Other fragments also observed fbrare (M + 1)*,
HCNO", CNOt, CH,C", and CHT'. The (M + 1)* fragment
also seen with the C#ICO and CHOCN isomerdmay result
from secondary ion reactions in the quadrupole. This may also
explain the observation of HCNGand CNO" fragment pairs.
Fragmentation is usually reduced in the HjL. PIMS due to

the lower energy light source and is reflected in the strong
increase in the parent ion signal and negligible™Nsid CH™*
fragments.

Infrared Spectroscopy. The gas-phase IR spectrum bfs
shown in Figure 3 with the vibrational frequencies of the
fundamentals provided in Table 2 together with the calculated
(B3-LYP/cc-pVTZ and QCISD/6-31G**), unscaled, vibrational
frequencies and intensities. For comparison, Table 2 also
includes the data on this molecule from the only other known
(solutiort® and matri¥!) IR work. The observed spectrum
confirms the identity ofl, the absence of the precursor/dimer
molecule2, which has its strongest band at 1614 ¢t and
that there is no evidence for the @BICN and CHNCO
isomers.1 is the sole species in the gas phase, with almost all
bands (weak and strong) being assignable to either fundamentals
or overtone/combination bands.

The 15 normal modes df transform inCs, symmetry as
5A; + 5E, and all but the lowest frequency bending mode)(
are observed in this work. For such a symmetric top, parallel-
type bands of asymmetry (A < A transition) should exhibit
P, Q, and R structure arising from overlappiig= 0, 1, 2, ...
subbands. However, in a case suchlasherela/lg is small

isocyanate isomers (see Figure 2 in ref 2), the cracking patterns(i.e., A> B), the Q branch is predicted to have a low intenéity.

being quite different. The base peaks in the Hel PIMSLof
CH3NCO, and CHOCN are NO, CO'*, and CH™, respectively.
NO* is observed only withl, quite typical for nitrile ox-
ides’1112 CO" is not observed in the PIMS of, and is
relatively small for CHOCN. The CH™ fragment, with a strong
relative intensity in the HLg, PIMS of CHOCN, is not
observed in the corresponding PIMS of MO and is
negligible for1.

The three strongest peaks in the Hel PIMS athe molecular
ion (M™), and NO™ and XC" (X = —CHj) fragments are also
seen in the spectra of other XCNO molecules=Br—,” NC—

11 ONC—1?), Their relative intensities are different, however,
as the NG peak dominates the Hel spectra of BrCNO, NCCNO,
and ONCCNO, with only a small-intensity XCfragment. For

1, the relative intensity (compared to that of"Mof NO* has
strongly diminished while that of XChas increased, showing
that the probability of neutral NO loss from the excited Mn
increases by replacing the electronegative halide=(Br—) or

Perpendicular transitions (£ A;) in a symmetric top can lead

to the classic, and often prominef andPQ subbands (due to
differentK values) with a separation given byAllL — &) —

B], where¢; is the Coriolis coupling constant. Both types of
bands are observed, the subbands in the perpendicular transitions
(in those cases wheig~ 0) being clearly resolved even at 0.5
cm! resolution, and four of the five parallel transitions
exhibiting unresolved P and R envelopes with a separation of
band maxima of ca. 517 cnTl.

In the CH stretching region near 3000 th the most
prominent band exhibiting PR structure is centered at 2943 cm
and is assigned tey, the symmetric Chistretch of a symmetry.

The antisymmetric Cklstretch,vg(e), to higher wavenumber,

is much weaker, as predicted by the calculations. Suchan E
A; perpendicular transition has its intensity distributed into the
'Q andPQ subbands, which show evidence of intensity alterna-
tion (..., strong, weak, weak, strong, ...) due to nuclear spin
statistics, despite the poor signal/noise ratio. The observed
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TABLE 2: Experimental 2 and Calculated® Vibrational Frequencies (cni?) of the Fundamental Vibrations of CH;CNO

experimental B3-LYP/CC-pVTZ QCISD/G- 31G** assignment and
gas solf matrixd freq (sym) inten$ freq (sym) inten$ description
3022 5ww 2967 3089 (E) 45 3213 () 52  wCHasstr
Eer § w 2924 3028 (A) 17.7 3125 (A) 175 v1 CH sym str
231Fvs 2315 2309 2455 (4 4296 2493 (A) 324.5 v, CNO as str
1453.2 vw 1441 1478 (E) 8.7 1540 (E) 73 v;CHsas def
ot bt w 1381 1381 1428 (A 212 1478 (A) 0.1 v3 CHs sym def
1356 R
130899 s 1319 1332 1389 (8 195.2 1379 (A) 140.2 v4 CNO sym str
1340P
1034 vvw (see the 1177 1051 (E) 1.0 1083 (E) 0.5 vg CH3 rock
text re the
band at 1162)
791R
7881w 778 780 795 (A) 20.4 799 (A) 26.1 vsTC—C str
77P )
477.3 i 478 510 (E) 4.0 493 (E) 68  15CNO bend
(150 (50)¥ 297 137 (E) 14 112 (E) 09 v CCN bend

aBand positions (gas) taken from the maxima or sharp features of the IR Baudscaled harmonic frequencigszrom ref 18.9 From ref 21.
e In km/mol. f SharpQ/PQ subbands (cri) at 3022.5 (most intense), 3012.8, 3003.9, 2993.8(s), 2984.3, 2973.9, 2965.1(s), and 2936 (s) (overlapping
v1) (see the text)? Strongest peak of a complex band (see the t&x8harp'QPQ subbands (cri) at 1453.2 (most intense), 1442.1, 1429.3,
1416.1(s), 1403 and 1388 (overlapping, and 1373.8 (overlapping,) (see the text). See the text regarding possible difference bah@entral
spike.X From ref 24 obtained from the microwave spectrum, ref 22.

subband spacings are about 9 émthe line positions being  resulting intensity perturbation) is the sudden decrease of the
given as a footnote to Table 2. We cannot unambiguously subband intensity to the high-wavenumber side, although weaker
identify the band origin; the center of the four strongest observed structure extending up to ca. 1570 cthtan be observed. As
subbands is at about 2980 th although the most intense  with v this makes location of the; band center problematic,
subband at 3022.5 crh is listed in the table as the nominal and although we list the strongest subband peak at 1453:2 cm
band center. in Table 2, the actual band center could be higher. A likely

The two most prominent bands in the spectrum, characteristic combination bandy, + v10 of E symmetry, would also appear
of all nitrile oxides, are centered at 2311 and 1348 tm in this region, potentially leading to a Fermi resonance.
corresponding to the antisymmetrie;) and symmetric #4) Below 1200 cr! are four weak but distinct bands, two of
CNO stretches, both ofyaymmetry. Their relative intensities  which, on the basis of their band structure, can be assigned to
are well predicted by the ab initio calculations. The symmetric the fundamentalsss(a;) (785 cntt) and vg(e) (477 cnil),
stretch shows PR structure with what looks like two Q branches respectively, the CC stretch and the CNO bend. The positions
(labeled as such in Table 2), although one of these may ariseof these normal modes are in good agreement with the calculated
from a difference band of the types + vip — vio. The frequencies, as are the intensities, with the more intesse
antisymmetric stretch shows a complicated rotational profile showing PR structure and two central Q branches again possibly
consistent with the concurrent excitation of low-frequency resulting from difference bands. The perpendicular basnd
bending modes. The value of 2311 chis assigned to the most  exhibits K structure, albeit not as clear asygnand v7, with
intense feature, although Q branches at 2305, 2318, and 233%xtra “spiked” intensity in the center of the band, suggesting
cm™! are observed. Such hot band structure was observedthat { ~ 1, and/orA’ = A" and B' = B". The remaining
previously on the antisymmetric CNO stretches of BrCNO, fundamental in our range, the GHock vg(e), is more
CICNO? NCCNO1! and ONCCNQO213 problematic. On the basis of the solution wéfkyhich places

To the high wavenumber side of the symmetric stretch vg at 1177 cnmt, we should assign the observed band at 1162
centered at 1348 cm are two additional weak bands with quite  cm™! to this mode. However, we note (Table 2) that the
different rotational profiles (see the insets of Figure 3), predicted calculated intensity for this band is exceedingly low,~ZD
by the ab initio calculations to correspond to the antisymmetric times less than for the adjacen and the position calculated
v7(e) and symmetricvy(a;)) CHz deformations. These are by both computational methods is 280 cnt? lower, the only
identified, respectively, at 1453.2 crh(most intense subband time that the (unscaled) calculations give a lower value than

of the well-spaced’Q and PQ subbands of an BE— A; experiment. Perhaps more convincing is the fact that the
perpendicular transition) and 1394 ci(center of the PR comparable Chklrock in the similar molecule C¥CN*® is
structure), mimicking in profile the close e andmair (v and located at 1041 cri. There is a very, very weak band at 1034

v1) in the CH; stretching region. The degenerate mode exhibits cm™ in the spectrum, which we believe is a more likely
the expected intensity alternation due to nuclear spin statistics;contender fows. The lowest bending mode, is not observed
the positions of these subbands, with an average spacing of abouin this work, having been estima&édrom thel-type doubling
13 cnml, are given as a footnote to Table 2. This spacing is constant obtained in the microwave spectréhto be 150(50)

somewhat higher than that observed fgr(ca. 9 cnt?), but cm~1, although the solution work places this band at 297 tm
understandable in terms of the possible allowed values (between(see also below).
+1 and—1) of . In the absence of the Coriolis forcg € 0), A comparison of the present gas-phase data with the soléition

the calculated rotational constants (Table 1) predict a value of and matrix work! shows good correspondence (apart fregn
ca. 10.5 cm? for the subband separation. A curious feature the main discrepancies arising from the precise location of the
(possibly arising from an AE Coriolis interaction and a  degenerate modeg andv7, where, as noted above, the position
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TABLE 3: Experimental Vibrational Frequencies (cm~?) of ' ‘
the Very Weak Bands in the IR Spectrum of CHCNO CH,CNO

Assigned to Overtone, Combination, and Other Bands ™
tentative e s G@-e0
(exptl (gas)  assignment qualifier o N M
3634 v2+ va(Ad) ? depends on band centenef i \
3096 v2 + vs5(A1)
2880 R} +17(E) ? depends on band centeno?
2865 P vaT v ? but not predicted to have PR structure
A
2694 R St
2685 Q 10 12 14 16 18 20
2682 Q 2va (A1) IONIZATION ENERGY (eV)
2679 P . .
2533 g+ vo (A, E) 2 depends on band centengf Figure 4. Hel p_hotoelectron spectrum of GEINO and schematics of
2422 R} () 2 depends on band centengf the corresponding molecular orbitals.
2415 V3T e ? but not predicted to have RQ structure . o
2179 Q vs + vs (A1) or P Q TABLE 4. Experimental and Calculated lonization
vo—vio(E)  predictsrigat ca. 132 cmt Potentials (eV) of CHCNO
ggi; E} 2vg (A1, E) ? depends on band centengf calcd orbital
1788 ° exptl 1P HAM/3P OVGP KTe character
1162 vg+v10(A1, E)  ? depends on band centengf 9.92 9.71 (e) 9.82 10.37  mw(CNO)
predictsvip at ca. 128 cmt 14.75 14.75 (e) 15.32 16.62 nCHs;
910 vs + v10 (E) predictsvip at ca. 125 cmt 16.3 16.26 (e) 16.57 18.28 m(CNO)
615 vo+v10(A1, E) predictsjpat ca. 135 cm? 17.0 16.77 (9 16.84 18.59 o(C—-C)
@ Hot bands onv; (see the text) preclude a precise determination of 17.68 2137'5958((3 %ggi %2481421 gggo& )
the band centeP.A perpendicular-type band structure precludes a ' ’ ' .
precise determination of the band centdbepends on precise location aVertical ionization potentials2 The B3-LYP/cc-pVTZ calculated
of the band center for the very, very, weakband. geometry was used Koopmans’ theorem IEs (HF//B3-LYP/cc-pVTZ).

. . . forward. In contrast to the PE spectra of the structurally different
of the band centers is uncertain. In Table 2 we have picked theCHgNCO46~47 and CHOCN? molecules, that of. is consistent

most intenséQ orPQ subbands as the band identifiers, although with Cs, symmetry. We note that both HAM/3 and OVGF give

in both modes weaker subbgnds mar(_:h to lower and hlghgr ood agreement for the IPs, experiment and calculation agreeing
energy. The unscaled harmonic calculations do a reasonable jo ithin 0.6 eV. HAM/3 (hydrogenic atoms in molecules), which

for thde pand poltsmonts a?d |?ten?|t|eg, anﬂ tﬁlreé:;efygs 10 is known to give accurate representations of IPs of molecules
considering an afternative location fog. Lveratl the Ba- .. containing first-row atomé& is in particularly good agreement
method performs better than QCISD, although appropriate (within 0.3 eV). The OVGF calculations give a decided
scaling factors could diminish this difference. The CN and NO improvement over the Koopmans' values (Table 4). The

stretchgs, which we have labeled %CNO.) ?”dVS(C_NO)’ sequence of molecular orbitals (MOs) deducedifds
respectively, do show large calculated deviations, evidence for

strong coupling in these modes. ...(83)%(9a)(1ef(2e)f(3ef
Table 3 provides a summary of the remaining weak features
in the spectrum, which are assigned to either overtones or Molecular orbital plots are shown as insets in Figure 4. The
combination bands or are unknown. The point should be madeobserved PE spectrum up to 20 eV corresponds to five ionic
that these bands seem to track in intensity with the fundamentals,states with the sequence 2&), A(E), BE), C(A1), and
and so we have some confidence in assigning them to bands oD(%A,). The first three bands at 9.92, 14.75, and 16.3 eV can,
1; some exhibit aAAPR of ca. 15-17 cnT! consistent with the in the Koopmans’ approximation, be assigned to the degenerate
fundamentals ofl. Several of the combination bands are nonbondingz,,(CNO), pseudaz(CHs), and bondingz,(CNO)
assigned in Table 3 with no commentary. Others, which are molecular orbitals, respectively. The first band at 9.92 eV has
perhaps more insecure, have associated comments. These arisa,narrow Franck Condon profile in agreement with its assign-
in the main, because of the uncertainty in the band centers ofment as a nonbonding orbital in a high-symmetry molecule, and
v, andvz and the predilection for placing at 1034 cm? rather is lower than those of the isomers @¥CO0*:47(10.61 (&) eV)
than the more obvious 1162 cfposition (vide supra), as well  and CHOCN? (11.30 (&) eV). Notwithstanding the breaking
as the uncertainty in locating its band center, xhibits the of the degeneracy due to bending in SLO and CHOCN,
similar multiple Q branches of the fundamental. There is a the lower IP ofl can be rationalized by the following simple
certain internal consistency which arises, and indeed the lowestorbital model; ther system of the-CNO, —NCO, or—OCN
three combination bands predict that the unobserved lowgst  pseudohalide group is delocalized over the three atoms. The
fundamental occurs between 125 and 135 &na prediction bonding orbitals £,) are delocalized over all three, whereas
that is not outrageous given the close agreement with thethe nonbonding orbitalst,) have a nodal plane at the central
calculations and the estimaterom microwave spectroscopy  atom, perpendicular to the frame of the group. Thus,sthe
but, nevertheless, disagreeing with the solution IR result of 297 orbital is localized on the two outer atoms, which feNCO
cm-118 and—OCN are the two most electronegative (O and N), leading
Photoelectron SpectroscopyThe PE spectrum df is shown to a higher IP than in the case 6{CNO. For comparison, the
in Figure 4 with experimental and calculated IPs given in Table first IPs of the hydrogen derivatives HNCCand HCNG* are
4. From a comparison with the known PE spectra of HCHO, 11.60 and 10.83 eV, respectively.
BrCNO,” NCCNO! and ONCCNG@? (see also ref 45), as well The second band in the PE spectrum at 14.75 eV with a broad
as from the calculated IPs, the assignment is relatively straight- Franck-Condon profile is assigned to the degenerate; CH
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TABLE 5: Calculated Geometries, Total and Relative Energies of CH(CNO) Isomers, and Connecting Transition State%

rel energy
total rel energy (kcal/moly
moleculé Ros Ol342,° energy (au), (kcal/mol)e  CCSD(T)(full)//
no. (1234) typé Ri2 Ro3 Rss R14d Q123 0234 (1341d (31234 B3-LYP/6-31G ** B3-LYP+ZPE B3-LYP+ZPE
Energy Minima
3 CNCO A 1440 1.205 1.182 139.6 172.9 180.0 —207.991966 0 0
4 COCN A 1456 1.295 1.166 115.4 177.8 180.0 —207.944522 29.7 251
1 CCNO A 1460 1.165 1.218 180.0 180.0 —207.903433 54.9 57.4
5 CC(NO) B 1477 1262 1.769 1.314 1418 479 454 180.0-207.877618 70.4 64.4
6 CONC A 1450 1.330 1.183 110.7 174.7 180.0 —207.854887 85.1 82.0
7 CN(OC) B 1468 1.563 1.291 1.439 109.7 59.7 69.6 105.2-207.824792 102.8 97.8
Transition States
8 CCNO (5-3) B 1541 1.284 2249 1.248 106.5 26.9 27.8 180.0—207.849783 86.2 86.9
9 COCN (4-3) C 2126 1262 1201 2491 635 176.3 49.0 180.0-207.839871 92.9 91.6
10 CONC (6-4) B 1.448 1565 1.249 1.704 1115 73.6 61.8 101.9-207.811224 111.2 106.3
11 CN(OC)(#) B 1.386 2.138 1.162 2.008 105.2 67.6 80.0 101.5—207.803761 113.6 110.6
12 CCNO (5-1) A 1484 1.276 1.282 120.0 103.4 85.7 —207.802820 115.1 117.2
13 CNCO (#+1) B 1513 1.272 2341 1.283 108.4 23.7 23.5 180.0—207.783494 128.4 128.3
14 CONC (6-1) C 2451 1.244 1208 2774 75.6 166.9 62.3 0.0—207.741824 153.5 150.9
15 CCNO (6-5) C 1926 1.253 1435 1.981 117.2 83.1 105.3 0.0—207.734376 158.2 153.7

a Geometries obtained at the B3LYP/6-31G** level. Bond lengfs4re in A, and bond anglesy( and dihedral angles) are in deg? See
Figure 6 for the generalized shape of the structures and the text for explanations. The numbers in Figure 6 refer to the numbers ifilthe table.
the case of type B! In the case of type C.Energies relative to that of GNCO. The 6-31G** basis set was used in the calculatibBecomposition
of 7 into CO and HC=NH.

pseudar orbital localized on the methyl group, which is mixed ~ AE 4 &
to some extent withry(CNO) (insets of Figure 4). Such GH i
orbitals typically occur between 14 and 16 eV in the analogous 1
CH3NCO and CHOCN molecules. The third band at 16.3 eV~ 180T & DX veef
corresponds to the,(CNO) MOs and has a substantially broader QE '
Franck-Condon profile than that ot,,(CNO), which reflects '
its assignment to the bonding CN®@orbitals. The third and ;
fourth bands in the spectrum overlap, with the fourth observed i
as a shoulder at 17.0 eV. It originates from the highest lying 504 .:
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orbital, which is delocalized over the whole CCNO frame,
having a dominant contribution from the<© bond (see the
insets). The last observed band at 17.68 eV is assigned to the 01
oxygen terminal lone pair orbitab(8a;), such an orbital giving W
rise to a sharp FranekCondon profile in the spectra of HCNO Figure 5. Calculated (B3-LYP/6-31G**) minima and transition states
(17.79 eV), NCCNG' (18.75 eV), and BrCNO(17.14 eV). for isomerization processes for the four main open-chain isomers, CH
No other bands are observed, in agreement with the calculationsNCO, 3, CH;OCN, 4, CH;CNO, 1, and CHONC, 6.

(Table 4) predicting the next IP in the inner valence region
beyond the Hel (21.2 eV) range. JHH

On the basis of the positive inductive effedtl] of the CH H 1\/3\ A HY
group, bands corresponding to the CNO groug(CNO), 7y, 2 4 1 2 B
(CNO), and 1) are expected to destabilize and shift toward 3
lower IP compared to those of HCNO. Hence, thg(CNO) 4
orbital, which does not mix with the methyl group pseudo- Ny
orbital, shifts from 10.83 eV in HCNO to 9.92 eV ih The H 3 c
7r(CNO) MOs, however, shift in the opposite direction (15.92 1
eV — 16.3 eV), demonstrating a substantial interaction between 2
.the me_thyl pseudee and CNO bondingz orbitals. This Figure 6. Structural configurations and labeling scheme for the
interaction overcompensates for the methyl gredigffect, thus calculated (B3-LYP/6-31G*) structures in Table 5.
stabilizing thes,(CNO) orbitals.

Isomerization of 1. Figure 5 shows the calculated (B3-LYP/ cally close isomers with a small barrier between them, 11.0 and
6-31G**) minima and linking TSs for isomerization processes 23.8 kcal/mol from the nitrene and oxazirine sides, respectively.
in CH:CNO (1), CH;NCO (3), CH;OCN (@), and CHONC (6). At the current higher level, these two minima have collapsed
The calculated total and relative energies (including the zero- into 5, which, from a comparison with typical-€N, C—0, and
point energy (ZPE)) of the minima and TSs are given in Table N—O single and double bond8has a G-N bond length akin
5, with the structural labeling scheme presented in Figure 6. to that of a double bond, a-80 between a single and double
The present DFT calculations concur with the sequence of bond (49% double bond character), and an@imuch longer
stabilities predicted previously using HF/STO43@nd find two (ca. 0.32 A) than a single bond. Such a structure for ring@GH
other minima,5 and7, each being a methyl group attached to (NO), 5, is in keeping with analogous structures calculated for
a three-membered ring, through either8p ¢r N (7). Structure HC(NOY%51and NCC(NO)2 The minimum-energy structure
5 is somewhat similar to both methyloxazirine and methylcar- has a methyl CH eclipsing the CN bond, while the other possible
bonylnitrene, which the HF calculations identified as energeti- conformer with methyl CH eclipsing the CO bond, noted
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previously?5is a TS corresponding to rotation of the ggtoup AE
around the G-C single bond. The other cyclic minimuri, is e
energetically high lying, and was previously suggeted an
intermediate in the ECONC — H3CNCO rearrangement. The
present calculations show thaeasily decomposes to CO and 204
H,C=NH (via TS 11 and methylnitrene) with a small barrier
of 12.8 kcal/mol (CCSD(T)//B3LYP+ ZPE), Table 5). It can
be regarded as a potential intermediate in the decomposition of 0
1 via the sequencé — 13 — 7 — 11 (Figure 5).

The room temperature stability of the methyl pseudohalides
can be discussed in the context of the lowest energy path leading -201
to isomerization. We apply here a well-known rule of thumb
which states that a chemical reaction can proceed at room
temperature if the barrier to the process is less than 20 kcal/
mol. Moleculesl, 3, and4 lie in deep wells on the potential _
energy surface (Figure 5), with the lowest isomerization barrier —GOI :
being 59.8, 86.9, and 66.5 kcal/mol, respectively. As far as
intramolecular isomerization is concerned, the calculations Fi9ure 7. Calculated (B3-LYP/6-31G*) least energy surface for the
confirm that these molecules are stable c'onsistent with thed|mer|zat|on of CHCNO o the ring furoxan, and comparison with

. . N - the corresponding dimerization process for CICNO.

experimental observations of longevity in the dilute gas phase

or in inert solid matrixes3 is a liquid at room temperatufe, o ctos 1 andl— 6 of 68.9 and 93.5 keal/mol and for
stable even in the condensed phase, andan be cleanly ;. 39043 — 4 of 66.5 and 91.6 kcal/mol. This type of
generated in solidgas reactions at room temperature, being o, arization can proceed without, e.§.— 4, or with the

semistable in the dilute gas ph&sel is observed in this work intermediacy of a non-pseudohalide intermedidte{ (5) —

to %e sta(tj)lehto |sotm|er|z?t|on mtthe gas phase and in the 3). The latter is a standard loss process for large nitrile oxides
condensed phase at low gmpera ures. _ to isocyanates at elevated temperatdrasd was proposed as

~ Molecules5 and 6 are in much shallower wells, witls a potential loss route for photochemically induced RCNO
Isomerizing to3 via TS 8 with a barrier of 22.5 kcaI/mOI, and RNCO rearrangements in |Ow_temperature matrPed=or 1 at

6 to 4 via TS 10 with a barrier of 24.3 kcal/mol, much less  room temperature, however, this is not favored, the alternative
than the barrier of 43 kcal/mol suggested by the HF calculations, |oss route for such small nitrile oxides being intermolecular

which also predicted an intermediate in a shallow well not found  gimerization, a much lower energy process.

at the present level of theory. The barriers, however, are high  pimerization of Acetonitrile N-Oxide. 1. to Dimethyl-
enough to suggest that spectroscopic investigatioh afd 6 furoxan, 2. The short lifetime ofl, and indeed other small nitrile
may be feasible at room temperature or lower, although they gyiqes, has been long known to be due to dimerization to the
can isomerize at higher temperatures. As far as we K0@s  f,1oxan, with presumed low activation barriers. Such dimer-
not been |dentn;|ed, bué has, as a minor component among  izations are a special type off2] dipolar cycloaddition, where
the cold (-196 °C) trapped reaction products of the FVP of 4t the 1,3- and the 1,2-dipoles are nitrile oxides. We have
3-methyl-4-O-methyloximino)isoxazol-5(4)-one; with the calculated this surface fot at the B3-LYP/6-31G** level
suggested intramolecular decomposition process being thafts|iowing a procedure similar to that used for the dimerization
predicted here. Moleculg, as discussed above, is not stable at ¢ c|cNO® Mechanisms for such 1,3-dipolar cycloaddition

room temperature. reactions have engendered considerable discussion because a
The geometries of the TSs (Figure 5, Table 5) clearly definitive choice between the two main mechanisms could not
represent the structural changes that the molecules make duringhe made (see, for example, ref 54), the issues relating to a
the isomerization processes. The pseudohalide “normél$o” simultaneous one-step procé38® or a sequential two-step
(viz., cyanatet <> isocyanate8, and fulminates <> isofulminate mechanisr¥ in which only ones bond forms in the first step.
(nitrile o_xide) 1) rearrangements proceed via four-membt_ared Figure 7 shows the lowest energy reaction path on the
planar rings (structure8 and 14), where the methyl group is  potential surface for this process, comparing it to that for the
simply transferred from one end of the pseudohalide frame to C|CNO case. A Firestone-type process is indicated, a two-step
the other. The barrier for these processes is h|gh, 66.5 and 68.%echanism, where the first Step proceedsT\Sa with an energy
kcal/mol for4 — 3 and6 — 1, respectively, the latter having  parrier of 12.8 kcal/mol, where the two dipoles are in an
been previously calculated at the HF/STO-3G |&vg6 kcal/ extended conformation (NCCN dihedral angle, %:&0-C bond
mol), in good agreement with the present results. The well- |ength, 1.875 A) to an intermediatéM ) with a close to planar
known condensed-phase cyanateisocyanate rearrangement (NCCN dihedral angle, 150 structure and a shorter CC bond
at room temperature cannot be explained by intramolecular (1.550 A). This may be identified as the Firestone intermediate.
isomerization processes, and so bi- or polymolecular reactions|n the second step the extended intermedibtecloses with
may be involved. rotation around the established-C single bond to the final
The type of isomerization where the pseudohalide group five-membered furoxan ring after passing ovefS2 with an
bends strongly to form a three-membered ring which consecu- energy barrier of 7.4 kcal/mol. Sin¢eS2 is higher in energy
tively opens up to form another isomer has been discussedthanTS1, the second step is rate determining. The overall barrier
above. We note here that this is a typical process in the normalof 16.6 kcal/mol atTS2 compared to the energy of two
< normal (fulminated < cyanated) and iso< iso (isofulminate monomers is relatively low, predicting that dimerization lof
1 < isocyanated) isomerization processes with barriefs— must be rapid at room temperature, but high enough to prevent
4, 24.3 kcal/mol;1 — (5) — 3, 59.8 kcal/mol) smaller than  dimerization at lower temperatures. This concurs with our
those of the corresponding normal iso rearrangements with  experimental observation (PE and IR spectra) thaian be

-40+.
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isolated at low temperatures and revaporized bel8@ @ithout (6) Diana, G. D.; Cutcliffe, D.; Volkots, D. L.; Mallamo, J. P.; Bailey,

iynifi ; ; i T. R.; Vescio, N.; Oglesby, R. C.; Nitz, T. J.; Wetzel, J.; Giranda, V.; Pevear,
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following a two-step process, but with significantly different (7) Pasinszki, T.; Westwood, N. P. @.Phys Chem 1995 99, 6401.
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Gillies, J. Z. To be published.
(11) Pasinszki, T.; Westwood, N. P. £ Phys Chem 1996 100, 16856.

Conclusion (12) Pasinszki, T.; Westwood, N. P. @.Am Chem Soc 1995 117,
. 8425.
In this work we have sought to generate {THO, 1, cleanly (13) Guo, B.; Pasinszki, T.; Westwood, N. P. C.; Bernath, B. Ehem

in the gas phase for spectroscopic observation, to comparePhys 1995 103 3335.

structural and spectroscopic data with conventional ab initio (Fl? gﬁgﬁiBls;h};lgsﬁll.gsgzﬁkligg \A’l\ge;;WOOd’ N.P.C.; Zhang, K.-Q.; Bernath,
metho'ds and DFT methoqls, gnd t.o desqr|bg, comp.utatl'ona'lly, (15) Brupbacher, Th.: Bohn, R. K.‘ger, W.: Gerry, M. C. L.; Pasinszki,
potential loss processes via either isomerization or dimerization T.: wWestwood, N. P. CJ. Mol. Spectrosc1997, 181, 316.

pathways. The method chosen, thermolytic cycloreversion of  (16) Koput, J.J. Phys Chem A 1999 103 2170.

; ; ; (17) Koput, J.J. Phys Chem A 1999 103 6017.
the ring dimer dimethylfuroxar, turns out to be an excellent (18) Isner, W. G.. Humphrey, G. L. Am Chem Soc 1967, 89, 6442,

approach permitting the acquisition of clean gas-phase photo-  (19) zinner, G.; Guther, H.Angew Chem, Int. Ed. Engl 1964 3, 383.
ionization mass, mid-infrared, and Hel photoelectron spectra. (20) Mitchell, W. R.; Paton, R. MTetrahedron Lett1979 26, 2443.
The gas-phase IR spectrum, assigned on the basis of band shap%%gl) Mielke, Z.; Hawkins, M.; Andrews, LJ. Phys Chem 1989 93,
a.nd a comparison V\.”th computational results, prov[des a clear (éZ) Bodenseh, H. K.; Morgenstern, K. Naturforsch 197Q 253, 150.
picture of a symmetric-top molecule and should provide a useful  (23) Blackbumn, P. B.; Brown, R. D.; Burden, F. R.; Crofts, J. G.; Gillard,
starting point for high-resolution investigatiéh.The Hel I. R. Chem Phys Lett 1970 7, 102. _ ‘ _

h lectron rum w. ian n th i f (24) Winnewisser, M.; Pearson, E. F.; Galica, J.; Winnewisser, B. P.
photoelectro .Sp.eCt u as assig ed 0 the basi€qp Mol. Spectrosc1982 91, 255. Galica, J.; Winnewisser, M.; Winnewisser,
symmetry and is in excellent agreement with both HAM/3 and 5 "5 5" vl Struct 1984 114, 243
OVGF calculations for the ionization energies. The structure  (25) Poppinger, D.; Radom Ll. Am Chem Soc 1978 100, 3674.
investigated with medium- to large-scale ab initio calculations _ (26) Wiberg, K. B.; Breneman, C. M. Am Chem Soc 1990 112,
demongtrates the continued dlfflcglty for conventional ab initio (27) Koput, J.: Winnewisser, B. P.: Winnewisser, hem Phys Lett
calculations due to strong correlation effects. Nonetheless, DFT 199q 255, 357.
can be a cost-effective approach for such molecules, and this (28) Scholl,Chem Ber. 1899 23, 3499.
approach was used to investigate differences in the potentiall) (29) Ungnade, H. E.; Kissinger, L. Wietrahedron1963 19 (Suppl.
surfaces of1, CHNCO, and CHOCN reflective of their '(30) Frost, D. C.; S. T. Lee, S. T.; McDowell, C. A.; Westwood, N. P.
structural differences, and isomerization processes to chain andc. J. Electron SpectroscRelat Phenom 1977, 12, 95.
ring species. The conclusion is thathas a linear or quasi- 16§31) Pasinszki, T.; Westwood, N. P. @.Mol. Struct 1997 408409,
"”e?‘.r heavy atom chain and is stable tOl urlumolecul_ar deco.m- (32) Asbrink, L.; Fridh, C.; Lindholm, EChem Phys Lett 1977, 52,
position, and as demonstrated by DFT calculations, dimerization g The HAM/3 program (PC version) is available from the QCPE, Indiana
to the stable furoxan is the dominant loss process involving a University, Bloomington, IN (Chong, D. P. QCMP005, 1985).
two-step mechanism. Nonetheless, loss through dimerization isR (3?98’\2915359; W. von; Schirmer, J.; Cederbaum, LC8mput Phys

P . : Rep , 57.
shown to be not as significant as in the case of the halosubsti (34) Frisch, M. J.: Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.:
tuted nitrile oxide CICNO and, by extension, BrCNO. Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,

; i Antifi J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J,;
Acknowledgment. We thank the Hungarian Scientific Stewart, J. J. P.; Pople, J. A. Gaussian 92, Revision E.1, Gaussian, Inc.,

Research Fund (OTKA Grant F022031) and the Natural pitsburgh, PA, 1992.
Sciences and Engineering Research Council of Canada (NSERC) (35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

i i i Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
Iﬁr riset?]m?_land equ;\ner:jt grant? g §upportfof EEIS WorkaT'fP' G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
anks the _unga“an ca emy‘? ciences for the award of a., G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Janos Bolyai research scholarship. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C. and Pople, J. A.: Gaussian 94, Revision D.4,
Gaussian, Inc., Pittsburgh, PA, 1995.
(36) Flammang, R.; Barbieux-Flammang, M.; Gerbaux, P.; Wentrup,

References and Notes
(1) Kricheldorf, R.; Leppert, ESynthesisl976 329.

(2) Pasinszki, T.; Westwood, N. P. @.Phys Chem 1995 99, 1649. C.; Wong, M. W.Bull. Soc Chim Belg 1997 106, 545.

(3) Sakaizumi, T.; Mure, H.; Ohashi, O.; Yamaguchi,Jl. Mol. (37) Pople, J. A.; Head-Gordon, M.; Raghavachari|ri€. J. Quantum
Spectrosc199Q 140 62. Sakaizumi, T.; Sekishita, K.; Furuya, K.; Tetsuda, =~ Chem, Quantum ChenSymp1988 22, 377. Kraka, E.; Gauss, J.; Cremer,
Y.; Kaneko, K.; Ohashi, O.; Yamaguchi,J. Mol. Spectrosc1993 161, D. J. Mol. Struct: THEOCHEM1991, 80, 95.

114. Sakaizumi, T NamikaWa, M.; Ohash|, O Mol. Struct 1995 345, (38) He, Z.; (:rernerY Dint. J. Quantum ChemQuantum Chen‘Symp
189. 1991, 25, 43. He, Z.; Cremer, DTheor. Chim Acta 1993 85, 305.
(4) Wentrup, C.; Gerecht, B.; Laqua, D.; Briehl, H.; Winter, H.-W.; (39) Calculated equilibrium geometry for GNCO using B3-LYP/cc-

Reisenauer, H. P.; Winnewisser, Nl. Org. Chem 1981, 46, 1046. The PVTZ and experimental MWr6) results (Koput, JJ. Mol. Spectrosc1986

choice of nomenclature for compounds of the type RONC is variable. As 115 131) in parentheses: €N = 1.439 (1.4507) A, N-C = 1.197 (1.214)

noted in this reference, and as used in the present paper, we use the IUPACGA, C=0 = 1.173 (1.166) A, &N—C = 139.9 (135.6), N—C—0 =

name “fulminate” for RONC (NOC rule C-833.1; GNOC recommendation 173.7 (170.3).

R-5.9.7.2). (40) Calculated equilibrium geometry for GBICN using B3-LYP/cc-
(5) Grundmann, Ch.; Grunanger, Fhe Nitrile OxidesVersatile Tools pVTZ and experimental MWr¢) results (ref 3) in parentheses:—O =

of Theoretical and Preparate Chemistry Springer-Verlag: New York, 1.456 (1.455) A, -C = 1.287 (1.302) A, &N = 1.156 (1.146) A, &

Heidelberg, Berlin, 1971. Torssell, K. B. G. Mitrile Oxides Nitrones O—C = 115.6 (113.8), O—C—N = 177.9 (178.%).

and Nitronates in Organic Synthesi§euer, H., Ed.; Organic Nitro (41) Pasinszki, T.; Westwood, N. P. C. To be published.

Chemistry Series; VCH Publishers Inc.: New York, 1988. (42) Teller, E.Hand-und Jahrb d. Chem Phys 1934 9 (I1), 43.



Gas-Phase Spectroscopy of £HNO

(43) Parker, F. W.; Nielsen, A. H.; Fletchér,Mol. Spectrosc1957, 1,
107. Nakagawa, I.; Shimanouchi, $pectrochimActa, A1962 18, 513.

(44) Bastide, J.; Maier, J. Ehem Phys 1976 12, 177.

(45) Pasinszki, T.; Westwood, N. P. G. Electron SpectroscRelat
Phenom 1998 97, 15.

(46) Cradock, S.; Ebsworth, E. A. V.; Murdoch, J. D.Chem Soc,
Faraday Trans2 1972 68, 86. Pasinszki, T.; Yamakado,; H.; Ohno, K.
Phys Chem 1993 97, 12718.

(47) Eland, J. D. HPhilos Trans R. Soc London, A197Q 268 87.

(48) Chong, D. PTheor Chim Acta1979 51, 55.

(49) Calculated CN, CO, and NO bond lengths ipCHNH, HzC—
NHa, Ho.C=0, H:C—OH, and HN—OH at the B3LYP/6-31G** level are
1.270, 1.464, 1.207, 1.418, and 1.448 A, respectively.

(50) Mebel, A. M.; Luna, A;; Lin, M. C.; Morokuma, K1. Chem Phys
1996 105 6439.

(51) Jursic, B. S.J. Phys Chem A 1999 103 1880.

J. Phys. Chem. A, Vol. 105, No. 8, 2001253

(52) Fehe, M.; Pasinszki, T.; Veszpmai, T. Inorg. Chem 1995 34,
945.

(53) Maier, G.; Teles, J. HAngew Chem, Int. Ed. Engl. 1987, 26,
155.

(54) Houk, K. N.; Yamaguchi, K. I1,3-Dipolar Cycloaddition Chem-
istry; Padwa, A., Ed.; Wiley-Interscience: New York, 1984; Vol. 2.

(55) Huisgen, RAngew Chem, Int. Ed. Engl. 1963 2, 565; J. Org.
Chem 1968 33, 2291;1976 41, 403.

(56) Huisgen, R. In.,3-Dipolar Cycloaddition ChemistryPadwa, A.,
Ed.; Wiley-Interscience: New York, 1984; Vol. 1.

(57) Firestone, R. AJ. Org. Chem 1968 33, 2285;1972 37, 2181;J.
Chem Soc A 197Q 1570; Tetrahedron1977 33, 3009.

(58) B. P. Winnewisser and M. Winnewisser have indicated (private
communication to N.P.C.W.) that they have some unpublished high-
resolution IR data or.



