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The unstable chloronitrile oxide molecule CICNO has been generated from dichloroformaldox@seNTIH

by low-pressure gas-phase thermolysis or by a-ga#id reaction with HgO or metals. CICNO is characterized

in the gas phase by mid-infrared and Hel photoelectron spectroscopy, with the ground-state geometry obtained
from ab initio calculations at the B3-LYP, MRn = 2—4), QCISD, QCISD(T), CCSD, and CCSD(T) levels

using basis sets ranging from 6-31G** through 6-311G(2d) to cc-pVTZ. The calculated structure is strongly
dependent upon the method employed and on basis set size, but is predicted to be linear or quasi-linear. The
stable ring dimer, dichlorofuroxan, separately synthesized, does not yield the monomer upon thermolysis but
leads to CIC(O)CN as a major product. The ring dimer has been investigated in the gas phase by infrared,
photoelectron, and photoionization mass spectroscopy and also by ab initio calculations at the B3-LYP/6-
31G** level. The same level of theory was applied to an investigation of the mechanism by which CICNO
dimerizes, this being found to be a typical two-step process; the first being formation oftfiebénd and

the second the formation of the-ND bond with ring closure.

Introduction correlation energy calculations were also shown to be important.
These questions are addressed herein using larger basis sets and
including higher levels of electron correlation. Also, to connect
to calculations on the dimer, dichlorofuroxa®) we have
employed density functional theory (DFT), shown recently to
be of value in assessing questions of linearity in HCNO.

Dichlorofuroxan2 readily forms upon dimerization df, but
the mechanism (one-step concerted or multistep) is not known.
The reverse reaction, cleavage2db 1, is also an open question.
We have observed the smooth thermolytic cycloreversion of
dicyano- and dimethylfuroxans to NCCN©and CHCNO
respectively, but pyrolysis of dibromofuroxan yields, principally,
ONCCNO, BrC(O)CN, and Brrather than BrCNG. Thermal
decomposition of furoxans is thus influenced strongly by the
substituent and requires special attention.

Wieland correctly explained the2 formed via a nitrile oxide
intermediate in Kekuls early experiment. Subsequently a
more convenient synthesis was discovéfealiminating the use
of the dangerous mercuric fulminate. More receitlyas been
recognized as an important component of nematocidal and
o fungicidal composition? Apart from liquid-phase IR/UV

and conventional mass spectroscépitudies o2, NMR studies

of dibromo- and diiodofuroxaft-?2and a dipole moment study

of dibromofuroxar? dihalofuroxans have not been extensively
d pursued by other experimental or theoretical tools. We have
recently investigated dibrom®?* and dicyanofuroxait in the
gas phase by IR and photoelectron (PE) spectroscopy and in
the solid phase by Raman spectroscopy and X-ray diffraction.

* Authors for correspondence. E-mail: pasinszki@ch.bme.hu, BOth molecules are planar five-membered rings with an exo-
westwood@chembio.uoguelph.ca. cyclic nitrile oxide group and show unusual molecular or crystal
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The unstable chloronitrile oxide molecule CICNQvas first
generated as a transient species, unknowingly as it turns out,
by Kekulein 1857 when he reacted mercuric fulminate with
chlorine gas. The first direct detection &f however, was
made more than a century later by Maier and Teles using ma-
trix infrared (IR) spectroscopy when dichloroformaldoxime,
Cl,C=NOH, was pyrolyzed in the gas phase at 6@and the
products co-condensed with argon on a cold (10 K) window.
This remains the only physical measurementleso far, with
little known about its spectroscopy, structure, and stability in
the dilute gas phasel is very reactive, rapidly dimerizing to
its stable furoxan dime2 (3,4-dichloro-1,2,5-oxadiazole 2-ox-
ide), thereby precluding its isolation in the pure state. Nonethe-
less, it is widely used in organic synthesis, generated in situ
from CLC=NOH, and utilized for 1,3-dipolar cycloadditioAs.

The four-atoml is spectroscopically and theoretically inter-
esting due to its small size and potentially quasi-linear behavior.
Early semiempirical MND®and ab initio Hartree Fock (HF)
calculations using a minimal STO-3G basis’setedicted a
linear structure. Our recent ab initio calculations on BrGN
and ONCCNG and those on the parent nitrile oxide, fulminic
acid HCNO-14 show that inclusion of electron correlation is
of crucial importance in predicting equilibrium structures for
such nitrile oxides. The calculations indicated a pronounce
effect of triple substitutions on the lineabent question and,
in addition, basis set size and inclusion of core electrons in the
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structures: e.g., bond lengths of dicyanofuroxan lie outside the SCHEME 1
standard range obtained for other known furoXanand A CICNO, HCI, NO, CO, CO»
dibromofuroxan forms chiral crysta#4. In both cases, standard / Cl,CO, CIC(O)CN, CICN, HNCO
HF and MP2 calculations have difficulty, with DFT provingto Cl 400 - 600 °C
be a more viable computational approach. Nc=N

In this paper we report the first gas-phase generation, IR, ¢|” \OH 70-90°C, HgO(s)
and PE spectra df and a detailed investigation of its ab initio \ CICNO, (CICNO)5, H20, CO,
equilibrium structure using a variety of methodis character- B CICN, CO, NO
ized for the first time in the gas phase by PE and IR
spectroscopies, by photoionization mass spectroscopy (PIMS),molecular orbitals (MOs) and the 12 lowest lying unoccupied
and by quantum chemical calculations employing DFT. Of \os were included. All calculations were performed with the

particular interest are the structures and spectroscofiyaofl Gaussian-92 and Gaussian-94 quantum chemistry packéges
2 and the nature of the dimerization bf implemented on a Silicon Graphics Inc. Challenge/XL worksta-
tion.

Experimental Section

The specifics of the generation of CICNiGrom CLC=NOH Results and Discussion

are given below in the Results and Discussion section.  cpigronitrile Oxide, 1. Generation and IdentificationTwo
Cl,C=NOH(s) was synthesized from trichloronitrometh&he; 14 tes to CICNOL were considered: the thermolysis or base
dichlorofuroxan(l)2 was synthesized by nitration of dichloro-  {reatment of GIC=NOH or the thermolysis of the stable dimer
glyoxime with concentrated nitric acid. The vapors of these 5 Al of the following observations were confirmed by PE,
precursors were then subject to fast flow thermolysis en route p\ms. and IR measurements.

into the PE, PIMS, or IR chamber or cell. _ Thermolysis of GIC=NOH was carried out in a quartz tube
Hel PE spectra were recorded on a fast pumping spectrometer(8 mm i.d.) heated along 15 cm:; for a more efficient pyrolysis,

specifically designed to study reactive/unstable species; resolu-he tube was loosely packed with quartz chips. Formatich of
tion was 45 meV during experiments. Spectra were calibrated 5nq Hc| (the desired elimination product) commenced at 400
with the known ionization potentials (IPs) o@nd No. The °C, but at this temperature large amounts of precursor emerged
instrument, a modification of an earlier versitican also mass | nchanged from the furnace. Increasing temperature decreased
analyze ions produced in the photoionization process. A ihe amount of unreacted precursor, but at the expense of
guadrupole mass analyzer (Hiden Analytical, 320 amu) with increasing amounts of side products such as NO, COz, CO
its El source removed is mounted directly above the photoion- Cl,C=0, CIC(O)CN, CICN, and HNCO (Scheme 1, path A).
izat_ion point, ionization being provid_ed_ by Hel (21.2 <_3V) or Destruction of GIC=NOH was complete at 606C, but at
unfiltered Hla, (10.2-12.7 eV) radiation. PE and single- g temperaturd was only a minor component. Increases to
wavelength PIMS spectra can be recorded within seconds of 79q.¢ |ed to a complete absence of thgv{(CNO) IR bands
each other; thus it !s assumed that for a.given PE spectrum the¢ 1, which, it should be pointed out, have a large oscillator
subsequent PIMS is of the same material. N strength and are distinctive for nitrile oxid&s The 1/HCl ratio

IR spectra (0.5 cmt resolution, 4006400 cntl) were determined from the IR intensities gradually decreased with

collected on a Nicolet 20SXC FTIR using a 20 cm single-pass jncreasing temperature, indicating thawvas not thermally stable
gas cell with KBr windows. The effluent from the pyrolysis higher temperature.

(for 1) or sample container (fa2) was pumped continuously To achieve higher conversion tbat lower temperatures,

through the cell using a rotary pump while maintaining the etq) chips (Cu, Al, Fe) were used instead of quartz, although
pressure between 350 and 400 mTorr @fpand ca. 500 mTorr CLC=NOH reacted with the metals above 40B00 °C
(for 2). forming, among other products, HNCO which overlaps with
Computational Methods vad CNO). With Al metal, formation of the isocyanate isomer,
CINCO, of1 was observed. The best conversion gfd&SNOH

Ab initio calculations forl were carried out at the MP2, MP3, to 1 was obtained using Cu chips at 400. Figure la shows
MP4, QCISD, QCISD(T), CCSD, and CCSD(T) levels using the raw IR spectrum of this reaction, illustrating the presence
standard basis sets: 6-31G**, 6-311G(2d), or cc-pVTZ (Dun- of the distinctivevad CNO) andvs(CNO) bands at ca. 2220 and
ning’s correlation consistent basis set, [5s, 4p, 2d, 1f] on Cl 1340 cnt?, respectively, together with the presence of HNCO,
and [4s, 3p, 2d, 1fl on C, N, and O). DFT was also used to CIC(O)CN, and some unreacted precursor bands at ca.
calculate equilibrium structures fdr in the form of Becke’s 1000 cn11).33 CICN is present also, although the CN stretch
three-parameter exchange functional in combination with the (2219 cn1%)34 with a low oscillator strength does not intrude
Lee, Yang, and Parr (LYP) correlation functional (B3-LYP). on the structure around 2250 cin
The structure o was calculated using the B3-LYP method We have previously notédhat gaseous BE=NOH rapidly
and a 6-31G** basis set. Equilibrium molecular geometries reacts at room temperature with solid HgO or gaseoug NH
were fully optimized and harmonic vibrational frequencies were forming BrCNO. These reactions were attempted with
then calculated using numeric second derivatives to confirm real CI,C=NOH, but to no avail. A rapid reaction does occur,
minima on the potential energy surface (zero imaginary however, between @C=NOH(g) and HgO(s) at slightly
frequency). Transition states (first-order saddle points) and elevated temperatures, 700 °C (Scheme 1, path B). Figure
second-order saddle points were characterized with one or twolb shows the raw IR of this reaction, more clearly evincing
imaginary frequencies, respectively. IPs fbrand 2 were vad{CNO). In addition tal, the stable dime2 (band at ca. 1650
calculated using Koopmans' theorem (RT)and the Outer  cm%), H,0, CQ, CICN (hidden under,d CNO)), CO, and NO
Valence Green’s Function (OVGF) meth#t.In the OVGF were identified among the reaction products.
calculation forl, all electrons were included in the correlation Given that2 readily forms upon dimerization of the monomer
calculation, whereas foR the 22 occupied valence shell 1, a potential route td is the thermal cycloreversion @f For
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Figure 1. (a) Mid-IR spectra of the thermolysis of £=NOH over
Cu chips at 400°C and (b) mid-IR spectra of the flow reaction of

Cl,C=NOH(g) with HgO(s) at 7C¢°C. In both spectra CICNQ is
identified, along with other species.
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Figure 2. Hel photoelectron spectrum of the thermolysis af3GZ#NOH
over Cu chips at 400C. Reaction products are identified

strongest fundamentals (see Table 1 for calculated intensities)
are observed, the antisymmetrig) and symmetriciz;) CNO
stretches at 2219 and 1343 cthtogether with the first overtone

of v, at 2688 cm®. The CIC stretching¢s) and CNO bending

(v4) modes are weak (Table 1) and, although calculated above
400 cnT?, are not observed. The CICN bendgis likely well
below 100 cml. The three observed bands correlate to those
of BrCNO at 2632, 2211, and 1321 cif37 and show very
similar band profiles. The symmetric CNO stretch at 1343tm
with a PR separation of ca. 14 cishows the typical parallel

their stable dimers, this is the method of choice. Formation of band structure associated with a linear molecule. #(@NO)

1, however, was not found upon pyrolysisdbver quartz chips
(Scheme 2). The major products from this reaction at-600
640°C are C}C=0 and CIC(O)CN, with NO, CO, G| CICN,
and CQ as side products.

We note here that CIC(O)CN (cyanoformyl chloride) has
previously been obtained by thermolysis of CIC(O)CCINSCI
at 800 °C.*® although its spectroscopy and structure are
unknown. The use d? (and its bromo analog) as precursor to
CIC(O)CN (and the unknown BrC(O)CN) turns out to be a novel
method for examining their spectroscofSy.

Infrared Spectrum of CICNOAs noted above, and illustrated
in Figure 1, a clean route tbwas not achieved. Nevertheless,
three IR bands of were unambiguously observed, confirming

band at 2219 crrt displays rather complicated structure similar
to that of BrCNG and ONCCNGQ arising from hot bands of
the lowest bending vibration.

The calculated positions of; and v, are in reasonable
agreement with experiment given that they are unscaled
harmonic frequencies. The calculations for the structure (below)
provide evidence for a quasi-linear structure, as do the excep-
tionally low frequencies of 16 cm (B3-LYP/cc-pVTZ) and
32 cnt! (QCISD/6-311G(2d)) calculated for the lowest energy
bending motions (Table 1). The frequency of the lowest
bending mode in NCCNO, a molecule regarded as being more
“linear” than CICNO (and BrCNO) is estimated at 86 chfrom
an analysis of combination bands in the high-resolution IR

the gas-phase identity of this molecule and concurring with the spectrunt®

earlier Ar matrix work® Experimental and calculated vibrational

Hel Photoelectron Spectrum of CICN@rigure 2 shows the

frequencies, calculated IR intensities, and band assignments areaw PE spectrum of the thermolysis of,C=NOH over Cu

shown in Table 1.

chips at 400°C. The conditions are thus similar to those of

The five fundamentals, assuming linearity, comprise three the IR (Figure 1a) and demonstrate the complementarity of the

stretching modes aof symmetry and two bending modes of
symmetry, all IR active. Down to 400 criy only the two

IR and PE results. Marked are strong bands of HRTCahd
CICN/* the latter barely showing in the IR. Traces of £O

TABLE 1. Experimental 2 and Calculated® Vibrational Frequencies (cnT?) of CICNO

calculated
experimental B3-LYP/cc-pVTZ QCISD/6-311G(2d)
gas matrig freq int freq int assignment and description
2688 2643.5 2v,
2219 2281.4 2456 @) 330.2 2458 ¢) 3121 v1 CNO as str
2261.7
1350 R} 1326.3 1373¢) 315.9 13304) 273.6 v, CNO sym str
1336 P,
626 () 0.1 613 ¢) 0.6 v3 CI—C str
466 (1) 5.5 470 (1) 5.9 v4 CNO bend
16 (7) 0.1 32 ) 0.0 vs CICN bend

aBand positions (gas) taken from the maxima of the IR bahtlmscaled harmonic frequenci¢sReference 3¢ In km/mol. & Splitting due to

matrix effects.
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TABLE 2: Experimental and Calculated lonization interesting challenges for ab initio methods. For the linear/
Potentials (eV) of CICNO and BrCNO bent question there are strong basis set and correlation level
CICNO BrCNO dependencies for equilibrium structures, including effects of
expt calcd expt calc@ ionic orb. including core electrons, triple substitutions, and the efficacy
|Pb OVGF =3 OVGFE state character (or otherwise) of using DFT methods. Given thatis

10.28 992 10.05 972 X1 Z(CNO) computat@onally more viable than BrCNO, we now present a
(13.8¥ 13.87 12.91 12.92 "A&AI () computatlonal strategy for the structure and barrler.to I|r.1ea.r|ty
n.od 16.68 15.80 16.42 “BI 7,(CNO) that illustrates many of the subtle influences extant in this kind
n.od 17.83 17.14 1714 & o(n) of molecule.
aThe B3-LYP/6-31G** geometry was usedlVertical ionization First the geometry of was computed using levels of theory

potentials ¢ Partly under CICN and Cfbands.d Not observed. from HF through MR to QCI and CC with a 6-31G** basis

set, excluding core electrons from the correlation energy

and NO are also observed. In addition, two new bands appearcalculations (fc, “frozen-core”). This was repeated with a larger
at 10.28 and 13.8 eV, the latter partially masked by the known basis set, 6-311G**. Then core electrons were included (“full”)
structure of the AX state of CICN at 13.80 eV and the for these two basis sets, and finally the basis set size was
coincident sharp peak of GO at 13.80 e\V#! The PIMS increased to cc-pVTZ where resources allowed. The results are
recorded at the same time as the PES shows strong parent ioiilustrated in Table 3. The given structures refer to the largest
(CICNOY) and fragment NO mass peaks consistent with the basis set feasible at a given level of electron correlation.
PIMS of other nitrile oxide%%1617and only the merest trace of As shown by the calculated barrier to linearity, only HF (not
precursor. Given this, and the evidence of the IR spectrum given in Table 3) and MP3 calculations at the smallest basis
under identical conditions, the two new bands are assigned toset (fc/6-31G**) predict a linear structure fdy, while other
the X2IT and /211 states of CICNO. Table 2 shows these data, MPn, QCI, and CC calculations with the same basis set gave
together with the four OVGF calculated IPs expected in the bent structures but with significant differences in the CICN angle
Hel region. Also given are the corresponding experimental and and barrier to linearity. Both increasing the basis set size (6-
OVGF IPs for the related BrCNO molecule for which the 31G** — 6-311G(2d)— cc-pVTZ), and including core electrons
experimental data is much more clear. The data clearly in the correlation energy calculations lead to a diminution in
demonstrates that the two observed bands belong to CICNO,the calculated barrier height. With “full” and the biggest feasible
both from their positions compared to BrCNO and from the basis sets, the molecule is predicted to be linear using B3-LYP,
trends in the OVGF calculations. TheIB and CS states of MP3, MP4SDQ, QCISD, and CCSD. Resource limitations
CICNO" lie hidden under the intense HNCO bands at 16 and precluded further increases in basis set size at the MP4SDTQ,
17.5 eV. QCISD(T), and CCSD(T) levels, but the trend indicates further

Calculated Structure of CICNOFrom previous experimental  decreases in the barrier for higher levels of theory. This would
and theoretical work on substituted nitrile oxides, XCNO=£X be in keeping with recent large scale ab initio calculafibos
H,%2 Br,837NC,16:38430NC>*) it is clear thatl is likely to have HCNO using the CCSD(T) method, where the barrier decreased
a linear or quasi-linear structure. The parallel band structure from 261— 42— 7 cnm ! using the basis sets cc-pVDZ through
of v, suggests this, but lacking other experimental evidence, cc-pVTZ to cc-pVQZ, respectively.
guantum chemical calculations can provide an assessment of The variation in the calculations demonstrates an unusually
the structure. In previous work on BrCNOgomputational strong effect of triple excitations on the barrier height and
resources hampered our ability to examine thoroughly this geometry, with triples markedly increasing the barrier height
question, although it is clear that such molecules presentand decreasing the CICN angle (compare MP4SDQ vs

TABLE 3: Calculated Barrier to Linearity, Equilibrium Structure, Total Energies, Rotational Constants, and Dipole Moment
of CICNO?

B3-LYP MP2 MP3 MP4SDQ MP4SDTQ QCISD QCISD(T) CCSD CCSD(T)
Barrier to Linearity

basis set

fc/6-31G** 37 784 0 263 1266 195 628 96 582

full/6-31G** 37 676 0 184 1132 125 514 43 470

fc/6-311G(2d) 4 543 0 57 991

full/6-311G(2d) 4 445 0 6 864 0 296 0

full/cc-pVTZ 0 299 0 0

Structure for the Largest Basis Set

Cl-C 1.637 1.643 1.634 1.639 1.682 1.654 1.677 1.654 1.668
C—N 1.157 1.189 1.145 1.154 1.205 1.155 1.185 1.153 1.191
N-O 1.205 1.191 1.197 1.205 1.211 1.216 1.208 1.212 1.218
CICN 180.0 151.8 180.0 180.0 144.7 180.0 146.9 180.0 147.2
CNO 180.0 170.5 180.0 180.0 166.5 180.0 169.7 180.0 169.5
tot. energy —628.25467 —627.47230 —627.46001 —627.47257 —627.46008 —627.40596 —627.44355 —627.40193 —627.17560
AP 336.266 221.379 232.534 240.061
B 2.508 2.593 2.536 2.508 2.564 2.477 2.582 2.484 2.573
C 2.573 2.535 2.554 2.545
ut 3.08 3.34 3.87 4.24 3.08 4.07 3.19 4.17 3.36

aBarrier to linearity in cm?, bond angles in deg, bond lengths in A, total energies in a.u. The given structures are at the largest basis set: viz.,
cc-pVTZ at the B3-LYP, MP2, MP3, and MP4SDQ levels; 6-311G(2d) at the MP4SDTQ, QCISD, QCISD(T), and CCSD levels; 6-31G** at the
CCSD(T) level; all electrons were included in the correlation energy calculations (“falRptational constants in GHz. Isotopes: CI-35, C-12,
N-14, O-16.¢ Dipole moment in Debye.
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MP4SDTQ, QCISD vs QCISD(T), and CCSD vs CCSD(T)).
By including a better description of triple excitations, both T
correlation effects and TT coupling, in the order MP4SDFQ
QCISD(T)— CCSD(T), the calculated barrier height decreases.
Tracking the Mia expansion series (MP£ HF, MP2, MP3,
MP4) using the 6-311G(2d) basis set, an oscillatory behavior
can be seen not only in the calculated barrier height (0, 445, 0,
864 cntl) but also the geometry (especially the CICN angle

J. Phys. Chem. A, Vol. 102, No. 25, 1998943

TABLE 4: Calculated? Equilibrium Structure of
Dichlorofuroxan

and CN bond length) and the total energy. The possibility of
oscillatory behavior of the M series is knowrt®46 starting
from MP1, MP2 exaggerates the effects of the new incoming

terms (the double excitations), MP3 underestimates these due

to DD coupling, MP4 exaggerates the new triple effects (and
strongly overestimates the barrier height), and MP5 underesti-
mates these due to TT coupliffy.The pronounced oscillations

in the calculated parameters are a strong indication of large
electron correlation effects and so their precise description is
of crucial importance.

The level of theory employed determines not only the bond
angles and barrier to linearity but also the bond lengths,
especially the CN bond, which is correlated with the CICN
angle: the longer the CN bond the smaller the CICN angle.
The description of the CN bond length is probably the most
critical in this molecule, and since the inclusion of triple effects
reduces the CICN angle, the CN bond lengthens. Increasing
the basis set size and including a better description of triple
effects in the series, MP4SDTQ QCISD(T)— CCSD(T) then
decreases the CN bond length.

The conclusion is that the calculated equilibrium geometry
of 1 changes markedly depending upon the level of theory, but
that there are clear trends in bond lengths, angles, and barrie
height as a function of the method employed, basis set size,
and the effect of core electrons and triple substitutions. Clearly
1, and nitrile oxides in general, present interesting computational
challenges, but the evidence is thanust be a linear or quasi-
linear molecule. To assist in future detection Ioby high-
resolution spectroscopy, Table 3 also includes the calculated
rotational constants and dipole moments. We note here that
CICNO has been recently detected by millimeter wave spec-
troscopy?’ with the determined rotational constants best match-
ing those from the MP2/cc-pVTZ, QCISD(T)/6-311G(2d), and
CCSD(T)/6-31G** levels of theory.

Dichlorofuroxan, 2. Calculated Structure.The structure
of this molecule, the ring dimer df, is unknown, as is its gas-

fust two or three simple mesomeric structufés.

Clg Cl;
\C C/
5. 2
O
1 \06
N2—O¢ 1.214(1.5) Q@-N2—Cs 105.5
Ns—0O4 1.373(1.1) N—C3—C4 107.1
0:1—N2 1.463 (0.9) G—C4—Ns 112.2
N—Cs 1.334 (1.3) G-Ns—O; 106.3
Cs—Cy 1.421(1.2) N—0O1—N: 108.7
Ca—Nis 1.304 (1.6) G—No—Os 135.3
Cs—Cly 1.698 (1.1) G—Co—Cly 130.9
C4,—Clg 1.712 (1.1) G—C4—Clg 125.7

a Calculated at the B3-LYP/6-31G** level of theory. Bond lengths
in A and bond angles in deg. Total energyl1256.377237 au. Calcu-
lated bond orders in parentheses.

(0.9) bond order, is ©-N,, a possible point of cleavage,
calculated to be 1.463 A, close to the crystal structure values
of 1.438 and 1.454 A for dibromét32and dicyanofuroxafs-32
respectively. The exocyclic N-Og bond is the shortest among
the N—O bonds, with a bond order of 1.5, indicating that the
molecule cannot be simply described as a five-membered ring
with an exocyclic nitrile oxide group. Another mesomeric
structure, a five-membered ring with an exocyclic nitrosyl group,
is also important in the description. A full description of the
structure and charge distribution requires additional mesomeric
structures and supports again the notion that the electron
distribution in furoxans is unusual and cannot be described by

The calculated charge on the furoxan moietyO(24 e,
obtained from the Mulliken population analysis) is reduced
compared to the parent furoxam-@.31 €)?® owing to the
electron-withdrawing Cl substituents. There is a large negative
charge 0.41¢e) on the exocyclic oxygen and a large positive
charge {-0.32¢€) on the connected nitrogen, which makes the
exocyclic N—Og bond very polar. The endocyclic oxygen is
also negative<{0.23¢€) but less so than the exocyclic oxygen,
and the negative charge o ¥ even smaller{0.12¢). There
is little positive charge on the carbon ator<)(09 and+-0.11
€) and surprisingly also on the Cl substituent®(11 anc+0.13
€). Overall the calculated structure of the ring moiety is very
close to that calculated for dibromofurox#¥? as are the

phase spectroscopy. We have recently investigated the theoretica|culated charges.

cal and experimental structures of dicyaitoand dibromo-
furoxar?* using HF, MP2, and B3-LYP/6-31G**, and X-ray
diffraction. A comparison of the calculated equilibrium struc-
tures and the experimental crystallographic data, where we
expect differences to be small for such rigid species, indicates
that both HF and MP2 methods perform poorly, failing to
describe accurately the structures especially for the three
interconnected NO bonds. On the other hand, the structures
and vibrational frequencies calculated by B3-LYP/6-31G**
showed surprisingly good agreement with experiment. Given
this and the fact that conventional ab initio methods are not
cost-effective for the ring dime2, we have chosen to use B3-
LYP/6-31G** to calculate its properties.

The calculated structure is shown in Table 4 along with
calculated Wiberg bond orders obtained from an NBO anafjsis.
The molecule is planar, the-EN bond lengths and bond orders
implying imine-like partial double-bond character, and the
bond, nominally a single bond, is slightly shorter than-a@
single bond. The longest bond in the ring frame, with a small

Photoionization Mass Spectra @ The Hel and Hlg,
PIMS of 2 are shown in Figure 3 and can best be characterized
as a single peak at mass 30 (NQcomparable to that observed
in the conventional electron-impact (El) mass spectrur@?éf
and in the PIMS study of dibromdand dicyanofuroxaf® This
can be attributed to easy cleavage of the®land C-N bonds
in furoxans. With higher detector sensitivity, the molecular ion
atm/z = 154 @5Cl) with the characteristic 9:6:1 pattern for two
Cl atoms and other fragments can be observed with intensities
some 2-3 orders smaller than those of NO lon fragments in
the Hel PIMS (Figure 3a) derived from Mby losing one or
two NO groups (M-(NO)*, M—(NO);") and the fragment
(NO);* have also been observed in mass spectra of substituted
furoxan§20?5and are characteristic of the furoxan group. Other
fragments in the Hel PIMS atVz = 47, 54, 63, 73, 89, 108
(35Cl) correspond to CIE, C;NOT, CIN,+, CIC,NT, CIC,NOT,
CIL,C,N™, respectively. Overall, the Hel PIMS and 70 eV El
mass spectra &are very similar. The fragmentation is reduced
in the HLq 3, PIMS (Figure 3b), and together with the dominant
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Figure 3. (a) Hel and (b) Hl, g, photoionization mass spectra (amu)
of dichlorofuroxan2. Note scale above 40 amu is enhanced by a factor
of 1C%.
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Figure 4. Mid-IR spectrum of dichlorofuroxarg.

NO™ peak, only the parent ion (¥, M—(NO)*, and (NO)*
are observed. Although formation of the-MINO),™ ion is

Pasinszki and Westwood

TABLE 5: Experimental and Calculated Vibrational
Frequencies (cn?) of Dichlorofuroxan

calcd assignment
exptl IR? freqP intensity and description
1646 vs 1732 (& 411.2 v1 ring str (C=N—0 as. str)
n.od 1525 (8) 25 v ring str (C=N)
1401 s 1417 (& 153.4 va ring str (C-C)
1244vw 1278 (9 12.8 v4 ring str (G=N—0O sym str)
1044 m 1063 (2 44.2 vs ring vibr
1001 m 1018 (2 118.4 ve ring vibr
821w 832 (8 24.8 v7 ring vibr
703 vw 714 (9 6.1 vg ring vibr
651 vw 657 (d) 5.1 114 OUt-of-plane def
n.o. 569 (d) 0.7 v1s out-of-plane def
531 vw 525 (8 4.5 v9 C—CI sym str
474 vw 485 (9 8.2 vioring def
441 vw 441 (§ 1.2 v11 C—Cl as. str
n.o. 374 (4) 0.4 v16 OUt-Of-plane def
n.o. 283 (8 1.4 v12 C—Clin-plane as. def
n.o. 254 (d) 2.8 v17 out-of-plane def
n.o. 162 (8 0.3 v13 C—Cl in-plane sym. def
n.o. 132 (&) 0.2 115 out-of-plane def

a2 Gas phase; additional very weak features at 1692, 1326 and 1090
cm L. P Unscaled harmonic frequencies; calculated at the B3-LYP/6-
31G** level of theory.¢ IR intensities in km/mol9 Not observed

Table 5), all strong IR bands observed in the 1:8800 cnt?
region can be assigned to the furoxan ring. The most
characteristic absorption, assigned to tireNCdouble bond,
usually appears in the 1650600 cnt! region. This absorption

is observed at 1646 cm in the spectrum of. According to

the calculations, this normal mode also possesses sotf@ N
character, and may be described as the antisymmet:Nd-€0O
stretch. Its symmetric counterpart gives rise to a small band at
1244 cml. The IR band from the second=eN stretch is
expected between 1600 and 1500¢pand most spectra of
aryl-, acyl-, and alkylfuroxart§ show this band, anywhere
between weak and strong. This band, however, was not
observed in the spectra of dibromfi@nd dicyanofuroxait and

also is not seen in the case 3fin good agreement with the
calculation which predicts a very low IR intensity. The next
four bands at 1401, 1044, 1001, and 821 &ntan be
unambiguously assigned to the furoxan group; they have been
observed in the spectra of all furoxan derivatives investigated
so far82549although an unambiguous assignment for all bands
is not entirely possible due to the strong mixing of normal
modes, arising from similar atomic masses within the furoxan
group. There are five weak bands in the Z8@0 cnt?! region
from which, by analogy with the spectrum of the dibromo

evident in both Hel PIMS and EI mass spectra of substituted derivative®24 the bands at 703, 651, and 474 ©ntan be

furoxans, it is not observed in the Kk, PIMS of any
disubstituted furoxan we have studiédl and may thus be
regarded as typical of the Hl,, PIMS of furoxans.

Infrared Spectrum oR. The IR spectrum of gaseousis

assigned to the furoxan group deformations. The remaining
two bands at 531 and 441 cfare assigned to the two-€Cl|
stretches.

Photoelectron Spectrum @f The Hel PE spectrum is shown

shown in Figure 4 with calculated and experimental frequencies in Figure 5 with experimental IPs listed in Table 6. ®TPs

listed in Table 5. The IR of the liquif has been noted before

and those from the OV@EEmethod were calculated using the

and is in general accord with the data given here. The calculatedB3-LYP/6-31G** structure and are also listed in Table 6. The
frequencies and IR intensities are in good agreement with KT deficiency of overestimating IPs, especially in the high IP
experiment and support the band assignments. It has beerregion is well known, whereas the OVGF method gives very
concluded from IR investigations of several aryl-, acyl-, and good agreement with experiment. From the calculated IPs and
alkylfuroxans in various solverftsthat no absorption bands from a comparison with the known PE spectra of the dibromo
characteristic of the furoxan group appear between 4000 andand dicyan®?2® derivatives, the assignment is relatively straight-
1800 cntl. We have found the same for dibrorfcand forward.

dicyanofuroxar?® with the same holding true fd&. Since the A starting point in describing the electronic structure2of
bands which originate from the -€Cl in- and out-of-plane also applied to the dibromband dicyanofuroxait PE spectra,
deformations are expected to be below 400 €mnd the IR is to consider the molecular orbitals of a furazan fithimodified
intensity of C-Cl stretches are small (see calculated values in with an exocyclic oxygen atom and mixed with MOs arising
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Figure 5. Hel photoelectron spectrum of dichlorofuroxan -0.30 ;‘1’3
TABLE 6: Experimental and Calculated lonization 0.82 %
Potentials (eV) of Dichlorofuroxan 034 &
o
calcct o 036 §
exptl IP HF/Koopmans OVGF orb. character Yo, =
C,
9.69 10.27 (4) 9.27 7 (o) “,
11.10 {12.28 @) 10.84 4 o o
13.05 (3) 11.25 o (o) %, 1 00®
ggi iigg 8 ﬁ;g E' Figure 6. Potential surface for the dimerization of CICN®, and
13:10 (sh) 14.67 ® 13:26 m:: relative energies of stationary points. See text for discussion.
13.65 15.97 (: 14.28 . . . . .
14.31 16.06 8) 13.75 f('nN) next furazan-likeo orbital with a dominant contribution from
15.15 {17-14 @ 15.17 0 (Mo, ting oxygen) O, and the other, the second furazan-likeMO. There are
17.23 (&) 14.68 T three other bands assigneda¢dviOs between 16 and 19 eV.
16.90 18.45 (3 16.88 o An unambiguous assignment is not possible due to the delo-
g'ég %g'gg 8 17.26 g calization over the entire framework; calculations indicate that
' ' the MO corresponding to the band at 16.90 eV has som€IC
aTh_e B3-LYP/6-31G** geometry was usebVertical ionization character.
potentials. Dimerization of Chloronitrile Oxide 1 to Dichlorofuroxan

from the two Cl substituents. The first band 2rat 9.69 eV 2. 1,3-dipolar cycloadditions leading to five-membered het-
originates from the exocyclic oxygen {ut-of-plane lone pair ~ erocycles are the most important reactions of nitrile oxides and
7(no) mixed with the high lying furazan ring orbitals (11.8 have great preparative importance. The first general mechanism
eV in the parent furaz&d. The second band at 11.10 eV is for 1,3-dipolar cycloadditions was suggested by Hui§geh

assigned to two MOs; one is the high lying furazan-Lik&O in the early sixties, a one-step, concerted, cycloaddition mech-
mixed with some Cl character, and the other is the exocyclic anism in which the two new bonds are formed simultaneously
O¢ in-plane o(np) lone pair mixed with the furazan ring at the cost of twar bonds. This mechanism became widely
framework orbitals. This concurs with the high lying<{80 accepted and was not questioned until the work of Fire8tone

eV) O pr and @ orbitals separated by ca. 1 eV in relatively in 1968 which proposed a two-step mechanism, in which only
simpleN-oxides, e.g., pyridin&l-oxides®! and is a characteristic  one o bond forms in the first step, leading to an intermediate
fingerprint for furoxans, being observed in the spectra of the of either cyclo- or extended conformation. In a second step,
dibromo-8 dicyano-2° and dimethylfuroxans’ Between 12 and this intermediate would close to the final five-membered ring
14 eV, the two bands, one centered at ca. 13 eV and the otherafter passing over a second, small energy barrier. All species
at 13.65 eV, must accommodate the two in- and two out-of- in this process are singlets. The mechanism of such cycload-
plane CI lone pair orbitals. The distribution, based on the ditions has long been the subject of controversy (see, for
relative intensities and the calculations, is such that three MOs example, ref 56) because a definitive choice between the two
are assigned to the 13 eV band and one to the band at 13.65main mechanisms could not be made. We will not review the
eV. Similar bands are observed in the spectra of 3,4-dichlo- extensive experimental/ theoretical work on this topic but wish
rothiophen&? (11.5-12.6 eV) andcis-1,2-dichloroethyleng to note that, given the array of possible 1,3- and 1,2-dipoles,
(11.8-14.1) eV, which also indicate that the out-of-plane MOs any of the cycloaddition processes discussed above may happen
shift toward higher energy. This is also observe@jmue to or compete with each other depending on the reaction partners.
mixing with the rings orbitals, with all iy based orbitals shifted The dimerization of nitrile oxides is a special type of {3

to higher energy compared to the other dichloro- analogs due 2] dipolar cycloaddition, where both the 1,3- and the 1,2-dipoles
to the electronegative N and O atoms in the furoxan group. The are nitrile oxides. To study the dimerization df we have
weaker band at 14.31 eV is then assigned to the higher lying chosen the B3-LYP/6-31G** method, which proved capable of
furazan-likeo orbital, which is mainly localized on the ring N describing the structure of both the dimer and monomet, of
atom (calculated value by OVGF is 13.75 eV). The broad band because it incorporates some electron correlation and is com-
at 15.15 eV, by analogy with the comparable band in dibro- putationally feasible given resource limitations. The calculated
mofuroxarf at 14.6 eV, can be assigned to two MOs: one, the results are summarized in Figure 6, where the 3D potential
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energy surface has been obtained by first placing the two  (3) Maier, G.; Teles, J. HAngew. Chem., Int. Ed. Engl987, 26,
i ; 155.

monomltars apart (€C d[:S_tan_CG, 4.0 A)’ pc;lnll(—i- 1), and then hil (4) Torssell, K. B. G.Nitrile Oxides, Nitrones, and Nitronates in

gradga y decreasmg.t is distance 'r‘ defined 'ncr?ments WhII€ organic SynthesisFeuer, H., Ed., Organic Nitro Chemistry Series; VCH

keeping the NCCN dihedral angle fixed and relaxing all other Publishers Inc.: New York, 1988.

bond lengths and angles at each point of the surface. MoreC () Big’\g”%gé- V'%/-?dHogk'/'j\S'P_C”-: K&JSE, Lél Chhesm'l\wS(t)C'h %hem-

H H H H ) ommun . Wade, P. A, Plllay, M. K.; sIngh, 5. Metrahedron
than 120 points on the surface were o.btaln_e.d, including minima, | o 1982 23, 4563, Chiarino, D.: Napoletano, M.. Sala, Synth. Commun
transition states, and saddle points, identified by the values of 1988 18, 1171.
the Hessian. From these B3-LYP calculations, the dimerization (6) Glidewell, C.; Holden, H. DJ. Mol. Struct.1982 89, 325.

i ; i i _ _ (7) Poppinger, D.; Radom, L1. Am. Chem. Sod.978 100, 3674.
(Izlg_u_r € 6) can be characterrl]zeq as Wp'g?"hF”elStO”e dt)y p%cyclo (8) Pasinszki, T.; Westwood, N. P. @.Phys. Chenl995 99, 6401.
addition: a two-step mechanism, in which only omésond, (9) Pasinszki, T.: Westwood, N. P. G. Am. Chem. Sod995 117,
the C-C bond, forms in the first step. The first step proceeds 8425,
via a transition state (TS1) where the two dipoles are in an " (},3)' Teles, J. HB; '\f%?]r' G.;geslségé ?éilr%SSSchaad, L. J.; Winnewisser,

H H H . Innewisser, b. em. ber .
extended Confor_m.atlon (NCCN qmedral ang_le, ‘il)gt_lbadlng (11) Nguyen, M. T.; Pierloot, K.; Vanquickenborn, L. Ghem. Phys.
to an energy minimum (IM) which may be identified as the |ett 1991 181 83.
Firestone intermediate. In the second step the extended (12) Rendell, A. P.; Lee, T. J,; Lindh, Rhem. Phys. Letll992 194,
intermediate, IM, closes with rotation around the established 84-(13) Pinnavaia. N.: Bramlev. M. J.: Su. MD.: Green. W. H.: Hand
C—C single bond to the final five-membered furoxan riag N. C. Mol. Physllégé’78 319.’/’ T B v
after passing over a second transition state (TS2) with an energy (14) Koput, J.; Winnewisser, B. P.; Winnewisser, hem. Phys. Lett.
barrier of 3.0 kcal/mol. Since TS2 is 7.8 kcal/mol below TS1 1996 255 357. _ _ ‘
and the barrier at TS1 compared to the energy of two monomers75é15) Handy, N. C.; Murray, C. W.; Amos, R. Philos. Mag 1994 69,
is 4.3 kcal/mol, the first step is rate determining, in agreement (1) pasinszki, T.; Westwood, N. P. &.Chem. Soc., Chem. Commun.
with Firestone’s mechanism. The dimerization barrier of 4.3 1995 1901. Pasinszki, T.; Westwood, N. P. L.Phys. Cheml1996 100,
kcal/mol is quite low, the calculation clearly predicting that 16&(3?% Pasinszki, T.; Westwood, N. P. C. Manuscript in preparation
dimerization _ofl must be s_pontaneous_and rapld_at room (g Ungnade”H:’E.; Kissingér, L. Wretrahedron1963 19 (Suppl..
temperature, in agreement with the experimental findings. The 1), 143,
potential is quite flat around the TS1 transition state; at TS1  (19) Hackmann, J. T.; Knipers, J. Ger. Offen. 2,135,920, 1972.

the two CNO groups are in an extended configuration (NCCN _, (20) Ungnade, H. E.; Loughran, E. D. Heterocyclic Cheml964 1,

dihedral angle is 189, and with a decrease in the NCCN ™51y kamienski, B.; Schilf, W.; Sitkowski, J.; Stefaniak, L.; Webb, G.

dihedral angle, the calculated barrier to dimerization increasesA. J. Crystallogr. Spectrosc. Re£989 19, 1003.

to 9.8 kcal/mol at a NCCN dihedral angle of (BP2, second- S (2%) Wh'_tan?a\wf;g;é/'-é4SAte§$g'akv L.; Grabowska, A.; Webb, G. A.
. H . . . pectrocnim. ACI .

order saddle point), which is still fairly low and could be (23) Véetétka, V.. Fruttero, R.. Gasco, A.; Exner, Q. Mol. Struct.

surmounted at room temperature. We have also searched forgg4 324 277.

the “concerted transition state”, but to no avail. SP2 could have (24) Pasinszki, T.; Ferguson, G.; Westwood, N. P. C. Manuscript in
u e " [ ; preparation.

bheelr\tkg &".’amed _cofncertetlj tran2|t|5%nzs£ate_r,hbui ';'3.”_(” since (25) Pasinszki, T.; Ferguson, G.; Westwood, N. PJCChem. Soc.,

the N istance is far too ong (3. ). The1l, -dinitroso-  perkin Trans 21996 179.

1,2-dichloroethylene species, often postulated as an intermediate (26) Gryszkiewicz-Trochimowski, E.; Dymowski, K.; Schmidt, Bll.

in such reaction’’ does not appear on this surface and is not Soc. Chim. Fr1948 597.

; ; ; ; At (27) Frost, D. C.; Lee, S. T.; McDowell, C. A.; Westwood, N. P.JC.
an intermediate in the lowest energy dimerization process. Electron Specirosc. Relat. Phenob®77, 12, 95.

(28) Koopmans, TPhysical933 1, 104.
Conclusion (29) Niessen, W. von; Schirmer, J.; Cederbaum, LC8mput. Phys.
) - Rep.1984 1, 57.
The CICNO molecule has been identified in the gas phase (30) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
by its infrared and Hel photoelectron spectra, following ther- 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,
molysis of CbLC=NOH(g). The structure, unobtainable from J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;

low-resolution IR, has been calculated with medium-scale ab Stewart, J. J. P.; Pople, J. Saussian 92, Résion E.1 Gaussian, Inc.:
initio calculations. Oscillations are observed in therMferies, F’ltzsstil)lf?:h_, Pr'?’ |\1/|9932' Trucks. G. W Schieael. H. B Gill P. M. W
H H H ; rschn, . J.; lrucks, G. ., ©Chlegel, A. b.; GIll, P. . .

and the effects of trlplgs IS pronoun,ced’ but the, conglusmn IS Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T. A.; Petersson,
that ClC'_\lO mu_st be_a linear or qua§|'||near species with a very G a.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
low barrier to linearity. The ring dimer of CICNO has been V. G, Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
investi in th h Hel oh lectron. infrar Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

gStk?ate.d . t.e gas phase by ('al'hp dOtoe ectro I, a e}?’WOng, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
and photoionization mass spectra. The data complement thalcoy 5 Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
observed for other furoxans, with calculations employing DFT Gordon, M.; Gonzalez, C.; Pople, J. AGaussian 94, Résion A.%
assisting with the spectroscopic assignments. The dimerizationGaussian, Inc.: Pittsburgh, PA, 1995.

mechanism has been investigated with DFT, the results sug-lefz) Pasinszki, T.; Westwood, N. P. @.Mol. Struct 1997 408/409

gesting a low-energy process involving a two-step mechanism. (é3) Pasinszki, T.; Westwood, N. P. @.Chem. Soc., Faraday Trans
1997 93, 43.
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