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Radical cations of iminoethenone, RN=C=C=0"* (R = H and CH3), have been generated by digsociative
ionization of isoxazolopyrimidine precursors and structurally characterized by collisional activation mass
spectrometry. Contrasting with the behavior of their sulfur analogues, vertical electron transfer ina neutralization
experiment does not result in the formation of observable RN=C==C=0 neutrals. This finding is in excellent
accord with high-level ab initio calculations at the G2(MP2) level of theory. Although both HNCCO (2) and
CH;3;NCCO (4) are calculated to be stable equilibrium structures, dissociation into HNC (or CH3NC) + CO
require activation energies of only ~ 10 kJ mol-!. Both 2 and 4 are predicted to have a singlet ground state,
78 and 83 kJ mol-!, respectively, below the triplet. Iminoethenone radical cation (2**) is predicted to be the
lowest-energy C;HNO* ion and is stable toward all possible fragmentations: the most favorable fragmentations

into H* + NCCO* and HNC + CO** are in accord with the mass spectrometric observations.

1. Introduction

Heterocumulenes derived from dicarbon, X=C=C=Y (X,
Y = Oor S), have received considerable attention in recent years.
C==C occurs in a variety of chemical reactions and in a wide
range of astrophysical objects.! Thioxoethylidene, :C=C=S, a
molecule of cosmochemical interest, has also been the subject of
numerous publications.2 Despite intensiveresearch, ethenedione,
O=C=C==0, has not yet been observed experimentally.? In
contrast, ethenedithione, S=C==C==S, has been produced and
unambiguously identified in matrix isolation,** flash-vacuum
pyrolysis,*3 and neutralization-reionization experiments. Neu-
tral O==C=C==S has been produced in the gas phase by reduction
of the corresponding radical cations.”

Very recently, we have characterized jonized and neutral
iminoethenethiones, RN=C=C==S,® by tandem mass spec-
trometry methods such as collisional activation (CA)® and
neutralization—reionization (NR)!© mass spectrometry.

Here, we report the studies on a new class of heterocumulenes,
the monoimines of ethenedione, RN=C=C=0 (R = H and
CH;), using a combination of mass spectrometry-based experi-
ments and high-level ab initio molecular orbital calculations!! at
the G2(MP2) level of theory.!?

2. Mass Spectrometry

HN=C=C=0"* (2**) and HN=C=C=0 (2). [C,,H,-
N,O]** radical cations can be generated by dissociative ionization

of various oxygenated analogs of purine. For instance, the 70-eV .

electron impact mass spectrum of 3-phenylisoxazolo[4,5-d]-
pyrimidine-5,7-(4H,6 H)-dione (1) features a signal of moderate
intensity at m/z 55 (12%) (Scheme 1). The CA spectrum of this
ion using helium as the collision gas is shown in Figure 1a. The
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HN=C==C==0 connectivity is clearly indicated by peaksat m/z
40 (loss of NH), m/z 38 ([C=C==N]** ions), and m/z 27 (loss
of CO). This loss of CO is the direct bond cleavage of the lowest-
energy requirement inagreement with thermochemical predictions
(egs 1 and 2):13

AHP(HNC™) + AH,°(CO) = 1297 kI mol™ (1)
AHP(HNC) + AH°(CO™) = 1442 kI mol™  (2)

That HNC** ions are produced in the m/z 55 — m/z 27
fragmentation is clearly demonstrated by a double-collision
experiment on the m/z 27 ions generated by collision-induced
dissociation of the m/z 55 ions. The significant fragments at
m/z 12 and 15 characterize HNC*+, not HCN** (Figure 2).14

Figure 1b shows the CA spectrum of the HN=C=C=0°+
(2°*) ions using oxygen as the collision gas. The relative
abundances of the peaks are quite similar to those observed with
helium, except for a strong increase in intensity at m/z 41
corresponding to the loss of a nitrogen atom. Such behavior is
completely unexpected and could be due to a post-collisional
rearrangement by a 1,2-hydrogen shift into an ionized nitrene,
H(N)C=C=C==0°*.!5 Production of formyl cyanide ions,
H-CO-CN**, seems unlikely on thermochemical grounds!? as
the most favorable cleavage should produce HCO*+ + CN.!5¢ An
MS/MS/MS experiment performed on the m/z 41 ions is shown
in Figure 3. This spectrum is very similar to that of the m/z 41
ions from acetone, which one would expect to have the structure
HCCO"*. However, both of these CA spectra of m/z 41 feature
strong signals at m/z 29, corresponding to the loss of a carbon
atom, whereas the peak at m/z 13 signifies the presence of CH.
We believe that the loss of a carbon atom from m/z 41 is due
to a post-collisional isomerization; an indication of this is found
in the NRMS of these m/z 41 ions, which features significant

© 1994 American Chemical Society
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signals at m/z 13 and 28 but a much reduced one at mjz29. 1t
is our experience with other systems that ions not obviously related
to the structures (i.e., ions formed in isomerization reactions)
have much reduced intensities in the NRMS. 150

Another proof of the NCCO connectivity of the m/z 55 ions
from 1°* arises from a careful examination of the fragment at
m/z 54. Using CA and NR mass spectra, McGibbon et al. have
very recently shown that N=C=C=0+, C=N=C=0t, and
C=C=N=0" ions are stable and distinct species in the gas
phase.’8 These closed-shell ions have been synthesized by
dissociative ionization of pyruvonitrile (CH;~CO-CN), methyl
isocyanate (CH3;NCO), and dichloroglyoxime (HON=C(CI)C-
(Cl)=NOH), respectively. Figure4showsthe CA and NR mass
spectra of the m/z 54 ions produced from 1** which are in very
good agreement with the data published for pyruvonitrile,!6 thus
indicating the NCCO connectivity.

The NR mass spectrum of HN=C=C==0"* (2**) ions does
not present any significant recovery signalat m/z 55 corresponding
to survivor ions (Figure 1c). The base peak at m1/z 28 probably
results from reionization of CO lost by collisional activation of
the ions in the neutralization cell and fragmentation of neutral
| HN=C=C=0 (2) between the cells,!” whereas the other peaks
| can be attributed to reionization and fragmentation of NCCO

radicals. It thusappearsthat,justlikeinthe C,0,case,32hvertical

electron transfer in a neutralization experiment does not result

in the formation of observable HN=C=C==0 neutrals.

CH;N=C=C=0"* (4**) and CH3N=C=C=0 (4). The"

| behavior of 4,6-dimethyl-3-phenylisoxazolo[4,5-d] pyrimidine-5,7-
| dione (3) upon electron impact is identical to that of the parent
heterocycle 1, except for an increased abundance of the ions of
interest, [C3,H;,N,01*+ (m/z 69, 88%) (Scheme 1). The CA

¢ (He) spectrum (Figure 5a) of these ions is characterized by peaks
at m/z 54 (loss of 15 amu) and m/z 15, indicating the presence

of a methyl group. This is confirmed by using the isotopomer
ioms, [C;,D3,N,0]**, produced from the bis(trideuteriomethyl)-
pyrimidinedione (3D). The base peak at m /2 41 corresponds to

: CH;3NC** ions as expected on thermochemical grounds (egs 3

3 and 4):13 '

4

‘ AHP(CH,NC™) + AH,°(CO) = 1147 kJ mol™! 3)
AH®(CH;NC) + AH2(CO*™Y) = 1414 kJ mol™ 4)

These fragmentations establish the CH;3;N=C=C==0 con-
nectivity of the m/z 69 radical cations, which are cumulogs!8 of
{\itroso.mthane ions. Note that, in this case, the CA spectrum
is not significantly modified by using oxygen as the collision gas.
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Figure 1. HN=C=C=0*ions (2°%) (m/z 55) from 1*+: (a) CA (He)
mass spectrum, (b) CA (O;) mass spectrum, and (c) NR mass spectrum.
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Figure 2, MS/MS/MS experiment: partial CA spectrum of m/z 27
(HNC**) ions produced by collisional activation of 72 /z S5 ions from 1°+.

The major difference is seen in the doubly-charged ion region
dominated by HCNCCO2* dications (m/z 33.5) (Figure 5b).1?

The NR mass spectrum (Figure 5¢) of CH;N=C—C=0-+
(4**) does not present any recovery signal at #1/z 69. The peak
at m/z 54 probably corresponds to the reionization of NCCO
radicals formed in the neutralization cell. Again, vertical elec-
tron transfer does not result in the formation of observable
CH3;N=C=C==0 neutrals 4).
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Figure 3. MS/MS/MS experiment: partial CA spectrum of mfz 41
jons produced by collisional activation (Qz) of m/z 55 ions from 1°+.
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Figure 4. CA (O,) (a) and NR (b) mass spectra of N=C=C=0% ions
(m/z 54) from HN=C=C=0"* (2'*, m/z 55).

3. Theory

Method and Results. Standard ab initio molecular orbital
calculations!! were carried out using the GAUSSIAN 92 series
of programs.?? The structures and energies of CHNO, C,-
HNO*+,and C;H;NO were investigated by the Gaussian-2 [G2-
(MP2)] theory. The G2(MP2) method, described in detail
elsewhere,!2is a composite procedure based effectively on QCISD-
(T)/6-311+G(34df,2p)/ /MP2/6-31G* energies (evaluated by
making certain additivity assumptions) together with zero-point
vibrational and isogyric corrections. In the G2(MP2) theory,
the basis set extension energy corrections are obtained at the

MP2level.'2 Optimized MP2/6-31G* geometries for C,HNO-+,
C,HNO, and C;H;NO isomeric structures and transition
structures are displayed in Figure 6, with corresponding G2-
(MP2) total and relative energies summarized in Table 1.
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Figure 5. CA (He, a) (02, b), and NR (c) mass spectra of
CH;N=C=C=0r* ions (m/z 69) from 3°*.

Calculated (HF/6-31G*) infrared spectra of singlet (2S) and
triplet (2T) iminoethenone and its radical cation (2°*) are
presented in Table2. The HF/6-31G* wavenumbers were scaled
by a factor of 0.8929 to account for their average overestimation
at this level of theory.2! Spin-restricted calculations were used
for closed-shell systems and spin-unrestricted for open-shell
systems.

Structure and Stability of HN=C=C=0°"* and Isomeric Ions.
Iminoethenone radical cation (2°*) is predicted to be the lowest-
energy structure of the composition C,;HNO**. HCNCO** is
the next most stable isomer, 16 kJ mol-! above 2°*. Interestingly,
the nitrene radical cation, H(N)CCO-**, also lies close in energy,
35 kJ mol! less stable than 2*+*. H-CO-CN*+, HOCCN"**, and
HCCNO" are significantly higher in energy (Table 1). The
cumulene ion (2°*) is predicted to have a W-shaped skeleton
(Figure 6). It has strongly localized C=N and C=0O bonds
(1.165 and 1.143 A, respectively). For comparison, the MP2/
6-31G* C=N and C=O bond lengths in HCN and CO are
1.176 and 1.150 A, respectively. The calculated C—C bond
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Figure 6. Optimizéd geometries (MP2/6-31G*) of C;HNO*, C;HNO,
and C3H;NO isomeric structures and transition structures (bond length
in angstroms and bond angles in degrees).

distancein2** (1.551 A) issignificantly longer than that calculated
for the sulfur analogue (HNCCS*+, 1.333 A).8 2*+ is predicted
to be thermodynamically stable with respect to all possible
fragmentations. (Table 1). The energetically most favored
reaction corresponds to the loss of a hydrogen atom (endothermic
by 225 kJ mol-!). Consistent with the experimental finding, the
dissociation channel 2*+ — HNC**+ + CO is favored energetically
over that forming HNC + CO**. Other fragmentation processes
are significantly higher in energy (>500 kJ mol-!). Hence,
iminoethenone radical cation (2°%) is calculated to be a stable
species in the gas phase, in excellent agreement with the
experimental observation. The computed adiabatic (IE;) and
vertical (IE,) ionization energies, at the G2(MP2) level, of
HNCCO (2S) are 8.94 and 9.31 eV, respectively. The large
difference between IE, and IE, (0.37 V) reflects the substantial
change in molecular geometry upon ionization (see discussion
below).

Relative Energies of C;HNO Isomers. Several isomeric C,-
HNO structures were considered on both the singlet and triplet
surfaces. Formyl cyanide, H-CO-CN (5), represents the global
minimum on the C;HNO potential energy surface. Iminoet-
henone, HN=C=C=0 (2S), an isoelectronic analogue of

O=C=C==0,3lies 142 kI mol-! above 5. Thecyclic CHNC=0
structure has an energy similar to 2S. Other linear-chainisomers,
HOCCN, HCNCO, and HCCNO, are calculated to have higher
energy than 2S, by 49, 61, and 209 kJ mol-!, respectively. As
with the sulfur analogue HN=C=C==S8 the triplet 3A” state
of HNCCO (2T) is higher in energy (by 78 kJ mol-!) than the
singlet (2S). This result is in sharp contrast to other dicarbon
cum_ulene systems O=C=C==0 and O=C==C==S, which favor
a triplet ground state.3h622 Several triplet C;HNO isomers
H(N)CC(_), H-CO-CN,HOCCN,HCNCO,and HCCNO havé
been considered. Preliminary calculations at the MP2/ 6-’3 1G*
level indicate that their energies are not competitive, and the
were not investigated further. ' d
Geometrical Structure of HN=C=C=0. Asnoted previously
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TABLE 1: Calculated Total*® (hartrees) and Relative
Energies* (kJ mol-!) of HNCCO** (2°%), HNCCO (2S),
CH;NCCO (4S), and Related Species

sym state total energy rel energy*

species

HNCCO** (2°%) C, A’ -206.05957 0

HNCCO-+4d C, A’ -206.04605 355
H(N)CCO*+ C, A’ -206.04619 35.1
H-CO-CN*t+ C, A’ -206.001 51 152.4
HCNCO** G, A" -206.053 59 15.7
HOCCN** C, A’ -206.00413 145.6
H*(3S) + NCCO*(1Z%) -205.973 86 225.0
H* + NCCO*(?A") -205.798 18 686.3

-205.955 49 273.3
-205.920 82 364.3
-205.717 44 898.3
—205.660 76 1047.1
—-205.696 47 953.3
—-205.501 43 1465.4

HNC**(22+) + CO(!Z%)
HNC(!Z+) + CO**(3Z¥)
HN(1Z*) + CCO*(2II)
HN**(2IT) + CCO('Z¥)
HNCC*+(31I) + O(*P)
HNCC('A’) + O**(?P)

HNCCO (25) C, 'A’ -206.38825 0
HNCCO (2T) C, 3A” -206.35869 71.6
HNCCO* C, A’ -206.34978  10L.0
H-CO-CN (5) C, 1A’ -206.44242 1422
¢-CHNC=0 C, A’ -20639499  -177
HCNCO C, A’ -206.36506 60.9
HOCCN C, A’ -206.369 62 489
HCCNO C, 'A’ -20630872 20838
TS: 2S—HNC +CO(6) Cs 'A’ -206.38294 14.0
TS: 28— 5 C. A’ 20627232 3044
HNC(IZ+) + CO('ZY) -206.43590  —125.1
H-(2S) + NCCO"(?A") -206.298 18  236.5

—205.717 44 550.4
—-205.696 47 697.4
-206.211 56 463.9
-206.298 18 697.4

HN@Z-) + CCO(3ZY)
HNCC(A”) + O(P)
HNC(CA’) + CO('ZY)
HNC(!Z*) + COCII)

CH;3;NCCO (4S) C, 1A’ -245.59360 0
CH;NCCO (4T) C, 3A” -245.59211 82.7
TS: 48—~ CH;NC+CO(7) C; 'A’ -245.59058 1.9

CH3NC('A’) + CO(1ZY) —245.658 67 -170.8

a G2(MP2) E, energies. b Calculated G2(MP2) E, energies include
—205.798 18 (NCCO), —205.473 86 (NCCO%), -131.147 56 (HNCC,
1A7),-131.143 96 (HNCC, 3A7),-130.793 93 (HNCC**), -1 32.483 27
(CH3NC), -151.038 57 (CCO, 32), -151.012 49 (CCO, '=%),
~150.641 92 (CCO*+),-93.260 50 (HNC, 1=*),-93.086 44 (HNC, 3A),
~92.780 09 (HNC**), —113.175 40 (CO, 1=+), -112.951 06 (CO, ),
—112.660 32 (CO*Y), —55.140 03 (NH, 33-), -55.075 53 (NH, '2%),
—54.655 19 (NH*, 2IT), -74.978 67 (O, 3P), and —94.353 98 (O**, 2P).
¢ Relative to HNCCO** (2°+), HNCCO (2), and CH3NCCO (4) for
C,;HNO**, C,HNO, and C;H;NO species, respectively. 4 Corresponding
to vertical ionization of HNCCO. ¢ At the equilibrium geometry of
HNCCO**.

TABLE 2: Calculated (HF/6-31G*) Vibrational
Wavenumbers® (cm-!) and Infrared Intensities? (km mol-!)
of Singlet, Triplet, and Radical Cation of Iminoethenone
(2S, 2T and 2°%)

HNCCO singlet (28) HNCCO triplet 2T)  HNCCO** (2*%)
A’ 3453 (87T) A’ 3299  (11) A’ 3411 (113)
2284 @®) 2042 (767) 2178  (305)

1917 (165) 1685  (115) 1628 (287)

656  (77) 1170 (267) 911 (17

616  (151) 700  (11) 689 (587)

495 @) 315 5) 407 (18)

a 178 (0) 230 (58) 240 (9)
A 720 (168) A” 907 (105) A” 301  (7)
273 (0) 254 (0) 239 (25)

2 Scaled by a factor of 0.8929 (ref 21). ¢ Intensity w;alues are in
parentheses.

for OCCO, SCCS, OCCS, and HNCCS, 307822 the X=C=C=Y
systems are generally characterized by rather short central C—-C
bond (1.;8—1.30 A). A similar C~C bond length is calculated
for the triplet HNCCO (2T). On the other hand, a significantly
longer C-C bond length (1.391 A) is predicted for the
singlet (2S), which suggests that 2S is less stable than other
X=C=C=Y analogues. This is readily confirmed by its
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calculated stability (see discussion below). Notethatthe electrons
of the N=C=C=0 skeleton in 2S are considerably more
delocalized than the corresponding radical cation (2°*). The
C—N and C—O bond distances are longer (by 0.04-0.10 A), while
the C—C bond length is shorter (by 0.16 A).

Stability of HN=—=C=C=0. To assess the stability of imi-

noethenone in the gas phase, we have examined all possible (spin-

allowed) unimolecular fragmentation processes of 2S Theenergy
requirement for these reactions are summarized in 'I_'able 1.In
contrast to the sulfur analogue (HNCCS) 8 the energetically most
favorable fragmentation reaction of 2S, the loss of CO, is
calculated to be exothermic, by 125 kJ mol-!. The other
dissociation reactions of 28, leading eventually to H*, O, or NH,
are predicted to be endothermic, by 237, 550, and 697 kJ mol-!,
respectively. Decomposition of 2S to HNC + CO is calculated
to have a small barrier of 14 kJ mol-!, proceeding via transition
structure 6 (Figure 6). Thissmall calculated barrier is consistent
with the fact that the C-C distance in 6 (1.579 A) is rather short,
compared to that calculated for HNCCS (1.862 A; barrier =120
kJ mol-!).8 Thus, iminoethenone (2S) is unlikely to be an
observable species. Unimolecular rearrangement of 28 to formyl
cyanide (5), via a 1,3-hydrogen shift, requires a high activation
barrier of 304 kJ mol-! (but such a process could take place easily
as a bimolecular or wall-catalyzed reaction as in the case of
HNCCS).2 For the triplet HNCCO (2T), the spin-allowed
dissociations to HNC(II) + CO('Z*) or HNC(1Z+) + CO(3Il)
are predicted to be endothermic by 254 and 386 kJ mol-!,
respectively., Therefore, triplet iminoethenone is predicted to be
an experimentally accessible species in the gas phase.
Neutralization in an NR experiment is generally considered
as a vertical process.!® Thus, it is instructive to calculate the
energy for the vertically neutralized species (NE,) of HNCCO.
Our calculations show that vertical neutralization of ground-
state HNC(_:O‘+ (2°*) should lead to neutral HNCCO (singlet)
molecules w1t}1 10 l. kJmol-!internal energy,duetoa large change
In geometry in going from HNCCO** (2:*) to HNCCO (2S)
%e;illgll)l‘; 7. Thl_s energy is well above the energy required (14
or the dissociation of 28 to HNC + CO. Hence, our
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calculated results are consistent with the experimental finding
that iminoethenone is not observable in the NR mass spectrum.
Structure and Stability of CH;N—C=C=0. As with the
parent compound (2), (methylimino)ethenone (4) is predicted to
have a singlet ground state. The singlet-triplet gap is slightly
larger (83 kJ mol-!). The calculated N-C, C—C, and C-O bond
lengths in 4S and 4T (Figure 5) are similar to those calcuiated
for 2S and 2T, respectively. Decomposition of 4S to CH;NC +
COiscalculated to be exothermic (by 171 kJ mol-!) and inhibited
by anactivation barrier of just 8 kJ mol-1, via transition structure
7 (Figure 6). Therefore, 4S is also predicted not to be a feadxly
observable species in the gas phase, in good accord with the

experimental finding.

4. Conclusions

The iminoethenone radical cations 2** and 4+are stabl'e inthe
gas phase on the time scale of the mass spectrometry experiments.
Onthe other hand, the neutral cumulenes 2 ar;ld 4 arci:fnot acc:lt:)sgs:1 l::

experiments, in sharp contrast to their suliurana y
;w:g——s'cies Ab initio calgulations, at the G2(MP2) level of
theory, demonstrated that the neutral iminoetbenoncs (2and 4)
exist in energy wells of only ~10 kJ mol-! with respect to co
loss. Aswith RNCCS, both2and 4are predicted to !lave sx{xglct
ground states. Iminoethenone radical cation (2**) is predicted
to be the global minimum on the C;HNO"** potential energy

surface.

5. Experimental Section

The electron impact mass spectra were recorded on a large-
scale tandem mass spectrometer combining six sectors (VG
Analytical AutoSpec 6F; VG Analytical, Manchester, UK) of
E,B,E;E;B,E, geometry (E clectric sector, B magnetic sector)
operating at an accelerating voltage of 8 kV.2 In t!le ('DA
experiments, a beam of ions is mass selected by the combination
of the first sectors (E; B, E,) and submitted to collisional activation
with helium or oxygen (80% transmission). Inthe MS/MS/MS
experiments, the two collision gases used in sequence were helium
and oxygen. In the NR experiments, neutralization of the ions
with ammonia (80% transmission) precedes reionization with
oxygen, unreacted ions being eliminated by floating the inter-
mediate calibration ion source inserted between the two cells at
9 kV. The spectra were recorded by scanning E; and collecting
the ions in the fifth field-free region.

Compound 1 was prepared according to the literature.24
Compounds 3 and 3D were prepared by methylation of 1 with
dimethyl sulfate [(CD;),SO4 for 3D) using a procedure described
by Schmidt et al.2* 3: mp 164-168.5 °C, 'H NMR (DMSO-d;,
300 MHz) 6 7.7 (m, 5 H), 3.4 (s, 3 H), 3.2 (s, 3 H).
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