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The stability and reactivity of the neutral species CNCCO generated by one electron oxidation of the anion
[CNCCO]� have been investigated by a combination of theoretical calculations (carried out at the CCSD(T)/aug-cc-
pVDZ//B3LYP/6-31G(d) level of theory) and tandem mass spectrometric experiments. Some of the neutrals formed
in this way are stable for the microsecond duration of the experiment, but others are energised. The neutrals which
are energised may either (i) dissociate [CNCCO  CNC � CO (�92 kJ mol�1)], and/or (ii), undergo the isonitrile
to nitrile rearrangement to yield NCCCO energised neutrals (barrier 133 kJ mol�1, reaction exothermic by 105 kJ
mol�1). Some of these rearranged neutrals NCCCO have excess energies as high as 238 kJ mol�1 and will dissociate
[NCCCO  NCC � CO (�203 kJ mol�1)].

Introduction
Small unsaturated molecules are of much current interest to
both chemists and astrophysicists. For example, the interstellar
molecules C3O, C3S and C3N have been studied both experi-
mentally and theoretically.1–4 Diheterocumulenes have also been
studied, but none have, to date, been detected in interstellar or
circumstellar dust clouds or in interstellar ice (e.g. the gas–ice
interface of comets).5,6 Carbon suboxide (OCCCO) is relatively
stable,7 NCCCO has been observed during neutralisation/reion-
isation experiments in mass spectrometers,8,9 while transient
NCCCN is available by photolysis or pyrolysis of dicyanodi-
azomethane,10 or by neutralisation/reionisation of [NCCCN]�,11

and has been shown to be triplet by electron spin resonance
spectroscopy.12

In previous studies we have shown that cumulenes and
heterocumulenes formed with excess energies following vertical
one-electron oxidation of anion precursors may undergo
rearrangement of the cumulene backbone. Particular examples
include the equilibration of the carbon atoms of (i) linear C4,
(a process which occurs via rearrangement through rhombic
C4

13), and (ii) NCCCN.10 The rearrangement of NCCCN is the
most complex cumulene rearrangement that we have studied to
date: theoretical calculations at the B3LYP/6-31G(d)//B3LYP/
6-31�G(d) level of theory indicate that the 3Σ�

g  ground state of
NCCCN is 75 kJ mol�1 more stable than the 1A1 state, and that
rearrangement of the backbone requires the singlet NCCCN
neutral to have an excess energy of ≥ 242 kJ mol�1.10 The
rearrangement is outlined in Scheme 1 for the labelled molecule
N13CCCN. The structures in Scheme 1 show bond connect-
ivities; they do not indicate bond multiplicities. The first step of
the rearrangement involves a nitrile/isonitrile rearrangement.
Cyclisation through a rhombic transition state followed by ring
opening places the 13C label in the centre of the molecule. The
nitrile/isonitrile rearrangement is a key step in this rearrange-
ment: typically, the energy difference between an isonitrile and
a nitrile is 65 kJ mol�1 with the interconversion barrier (for
RCN to RNC) about 190 kJ mol�1.14 In this case, molecular

Scheme 1
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modelling indicates the difference between the two isomers to
be 65 kJ mol�1 with the barrier 242 kJ mol�1.10

The corresponding neutral N13CCCO can be formed by
neutralisation/reionisation of [N13CCCO]�. There is no evidence
of carbon scrambling of the nitrile to isonitrile rearrangement
occurring when N13CCCO is energised: instead, the neutral
decomposes by loss of CO.9 This is a general feature of
cumulene oxides, when energised they lose CO rather than effect
rearrangement of the cumulene system.4,15 We have recently
reported the formation of the related singlet cyanoketene
(NCCHCO) by one electron oxidation of [NCCHCO]��.16 This
species is stable under the conditions of the neutralisation/
reionisation experiment: it neither rearranges to the less stable
isonitrile [process endothermic (�118 kJ mol�1) with a barrier
of 246 kJ mol�1 at the CCSD(T)/aug-cc-pVDZ//B3LYP/
6-31G(d) level of theory] nor dissociates to CO and HCCN
(dissociation energy 280 kJ mol�1).16

Although it is not unreasonable that XCnO systems should
lose CO [because the negative heat of formation of CO (∆Ho

f

(gas) = �110.5 kJ mol�1) 17 may reduce the endothermicity of
the reaction sufficiently for the dissociation process to be
observed under neutralisation/reionisation conditions], it is
perhaps unusual that NCCCO should not undergo at least
some rearrangement to the isonitrile isomer CNCCO.
Although neither NCCCO nor CNCCO have been reported as
interstellar molecules, they could, in principle, be useful
intermediates in the formation of biomolecules, particularly
in regions of interstellar ice. Nitriles constitute some of the
most abundant of the 123 molecules so far identified in inter-
stellar and circumstellar dust clouds.5 Fifteen nitriles (or species
which contain terminal CN groups) have been detected to date,
whereas only five isonitriles have been reported; namely, HNC,
CH2NC, CH3NC, MgNC and AlNC.5

In this paper we report the synthesis of [CNCCO]�, and use
this precursor to determine if we can make the neutral
CNCCO, and if so, whether it rearranges to the more stable
nitrile isomer.

Results and discussion
The experimental part of this study was always going to be a
difficult undertaking. First, we had to ensure that the isonitrile
precursor was introduced into the chemical ionisation source
of the ZAB without undergoing thermal isomerisation to the
isomeric nitrile. In addition there was the possibility that one
(or more) of the CNCCO anion, neutral and/or cation mayD
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Table 1 Geometries and energies of anions shown in Fig. 1

 11� 12� 13� TS1 TS2

State 1A� 1A� 1Σ — 1A�
Relative energy (kJ mol�1) a 150 268 0 282 286
Dipole moment (Debye) 1.19 0.72 1.69 — —
C1N (Å) b 1.191 1.261 1.184 1.224 1.219
NC2 1.327 1.506  1.483 1.929
C1C2  1.553 1.347 3.032 1.523
C2C3 1.260 1.261 1.251 1.278 1.274
C3O 1.219 1.222 1.216 1.219 1.217
C1NC2 (�) 175.9 67.6  96.9 52.1
NC1C2  63.7 180.0  88.7
NC2C3 149.7 146.8  141.0  
C1C2C3  164.5 180.0  149.6
C2C3O 171.6 178.0 180.0 167.1 168.7
C1NC2C3 180.0 180.0  �9.6  
NC2C3O 180.0 180.0  �178.4  
NC1C2C3   0.0  0.0
C1C2C3O   0.0  180.0

a Energies are calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory and are relative to 13� (�243.700125 Hartrees). b B3LYP/6-
31G(d) geometries. 

(at least partially) rearrange to the isomeric NCCCO system.
As a consequence, this discussion starts with a consideration of
the theoretical aspects of the study, and concludes with the
experimental data.

A Theoretical consideration of CNCCO and NCCCO systems

(i) The anions. The singlet form of [CNCCO]� lies 120 kJ
mol�1 below the corresponding triplet at the CCSD(T)/aug-cc-
pVDZ//B3LYP/6-31G(d) level of theory: as a consequence, the
triplet anion is not considered further in this study. The reaction
coordinate for the conversion of singlet [CNCCO]� to singlet
[NCCCO]� is summarised in Fig. 1, while the geometries and
energies of all minima and transition states shown in Fig. 1 are
recorded in Table 1. The singlet [CNCCO]� anion is an unusual
bent molecule (the NCC angle is 149.7�) lying 150 kJ mol�1

above linear [NCCCO]� on the singlet anion potential surface.
If [CNCCO]� has an excess energy of ≥ 136 kJ mol�1 it may
form a three membered cyclic intermediate which can ring open
to form the isomer [NCCCO]� in a reaction exothermic by 150
kJ mol�1. The conversion of [NCCCO]� to [CNCCO]� will not
occur under the collisional conditions of a neutralisation/
reionisation experiment, because the reverse activation energy
of the process shown in Fig. 1 is too high (286 kJ mol�1). The
rearrangement of the isonitrile anion to the nitrile anion,
although exothermic has a significant barrier of 136 kJ mol�1.
This barrier is not high enough to completely exclude the
possibility of some isonitrile anions rearranging to the isomeric
nitrile. On the other hand, the barrier is high enough to indicate
that the anionic isonitrile to nitrile process is not facile. Another

Fig. 1 The rearrangement of singlet [CNCCO]� to singlet [NCCCO]�.
Energies at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. Relative energies in kJ mol�1. For full details of geometries and
energies see Table 1.

piece of information concerning the stability of singlet
[CNCCO]� is that the decompositions of this species are high
energy processes. The most favourable dissociation, [CNCCO]�

 [CNC]� � CO, is endothermic by 296 kJ mol�1 at the
CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. The
theoretical data suggest that singlet [CNCCO]� is a stable
species, and that any isonitrile/nitrile rearrangement should be
minor under the collisional conditions used for a neutralisation/
reionisation experiment. We conclude that singlet [CNCCO]� is
an appropriate precursor to be used in a one-electron vertical
oxidation to form doublet CNCCO.

(ii) The neutrals. The data concerning the possible
rearrangement of the doublet CNCCO to the isomer NCCCO
are shown in Fig. 2 and Table 2. Doublet CNCCO has an
adiabatic electron affinity of 3.01 eV, and is very similar in
structure to the singlet anion [CNCCO]� (cf. data in Tables 1
and 2). In particular, both molecules are bent (the NCC angle in
the anion is 149.7�; that of the neutral is 140.9�). Because these
structures are so similar, the excess Franck–Condon energy of
the neutral formed by vertical oxidation of the anion will be
very small. This is another reason why [CNCCO]� should be, in
principle, a good anionic precursor of neutral CNCCO.

The neutral rearrangement (Fig. 2) is similar to that already
described for the singlet anion (Fig. 1). The differences lie in the
relative energy differences which are smaller on the neutral
potential surface. It has already been shown that gas-phase
oxidation of [NCCCO]� to NCCCO does not result in
rearrangement of NCCCO.9 This experimental result is con-
firmed by the data shown in Fig. 2; in that the barrier (the

Fig. 2 The rearrangement of doublet CNCCO to doublet NCCCO.
Energies at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. Relative energies in kJ mol�1. For full details of geometries and
energies see Table 2.
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Table 2 Geometries and energies of neutrals shown in Fig. 2

 1 2 3 TS3 TS4

State 2A� 2A� 2Π 2A� —
Relative energy (kJ mol�1) a 105 174 0 210 238
Dipole moment (Debye) 1.07 1.10 1.63 — —
EA (eV) 3.01 2.50 3.47 — —
IE (eV) 9.75 9.98 9.91 — —
C1N (Å) b 1.199 1.297 1.179 1.233 1.227
NC2 1.305 1.400  1.394 1.710
C1C2  1.503 1.274 1.971 1.436
C2C3 1.302 1.300 1.331 1.299 1.292
C3O 1.178 1.176 1.185 1.181 1.179
C1NC2 (�) 174.4 67.6  97.0 55.7
NC1C2  59.5 180.0  79.4
NC2C3 140.9 146.8  137.9 137.4
C1C2C3  160.3 180.0  151.6
C2C3O 166.5 177.1 180.0 166.9 171.2
C1NC2C3 180.0 180.0  180.0 138.6
NC2C3O 180.0 180.0  180.0 114.0
NC1C2C3   180.0  �109.6
C1C2C3O   180.0  �167.0

a Energies are calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory and are relative to 3 (�243.572571 Hartrees)
b B3LYP/6-31G(d) geometries. 

reverse activation barrier in Fig. 2) is high (239 kJ mol�1). In
contrast, CNCCO requires an excess energy of ≥ 133 kJ mol�1

to proceed through the cyclic intermediate, cleavage of which
gives NCCCO in a reaction exothermic by 105 kJ mol�1. This
barrier is within the range we have observed before for
rearrangements of cumulenes and heterocumulenes,15 so the
likelihood is that some of the initially formed neutral CNCCO
molecules may have sufficient excess energy (produced by colli-
sion processes of the neutrals in the collision cell following the
one-electron oxidation) to rearrange to more stable NCCCO
molecules. The data in Fig. 2 show that if the neutral
rearrangement occurs, the neutral NCCCO products of this
process may have excess energies as high as 238 kJ mol�1. The
dissociation energies of neutral CNCCO and NCCCO are
listed in Table 3. If neutrals NCCCO are produced by
rearrangement, they should have sufficient excess energy to
dissociate to NCC and CO (dissociation energy 203 kJ mol�1).
It is also of interest to compare the excess energy required to
rearrange CNCCO to NCCCO (133 kJ mol�1, Fig. 2) with that
required to effect dissociation of CNCCO. The lowest energy
dissociation of CNCCO is that which forms CNC and CO
(�92 kJ mol�1, see Table 3). These data, when considered
together, indicate that (i) when CNCCO is energised, it is as
likely (perhaps more likely) to dissociate to CNC and CO than
rearrange to NCCCO, and (ii) if there is rearrangement to
NCCCO, the majority of these neutrals will be energised and
dissociate to give NCC and CO.

(iii) The cations. The situation concerning the cation
surfaces is complex, because the ground state triplet [CNCCO]�

Table 3 Neutral dissociation energies a

Neutral processes Dissociation energy (kJ mol�1)

NCCCO�  NCC� � CO 203
  3CCO � CN� 453
  1CCCO � N� 418
  NCCC� � O 615
CNCCO�  CNC� � CO 92
  3CCO � CN� 348
  NCCO� � C 435
  NCCC� � O 615
1NCCCN  NCC� � CN� 422
  NCCC� � N� 485
a Calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. 

lies only 7 kJ mol�1 below singlet [CNCCO]�. Although the
energies of these species are similar, their geometries are quite
different. The ground state triplet is linear (Table 4), whereas
the singlet cation is bent [angle NCC is 125.9� (Table 5): cf.
anion, 149.7� (Table 1), neutral, 140.9� (Table 2)]. Since the
singlet and triplet cations are so close in energy, both will be
accessible by Franck–Condon oxidation of the neutral. Thus
we need to consider the potential surfaces of both the triplet
and singlet cations. The reaction coordinates of triplet and
singlet rearrangements are summarised in Figs. 3 and 4 respect-
ively, with full details of geometries and energies listed in
Tables 4 and 5. In this treatment we have treated both singlet
and triplet cations separately, and have not considered the
possibility of spin crossing.

The reaction coordinate for the rearrangement of triplet
[CNCCO]� to triplet [NCCCO]� is shown in Fig. 3, with full
details of geometries and energies given in Table 4. The mech-

Fig. 3 The rearrangement of triplet [CNCCO]� to triplet [NCCCO]�.
Energies at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. Relative energies in kJ mol�1. For full details of geometries and
energies see Table 4.

Fig. 4 The rearrangement of singlet [CNCCO]� to singlet [NCCCO]�.
Energies at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. Relative energies in kJ mol�1. For full details of geometries and
energies see Table 5.
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Table 4 Geometries and energies of triplet cations shown in Fig. 3

 31� 32� 33� TS5 TS6

State 3Σ 3A� 3A� 3A� 3A�
Relative energy (kJ mol�1) a 89 181 0 207 190
Dipole moment (Debye) 0.01 1.47 1.02 — —
C1N (Å) b 1.232 1.255 1.211 1.250 1.225
NC2 1.250 1.504  1.355 1.802
C1C2  1.400 1.300 1.674 1.385
C2C3 1.306 1.333 1.319 1.324 1.318
C3O 1.156 1.148 1.146 1.152 1.152
C1NC2 (�) 180.0 60.1  79.8 50.1
NC1C2  68.8 180.0 52.9 87.1
NC2C3 180.0 141.7  155.9 131.2
C1C2C3  167.2 180.0 156.8 174.0
C2C3O 180.0 179.3 180.0 176.2 177.2
C1NC2C3 0.0 180.0  180.0  
NC2C3O 0.0 180.0  180.0  
NC1C2C3   0.0  0.0
C1C2C3O   0.0  180.0

a Energies are calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory and are relative to 33� (�243.208221 Hartrees).
b B3LYP/6-31G(d) geometries. 

Table 5 Geometries and energies of singlet cations shown in Fig. 4.

 11� 12� 13� TS7 TS8

State 1A� 1A� 1A� 1A� —
Relative energy (kJ mol�1) a 34 61 0 116 170
Dipole moment (Debye) 0.23 1.36 0.90 — —
C1N (Å) b 1.233 1.390 1.197 1.268 1.235
NC2 1.271 1.309 1.326 1.334 1.681
C1C2  1.454  1.944 1.379
C2C3 1.423 1.385 1.354 1.420 1.354
C3O 1.139 1.133 1.144 1.140 1.146
C1NC2 (�) 168.7 65.1  96.6 53.9
NC1C2  54.7 175.4 43.0 79.8
NC2C3 125.9 141.0  125.1 144.7
C1C2C3  158.9 139.5  141.3
C2C3O 157.0 174.7 168.9 157.7 168.2
C1NC2C3 180.0 180.0  180.0  
NC2C3O 180.0 180.0  180.0  
NC1C2C3   180.0  �127.8
C1C2C3O   180.0  �177.6

a Energies are calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory and are relative to 13� (�243.184614 Hartrees).
b B3LYP/6-31G(d) geometries. 

Table 6 Cation dissociation energies a

Singlet cation processes Dissociation energy (kJ mol�1) Triplet cation processes Dissociation energy (kJ mol�1)

1NCCCO�  1NCC� � CO 199 3NCCCO�  3NCC� � CO 420
  CCO� � CN� 461   CCO� � CN� 523
  CCCO� � N� 435   CCCO� � N� 497
  3NCCC� � O 700   1NCCC� � O 810
1CNCCO�  1CNC� � CO 65 3CNCCO�  3CNC� � CO 320
  CCO� � CN� 427   CCO� � CN� 434
  3NCCO� � C 691   1NCCO� � C 336
  3NCCC� � O 722   1NCCC� � O 751
a Calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. 

anism of the rearrangement sequence is similar to those of
the anion and neutral (considered earlier). The reaction is
exothermic by 89 kJ mol�1, with the triplet [CNCCO]� species
requiring an excess energy of ≥ 118 kJ mol�1 to effect
rearrangement to [NCCCO]�. This barrier is certainly within
the range of those cation rearrangements we have observed
previously in heterocumulene �NR� spectra.15 The data in
Table 6 show that all dissociations of triplet [CNCCO]� are
high energy processes and will not compete with the
rearrangement shown in Fig. 3. The product of the rearrange-
ment, triplet [NCCCO]� is formed with a maximum excess

energy of 207 kJ mol�1; this is not sufficient to cause any of the
dissociations of the triplet [NCCCO]� listed in Table 6.

The data in Fig. 4 and Table 5 suggest that singlet [CNCCO]�

might also undergo rearrangement. The rearrangement is again
exothermic (�34 kJ mol�1), but with a barrier of 136 kJ mol�1

(compare with the barrier of 118 kJ mol�1 for the corre-
sponding triplet rearrangement). However, the rearrangement
is unlikely to occur, because if singlet [CNCCO]� has an excess
energy of 136 kJ mol�1, it would be expected to undergo
dissociation to 1[CNC]� and CO (dissociation energy �65 kJ
mol�1; see Table 6), rather than rearrange to singlet [NCCCO]�.
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To summarise the conclusions of the theoretical
investigation:

(i) There should be little rearrangement of singlet [CNCCO]�

to singlet [NCCCO]�; singlet [CNCCO]� should therefore be a
good precursor for doublet CNCCO,

(ii) Doublet CNCCO occupies a minimum on the neutral
C3NO potential surface. If energised, CNCCO may undergo
two competing processes. It may dissociate to CNC and CO, or
rearrange to NCCCO, which has sufficient excess energy to
cause dissociation to NCC and CO. This suggests that neutral-
isation of [CNCCO]� will produce CNCCO and the decom-
position products CNC, NCC and CO, together with a lesser
amount of stable NCCCO.

(iii) One electron vertical oxidation of CNCCO will form
both singlet and triplet [CNCCO]�. If the triplet ground state
has an excess energy of ≥ 118 kJ mol�1, it will rearrange to
triplet [NCCCO]�. Rearrangement of singlet [CNCCO]� to
singlet [NCCCO]� requires the isonitrile to have an excess
energy of ≥ 136 kJ mol�1. This rearrangement is unlikely to
occur because the dissociation energy of the process
1[CNCCO]�  1[CNC]� � CO is only 65 kJ mol�1. Thus both
the �CR� and �NR� spectra of [CNCCO]� should show a
parent peak due to both rearranged [NCCCO]� and unre-
arranged [CNCCO]� together with fragment cations from (a)
both parent cations, and (b) by ionisation of fragment neutrals.

B The experimental evidence – the �CR� and �NR� spectra of
[CNCCO]

The theoretical data suggest that [CNCCO]� is a stable species
and if there is any rearrangement to the stable isomer
[NCCCO]�, it will be a minor process. The collision induced
mass spectrum (MS/MS) of [NCCCO]� has been reported: 9 it
shows small losses of C, N, O and C2 with the base peak at m/z
38 (loss of CO). The MS/MS of [CNCCO]� is different, in that
it shows only a parent anion together with minor loss of CO.
The peak width at half height of the peaks formed by loss of
CO in the two spectra are different by 6.4 V {[CNCCO]� (77.4
± 0.5 V); [NCCCO]� (71.0 ± 0.5 V)}. The differences in the MS/
MS data, considered together with earlier theoretical data,
suggest that [CNCCO]� retains its structure when energised,
but do not exclude the possibility of minor rearrangement to
[NCCCO]�.

The �CR� and �NR� spectra of [CNCCO]� are recorded in
Fig. 5, and these should be compared with the corresponding
spectra of [NCCCO]�, shown in Fig. 6. The two �CR� spectra
are similar, but there are two significant differences. These are
the peaks at m/z 54 (loss of C) and 12 (formation of C�.) in the
�CR� spectrum of [CNCCO]�; these peaks are absent in the
�CR� spectrum of [NCCCO]�. The presence of these two
peaks indicate that some [CNCCO]� cations survive the
two-electron oxidation of [CNCCO]�. The �NR� and �CR�

spectra of [CNCCO]� are qualitatively similar; the main differ-
ence is that the peak corresponding to loss of CO is larger in the
�NR� spectrum. A comparison of the two �NR� spectra indi-
cates that the loss of CO is more intense in that of [CNCCO]�.

The experimental data are largely in agreement with the more
detailed theoretical study considered earlier. The loss of C and
the formation of C�� in the �NR� spectrum of [CNCCO]�

confirms that some of the CNCCO neutrals survive neutral-
isation of the anion, i.e. within the experimental timeframe
of microseconds. The large peak in the �NR� spectrum of
[CNCCO]� due to the loss of CO can be attributed to either (i)
decomposition of CNCCO {CNCCO  CNC � CO (�92 kJ
mol�1, Table 3)} followed by ionisation of CNC, and/or (ii)
decomposition of singlet [CNCCO]� {1[CNCCO]�  1[CNC]�

� CO (�65 kJ mol�1, Table 6)}. These figures should be
compared with the higher endothermicity of the corresponding
dissociation processes of triplet [CNCCO]�, neutral NCCCO
and both singlet and triplet [NCCCO]� (Tables 3 and 6).

In conclusion, a combination of data provided by both
experimental and theoretical studies, indicate:-

(a) Precursor anion [CNCCO]� is a stable species.
(b) One electron oxidation of [CNCCO]� produces some

neutrals CNCCO that are stable for the microsecond timeframe
of the NR process.

(c) One electron oxidation of [CNCCO]� also gives energised
CNCCO neutrals. Some of these may (i) dissociate to give CNC

Fig. 5 �CR�, and �NR� mass spectra of [CNCCO]�. VG ZAB 2HF
mass spectrometer. For experimental conditions see Experimental
section.

Fig. 6 �CR�, and �NR� mass spectra of [NCCCO]�.9 VG ZAB 2HF
mass spectrometer. For experimental conditions see Experimental
section.
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and CO, and/or (ii) rearrange to NCCCO, which is energised
and may decompose to NCC and CO.

(d) One-electron oxidation of CNCCO and two-electron
oxidation of [CNCCO]� both yield a mixture of decomposing
and non-decomposing cations [CNCCO]� and [NCCCO]�.

Experimental

A Mass spectrometric experiments

All experiments were performed with a VG ZAB 2HF two-
sector mass spectrometer of BE configuration (B stands for
magnetic and E for electric sector), which has been described
previously.18 In summary, the precursor anion [CNCCO]� was
prepared in the chemical ionisation (CI) source of the mass
spectrometer as follows. The neutral CNCH2CO2Et was
introduced via the direct probe in which the capillary contain-
ing the sample was drawn out to a very fine aperture, allowing
for a slow release of vapour pressure to give a measured pres-
sure in the source housing of 5 × 10�6 Torr. The direct probe
and the chemical ionisation source were heated to 50 �C, condi-
tions under which the isonitrile is stable. The substrate was
allowed to react with HO� in the ion source (from H2O, meas-
ured pressure was 10�5 Torr in the source housing; estimated
pressure in the chemical ionisation source 10�1 Torr) by the
standard processes (a) CNCH2CO2Et � HO�  [CN�-
CHCO2Et] � H2O, and (b) [CN�CHCO2Et]  [(CNCHCO)
�OEt]  [CNCCO]� � EtOH.9 Anions were accelerated to
7 keV translational energy and mass selected by means of the
magnet. For collisional activation experiments, the ions were
collided in the field free regions between B and E with helium at
80% transmission (T) of the incident beam; these conditions
approximate single-collision conditions.19

In neutralisation/reionisation experiments (–NR�),20 the
radical ions were neutralised by high-energy collisions with
molecular oxygen (80% T) in the first of the two collision cells
located in the field-free region between B and E. Unreacted ions
were deflected away from the beam of neutral species by
applying a voltage of 300 V on a deflector electrode located
between the two collision chambers. Reionisation of the
neutrals to cations occurred in the second cell by collision with
oxygen (80% T).

The resulting mass spectra were recorded by scanning E.
Charge reversal mass spectra of the anions to cations (�CR�) 21

were obtained by colliding the ion beam with oxygen (80% T) in
the field free region preceding E. Under these conditions, the
CR process can be treated as a vertical, two-electron oxidation
occurring in a single step at a time scale of a few femtoseconds,
although some species may undergo multiple collisions.

B Precursor molecules

The precursor CNCH2CO2Et is commercially available and was
used without purification.

C Theoretical methods

Geometry optimizations were carried out with the Becke
3LYP method 22 using a modest 6-31G(d) basis within the
GAUSSIAN 98 suite of programs.23 Stationary points were
characterised as either minima (no imaginary frequencies) or
transition structures (one imaginary frequency) by calculation
of the frequencies using analytical gradient procedures. The
minima connected by a given transition structure were con-
firmed by intrinsic reaction coordinate (IRC) calculations. The
calculated frequencies were also used to determine zero-point
vibrational energies which were then scaled 24 by 0.9804 and
used as a zero-point correction for the electronic energies
calculated at this and higher levels of theory. More accurate
energies for the B3LYP geometries were determined using the
CCSD(T) method 25 together with the Dunning aug-cc-pVDZ
basis set.26

Calculations were carried out on the alpha server super-
computer (APAC) at the Australian National University
(Canberra).
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