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One-electron oxidation of [CCOCC]−• in the gas phase forms stable
and decomposing forms of CCCCO
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The radical anion [CCOCC]−• may be made in the source of a VG ZAB 2HF mass spectrometer by the reaction
between F− (from SF6) and (CH3)3SiC≡COC≡CSi(CH3)3. Vertical (Franck–Condon) one-electron oxidation of
[CCOCC]−• in the first collision cell produces both singlet and triplet CCOCC. A combination of experiment and
molecular modelling (at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory) gives data which are
consistent with the CCOCC neutrals rearranging over small barriers to form singlet and triplet CCCCO in
exothermic reactions. Both singlet and triplet CCCCO formed in this way have excess energy. Singlet CCCCO has
sufficient excess energy to effect decomposition exclusively to CCC and CO. In contrast, some of the triplet CCCCO
neutrals are stable, while others decompose to CCC and CO.

Introduction
There has been only limited detection of polycarbon monoxides
(cumulene oxides) in circumstellar envelopes which surround red
giant stars and in dark interstellar molecular clouds.1–6 The linear
species C2O and C3O [together with the associated propynal
(HC≡C–CHO)] have been detected towards the dark molecular
cloud TMC-1,5,6 while preliminary measurements suggest that
C5O may also be present, but this has yet to be confirmed.7

Linear C5O has been synthesised from an anionic precursor.8 A
number of theoretical studies have been devoted to polycarbon
monoxides,9–12 and the photoelectron spectra of C2O and C3O
have been determined.13 The rotational spectra of CnO (n = 2–
9) have been detected in pyrolytic decomposition and pulsed
discharge nozzle experiments.14–17 Some spectroscopic and/or
structural details of CCCCO have been reported.11,15,18–23

Neutral CCCCO has not been detected in circumstellar
envelopes or molecular clouds, but it seems likely that it should
be an interstellar molecule since the C2, C3 and C5 analogues
have been so identified. The anion radical precursor of CCCCO
may be formed in the ion source of a mass spectrometer by the
reaction between O−• and CH3OCH2C≡C–CO–CH(CH3)2, and
Franck–Condon vertical one-electron oxidation of [CCCCO]−•

gives stable triplet and decomposing singlet forms of CCCCO.23

In the course of that study, the structures and energies of
the singlet and triplet forms of nine C4O isomers (that in
principle, might be formed by isomerisation of CCCCO) were
determined at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G*
level of theory. These are summarised in Scheme 1. All energies
are relative to triplet CCCCO (0 kJ mol−1). Apart from CCCCO,
the only other neutral isomer (shown in Scheme 1) that can
be formed experimentally from a readily accessible anionic
precursor of known connectivity is CCOCC. The synthesis
of the required precursor [CCOCC]−• should be straightfor-
ward, using the Squires modification25 of the DePuy SN2(Si)
reaction.24 In this case the process involves the reaction between
F− and (CH3)3SiC≡C–O–C≡CSi(CH3)3 to yield the products
[CCOCC]−• and (CH3)3SiF.

The aims of this project are:
(i) To synthesise [CCOCC]−• by an unequivocal route and to

determine whether this radical anion is an appropriate precursor
for the formation of neutral CCOCC, and (ii) following (i)
above, to subject [CCOCC]−• to Franck–Condon vertical one-
electron oxidation, and to determine whether the first formed
neutral species CCOCC is stable under the conditions of the

Scheme 1

neutralisation experiment, or whether it either decomposes to
smaller fragments, or rearranges to a more stable isomer.

Results and discussion
We have chosen to describe the theoretical aspects of this project
first and then to investigate whether the experimental data are
in accord with the theoretical findings.

A: The evidence based on theory

Rearrangements and decompositions of [CCOCC]−•

If [CCOCC]−• can be synthesised, will it be an appropriate
precursor for neutral CCOCC? In other words, will this anion
radical survive the collisional conditions necessary to effect one-
electron stripping to form the required neutral? For example,
will [CCOCC]−• (i) dissociate to smaller fragments under these
conditions, or (ii) rearrange to form a more stable radical anion
isomer?

The energies and connectivities of doublet radical anions
are shown in Scheme 1. Relative energies are with respect
to [CCCCO]−• (0 kJ mol−1). If [CCOCC]−• (2−•) were to
rearrange to a more stable isomer during or following collisionalD
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Table 1 Energies and geometries of doublet anions

2−• 7−• 1−• TS 2−•/7−• TS 7−•/1−• TS 2−•/1−•

State 2B1
2B2

2P 2B2
2A′ 2A′

Symmetry C2v C2v C∞v C2v Cs Cs

Energy/Eh −226.80179 −226.78718 −226.94076 −226.75426 −226.78022 −226.76603
Dipole momentb/D 2.52 3.18 4.36 — — —
Bond length/Åb

C1C2 1.267 1.295 1.263 1.277 1.316 1.294
C1C3 — — — — 2.558 —
C1C4 — — 1.337 — — 2.538
C2C3 2.332 1.561 — 1.837 1.454 —
C3C4 1.267 1.295 1.281 1.277 1.292 1.317
C2O 1.324 1.409 1.216 1.370 1.365 1.362
C3O 1.324 1.409 1.370 1.690 1.447
Bond angle/

◦ b

C1C2C3 159.6 149.7 180.0 143.7 134.8 145.5
C2C3C4 159.6 149.7 180.0 143.7 170.5 72.7
OC1C2 — — 180.0 — — —
OC2C3 28.3 56.4 — 47.9 73.6 52.0
C1C2OC3 180.0 180.0 — 180.0 180.0 180.0
C2OC3C4 180.0 180.0 — 180.0 180.0 0.0

a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory including zero-point energy (B3LYP/6-31G*, scaled by 0.9804).39 b B3LYP/6-31G* level
of theory.

activation, possible rearrangement sequences might be 2−• →
7−• → 8−• → 1−• or 2−• → 7−• → 6−• → 1−• (see Scheme 1).

We have investigated the potential surface of the dou-
blet [CCOCC]−• system using the CCSD(T)/aug-cc-pVDZ//
B3LYP/6-31G* level of theory. The results are summarised in
Fig. 1, with full details of minima and transition states listed in
Table 1. The two most favourable reaction pathways are shown
in Fig. 1: both are exothermic by 365 kJ mol−1, but neither
occurs precisely by the interconversion pathways suggested
above. The first is a stepwise process which proceeds through
cyclic intermediate 7−• over a barrier of 125 kJ mol−1, the second
is a synchronous process proceeding through a cyclic transition
state 94 kJ mol−1 above reactant [CCOCC]−• Rearrangements of
negative ions of this type are the exception rather than the rule;26

those that have been confirmed have barriers ≤55 kJ mol−1.27

It thus seems likely that [CCOCC]−•, once formed, should
be stable under the collisional conditions required to convert
[CCOCC]−• to CCOCC. The data in Fig. 1 indicate that
the majority of [CCOCC]−• species should be stable under

Fig. 1 Rearrangement of [CCOCC]−• to [CCCCO]−•. Calculations at
the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory. Relative
energies in kJ mol−1. Structures drawn on the figure indicate bond
connectivities but not bond order.

Table 2 Anionic dissociation pathwaysa

[CCOCC]−• → [CCOC]−• + C 510 kJ mol−1

[CCOCC]−• → [CC]−• + CCO 150 kJ mol−1

[CCCCO]−• → [CCC]−• + CO 151 kJ mol−1

a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory. Energy val-
ues were determined from the following theoretically calculated values
(in Eh): [CCOC]−• = −188.84277, C = −37.76487, [CC]−• = −75.84224,
CCO = −150.90248, CCC−• = −113.81418, CO = −113.06894.

collisional conditions. However, if there is minor rearrangement
forming [CCCCO]−•, the product anions may be energised with
an excess energy of 459 kJ mol−1 [the energy difference between
TS 2−•/1−• and 1−• (Fig. 1)]. The lowest energy dissociation
pathway of [CCCCO]−•, namely [CCCCO]−• → [CCC]−• + CO,
is endothermic by 151 kJ mol−1 (Table 2) at the CCSD(T)/aug-
cc-pVDZ//B3LYP/6-31G* level of theory.23 The majority of
the [CCCCO]−• product anions formed in this way will therefore
decompose in the ion source, others may be collision stabilised
and not decompose.

Theoretical calculations indicate that [CCOCC]−• is a suitable
precursor to effect one-electron oxidation to form CCOCC. The
next question that needs to be answered is whether vertical
oxidation of [CCOCC]−• produces a stable, rearranging or
decomposing neutral. There are, in principle, singlet and triplet
forms of the ten neutral C4O isomers with structures analogous
to those of the anions shown in Scheme 1.† These are also
shown in Scheme 1, with a minority of the structures being

† The level of theory used in this study, namely CCSD(T)/aug-cc-
pVDZ//B3LYP/6-31G(d), is the same as that used successfully in
previous studies. However, it has been correctly pointed out to us by
a reviewer that by using the unrestricted theory [UCCSD(T)/aug-cc-
pVDZ//UB3LYP/6-31G(d)], and by manually swapping the a HOMO
for an a LUMO (orbitals 16 and 17), a singlet diradical state of CCCCO
is achievable which is 22 kJ mol−1 lower in energy than the closed shell
singlet state that we have quoted. This does not change the conclusions
made in this paper or any of our previous papers, including our C4O
paper.23 The data for this open shell state are as follows: state = 1D, point
group = C∞v, energy in Eh (with zero point correction and scaling) =
−226.83035, C4C3C2C1O; OC1 = 1.175, C1C2 = 1.288, C2C3 = 1.290,
C3C4 = 1.313.
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unstable at the level of theory used for these calculations. The
singlet is the ground state of CCOCC lying 445 kJ mol−1 above
singlet CCCCO, the global minimum on the potential surface.
In contrast, the triplet is the ground state of CCCCO. The singlet
and triplet states of CCOCC are 51 kJ mol−1 different in energy
(the singlet is lower in energy) and have similar geometries best
represented by the bent structure C≡C–O–C≡C (COC angles
126.9◦ and 153.5◦ for singlet and triplet structures respectively
(see Tables 3 and 4). Franck–Condon oxidation of [CCOCC]−•

will produce both singlet and triplet CCOCC, and so reaction
coordinate profiles of both singlet and triplet CCOCC systems
must be considered. Since the singlet and triplet of CCOCC
are such high energy species, it seems likely that CCOCC, on

formation, might rearrange to a more stable isomer [e.g. 7, 8 or
1 (see Scheme 1)].

Reaction coordinate diagrams for the lowest energy rearrange-
ment pathways for singlet and triplet CCOCC are summarised
in Figs. 2 and 3, with full details of minima and transitions
states recorded in Tables 3 and 4 respectively. Both processes
are stepwise with maximum barriers of 9 kJ mol−1 (singlet) and
16 kJ mol−1 (triplet). The processes are strongly exothermic;
singlet (−445 kJ mol−1) and triplet (−532 kJ mol−1). The Franck–
Condon excess energies (the energy difference between CCOCC
and the energy of the neutral CCOCC with the anion geometry)
are calculated to be 10 and 35 kJ mol−1 for the singlet and triplet
respectively. Thus both singlet and triplet CCOCC are formed

Table 3 Energies and geometries of singlet neutrals

12 17 11 TS 12/17 TS 17/11

State 1A1
1A1

1R 1A 1A′

Symmetry C2v C2v C∞v C2 Cs

Energy/Eh
a −226.65235 −226.67478 −226.82200 −226.64901 −226.65815

Dipole momentb/D 1.37 0.98 2.12 — —
Bond length/Åb

C1C2 1.293 1.321 1.290 1.298 1.304
C1C3 1.292 1.674
C2C3 2.304 1.436 1.949 1.494
C3C4 1.293 1.321 1.312 1.298 1.329
C2O 1.288 1.403 1.176 1.328 1.314
C3O 1.288 1.403 1.328 1.613
Bond angle/◦b

C1C2C3 162.6 151.9 180.0 144.0 73.1
C2C3C4 162.6 151.9 180.0 144.0 167.7
OC1C2 180.0
OC2C3 26.6 59.2 42.8 69.8
C1C2OC3 180.0 180.0 121.3 0.0
C2OC3C4 180.0 180.0 121.3 180.0

a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory including zero-point energy (B3LYP/6-31G*, scaled by 0.9804).39 b B3LYP/6-31G* level
of theory.

Table 4 Energies and geometries of triplet neutrals

32 37 31 TS 32/37 TS 37/31

State 3B1
3A′′ 3R 3A′′ 3A′′

Symmetry C2v Cs C∞v Cs Cs

Energy/Eh
a −226.63305 −266.63996 −226.83576 −226.63001 −266.62687

Dipole momentb/D 0.66 1.37 2.32 — —
Bond length/Åb

C1C2 1.297 1.388 1.288 1.332 1.391
C1C3 — — 1.289 — 2.609
C2C3 2.457 1.451 1.701 1.420
C3C4 1.297 1.307 1.314 1.296 1.305
C2O 1.262 1.3400 1.175 1.312 1.305
C3O 1.262 1.4740 1.384 1.706
Bond angle/◦b

C1C2C3 173.9 152.2 180.0 150.4 136.2
C2C3C4 173.9 155.5 180.0 153.3 170.8
OC1C2 — — 180.0 — —
OC2C3 13.3 61.9 — 52.8 77.4
C1C2OC3 180.0 180.0 — 180.0 180.0
C2OC3C4 180.0 180.0 — 180.0 180.0

a CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory including zero-point energy (B3LYP/6-31G*, scaled by 0.9804).39 b B3LYP/6-31G* level
of theory.
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Fig. 2 Rearrangement of singlet CCOCC to singlet CCCCO. Calcula-
tions at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory.
Relative energies in kJ mol−1. Structures drawn on the figure indicate
bond connectivities but not bond order.

Fig. 3 Rearrangement of triplet CCOCC to triplet CCCCO. Calcula-
tions at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G* level of theory.
Relative energies in kJ mol−1. Structures drawn on the figure indicate
bond connectivities but not bond order.

with sufficient excess energy to effect the favoured rearrangement
pathways shown in Figs. 2 and 3.

The two rearrangement pathways produce energised CCCCO
[singlet 454 kJ mol−1 and triplet (−548 kJ mol−1)]. The major
dissociation pathways of CCCCO have been reported.23 The
lowest energy pathways for both singlet and triplet are CC-
CCO → CCC + CO. These processes are endothermic; requiring
19 and 256 kJ mol−1 for the singlet and triplet processes.
Thus, the rearrangement of the singlet (Fig. 2), should produce
the decomposition products CCC and CO almost exclusively.
In contrast, the triplet rearrangement should produce some
CCCCO neutrals which decompose to CCC and CO, while other
CCCCO neutrals will be collision stabilised (in the collision cell)
and not decompose.

In summary, the theoretical study suggests that (i) [CCOCC]−•

should be a suitable precursor for vertical one-electron oxidation
to form CCOCC, (ii) both singlet and triplet CCOCC should
rearrange to CCCCO in highly exothermic reactions over
minimal barriers, and (iii) the singlet rearrangement should
produce energised CCCCO which decomposes to form CCC and
CO, while the analogous triplet rearrangement will form some
non-decomposing and some decomposing CCCCO species.

B: The evidence based on experimental results

The anion [CCOCC]−• was made in the ion source of the VG
ZAB 2HF mass spectrometer by the process shown in eqn

(1), a modification28 of the sequential F−/ SN2(Si) process first
described by Squires.25 The precise mechanism of this stepwise
process is not known (e.g. whether it involves reaction first with
F− and then with F•, or whether there are two SN2(Si) reactions
with F− accompanied by an electron transfer within a reaction
intermediate).

e + SF6 + (CH3)3Si–C≡C–O–C≡C–Si(CH3)3

→ [CCOCC]−• + SF4 + 2(CH3)3SiF (1)

The CID mass spectrum of [CCOCC]−• shows a pronounced
parent radical anion at m/z 64 with a small peak (0.1% relative
abundance) due to loss of CO. The latter peak suggests the
presence of a minor rearranged isomer which can readily lose
CO [e.g. isomers 1−,6− or 8− are possibilities (Scheme 1)]. These
data are in accord with the molecular modelling study which
suggests that the majority of energised [CCOCC]−• anion radi-
cals retain their bond connectivity, with the possibility of minor
rearrangement to both stable and decomposing [CCCCO]−•.

The charge reversal spectrum of [CCOCC]−• [−CR+, syn-
chronous splitting of two electrons from the anion radical to give
the corresponding cation radical (both stable and decomposing)]
is shown in Fig. 4. This spectrum is, within experimental error,
identical with the −CR+ spectrum of [CCCCO]−•,23 suggesting
that the first formed [CCOCC]+• rearranges completely to
[CCCCO]+•. The −NR+ spectrum of [CCOCC]−• (one electron
oxidation of [CCOCC]−• to neutrals in the first collision cell, then
a second one-electron oxidation to form cations in the second
collision cell) is very noisy and weak and not appropriate to
record as a figure. Indeed, some of the minor peaks needed to
be scanned manually in order to confirm their presence. The
−NR+ spectrum is as follows (error ± 10% in the abundance
of any peak) [m/z (loss or formation) relative abundance in%]:
64 (recovery signal) 62; 52 (–C) 7; 48 (–O) 5; 40 (–CC) 2; 36
(–CO) 100; 28 (CO+.) 8; 24 (CC+.) 5. The −NR+ spectrum shows
a number of peaks formed from fragment cations that are the
same as those observed in the −CR+ spectrum of [CCOCC]−•

(Fig. 4): these data do not tell us whether it is the neutral or
the cation which is rearranging. However, there are two peaks in
the −NR+ spectrum that are significantly more abundant than
those of the−CR+ spectrum. These are the base peak in the −NR+

spectrum [(CCC)+•, formed by loss of CO), and the peak at m/z
28 (CO)+•]. The additional intensities of these peaks in the −NR+

spectrum must be due to a neutral which is able to decompose to
CCC and CO, followed by ionisation of these species to [CCC]+•

and [CO+•] respectively. This result by itself is does not prove
that the rearranged neutral is CCCCO since there are other

Fig. 4 −CR+ mass spectrum of [CCOCC]−•. VG ZAB 2HF mass
spectrometer. For operating conditions see the Experimental section.
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isomers shown in Scheme 1 which may lose CO (e.g. 4 and 8).
However, the experimental data (and findings) outlined above
(i) do indicate rearrangement of CCOCC to a neutral species
which decomposes to form CCC and CO, and (ii) are consistent
with the predictions of the theoretical study.

In conclusion, we propose from a consideration of both
experimental and theoretical results that Franck–Condon one-
electron vertical oxidation of [CCOCC]−• gives a mixture of
energised singlet and triplet CCOCC neutrals which rearrange
over small barriers to produce singlet and triplet CCCCO in
exothermic reactions. Some of the CCCCO neutrals formed by
rearrangement are stable for the microsecond duration of the
NR experiment (mainly the triplet), while others (mainly the
singlet) are energised and decompose to form CCC and CO.

Experimental
A Mass spectrometric methods

For a detailed description of the instrument used, see ref. 28.
In brief, the experiments were performed using a two-sector
modified VG ZAB 2HF mass spectrometer with BE configu-
ration, where B and E represent magnetic and electric sectors,
respectively. The precursor anion [CCOCC]−• was formed in the
chemical ionisation source by the process shown in eqn. 1.

Typical source conditions were as follows: source temperature
200 ◦C, repeller voltage −0.5 V, ion extraction voltage 7 kV, mass
resolution m/Dm ≥ 1500. Each neutral precursor was inserted
into the ion source through the septum inlet, which was heated
to 60 ◦C to give a measured pressure of ca. 10−6 Torr inside the
source housing. The reagent gas [SF6 (for F−)] was introduced
through a gas inlet into the ion source, to give a measured total
pressure of ca. 10−5 Torr in the source housing. The estimated
total pressure in the ion source is 10−1 Torr. The collisional
induced (CID) spectrum was determined using B to select the
parent anion, and utilising argon as the target gas in the first
collision cell following B. The pressure of argon in the first
cell was maintained such that 80% of the parent ion beam was
transmitted through the cell. This corresponds to an average
of 1.1–1.2 collisions per ion.29 Product anion peaks resulting
from CID processes were recorded by scanning E. The charge
reversal (−CR+) spectrum30,31 was recorded using single collision
conditions in collision cell 1 (O2, 80% transmission of main
beam). Neutralisation of anions (−NR+)32–34 was effected by
collisional electron detachment using O2 (at 80% transmittance
of the main beam) as the collision gas in both collision cells.

B Synthetic procedures

TMSC≡C–O–C≡CTMS was prepared by a reported
procedure.35

C Theoretical methods

Geometry optimisations were carried out with the Becke 3LYP
method36,37 using the 6-31G* basis set within the GAUSSIAN
98 suite of programs.38 Stationary points were characterised as
minima (no imaginary frequencies). The calculated frequencies
were also used to determine zero-point vibrational energies
which were used as a zero-point correction for the electronic
energies. These were scaled by 0.9804.39 We have previously
reported the success of the B3LYP method in predicting
geometries of unsaturated chain structures, and that this method
produces optimized structures, at low computational cost, that
compare well with higher level calculations.40 More accurate
energies for the B3LYP geometries were determined using the
coupled cluster CCSD(T) method41 using the Dunning aug-
cc-pVDZ basis set.42,43 All calculations were carried out on
the Alpha Server at the Australian Partnership for Advanced
Computing (APAC) National Facility (Canberra).
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