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The neutrals HCCCCCO and CCCCCHO have been studied by experiment and by molecular modelling at the
CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. Neutral HCCCCCO has been made by one-electron
reduction of [HCCCCCO]� in the dual collision cell of a VG ZAB 2HF mass spectrometer. The isomer CCCCCHO
is also formed in the dual collision cell, but this time by one-electron oxidation of the anion [CCCCCHO]�.
Comparison of the CID and �NR� mass spectra of [HCCCCCO]� indicates that neutral HCCCCCO, when
energised, retains its structural integrity. If the excess energy of HCCCCCO is ≥ 170 kJ mol�1, decomposition can
occur to give HCCCC and CO (calculations at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory). The
situation with the isomer CCCCCHO is different. Comparison of the �CR� and �NR� spectra of [CCCCCHO]�

shows that both neutral and cationic forms of CCCCCHO partially rearrange to a species which decomposes by
loss of CO. The peak corresponding to loss of CO is more pronounced in the �NR� spectrum, indicating that the
rearrangement is more prevalent for the neutral than the cation. Theoretical calculations suggest that the species
losing CO could be CCCCHCO or HCCCCCO, but that HCCCCCO is the more likely. The lowest-energy
rearrangement pathway occurs by successive H transfers, namely CCCCCHO  CCCCHCO  CCCHCCO 
HCCCCCO. The rearrangement of CCCCCHO to HCCCCCO requires CCCCCHO to have an excess energy of
≥ 94 kJ mol�1. The species HCCCCCO formed by this exothermic sequence (214 kJ mol�1) has a maximum excess
energy of 308 kJ mol�1: this is sufficient to effect decomposition to HCCCC and CO.

Introduction
Cumulenes and polycarbon monoxides have been detected in
circumstellar envelopes which surround red giant stars and also
in dark interstellar molecular clouds.1–3 Detected cumulenes
include a number of Cn (n = 3 and 5), CnH (n = 2–8) and CnH2

(n = 2–4 and 6) molecules.1–6 In contrast, there has been only
limited detection of polycarbon monoxides. The linear species
C2O and C3O [together with the associated propynal (HC���C–
CHO)] have been detected towards the dark molecular cloud
TMC-1,7,8 while preliminary measurements suggest that C5O
may also be present, but this has yet to be confirmed.9 Linear
C5O has been synthesised from an anionic precursor.10 A
number of theoretical studies have been devoted to polycarbon
monoxides,11–15 and the photoelectron spectra of C2O and
C3O have also been determined.16 The rotational spectra of CnO
(n = 2–9) have been detected in pyrolytic decomposition and
pulsed discharge nozzle experiments.17–19

It has been suggested that the mechanism of formation of the
circumstellar molecules C3O and propynal may be linked via
ion molecule chemistry 20 or by photolysis of the cluster
C3�H2O,21–23 and that the reaction C3O

�� � H2  C3HO� � H�

may provide a stellar pathway for the consumption of C3O.24

We have (i) prepared the stable neutrals C3O,25 HCCCO 26 and
CCCHO 26 in the gas phase from charged precursors, (ii) shown
that energised CCCHO may rearrange to HCCCO, which has
sufficient excess energy of formation to effect dissociation to
CO and C2H,26 and (iii) suggested that HCCCO and CCCHO
may co-occur with C3O and HC���C–CHO in dark molecular
clouds.26

Of the many possible cumulenes containing four and five
carbon atoms, only C4H, C5 and C5H have been detected
in either interstellar dust clouds or circumstellar envelopes.6

Of these, C5
26 and some C5H

27 isomers have been made by
neutralisation reionisation processes. Linear and rhombic iso-
mers of C4

28 and some isomers of C5H2 have also been
described,29 but these species have not, as yet, been detected as

stellar molecules. Neither have the cumulene oxides CCCCO or
HCCCCO, although spectroscopic and/or structural details of
CCCCO 16,30–33 and HCCCCO 34,35 have been reported.

This study is an extension of our previous work on HC3O
26

and HC4O
36 isomers. Both CCCHO and CCCCHO undergo

facile H rearrangements to give HCCCO and HCCCCO
respectively. The aims of the present investigation are: (i) to
make the neutrals HCCCCCO and CCCCCHO from charged
precursors in the gas phase, and (ii) to ascertain whether
CCCCCHO rearranges to HCCCCCO. Our reason for under-
taking this project was that (in comparison with the CCCHO
and CCCCHO systems) we anticipated that extending the
cumulene chain should make successive H rearrangements
along the carbon chain more difficult, whereas, in contrast, it
might be easier to bend a longer cumulene to allow direct H
transfer from one end of the molecule to the other.

Results and discussion
In previous studies we have preferred to use anions as pre-
cursors to neutrals in neutralisation studies.26–28 This is because
the precursor ion has to be energised in order to effect neutral-
isation, and anions undergo fewer rearrangements than cations
when energised. However, in our previous study of C4HO
isomers,36 we found that the key anion precursor [CCCCHO]�

caused a serious problem because it undergoes facile rearrange-
ment to [HCCCCO]� when energised.

In order to circumvent such a problem in this study we have
first studied the C5HO anion potential surfaces using theory, to
ascertain whether the two key anion precursors [HCCCCCO]�

and [CCCCCHO]� are stable under the conditions necessary
to effect one-electron vertical oxidation to the neutrals
HCCCCCO and CCCCCHO. The results are summarised in
Figs. 1 and 2, with detailed data on the structures and energies
of the various anions listed in Tables 1 and 2.

There are singlet and triplet forms of anions [HCCCCCO]�

and [CCCCCHO]� and the singlet is the lower energy form ofD
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each anion, by 104.5 and 319 kJ mol�1 respectively at the
CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. The
two singlet anions are best represented by the valence bond
structures shown below.

Synthetic procedures would be expected to form the singlet
anion in each case. Even so, we have considered the potential
surfaces of both singlet and triplet anions to investigate pos-
sible rearrangement pathways: these are summarised in Figs. 1
and 2. Two different types of rearrangement are considered,
namely, those which involve successive H transfers, and cyclis-
ation processes which proceed through six-centred transition
states. The singlet anion rearrangements are shown in Fig. 1.
The process which involves successive H transfers is shown
in Fig. 1A: this involves 1,2, 2,3 and 3,5 H transfers of a
type already reported for the analogous rearrangement of
[CCCCHO]� to [HCCCCO]�.36 The first step in the rearrange-
ment, [CCCCCHO]� to [CCCCHCO]�, has a barrier of 250.5
kJ mol�1. The first step in the reverse process, i.e. [HCCCCCO]�

to [CCCHCCO]�, has a barrier of 268 kJ mol�1. Neither of
these anions, on formation, will have sufficient energy to effect
these transformations. One of the questions we wished to
consider in this context was whether cyclisation reactions
involving the cumulene skeleton can compete with the H trans-
fer rearrangements, and data for these processes are shown in
Fig. 1B. There are two processes shown in Fig. 1B; the energy
requirements for these processes are similar to those shown for
the successive H transfer processes (Fig. 1A). Process (i) shows
concerted H rearrangement through a six-centre transition state
with a barrier of 250 kJ mol�1. Process (ii) involves C5–O bond
formation through a six-centre state followed by C1–O bond
cleavage to form [HCCCCCO]� in which O is transferred from

Fig. 1 Rearrangement processes of singlet [CCCCCHO]�. Energies at
the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory.
Structures shown indicate bond connectivities not bond multiplicity.
For full details of structures including geometries and energies see
Table 1. Relative energies in kJ mol�1. (A) The sequential H transfer
mechanism. (B) Six-centre cyclisation processes, (i) the concerted H
transfer mechanism, and (ii) the O transfer process.

C1 to C5. For this process to occur, [CCCCCHO]� must have an
excess energy of at least 282 kJ mol�1.

The corresponding data for the triplet anion potential
surface are recorded in Fig. 2 and Table 2. In this case
the rearrangement of triplet [CCCCCHO]� to triplet
[HCCCCCO]� by successive H transfers is facile, needing only
15.5 kJ mol�1 of excess energy for the process to proceed. The
cyclic mechanisms shown in Fig. 2B are energetically unfavour-
able in comparison.

We infer from these data that both singlet and triplet
[HCCCCCO]� are stable to rearrangement under conditions
required to effect one-electron vertical oxidation to the doublet
neutral HCCCCCO. Similarly, singlet anion [CCCCCHO]�

should not rearrange under conditions of collision activation,
but triplet [CCCCCHO]� will undergo facile rearrangement to
[HCCCCCO]�. However, the triplet form of [CCCCCHO]� is
unlikely to be formed by a synthetic procedure because it lies
319 kJ mol�1 above the ground state singlet anion. So far, the
theoretical data suggest that [HCCCCCO]� and [CCCCCHO]�

should be appropriate precursors for the formation of the
analogous neutrals.

The next question to be addressed is whether the two species
[HCCCCCO]� and [CCCCCHO]� are stable to decomposition
under the collisional conditions required to charge strip them
to the required neutrals. The major fragmentations of
[HCCCCCO]� and [CCCCCHO]� involve losses of CO and
CHO� respectively. The data shown in Table 3 show that
whereas decompositions of both singlet and triplet
[CCCCCHO]� are unfavourable, the loss of CO from singlet
[HCCCCCO]� is exothermic by 30.5 kJ mol�1. The latter pro-
cess must have (at least) a small endothermic barrier, because
the theoretical calculations show that singlet [HCCCCCO]� is
“stable”, i.e. it occupies a minimum on the potential surface.

Fig. 2 Rearrangement processes of triplet [CCCCCHO]�. Energies
at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory.
Structures shown indicate bond connectivities not bond multiplicity.
For full details of geometries and energies of structures see Table 2.
Relative energies in kJ mol�1. (A) The sequential H transfer mechanism.
(B) Six-centre cyclisation processes, (i) the concerted H transfer
mechanism, and (ii) the O transfer process. (a) This species is a
transition state confirmed by IRC calculations. The energy of this
transition state with respect to triplet [CCCCCHO]� is dependent on
the level of the calculation and whether zero point energy corrections
are made. At the standard level with zero point energy correction it is
�13.5 kJ mol�1 with respect to triplet [CCCCCHO]� (see Table 2),
which is clearly not practicable. Without the zero point energy
difference, the energy difference is �8.5 kJ mol�1.
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The exothermicity of the process involving CO loss suggests
that [HCCCCCO]� is not an appropriate precursor of
HCCCCCO.

Since [HCCCCCO]� cannot be used as a precursor to doub-
let HCCCCCO, the alternative possibility is to form the neutral
by one-electron vertical reduction of the cation [HCCCCCO]�.
Cation [HCCCCCO]� has singlet and triplet forms, with the
singlet form being the more stable by 292 kJ mol�1 (see Table 4).
The data listed in Table 3 indicate that the decompositions of
the singlet and doublet cations of [HCCCCCO]� are unfavour-
able. Thus we will use [HCCCCCO]� as the precursor of
HCCCCCO and [CCCCCHO]� as the precursor to
CCCCCHO. 

The syntheses of the ionic precursors and the formation of
HCCCCCO and CCCCCHO

The precursor ions [HCCCCCO]� and [CCCCCHO]� were
formed in the chemical ionisation source of the VG ZAB 2HF
mass spectrometer using standard procedures, namely, (i) the

[H–C���C–C���C–CO-iso-Pr]�� 
H–C���C–C���C–C���O� � iso-Pr� (1)

(CH3)3Si–C���C–C���C–CHO � F� 
�CCCCCHO � (CH3)3SiF (2)

Table 3 Decomposition pathways for anions and cations [CCSDT/
aug-cc-pVDZ//B3LYP-6-31G(d) level of theory] a

1HCCCCCO�  1HCCCC� � 1CO �30.5 kJ mol�1

3HCCCCCO�  1HCCCC� � 3CO 528.5
3HCCCCCO�  3HCCCC� � 1CO 226
1CCCCCHO�  CCCC�� � �CHO 497.5
3CCCCCHO�  CCCC�� � �CHO 178
1HCCCCCO�  1HCCCC� � 1CO 481
3HCCCCCO�  1HCCCC� � 3CO 758.5
3HCCCCCO�  3HCCCC� � 1CO 176.5
1CCCCCHO�  CCCC�� � �CHO 410.5
3CCCCCHO�  CCCC�� � �CHO 379.5

a Energy values were determined from the following theoretically calcu-
lated values (Hartrees): 1HCCCC� = �152.46124, 1CO = �113.06894,
3CO = �112.85212, 3HCCCC� = �152.35966, CCCC�� = �151.76280,
�CHO = �113.58699, 1HCCCC� = �151.95028, 3HCCCC� =
�151.95520, CCCC�� = �151.27947. 

Table 4 Data for singlet and triplet [HCCCCCO]�

 

State 1Σ 3A�
Symmetry C∞v Cs

Energy/Hartree a �265.20259 �265.09136
Dipole/debye b 3.42 4.81
Bond length/Å b or angle/� b   
C1C2 1.320 1.308
C2C3 1.237 1.290
C3C4 1.336 1.291
C4C5 1.220 1.276
C1O 1.143 1.161
C5H 1.025 1.079
C1C2C3 180.0 174.2
C2C3C4 180.0 176.9
C3C4C5 180.0 173.8
OC1C2 180.0 177.1
HC5C4 180.0 157.1
C1C2C3C4  180.0
C2C3C4C5  180.0
OC1C2C3  180.0
HC5C4C3  180.0
a CCSD(T)/aug-cc-pVDZ level of theory including zero point energy
(calculated from vibrational frequencies at the B3LYP/6-31G(d) level of
theory and scaled by 0.9804). b B3LYP/6-31G(d) level of theory. 

simple α cleavage process of the ketone radical cation shown in
eqn. (1), and (ii) the SN2(Si) reaction using F� (from SF6) shown
in eqn. (2); a process first reported by DePuy.37

The collision induced (CID) mass spectrum (MS/MS) and
the �NR� spectrum of [HCCCCCO]� are shown in Figs. 3A
and 3B respectively. The MS/MS spectrum (Fig. 3A) of
[HCCCCCO]� shows peaks formed by the losses of CH�, O,
CO and CCO from the parent cation. These fragmentations
are in accord with a bond connectivity HCCCCCO for the
decomposing cations. The �NR� spectrum indicates that the
process [HCCCCCO]�  HCCCCCO  [HCCCCCO]�

occurs without any rearrangement of the cumulene skeleton at
either stage of the sequential process. The spectrum is shown in
Fig. 3B, and shows similar features to the MS/MS spectrum
(Fig. 3A). The presence of a signal at m/z 77 in the �NR�

spectrum indicates that some of the doublet HCCCCCO
neutrals are stable for the microsecond duration of the NR
experiment.

In contrast, the �CR� and �NR� spectra of [CCCCCHO]�

(Figs. 4A and 4B) show that there are rearrangements occurring
at the neutral and cationic stages of the sequential one-electron
vertical oxidation processes [CCCCCHO]�  CCCCCHO 
[CCCCCHO]�. The �CR� spectrum is that of the (stable and
decomposing) cations produced by synchronous two-electron
oxidation of the anion [CCCCCHO]�. The peaks formed by
losses of O, [HO� (probably � O � H)], CHO� and CCHO
in Fig. 4A are characteristic of a cation of connectivity
CCCCCHO. However, those peaks formed by losses of HC�,
HCC�, CO and CCO are formed from rearranged cations in
which the H has moved away from the terminal CHO position.
In particular, the losses of HC� and HCC� suggest the structure
of the decomposing cation is [HCCCCCO]�.

Comparison of the �CR� and �NR� spectra of
[CCCCCHO]� (Figs. 4A and 4B) provides clear evidence that

Fig. 3 (A) CID MS/MS of [HCCCCCO]�, (B) �NR� spectrum of
[HCCCCCO]�. VG ZAB 2HF mass spectrometer. For experimental
conditions see Experimental section.
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the first-formed neutral CCCCCHO undergoes more rearrange-
ment than the cationic product of the �CR� process. † The
�CR� and �NR� spectra are similar except that the �NR� spec-
trum shows the larger peak formed by loss of carbon monoxide.
This means that either (i) the rearranged neutrals are
decomposing by loss of CO, and/or (ii) there are more
rearranged cations formed by �NR� than �CR� processes.
Irrespective of which of these two possibilities is correct, neu-
tral CCCCCHO is rearranging more under NR conditions than
[CCCCCHO]� is under �CR� conditions.

The carbon atoms of energised cumulenes like CCCC 27 and
CCCCC 26 are scrambled during NR processes. This is not a
feature of cumulene oxides like CCCO 25 and CCC(=O)CC.10

Does reorganisation of the backbone of CCCCCHO occur
during or following rearrangement? The �CR� and �NR�

spectra of the 13C labelled anion [CCCC13CHO]� are shown in
Fig. 5. These spectra should be compared with the corre-
sponding spectra of the unlabelled anion (Fig. 4). No C scram-
bling is noted for data provided by either the �CR� or �NR�

spectra. Both spectra show losses of HC�, HCC� and 13CO,
indicating that the oxygen atom remains attached to the 13C
atom during cationic and neutral rearrangements.

Fig. 4 (A) �CR� mass spectrum of [CCCCCHO]�. (B) �NR�

spectrum of [CCCCCHO]�. VG ZAB 2HF mass spectrometer. For
experimental conditions see Experimental section.

† A reviewer has requested that the CID mass spectrum (MS/MS) of
[CCCCHO]� be included in order that possible rearrangement of
[CCCCCHO]� may be probed experimentally. The CID spectra of
[CCCCCHO]� and [CCCC13CHO]� follow. [CCCCCHO]�, m/z (loss)
abundance: 76 (H�) 100, 49 (CO) 22, 48 (HCO�) 20%. [CCCC13CHO]�,
77 (H�) 100, 49 (13CO) 20 and 48 (H13CO�) 17. The reason these data
were not included originally is that they provide no data concerning
possible rearrangement of [CCCCCHO]�. This is because (i), we do not
have the corresponding spectrum of [HCCCCCO]� for comparison,
and (ii) the loss of CO does not necessarily imply rearrangement of the
skeleton, because this loss may well occur by the stepwise process
[CCCCCHO]�  [(CCCC) HCO�]  HC4

� � CO. Here, the HCO�

ion in the anion neutral complex acts as a hydride donor. The theoreti-
cal data summarised in Fig. 1 show the barrier for rearrangement to be
≥ 250 kJ mol�1. It is most unlikely that [CCCCCHO]�, on formation,
will have sufficient excess energy to surmount such a barrier.

Rearrangements of neutral CCCCCHO

The structures of the doublet neutrals HCCCCCO and
CCCCCHO are best represented by the valence bond structures
shown below (for full details see Table 5). The dipole moments
are 2.67 and 2.61 D and the adiabatic electron affinities 1.69
and 4.47 eV respectively at the level of theory used in this study.

Consideration of the �CR� and �NR� spectra shown in
Figs. 4 and 5 indicates that the initially formed CCCCCHO
undergoes rearrangement to an isomer or isomers, which either
decompose by loss of CO, or are reionised to a cation which
may fragment by loss of CO. In addition, whatever the nature
of the rearrangement, it does not involve cleavage of the CO
bond.

Possible rearrangement processes of doublet CCCCCHO
have been investigated by probing the doublet neutral potential
surface at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level
of theory. Results are summarised in Fig. 6, with full details of
species shown in Fig. 6 given in Table 5. There are three pos-
sible mechanisms to consider: that involving successive H
rearrangements (Fig. 6A), and those involving six-centre states
(Fig. 6B). The reaction sequence shown in Fig. 6A shows that
only 75.5 kJ mol�1 is needed to convert CCCCCHO to
CCCCHCO, with an additional 20 kJ mol�1 required to
convert CCCHCCO to HCCCCCO. In principle, there are
three species formed in this sequence which could lose CO,
namely CCCCHCO, CCCHCCO and HCCCCCO. Of these,
CCCCHCO and HCCCCCO are formed with sufficient excess
energy (182 and 308 kJ mol�1 respectively) to effect loss of CO
(see Fig. 6A and cf. Table 6). However, only one of these,
HCCCCCO, can lose HC�, HCC� and CO as observed in the
�NR� spectra (Figs. 4B and 5B).

Fig. 5 (A) �CR� mass spectrum of [CCCC13CHO]�. (B) �NR�

spectrum of [CCCC13CHO]�. VG ZAB 2HF mass spectrometer. For
experimental conditions see Experimental section.
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Processes (i) and (ii) (shown in Fig. 6B) both involve six-
centre transition states. The concerted process (i) has a barrier
of 176.5 kJ mol�1, significantly more than the maximum barrier
of 94 kJ mol�1 required to effect the sequential H transfer
process (Fig. 6A). Process (ii), which requires an excess energy
of ≥ 137 kJ mol�1, involves O transfer; a process ruled out by
the experimental 13C labelling data outlined above.

Finally, the vertical Franck–Condon oxidation of
[CCCCCHO]� to CCCCCHO will initially give a structure on
the neutral potential surface with the geometry of the anion
precursor. Theoretical calculations indicate that such a struc-
ture has 54 kJ mol�1 of excess energy at the B3LYP/6-31G(d)
level of theory. This is insufficient to cause rearrangement of
CCCCCHO. A CCCCCHO neutral must have ≥ 75.5 kJ mol�1

to form CCCCHCCO, and ≥ 94.5 kJ mol�1 of excess energy to
form HCCCCCO. The extra energy is presumably provided by
additional collision(s) of CCCCCHO during or following the
NR process.26,27

Summary and conclusions

1 One-electron vertical reduction of [HCCCCCO]� gives the
doublet radical HCCCCCO. This neutral is stable for the
microsecond duration of the NR experiment.

Fig. 6 Rearrangement processes of doublet neutral CCCCCHO.
Energies at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory. Structures drawn indicate bond connectivities not bond
multiplicity. For full details of structure including geometries and
energies see Table 5. Relative energies in kJ mol�1. (A) The sequential H
transfer mechanism. (B) Six-centre cyclisation processes, (i) the
concerted H transfer mechanism, and (ii) the O transfer process.

Table 6 Decomposition pathways of doublet neutral isomers C5HO
[CCSDT/aug-cc-pVDZ//B3LYP-6-31G(d) level of theory] a

CCCCCHO  1CCCC � �CHO 339 kJ mol�1

CCCCHCO  HCCCC� � 1CO 63
CCCHCCO  CCCHC� � 1CO 130.5
HCCCCCO  HCCCC� � 1CO 170.5

a Energy values were determined from the following theoretically calcu-
lated values (Hartrees): 1CCCC = �151.65884, HCCCC� =
�152.32257, CCCHC� = �152.25762, HCCCC� = �152.32257. 

2 One-electron vertical oxidation of [CCCCCHO]� gives
the radical CCCCCHO which is stable for the microsecond
duration of the NR experiment provided that CCCCCHO is
formed with less than 75.5 kJ mol�1 of excess energy.

3 If CCCCCHO has ≥ 75.5 kJ mol�1 of excess energy it may
rearrange to CCCCHCO which has sufficient excess energy to
cause decomposition to HCCCC and CO.

4 If CCCCCHO has ≥ 94 kJ mol�1 of excess energy it may
rearrange through CCCCHCO to form HCCCCCO in a reac-
tion sequence which is exothermic by 214 kJ mol�1. Experi-
mental and theoretical data show that neutral HCCCCCO is
formed from CCCCCHO, and that HCCCCCO is formed with
sufficient excess energy to cause decomposition to give HCCCC
and CO.

Experimental section

A Mass spectrometric methods

For a detailed description of the instrument used, see refer-
ence 26. In brief, the experiments were performed using a
two-sector modified VG ZAB 2HF mass spectrometer with
BE configuration, where B and E represent magnetic and
electric sectors, respectively. Typical source conditions were as
follows: source temperature 200 �C, repeller voltage �0.5 V,
ion extraction voltage 7 kV, mass resolution m/∆m ≥ 1500.
Each neutral precursor was inserted into the ion source
through the septum inlet, which was heated to 120 �C to give
a measured pressure of ca. 10�6 Torr inside the source hous-
ing. For the anion, 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 for
the system shown in eqn. (2). Collisional induced (CID)
spectra (MS/MS) were determined using B to select the par-
ent ion in each case, 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.38

Product ion peaks resulting from CID processes were recorded
by scanning E.

Neutralisation–reionisation (�NR� or �NR�) 39–41 experi-
ments were performed for mass-selected ions utilising the
dual collision cells located between the magnetic and electric
sectors. Neutralisation was effected using O2 at 80% transmit-
tance (of the main beam) as the collision gas in the first
collision cell, while reionisation to cations was achieved by
collision of the neutrals with O2 (80% transmittance) in the
second collision cell. In order to detect a reionisation signal
due to the parent neutral, the neutral species must be stable for
the one microsecond timeframe of this experiment. Charge
reversal (�CR�) spectra 42,43 were recorded using single collision
conditions in collision cell 1 (O2, 80% transmission of main
beam).

B Synthetic procedures

2-Methylhepta-4,6-diyn-3-one (HC���C–C���C–CO–isoC3H7) was
prepared by a reported procedure.44,45

(CH3)3Si–C���C–C���C–CHO. Methyllithium complexed with
lithium bromide (1.5 M in diethyl ether, 3.46 cm3) was added
to bis(trimethylsilyl)butadiyne (1.01 g) at �10 �C in dry
tetrahydrofuran (25 cm3) and under nitrogen. The reaction
mixture was allowed to warm to 20 �C and stirred at that
temperature for 15 h under nitrogen. Anhydrous di-
methylformamide (0.53 cm3) was added at 0 �C, the solu-
tion warmed to 20 �C and stirred at that temperature
for a further 3 h under nitrogen. The reaction mixture was
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poured into a vigorously stirring biphasic solution of aqueous
potassium dihydrogen phosphate (10%, 50 cm3) and diethyl
ether (25 cm3), the organic layer was separated, dried (MgSO4),
and the solvent removed in vacuo to give 5-(trimethyl-
silyl)penta-2,4-diyn-1-al as a colourless oil. Yield 0.48 g, 62%.
(M�� � H)� ion, found 149.0428; C8H9SiO requires 149.0422.
1H NMR [200 MHz, δ(CDCl3)]: 0.18 [9H, s, Si(CH3)3], 9.19
(1H, s, CHO).

(CH3)3Si–C���C–C���C–13CHO. Prepared as for the unlabelled
compound (above) except that H13CONMe2 (13C = 99%) was
used in place of unlabelled dimethylformamide. Yield 75%, 13C
= 99% by positive ion mass spectroscopy.

C Theoretical methods

Geometry optimisations were carried out with the Becke 3LYP
method 46,47 using the 6-31G(d) basis set within the GAUSSIAN
98 suite of programs.48 Stationary points were characterised as
either minima (no imaginary frequencies) or transition struc-
tures (one imaginary frequency) by calculation of the frequen-
cies using analytical gradient procedures. The minima con-
nected by a given transition structure were confirmed by
intrinsic reaction coordinate (IRC) calculations. The calculated
frequencies were also used to determine zero-point vibrational
energies which were used as a zero-point correction for the elec-
tronic energies. We have previously reported the success of the
B3LYP method in predicting geometries of unsaturated chain
structures, and that this method produces optimised structures,
at low computational cost, that compare favourably with higher
level calculations.49 More accurate energies for the B3LYP
geometries were determined using the couple cluster method,
CCSD(T) method 50 using the Dunning aug-cc-pVDZ basis
set.51 All calculations were carried out on the Alpha Server at
the Australian Partnership for Advanced Computing (APAC)
National Facility (Canberra).

Acknowledgements

We thank the Australian Research Council for funding
our negative ion program. MF and SD thank the ARC for
a PhD scholarship and a research associate position,
respectively.

References
1 H. Olofsson, Molecules in the Stellar Environment, Lecture Notes in

Physics, ed. O. G. Jorgenson, Springer, Heidelberg, 1994, pp. 114–
133; and references cited therein.

2 P. F. Bernath, K. H. Hinkle and J. J. Keady, Science, 1989, 244, 562;
K. H. Hinkle, Molecules in the Stellar Environment, Lecture Notes in
Physics, ed. O. G. Jorgenson, Springer, Heidelberg, 1994, pp. 99–114;
and references cited therein.

3 S. J. Blanksby and J. H. Bowie, Mass Spectrom. Rev., 1999, 18,
181.

4 A. Omont, Molecules in the Stellar Environment, Lecture Notes in
Physics, ed. O. G. Jorgenson, Springer, Heidelberg, 1994, pp. 135–
138; and references cited therein.

5 D. Smith and P. Spanel, Mass Spectrom. Rev., 1995, 14, 255 and
references cited therein.

6 For a list of stellar molecules so far identified, see H. A. Wootten,
http://www.cv.nrao.edu/∼awootten/allmols.html.

7 M. Ohishi, H. Suzuki, S. Ishikawa, C. Yamada, H. Kanamori,
W. M. Irvine, R. D. Brown, P. D. Godfrey and N. Kaifu, Astrophys.
J., 1991, 380, L39.

8 H. E. Matthews, W. M. Irvine, P. Friberg, R. D. Brown and
P. D. Godfrey, Nature, 1984, 310, 125.

9 B. E. Turner, Chemistry and Spectroscopy of Interstellar Molecules,
ed. D. K. Bohme, University of Tokyo Press, 1992, p. 75.

10 S. Dua, S. J. Blanksby and J. H. Bowie, Int. J. Mass Spectrom., 2000,
195/196, 45.

11 R. D. Brown, F. W. Eastwood, P. S. Elmes and P. D. Godfrey, J. Am.
Chem. Soc., 1983, 105, 6496.

12 R. D. Brown, D. A. McNaughton and K. G. Dyall, Chem. Phys.,
1988, 119, 189; R. G. A. R. Maclagan and P. Sudkeaw, J. Chem. Soc.,
Faraday Trans., 1993, 89, 3325.

13 M. Moazzen-Ahmalsi and F. Zerbetto, J. Chem. Phys., 1995, 103,
6343.

14 P. Botschwina, P. Flügge and P. Sebald, J. Phys. Chem., 1995, 99,
9755.

15 T. Ogata, Y. Ohshima and Y. Endo, J. Am. Chem. Soc., 1995, 117,
3593.

16 Y. Ohshima, Y. Endo and T. Ogata, J. Chem. Phys., 1995, 102,
1493.

17 J. M. Oakes and G. B. Ellison, Tetrahedron, 1986, 42, 6263.
18 R. D. Brown, P. D. Godfrey, P. S. Elmes, M. Podler and L. M. Tack,

J. Am. Chem. Soc., 1985, 107, 4112.
19 D. W. Ewing, J. Am. Chem. Soc., 1989, 111, 8809.
20 S. Petrie, R. P. A. Bettens, C. G. Freeman and M. J. McEwan,

Mon. Not. R. Astron. Soc., 1993, 264, 862.
21 S. Petrie, R. P. A. Bettens, C. G. Freeman and M. J. McEwan,

J. Phys. Chem., 1993, 97, 13673.
22 R. G. A. Maclagan, M. J. McEwan and G. B. Scott, Chem. Phys.

Lett., 1995, 240, 185.
23 S. Ekern, J. Szczepanski and M. Vale, J. Phys. Chem., 1996, 100,

16109.
24 B. E. Turner and L. M. Zuirys, Interstellar Molecules and

Astrochemistry, in Galactic and Extragalactic Radio Astronomy,
eds. G. L. Verschuur and K. I. Kellerman, Springer Verlag, Berlin,
New York, 1988.

25 S. J. Blanksby, S. Dua and J. H. Bowie, Rapid Commun. Mass
Spectrom., 1999, 13, 2249.

26 S. Peppe, S. J. Blanksby, S. Dua and J. H. Bowie, J. Phys. Chem. A,
2000, 104, 5817.

27 S. J. Blanksby, S. Dua and J. H. Bowie, J. Phys. Chem. A, 1999, 103,
5161.

28 S. J. Blanksby, D. Schröder, S. Dua, J. H. Bowie and H. Schwarz,
J. Am. Chem. Soc., 2000, 122, 7105.

29 S. J. Blanksby, S. Dua, J. H. Bowie, D. Schröder and H. Schwarz,
J. Phys. Chem. A, 1998, 102, 9949.

30 N. Moazzenahmadi and E. Zerbetto, J. Chem. Phys., 1995, 103,
6343.

31 S. T. Brown, J. C. Rienstra-Kiracofe and H. F. Schaefer, J. Phys.
Chem., 1999, 103, 4065.

32 J. C. Rienstra-Kiracofe, G. B. Ellison, B. C. Hoffman and
H. F. Schaefer, J. Phys. Chem., 2000, 104, 2273.

33 E. Riaplov, M. Wyss, N. M. Lakin and J. P. Maier, J. Phys. Chem.,
2001, 105, 4894.

34 Y. Hidaka, Y. Henmi, T. Ohonishi, T. Okuno and T. Koike,
Combustion Flame, 2002, 130, 62.

35 J. H. Bieging and M. Tafella, Astron. J., 1993, 105, 576 and
references cited therein.

36 M. Fitzgerald, S. Dua, J. H. Bowie and A. M. McAnoy, Int. J. Mass
Spectrom., in press.

37 C. H. DePuy, V. Biebaum, L. A. Flippin, J. J. Grabowski,
G. K. King, R. J. Smitt and S. A. Sullivan, J. Am. Chem. Soc., 1980,
102, 5012.

38 J. L. Holmes, Org. Mass Spectrom., 1985, 20, 169.
39 C. Wesdemiotis and F. W. McLafferty, Chem. Rev., 1987, 87,

485.
40 D. V. Zagorevskii and J. L. Holmes, Mass Spectrom. Rev., 1994,

13, 133; N. Goldberg and H. Schwarz, Acc. Chem. Res., 1994, 27,
347.

41 For NR nomenclature, see C. A. Schalley, G. Hornung, D. Schröder
and H. Schwarz, Int. J. Mass Spectrom. Ion Processes, 1998, 172,
181; D. V. Zagorevskii and J. L. Holmes, Mass Spectrom. Rev., 1999,
18, 87.

42 J. H. Bowie and T. Blumenthal, J. Am. Chem. Soc., 1975, 97, 2959;
J. E. Szulejko, J. H. Bowie, I. Howe and J. H. Beynon, Int. J. Mass
Spectrom. Ion Phys., 1980, 13, 76.

43 M. M. Bursey, Mass Spectrom. Rev., 1990, 9, 555.
44 P. J. Stang and M. Ladika, Synthesis, 1981, 1, 29.
45 D. R. M. Walton and F. Waugh, J. Organomet. Chem., 1972, 37,

1972.
46 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
47 P. J. Stevens, F. J. Devlin, C. F. Chablowski and M. J. Frische, J. Phys.

Chem., 1994, 98, 11623.
48 M. J. Frisch, G. M. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennuchi, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Pedersson, P. Y. Ayala,
Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck,
K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G.

1777O r g .  B i o m o l .  C h e m . , 2 0 0 3 , 1,  1 7 6 9 – 1 7 7 8



Baboul, B. Stefanov, G. Liu, M. A. Al-Latam, C. Y. Peng,
A. Nanayakkara, M. Chalacombe, P. M. W. Gill, B. Johnson,
W. Chem, M. W. Wong, J. L. Andres, C. Gonzales, M. Head-
Gordon, E. S. Replogle and J. A. Pople, Gaussian 98; Revision A.9
edn.; Gaussian Inc., Pittsburgh, PA, 1998.

49 S. J. Blanksby, S. Dua and J. H. Bowie, J. Phys. Chem., 1999, 103,
5161.

50 M. J. O. Deegan and P. J. Knowles, Chem. Phys. Lett., 1994, 1227,
321 and references cited therein.

51 T. H. Dunning, J. Chem. Phys., 1989, 90, 1007; D. E. Woon and
T. H. Dunning, J. Chem. Phys., 1993, 98, 1358; T. H. Dunning,
K. A. Peterson and D. E. Woon, Basis Sets: Correlation Consistent,
in Encyclopedia of Computational Chemistry, ed. P. v. R. Schleyer,
Wiley, Chichester, 1998.

1778 O r g .  B i o m o l .  C h e m . , 2 0 0 3 , 1,  1 7 6 9 – 1 7 7 8


