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The Formation of Cyanoketene (NCCHCO) and the Isomer NCCCHO from Anionic
Precursors in the Gas Phase. The Rearrangement of NCCCHO to NCCHCO
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It has been reported that irradiation of cyanoacetylene and ozone on a water ice surface at 255 nm yields both
hydrogen peroxide and cyanoacetylene (NCCHCO), and it has been proposed that this overall process may
involve a crucial step where NCCCHO rearranges to NCCHCO.The isomers NCCHCO and NCCCHO have
been prepared in this study by one-electron vertical oxidation of NCCHGH [NCCCHOZ}* in collision

cells of a VG ZAB 2HF mass spectrometeNR" experiments indicate that singlet NCCHCO is stable for

the microsecond duration of the experiment. In contrast, calculations at the CCSD(T)/aug-cc-pVDZ//B3LYP/
6-31G(d) level of theory indicate that singlet NCCCHO does not occupy a minimum on the singlet neutral
potential surface, but rearranges to singlet NCCHCO. Some of the singlet NCCHCO neutrals formed in this
way are stable, whereas others have sufficient excess energy to effect decomposition to give NCCH and CO.
Triplet NCCCHO is stable but, when energized, may (i) rearrange over a barrier of 49.0 kcaltangive

triplet NCCHCO, which is energized and decomposes to NCCH and CO, and/or (ii) undergo intersystem
crossing to yield singlet NCCHCO. It is concluded that, in principle, the rearrangement NCCCHO to NCCHCO
could occur in regions of interstellar ice.

Introduction SCHEME 1
: NC H
There has been debate recently concerning whether cy- NC-C=CH + O (P) —= 7
anoacetylene and cyanoacetaldehyde (together with urea) can °
effect “efficient prebiotic syntheses” of cytosife’ A problem T

with the hypothesis of an RNA-like substance playing a role in
the origin of life is that cytosine has not been found in meteorites .
nor is it among the products of electric spark discharge NC-CH=c=0 -— NC-C
experiment$.However, cyanoacetylene is a known constituent
of interstellar dust cloud® and it has also been detected in the and to determine whether NCCCHO converts to NCCHCO as
gaseous phase of comets, e.g., P/H 2&¥and Hale-Boppg? proposed in Scheme 1.

A recent repof has described that irradiation of cyano- . )
acetylene and ozone on a water ice surface at 255 nm yieldsExperimental Section
both hydrogen peroxide and cyanoketene. Several mechanisms A Mass Spectrometric Methods For a detailed description
have been proposed for the formation of cyanoketene; one of of the experiment and the instrument used, see ref 25. In brief,
those involves the reaction between cyanoacetylene and atomighe experiments were performed using a two-sector modified
oxygen shown in Scheme'iNeither cyanoketene nor the other G ZAB 2HF mass spectrometer with BE configuration, where
isomers shown in Scheme 1 have been detected as stellaB and E represent magnetic and electric sectors, respectively.
molecules. In principle, however, these molecules could be the The precursor anion radical to NCCHCO was formed in the
precursors of pyrimidine bases in interstellar dust clouds, chemical ionization ion source by the reaction between N&CH
circumstellar envelopes or, more likely, in regions containing CO,Et and HO as shown in eq 1
interstellar ice.

A number of studies of cyanoketene have been repaftéd: NC—-CH,-COEt+ HO —
cyanoketene may be prepared by a variety of methods including [NC—CH=C=0] " + H,0 + Et0" (1)
flash vacuum thermolyses of cyanoacetic acid derivafives. 2
Cyanoketene is highly reactive, with neat cyanoketene reported
to “disappear” below 80 K2 The photoelectroi} microwave??
and infrared? spectra of cyanoketene have been determined.
Cyanoketene undergoes cyclotrimerization in the presence of

This is a standard procé8sn which reaction between NCGH
CO,Et and HO produces the enolate anion NCCHCO,Et
which then loses Et€to yield [NCCH=C=O] . The formation
X - . of [INCCCHOJ* is more challenging. The reaction we wish to
P4010/H20 to yield 2,4,6-tricyanophloroglucingt. efft[act is therstandard reactﬁr?ongCCHZCHO with O™

The aims of the present study are to attempt the syntheses Offormed by dissociative resonance capture of nitrous éXide
both cyanoketene (NCCHCO) and NCCCHO in the gas phase a5 shown in eq 2. This aldehyde is unstable and we were unable
to use it directly. Instead, we used the acetal derivative [N&CH
* Corresponding author. E-mail: john.bowie@adelaide.edu.au. CH(OMe))] to form the required and transient aldehyde by a
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method that we have reported previou¥lyThe procedure 67
involves the introduction of this acetal through the septum inlet I
(heated to 109 into the ion source. The acetal converts to the
aldehyde, and the reaction shown in eq 2 [ NCCHCO]-
66
NC—CH,—CHO+ O *— [NCCCHOQO] "+ H,0 (2) cID

occurs in the chemical ionization ion source to give the required
radical anion [NCCCHOJ-.

Typical source conditions were as follows: source temper- 39 (- CO)
ature, 200°C; repeller voltage;-0.5 V; ion extraction voltage, 26 (NC)
7 kV; mass resolutiom/Am > 1500. Each neutral precursor
was inserted into the ion source through the septum inlet, which
was heated to 100C to give a measured pressure of ca.®0
Torr inside the source housing. The reagent ga®[fr HO™;

N2O (for O*)] was introduced through a gas inlet into the ion
source, to give a measured total pressure of ca® Torr in

the source housing. The estimated total pressure in the ion sourcéigure 1. CID mass spectrum (MS/MS) of [NCCHCO] VG ZAB

is 1071 Torr.2° Collisional-induced (CID) spectra were deter- 2HF mass spectrometer. For experimental conditions see Experimental
mined using the magnetic sector to sela¥z = 67 in each Section.

case, and utilizing argon as the target gas in the first collision
cell following the magnetic sector. 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.£1.2 collisions per iof° Product anion peaks
resulting from CID processes were recorded by scanning the
electric sector.

Neutralization-reionizatiod 32 ("NR*) experiments were
performed for mass-selected anions utilizing the dual collisio

51(-0)

41(-NC) (x10) L

B. Synthetic Procedures. Ethyl cyanoacetate and 3,3-
dimethoxypropionitrile were commercially available and were
used without purification. Ethy"fC-cyano) acetate was made
by a reported method3C = 99%)36

C. Theoretical Methods. Geometry optimizations were
carried out with the Becke 3LYP meth&d®using the 6-31G-
(d) basis séP basis set within the GAUSSIAN 98 suite of
n programs® Stationary points were characterized as either

cells located between the magnetic and electric sectors. Neu-TNiMa (no imaginary frequencies) or transition structures (one
tralization of anions was effected by collisional electron IMaginary frequency) by calculation of the frequencies using
detachment using £at 80% transmittance (of the main beam) analytlpal gradient procedures.' The minima .cor'mected.by agiven
as the collision gas in the first collision cell, while reionization ~transition structure were confirmed by intrinsic reaction coor-
to cations was achieved by collision of the neutrals with O dinate (IRC) cal_culatlons. T_he cglcul_ated freque_n0|es were also
(80% transmittance) in the second collision cell. To detect a US€d to determine zero-point vibrational energies which were
reionization signal due to the parent neutral, the neutral speciesSca/ed by 0.980% and used as a zero-point correction for the
must be stable for the one microsecond time frame of this electronic energies. We have_ prewously reported the success
experiment. Charge reversalqR*) spectr&*3swere recorded of the B3LYP method in predlc_tlng geometries of unsatqra_ted
using single-collision conditions in collision cell 1 §080% chain structures, and that.thls method produces optimized
transmission of main beam). structures, at low compgtaﬂonal cost, that compare favorably
A reviewer has asked for an explanation of what information With higher level calculation&’ More accurate energies for the

is provided by a comparison of theNR* and —CR" spectra. B3LYP geometries were determined using the CCSD(T) method
This is explained in detail in ref 33, but in summary: (i) If the including zero-point energy correction (calculated by vibrational

~CR* spectrum is consistent with neither rearrangement of the freduencies at the B3LYP/6-31G(d)G level of theory). Al
precursor anion nor the product cation, and if theR* calculations were carried out on the Alpha Server at the

spectrum shows both a peak corresponding to the mass of the\ustralian Partnership for Advanced Computing (APAC) Na-

neutral and a spectrum identical with t@R" spectrum, then  tonal Facility (Canberra).
the Franck-Condon one-electron oxidation has produced neu-
trals with the same bond connectivity as the anion, and (at least)
some of those neutrals are stable for the microsecond duration Formation of NCCH=C=0O from [NCCHCO] —*. The

of the NR experiment, (i) if the NR* spectrum shows a parent  anion radical of cyanoketene is formed as shown in eq 1
peak, but is different in some way from th&€R" spectrum, (Experimental Section). The collision-induced mass spectrum
then depending on what that difference is, some neutrals are(CID MS/MS) of this anion is shown in Figure 1. The parent
either rearranging to an isomer, and/or undergoing some anion decomposes by losses of, ¥, (H + O), CO, and
decomposition during the microsecond time frame of the NR HCCO: these decompositions are consistent with anion con-
experiment, (iii) if the CID spectrum of the negative ion nectivity NCCHCO. The geometry of the anion radical [calcu-
indicates that it retains structural identity during excitation, and lated at the B3LYP/6-31G(d) level of theory] is quite unusual,
the "CR" spectrum of the anion indicates that there is partial in that the CCO angle is 184see Table 1 for full details of
rearrangement of the first formed cation to another isomer, and the geometry and energy of [NCCHCQ]

if the "NR™ spectrum is identical to theCR* spectrum, then The charge-reversal mass spectra@R") of NCCHCOT™*

this comparison gives no information about the structure(s) of is shown in Figure 2a. This characteristic spectrum shows major
the neutral(s), and (iv) if theNR™ spectrum shows no peak losses of i N, O, NC, CO, (CO+ H*), and HCCN-losses
corresponding to the reionized neutral, the neutral formed by consistent with a decomposing cation radical with connectivity
the Franck-Condon oxidation is not stable within the micro- NCCHCO. The data to this point indicate that (i) the anion
second time frame of the NR experiment. radical [NCCHCOJ* does not rearrange when energized, and

Results and Discussion
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TABLE 1: Calculated Properties of NCCHCO Anion, Neutrals, and Cation?
7 7 7 A
C C c C
NeT 2O NGTT ey, N e O ner” Z\C&O
1= 11 31 - 1+-
State 2A’ lA’ 3A” 2A”
Energy (Hartrees) -224.264826 -244.231000 -244.157565 -243.869052
Dipole moment
(Debye) 1.56 3.55 1.85 3.37
NC; (A) 1.177 1.165 1.174 1.182
Ci1C, 1.406 1418 1.392 1.381
CoH 1.096 1.086 1.091 1.094
CoC3 1.395 1.331 1.466 1.394
C30 1.232 1.162 1.197 1.133
NC1C2 (°) 178.0 1790 179.5 179.1
C1CoH 116.7 1209 118.8 122.8
C1C2C3 122.5 1214 1213 119.8
C2C30 132.5 178.9 125.5 178.8
NC{C2H 0.0 0.0 0.0 0.0
HC,C30 0.0 0.0 0.0 0.0
a Geometries optimized at the B3LYP/6-31G(d) level of theory. Energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of
theory.
67 energized, and is thus an appropriate probe to test for any
rearrangement of neutral NCCHCO (formed by neutralization
A of the anion radical).
The neutralizationreionization mass spectrum  of
[NCCHCOJ is shown in Figure 2b. This spectrum is very
[ NCCHCO]-- similar to the correspondingCR* spectrum. The observation
that the"CR* and~NR™ spectra are very similar and that there
-CR+ is a pronounced peak atz = 67 in the "NR* spectrum
39 (- CO) indicates that neutral NCCHCO (formed by one-electron vertical
oxidation of [NCCHCOQOJ") is stable for at least the microsecond
38 duration of the neutralizatiofreionization processes.
There are two forms of neutral NCCHCO, the ground-state
41 (-NC) singlet and the triplet state. These are separated by 46.1 kcal
mol~! [at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level
12 13 28 (CO+) of theory]. The geometries of these two species are significantly
A L different (see Table 1). In particular, the singlet has the classical
ketene structure (NECH=C=O0) (the CCO angle is 1789
7 whereas the triplet has a structure similar to that of the radical
anion [the triplet CCO angle is 125,5vhereas that of the anion
is 132.5 (see Table 1)]. Singlet cyanoketene has an adiabatic
B electron affinity of 0.92 eV and an ionization energy of 9.85
39 eV (experimentally 9.93 0.26 e\l7), calculated at the CCSD-
[ NCCHCO]- (T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory.
One of the features of nitriles is that they may rearrange,
-NR+ 38 when energized, to the isomeric and less stable isonitrile. For
example, we have shown that neutral NCCCN rearranges to
CNCCN over a barrier of 57.8 kcal md|, with the process
being endothermic by only 8 kcal mdl [at the B3LYP/6-
a1 31+G(d)//B3LYP/6-3H-G(d) level of theory}® Thus we need
to check whether it is possible for singlet NCEE=0 to
28 51 66 rearrange to CNCHC=0 under the conditions of the neutral-
50 | 453 ization process. Calculations at the CCSD(T)/aug-cc-pVDZ//

Y

Figure 2. (A) "CR', and (B) "NR* mass spectra of [NCCHCO]
VG ZAB 2HF mass spectrometer. For experimental conditions see
Experimental Section.

B3LYP/6-31G(d) level of theory are summarized in Figure 3,
with full details contained in Table 2. The data in Figure 3 show
this isomerism to be an unfavorable process: it is endothermic
by 28.2 kcal mat?! with the first transition state being 58.7 kcal
mol~! above NCCHCO.

as such is an appropriate precursor for neutral NCCHCO, and We have also determined the CID MS/MER', and"NR™

(i) the cation radical [NCCHCOTY does not rearrange when

spectra of thé3C-labeled derivative [RMRCCH=C=0]""* (pro-
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TABLE 2: Calculated Properties of Singlet Neutrals Shown in Figure 3

H H H H H
A i i i
NC{ C Cq C Ak W LC 2c
% 1 c1\\\N/ Lo C1\N %o Q1N / o
1y 1y 13 TS1 TS2
State 1A 1A - - -
Relative Energy
(keal mol-1) 0.0 28.2 52.7 58.7 52.8
Dipole moment
(Debye) 3.55 2.99 2.38 20 1.93
NC; (A 1.165 1.183 1.232 1.203 1.221
NC, 1.374 1.526 1.494
C1Cy 1418 1.766 1.575
CoC3 1.086 1.331 1.338 1.329 1.328
C30 1.331 1.166 1.161 1.166 1.167
CH 1.162 1.085 1.084 1.083 1.086
CINCy (®) 177.5 78.8 90.5
NCCy 179.0 58.0 852
NC,C3 121.8 120.0 120.7
C1CC3 1214 1152 123.0
C,C30 1789 1783 178.8 176.3 178.8
HC,C3 117.7 119.5 1179 1193 1209
CiNC,C3 180.0 95.9 82.1
NC,C30 180.0 -115.7 144.6
CiNC,H 0.0 -102.6 -104.3
NC1CC3 180.0 -107.8 -739
NC;CoH 0.0 104.7
C1CC30 180.0 -102.8

a Geometries optimized at the B3LYP/6-31G(d) level of theory. Energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of

theory and are relative ti (—244.231000 Hartrees).

H H TABLE 3: Spectra of [N13CCHCQO]~ (Mass (loss or
: | formation) relative abundance in %)

W .
Sn ° C\,( C\o CID (fragmentions only)  67(H100; 40(C0O)35; 27(KC")
(58.7) (52.7) (52.8) “CR* 68(parent)100; 67(H5; 54(N)6; 52(0)10;
o\ 51(0+ H)6; 41(N1C*)13; 40(CO)46;
| 39 (CO+ H)29; 29(CHO)0.5; 28(CO*)4;
W7 27(N*3C™)1; 13(HCrand/ort3C+)0.3;
Q N/ ., 12(C")0.3
13 (28.2) -NR* 68(parent)100; 6@@ 54(N)6; 52(0)4;
H 51 (O+ H%6; 41 )15; 40(CO)45;
N 39(CO+ H )30 29 CHO)1; 28(CO™)3;
o X, 27(NE2C*)1: 13(HCrand/or3C+)0.5;
© 1 12(Ct)0.5

it
ne” e

dence that [NCCCHO? rearranges to [NCCHCOJ. To check
1" this further we have carried out calculations of the reaction
Figure 3. The singlet NCCHCO to singlet CNCHCO rearrangement. coordinate of the rearrangement [NCCCHQp [NCCHCOT ™.

Geometries at the B3LYP/6-31G(d) level of theory. Energies at the |Nese calculations are sur_nmgrized in Figure 4 and Table 4.
CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. Relative The rearrangement shown in Figure 4 has a barrier of 36.8 kcal

energies in kcal mot relative to singlet NCCHCO (0 kcal mo). mol~1. This is quite an appreciable barrier for a negative ion
_ _ rearrangement, and this together with the experimental data
duced as shown in eq 1, but using the labeled estéCGH,- indicates that if any such rearrangement occurs at all, it must

CO.Et) in order to confirm that there is no deep-seated be a very minor process. We conclude that [NCCCH@] an
rearrangement of the backbone of NCEE=0. These spectra,  annropriate precursor for neutral NCCCHO.

listed in Table 3, are completely consistent with the spectra The ~CR* and-NR* spectra of [NCCCHO]* are shown in

shown in Figures 1 and 2. In particular, they demonstrate that _. . e
there is no carbon rearrangement along the backbone of theFi9ures 5a and 5b. TheCR"™ spectrum is very similar to that

anion, neutral, or cation of NCGHC=0 (compare the complete ~ ©f [NCCHCOT™. This tells us that the CR™ process of
scrambling of the carbons of energized NCCEN [NCCCHOY* gives a rearranged and decomposing species
The Radical Anion and Neutrals of NCCCHO. The ~ [NCCHCOJ™. However the "NR™ and "CR" spectra of -
negative ion precursor [NCCCHO]is made as shownineq2 [NCCCHOJ™ are also very similar. As a consequence, this
(Experimental Section). We must now determine whether this particular experiment does not provide information about the
species is stable, or rearranges when energized. The collisiorstructure(s) of the neutral(s) formed by the one-electron oxida-
induced mass spectrum of [NCCCHOJs quite different from tion of NCCCHOY} . This is because the data do not distinguish
that of the isomer shown in Figure 1. Loss of id the only between the following scenarios, (i) NCCCHO rearranges to
significant fragmentation. Thus there is no experimental evi- NCCHCO which is then ionized to [NCCHC®] or (ii)
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(0)

i
N o0

1
Figure 4. The anion rearrangement [NCCCHO}o [NCCHCOJ .
Geometries at the B3LYP/6-31G(d) level of theory. Energies at the
CCSD(T)/aug-cc-pVDZ//IB3LYP/6-31G(d) level of theory. Relative
energies in kcal mot relative to [NCCHCO}* (0 kcal mof).

39(-CO) 67

38

[ NCCCHOJ-. S1=0)

“CR+ 41(-NcC)

53 (-N)

66

28

(x2)

67

[ NCCCHO]-.

-NR+

39

38 66

4 51 53

28

¥

Figure 5. (A) “CR', and (B) "NR* mass spectra of [NCCCHO]
VG ZAB 2HF mass spectrometer. For experimental conditions see
Experimental Section.

NCCCHO is stable and ionizes to [NCCCHOJwhich then
rearranges to [NCCHCO].

The Rearrangements of [NCCCHQOJ* and NCCCHO. The
~CR" spectrum of NCCCHOYJ indicates that the decomposing

McAnoy et al.
TABLE 4: Calculated Properties of Anions Shown in Figure
43
Be o Nord, i
~ -y =
ney” ~eg O o nef %

1= 4~ TS3
State 2 - -
Relative Energy 00 18.0 54.8
(kcal mol-1)
Dipole moment
(Debye) 1.56 141 1.65
NC; A 1.177 1.198 1.185
Ci1Cy 1.406 1.343 1.394
CrC3 1.395 1.397 1.349
C30 1.232 1.247 1.229
CoH 1.096
C3H 1.131 1.401
NCC2 (°) 178.0 175.1 169.1
C1CC3 122.5 1390 141.8
CoC30 132.5 130.8 154.8
C1CoH 116.7
CoC3H 1109 583
NC1C2C3 180.0 175.2 -144.1
C1C2C30 180.0 -1383 -342
C1CoC3H 47.6 -174.5

a Geometries optimized at the B3LYP/6-31G(d) level of theory.
Energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d)
level of theory and are relative tb* (—224.264826 Hartrees).

TABLE 5: Calculated Properties of Cations Shown in
Figure 62

i NC\CZ YA
C -C3 +~C~C
Vet el ?‘C&O e %
1+- 4+ TS4
State I\ Zpr Zpr
Relative Energy 00 74.3 74.6
(kcal mol~ 1)
Dipole moment
(Debye) 337 147 133
NC; (A 1.182 1.196 1.191
Ci1C, 1.381 1.321 1.327
CC3 1.394 1.397 1.356
C30 1.133 1.193 1.188
CoH 1.094
Cs3H 1.154 1.195
NCi1C2 (°) 179.1 1743 175.5
C1C2C3 119.8 155.8 1594
C2C30 178.8 1433 1524
C1CoH 122.8
CoC3H 95.0 84.0
NC;C2C3 180.0 180.0 180.0
C1C2C30 180.0 180.0 180.0
C1CC3H 0.0 0.0

a Geometries optimized at the B3LYP/6-31G(d) level of theory.
Energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d)
level of theory and are relative tb™(—243.869052 Hartrees).

product cation is [NCCHCOY, suggesting that the rearrange-
ment of [NCCCHOY* to [NCCHCO]J™ is facile. We have
explored this process using molecular modeling. The results are
summarized in Figure 6, with full details given in Table 5. The
rearrangement is strongly exothermie4.3 kcal mot?), with

a barrier of only 0.3 kcal mot. It follows that vertical two-
electron oxidation of [NCCCHO? vyields exclusively the
rearranged species [NCCHCQ®]The thermochemistries of the
decomposition processes of both neutrals and cations are listed
in Table 6. The decomposition [NCCHCOJ]— [NCCH]™ +

CO is endothermic by 69.5 kcal md| so some of the cation
radicals formed by the rearrangement shown in Figure 5 will
decompose by loss of CO.
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TABLE 6: Calculated Dissociation Energies (kcal mot?1)2 H

NCCHCO™ — HCCN™ + CcO 32.9 NC/C_C\O
HCCO™ + CN° 88.6
NCCCO + H 41.0 (63.4)

INCCHCO — IHCCN + CcO 66.9
HCCO + CN* 117.0
NCCCO + H 99.8
INCCHC + (6] 159.1
CCHCO + N 155.1

SNCCHCO — SHCCN + CcO 9.0
HCCO + CN° 70.9
NCCCO + H 53.7 (14.9)
INCCHC + O 113.0
CCHCO + N 109.1 NCQ

NCCHCO'™ — HCCN'* + CcO 69.5 s ©)
SHCCN + CO* 1467 4 H
HCCO* + CN 1133 LN
HCCO + CN* 201.2 3
NCCCOo + He 101.3 1
CCHCO + N 129.6 Figure 7. The neutral rearrangement of triplet NCCCHO to triplet
NCCHC' + (0] 209.4 NCCHCO Geometries at the B3LYP/6-31G(d) level of theory. Energies

at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. Rela-

a Dissociations were determined using theoretical data from previous tive energies in kcal mot relative to triplet NCCHCO (0 kcal mof).

tables and the following calculated CCSD(T)/aug-cc-pVDZ//B3LYP/
6-31G(d) energies (in Hartrees)243.700122 (NCCCO), —243.572586 TABLE 7: Calculated Properties of Neutrals Shown in
(NCCCO), —243.208219 NCCCO"), —169.051800 NCCHC), Figure 72

—168.609705 (NCCHC), —189.496793 (CCHC®, —189.175492

(CCHCOY), —243.532510,~151.625957 (HCCO), —151.546954 A NCKCZ—C?,;‘ A
(HCCO),—151.190929HCCO"), —131.143514 (HCCN), —131.055458 Ne? ey O o NC;Cz‘CQO
(*HCCN), —131.0742793HCCN), —130.689293 (HCCN), —92.497621 3 3% TS5
(CN), —92.0014621CN™), —113.0689374C0), —112.561040 (CO), 3 3
—0.499334 (M), —74.925654 30), —54.486982 {N). State A" A -
Relative Energy 00 144 634
H 1
NC—g— ‘C\ g(pallmol )
1pole moment
o (Debye) 1.85 1.36 1.99
(74.3) Toa (74.6) NC; @A) 1.174 1.197 1.178
N H CiC2 1392 1.324 1375
C\C_ / CoC3 1.466 1.435 1.387
< C30 1.197 1223 1210
4o CoH 1.091
4 C3H 1.109 1.349
NCiC2 (®) 179.5 1752 172.8
C1C2C3 1213 149.1 146.0
C2C30 1255 1242 139.6
C1CH 118.8
CyC3H 1142 61.9
NC;C2C3 180.0 180.0 1714
C1C2C30 180.0 180.0 -10.8
C1CC3H 0.0 -138.3
a Geometries optimized at the B3LYP/6-31G(d) level of theory.
Energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d)
level of theory and are relative fd (—244.157565 Hartrees).
0
o (0)
NC/C\C\ geometries of triplet NCCCHO and the precursor anion are
o similar (see Tables 4 and 7), the excess energy that the neutral
1% has as a consequence of the Franck Condon oxidation (the
Figure 6. The cation rearrangement [NCCCH®}o [NCCHCO]™. difference in energy between the anion geometry and the triplet

Geometries at the B3LYP/6-31G(d) level of theory. Energies at the NCCCHO structure on the triplet neutral surface) will be small.
CCSD(T)/aug-cc-pvVDZ//B3LYP/6-31G(d) level of theory. Relative  This energy is computed to be only 4.1 kcal miat the CCSD-
energies in kcal mot relative to [NCCHCOT™ (0 kcal mol™). (T)laug-cc-pVDZ//B3LYP/6-31G(d) level of theory, signifi-
cantly less that the 49.0 kcal mdlrequired to surmount the
The experimental data to date provide no information as barrier for the interconversion. However, an excess energy of
to whether neutral NCCCHO is stable, or rearranges to 49.0 kcal mot? is within the range that we have observed before
NCCHCO% We have explored this question by molecular for neutral rearrangement3.This excess energy is usually
modeling. Only the triplet of NCCCHO is stable. Singlet produced by keV collisions of the neutral with collision gas in
NCCCHO is not a stable species on the singlet potential surface.the collision cell.
The reaction coordinate of the triplet NCCCHO to triplet The triplet cyanoketene neutrals so formed have a maximum
NCCHCO rearrangement is shown in Figure 7. Full details are excess energy of 63.4 kcal mélas a consequence of the
listed in Table 7. The exothermic 1,2 H rearrangemerit4.4 rearrangement shown in Figure 7. However, triplet cyanoketene
kcal moit) has a barrier of 49.0 kcal ntdl. Since the requires an excess energy of only 9.0 kcal mhdo effect
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decomposition to NCCH and CO (Table 6). Thus the rearrange-
ment of triplet NCCCHO (Figure 7) will give energized triplet
cyanoketene which will decompose to NCCH and CO.

The "NR* spectrum (Figure 5b) clearly shows the formation
of stable parent neutrals, i.ez= 67, produces the base peak

of the spectrum, and this is indicative of the formation of Acknowledgment. We thank the Australian Research Coun-
neutrals with Ilfet_lmes of at Ieas_,t one microsecond. Some of cil for the ongoing funding of our ion chemistry program. S.D
these neutrals will almost certainly correspond to NCCCHO 414 A M.McA. thank the ARC for research associate stipends.

neutrals which dp not have sufficient energy to effect ré- We thank Dr. J. N. Harvey for providing us with his program
arrangement o triplet cyanoketene (see Figure 7). However it yhich enables the calculation of the position of the cross-over
seems likely that stable cyanoketene should be a major yoint on the neutral singlet/triplet potential surfaces.

It is therefore possible to effect the rearrangement between
the isomers NCCCHO and NCCHCO in the gas phase, and it
follows that this rearrangement (proposed in Scheme 1) could,
in principle, occur in interstellar dust clouds and/or in an
interstellar ice environment.

contributor tom/z = 67. Since singlet NCCCHO is not stable
and triplet NCCCHO vyields a decomposing triplet NCCHCO,
what then is the process which gives stable cyanoketene?

There seem to be only two possible scenarios, namely, (i)

the unstable singlet NCCCHO rearranges to a stable singlet

NCCHCO neutral, and/or (ii) triplet NCCCHO undergoes
intersystem crossing to unstable singlet NCCCHO which
immediately rearranges to yield stable singlet NCCHCO.
Consider the first possibility. Singlet NCCCHO does not
occupy a minimum on the singlet neutral potential surface.
However, when singlet NCCCHO is explored at the level of
theory used in this investigation, it immediately reverts to the
singlet NCCHCO structure. If [ NCCCHOj undergoes vertical
Franck-Condon one-electron oxidation onto the singlet neutral
potential surface, the initially formed neutral (with the anion
geometry) lies 75.2 kcal mot above singlet NCCHCO [at the
CCSD(T)/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory].

The second possibility is that triplet NCCCHO undergoes
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