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Abstract

Large energy barriers prohibit the rearrangement of solitary acrylonitrile ions, CH,=CHC=N"*, into their more stable hydrogen-shift isomers
CH,=C=C=NH"** or CH=CH-C=NH"*. This prompted us to examine if these isomerizations occur by self-catalysis in acrylonitrile dimer ions.
Such ions, generated by chemical ionization experiments of acrylonitrile with an excess of carbon dioxide, undergo five dissociations in the s
time frame, as witnessed by peaks at m/z 53, 54,79, 80 and 105 in their metastable ion mass spectrum. Collision experiments on these product ions,
deuterium labeling, and a detailed computational analysis using the CBS-QB3 model chemistry lead to the following conclusions: (i) the m/z 54 ions
are ions CH,=CHC=NH" generated by self-protonation in ion—dipole stabilized hydrogen-bridged dimerions [CH,=CHC=N. - -H-C(C=N)CH,]**
and [CH,=CHC=N. - -H-C(H)C(H)C=N]**; the proton shifts in these ions are associated with a small reverse barrier; (ii) dissociation of the H-
bridged ions into CH,=C=C=NH"** or CH=CH-C=NH"*" by self-catalysis is energetically feasible but kinetically improbable: experiment shows
that the m/z 53 ions are CH,=CHC=N"" ions, generated by back dissociation; (iii) the peaks at m/z 79, 80 and 105 correspond with the losses
of HCN, C,H, and H*, respectively. The calculations indicate that these ions are generated from dimer ions that have adopted the (much more
stable) covalently bound “head-to-tail” structure [CH,=CHC=N-C(H,)C(H)C=N]**; experiments indicate that the m/z 79 (CsHs;N) and m/z 105
(C¢HgNy) ions have linear structures but the m/z 80 (C4H4N,) ions consist of ionized pyrimidine in admixture with its stable pyrimidine-2-ylidene
isomer. Acrylonitrile is a confirmed species in interstellar space and our study provides experimental and computational evidence that its dimer
radical cation yields the ionized prebiotic pyrimidine molecule.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the context of our experimental and theoretical studies on
self-catalysis in dimer radical cations [1] by proton-transport
catalysis (PTC) and related mechanisms [2], we observed that
dimer ions of acrylonitrile are readily generated in chemical ion-
ization experiments of the monomer in the presence of a large
excess of CO;. The low-energy (metastable) dimer ions primar-
ily dissociate into m/z 54 ions by self-protonation but m/z 53
monomer ions are also generated, either by back dissociation or
self-catalysis. Surprisingly, the dimer ions undergo three more
competing dissociations. Of these the loss of CoH; aroused our
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interest because a collision experiment indicated that the result-
ing m/z 80ions may well be pyrimidine ions [3]. Acrylonitrileis a
confirmed species in astrochemistry [4]—it was first detected in
the Sgr B2 cloud [5a] and since then also in the cold cloud TMC-
1 [5b] and the atmosphere of Saturn’s moon Titan [Sc,d]—and
a further study of a potential route to the formation of the pre-
biotic pyrimidine molecule via the above ion-molecule reaction
seemed worthwhile.

Ion—molecule interactions have been shown to play a role in
the production of larger molecular species in astrochemistry [6]
and mass spectrometry has long been an indispensable tool in
their study [7]. Ion—-molecule reactions are advantageous over
neutral-neutral reactions without activation energy because their
rate coefficients may be higher by as much as a factor of 10* if the
molecule is polar [4]. This is the case with acrylonitrile which
has a large dipole moment.
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We further note that the search for prebiotic molecular species
in the interstellar medium is a subject of considerable inter-
est. The driving force behind this quest lies in the role these
molecules may have played in the formation of life on Earth [§].
Thus far as many as 130 molecular species have been identified,
largely in the dense regions of dust clouds. Nevertheless, only a
handful of biologically important molecules has yet been con-
firmed [4,9]. An early search for pyrimidine was unsuccessful
[10a] but recently this integral DNA component was tentatively
identified in the Sgr B2, Orion KL and W51 interstellar clouds
[10b,c]. A route to its formation has not been established but it
has been suggested that it could be formed by the aggregation of
HCN and acrylonitrile either in the gas-phase or on the surface
of dust grains [10a].

In this study, we report the results of a detailed experimental
and computational analysis of the rich and complex chemistry
of the acrylonitrile dimer radical cation. It will be shown that
interaction of an acrylonitrile ion with its neutral counterpart
leads to hydrogen-bridged radical cations. These may undergo
self-protonation or isomerize into the very stable distonic
ion CH,=CH-C=N-CH,;—(CH-C=N which can be viewed
as a head-to-tail dimer and which acts as precursor for the
observed losses of H®*, HCN and C;H,. The latter process
proceeds via cyclization and produces ionized pyrimidine in
admixture with its 2-ylide isomer. Self-catalysis, although
energetically quite possible, is not observed: this process
requires considerable reorientation making it kinetically
unfavourable.

2. Experimental and computational details
2.1. Experimental procedures

The experiments were performed with the VG Analytical
ZAB-R mass spectrometer of BEE geometry (B, magnet; E,
electric sector) [11] equipped with a standard chemical ioniza-
tion source operating at 120 °C. The repeller voltage was held
close to 0V and the primary ionization was accomplished with
100 eV electrons. Gaseous acrylonitrile and CO» in a ca. 1:10
molar ratio were admitted to the ion source via separate inlet
systems at a total indicated pressure (monitored by a remote
ionization gauge) of (7-10) x 107 Torr.

Metastable ion (MI) mass spectra were recorded in the sec-
ond field free region (2ffr); collision-induced dissociation (CID)
mass spectra were recorded in the 2 and 3ffr using oxygen as
collision gas (transmittance, 7=70%). The CID mass spectra
of the 2ffr metastable peaks were obtained in the 3ffr using O,
as collision gas. For these experiments the maximum available
accelerating voltage, 10kV, was used. CID spectra of reference
ions having a translational energy close to that of the product
ions resulting from (MI or CID) dissociations in the 2ffr, were
also obtained in the 3ffr. All spectra were recorded using a PC-
based data system developed by Mommers Technologies Inc.
(Ottawa).

Acrylonitrile, 2-chloroacrylonitrile and carbon dioxide were
of research grade (Aldrich) and used without further purifica-
tion. The deuterium labeled nitriles CD>=CDC=N (99.4 at.%

D) and CH,=CDC=N (99.4 at.% D) were purchased from CDN
Isotopes Canada.

2.2. Computational aspects

The calculations were performed with the CBS-QB3 model
chemistry [12] using Gaussian 98 [13a] and 03, Rev C.02 [13b]
and (for selected transition state searches) GAMESS-UK [14].
In this model chemistry the geometries of minima and connect-
ing transition states are obtained from B3LYP density functional
theory in combination with the 6-311G(2d,d,p) basis set (also
denoted as the CBSB7 basis set). The resulting total energies
and enthalpies of formation for minima and connecting tran-
sition states (TS) in the acrylonitrile dimer system of ions are
presented in Table 1. Computational and experimental enthalpies
for the monomer ion and various dissociation products from the
dimer ions are presented in Table 2. Fig. 3 displays the optimized
geometries for the principal species. The correct identity of tran-
sition states was verified (where not trivially evident) by means
of intrinsic reaction coordinate (IRC) calculations. The complete
set of computational results is available from the authors upon
request.

A previous detailed CBS-QB3 study of a system of ions of
comparable size and complexity [15] argues that a conserva-
tive estimate of the error in energies derived from the method is
+2kcal mol~! for local minima and 4 kcal mol~! for transi-
tion states. However, most of the open shell species in the present
study have spin-contaminations that exceed the “acceptable”
range (0.75-0.79) in the CCSD(T), MP2 and MP4 components
of the method. For example, the acrylonitrile ion AN, the pyrim-
idine ion PY1, the vinylpyrimidine ion VP1 and the dimer ion
D1 of Scheme 7 have <$2> values of 0.99, 1.29, 1.47 and 0.97,
respectively. It is difficult to assess the effect of strong spin-
contamination on the errors in the CBS-QB3 derived energies
but the incorporation of a spin-correction factor and the use
of DFT derived geometries are expected to mitigate adverse
effects [16]. In this context we note, see Table 1, that the avail-
able experimental A¢Hyog values for AN and PY1, 296 and
260 kcal mol~!, are gratifyingly close to the calculated values,
298 and 260 kcal mol !, respectively. In the same vein, the A¢Hy
value of 100 kcal mol~! for the severely spin-contaminated rad-
ical CH,=C*—C=N (ANRI in Table 1, <§2>=1.33) is virtually
the same as the benchmark value, 100.2 kcal mol™!, obtained
in the elaborate theoretical study of spin-contaminated radicals
by Mayer et al. [16]. Finally we note that our mechanistic pro-
posals of Scheme 7 remain essentially the same if the energy
diagram were based upon the (relative) energies of the CBSB7
component of the method where spin-contamination is not an
issue.

However, one anomalous result warrants further discussion.
It concerns the hydrogen-bridged radical cations HBRC-1 and
HBRC-2 which, unlike HBRC-3 and HBRC-4, show a very
large difference in the stabilization energy (SE) derived from the
B3LYP/CBSB7 and CBS-QB3 calculations. The DFT calcula-
tion yields an SE of 24 kcal mol~! for both ions whereas the full
CBS-QB3 method predicts much lower values: 17 kcal mol~!
for HBRC-1 and 15kcalmol~! for HBRC-2. An explanation
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Table 1

Energetic data® derived from CBS-QB3 calculations pertinent to the ion chemistry of acrylonitrile and 2-chloroacrylonitrile described in Schemes 1 and 8

Ionic/neutral species CBS-QB3 E(total) [0 K] ZPE QB3 AtH; QB3 A¢Hje Expt ArHjoq
CH,=CHC=N ANN —170.53848 31.5 48 46 44b
CH,=CHC=N°** 2A” AN —170.13793 30.4 299 298 296"
ZA’ AN —170.08412 29.6 333 332 -
CH,=C=C=NH"* 2A’ AN1 —170.16624 284 282 281 -
CH=CH-C=NH"** 2A’ AN2 —170.15296 29.5 290 289 -
CH,=C-CH=N"**2A’ AN3 —170.08760 27.9 331 330 -
HC=C-C=NH"* —169.58533 23.5 277 277 -
TS AN — ANI1 (Scheme 1) —169.99871 25.6 387 385 -
TS AN — AN3 (Scheme 1) —170.06537 26.2 345 344 -
TS AN3 — AN1 (Scheme 1) —170.06355 25.8 346 345 -
CH,=CH-C=NH* A’ ANP —170.83610 38.2 226 224 223¢
CH3CHC=N* 1A’ —170.76564 36.7 271 269 -
H,C=C-C=N°* ANR; —169.87318 222 100 100 -
HC=CH-C=N* ANR, —169.86085 22.7 108 107 -
TS ANR| — ANR, —169.78975 18.7 153 152 -
H,C=CCIC=N —629.69426 25.8 42.6 425 _
H,C=CCIC=N** (Scheme 8) —629.30609 25.1 286 286 2874
H,C=CCIC=NH"* —629.98240 32.5 227 226 -
HC=CCI-C=N* —629.01464 17.3 104 105 -
DI1(CI) (Scheme 8) —801.07231 59.4 (290) (288) e
D4(CI) —801.06640 58.8 (293) (291) e
TS D1(CI) — D4(CI) (Scheme 8) —801.00057 55.9 (332) (330) e
CsHsN®** (m/z 79) (Scheme 7) —247.41820 49.6 297 295 _f
PY1 (m/z 80) (Scheme 7) —263.53204 46.8 264 260 260°
PY2 (m/z 80) (Scheme 7) —263.52851 48.1 266 263 _f
TS PY1 — PY2 —263.42505 429 331 328 -
CgHsNa* (m/z 105) (Scheme 7) —340.19954 58.7 281 278 f
TS D4 — CgHsN»* +H® (Scheme 7) —340.69641 59.3 335 331 -

2 E (total) (in Hartrees, all other components, including the ZPE scaled by 0.99, are in kcal mol~!.

® From Ref. [17e].
¢ From PA = 187.5kcal mol~! [17b].
4 From IE=10.58 ¢V [17c] and using the calculated enthalpy of the neutral.

¢ E(total) refers to BALYP/CBSB7 energies; the enthalpies were calculated using the CBS-QB3 values of ANCI+ ANN as the anchor.
f The dissociation levels for the loss of H* HCN and C>H» in Scheme 7 were obtained from the calculated ionic enthalpies of this table and CBS-QB3 298 K values

for H*,C,H; and HCN of 52.1, 55.2 and 31.7 kcal mol ™!, respectively.

for this unusually large discrepancy may involve the following.
For the related complex HCN- - -H-C(CN)=CH,**, in which
HCN (u=3.0D) [17a] replaces the acrylonitrile (1« =3.9D)
[17a] component, the DFT and CBS-QB3 methods yield the
same stabilization energy of 15 kcal mol~!. The same value was
obtained with the more sophisticated CBS-APNO method. This
suggests that the DFT calculation overestimates the stabiliza-
tion energies for HBRC-1/2. The DFT calculation also yields a
much more delocalized charge distribution than expected for an
ion—dipole complex, probably because the two components of
HBRC-1/2 are identical. In contrast, the DFT charge distribution
of the HCN-acrylonitrile complex is as expected: the charge is
largely localized on the acrylonitrile moiety. Thus the unrealis-
tic charge distributions and stabilization energies of HBRC-1/2
may well be connected to the “sameness” of their components
[18]. We further note that a poor DFT result for the geometries
of these complexes may adversely affect the CBS-QB3 derived
stabilization energies. As discussed in Section 3.2, HBRC-1/2
are key intermediates in the dissociation chemistry of the dimer
ions but precise knowledge of their stabilities is not required.

3. Results and discussion

3.1. The self-protonation of acrylonitrile in the dimer ions
and the occurrence of proton-transport catalysis

The base peak at m/z 54 in the MI spectrum of the
acrylonitrile dimer ion at m/z 106, see Fig. 1 corresponds
to the generation of protonated acrylonitrile ions. Since
the proton affinity (PA) of acrylonitrile, 187.5kcal mol~!
[17b], is typical of a nitrile rather than an alkene, these
ions undoubtedly have the structure CH,=CHC=NH"
(ANP) and not CH3CHC=N™. Indeed, it follows from the
results of Table 1 that the self-protonation CH,=CHC=N**
(AN) + CH,=CHC=N — CH3CHC=N* + CH,=C*-C=N s
endothermic, by 25 kcal mol~!, whereas formation of ANP
with either CH,=C*-C=N (ANR) or *CH=C(H)C=N (ANR;)
is exothermic, by 20 and 13 kcal mol™!, respectively.

One would therefore expect that in encounter complexes of
ionized acrylonitrile with its neutral counterpart, protonation at
the cyano group readily occurs and that, when energized, these
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Table 2

Energetic data® derived from CBS-QB3 calculations pertinent to the dissociation chemistry of acrylonitrile dimer ions as described in Schemes 2-7

ITonic/neutral species B3LYP/CBSB7 E(total) CBS-QB3 E(total) [0K] ZPE QB3 AtHjy QB3 AtHjge
HBRC-1 (Scheme 2) —341.41042 —340.70404 62.5 330 327
HBRC-2 (Scheme 2) —341.41065 —340.70269 62.5 331 329
HBRC-3 (Scheme 3) —341.44531 b 59.7 (314) (311)
HBRC-4 (Scheme 3) —341.43001 —340.74531 60.4 304 301
D1 (Scheme 2) —341.45639 —340.76886 64.7 289 286
D2 (Scheme 2) —341.42145 —340.73700 63.6 309 306
D3 (Scheme 2) —341.42048 —340.73037 64.5 313 310
TS HBRC-1 — D1 —341.41026 —340.7049 62.6 330 327
TS HBRC-2 — D1 —341.41043 —340.7029 62.4 331 328
TS HBRC-1 — HBRC-3 —341.39392 —340.70212 58.9 331 328
TS HBRC-2 — HBRC-4 —341.38607 —340.69777 58.8 334 331
D4 (Scheme 7) —341.46192 —340.77004 64.5 289 285
D5 (Scheme 7) —341.43638 —340.74755 64.8 303 298
D6 (Scheme 4) —341.43667 —340.74303 65.5 306 302
D7 (Scheme 5) —341.44061 —340.74904 64.8 302 298
D8 (Scheme 7) —341.42623 —340.73286 62.7 312 308
TS D1 — D4 —341.39405 —340.70471 61.8 330 326
TS D1 — D6 —341.35331 —340.66747 59.8 353 349
TS D4 — D7 —341.37789 —340.68846 60.9 340 336
TS D7 — VPI —341.43441 —340.74342 64.7 305 301
TS D4 — D5 —341.43278 —340.74516 64.1 304 300
TS D5 — VP1 —341.39167 —340.70135 63.9 332 327
TS D5 — D8 —341.42123 —340.73015 63.2 314 309
VP1 (Scheme 7) —341.49269 —340.79467 67.1 273 268
VPI1b (Scheme 7) (text) —341.43299 —340.72866 65.8 315 310
VPla (Scheme 7) (text) —341.48804 —340.79785 67.7 271 266
VP2 (Scheme 7) —341.46800 —340.77584 67.8 285 280
VP2a (Scheme 7) (text) —341.46520 —340.77672 67.1 284 280
TS VP1 — VP2 —341.41261 —340.72597 66.0 316 311
TS VP1 — VPla —341.44621 —340.76169 63.5 294 289
TS VP2 — VP2a —341.42553 —340.74089 64.4 307 302
TS VP1 — VP1b —341.41280 —340.72419 64.6 318 313

# E(otal in Hartrees, all other components, including the ZPE scaled by 0.99, are in kcal mol~!.
b Estimate from a B3LYP/CBSB7 calculation using HBRC-4 as the anchor; the CCSD(T) component in the CBS-QB3 calculation did not converge.

complexes dissociate into ANP (m/z 54) rather than AN (m/z
53). Yet, in the s time frame metastable dimer ions show four
other competing dissociations including loss of acrylonitrile.

One explanation for the presence of the substantial m/z 53
peak in the MI spectrum is that the protonation process lead-
ing to m/z 54 involves a significant reverse energy barrier. This
would make dissociation of the dimer into its ionic and neutral
acrylonitrile components more competitive with the protonation.
Alternatively, the m/z 53 ions in the MI spectrum of Fig. 1 do
not represent ions AN but rather ions CH,=C=C=NH* (AN1),
which are more stable by 17 kcal mol~!, see Table 1.

Solitary ions AN cannot isomerize into AN1: the calculated
energy requirement (CBS-QB3 data Table 1) for this isomeriza-
tion — a 1,3-H shift at 87 kcal mol~! or, more economically, two
consecutive 1,2-H shifts at 4647 kcal mol~! — is quite high and
well above that for dissociation of the incipient ions AN1 by H®
loss into the N-protonated cyanoacetylene ion [3], see Scheme 1.

However, the high barrier for the one-step isomerization via
a 1,3-H shift in the solitary ion may vanish in the encounter
complex if the neutral component catalyses the transforma-
tion. Criteria for successful proton-transport catalysis have been

developed by Bohme [2d] and Radom and co-workers [19]. The
most important criterion predicts that a smooth isomerization
AN — ANI1 would occur if the PA of the base (B) (acrylonitrile)
lies between the PA of CH,=C®*-C=N at C and at N. If PA(B)
is too low, proton abstraction will not take place. If PA(B) is too
high, the incipient ion BH* will not release the proton: disso-
ciation to CH,=C*-C=N + BH* (CH,=CHC=NH"* (ANP)) will
ensue instead. From the CBS-QB3 results in Table 1 we derive
values of 168, 185 and 188 kcal mol~! for PA(CH,=C*-C=N
at C), PA(CH,=C*-C=N at N) and PA(B), respectively; the lat-
ter value is in excellent agreement with the experimental value.
Thus the PA of the base is too high, but only marginally so,
which implies that PTC cannot a priori be ruled out.

Various ion—dipole complexes may be formed in the reac-
tion of acrylonitrile with its ionic counterpart which, because of
the large dipole moment of the nitrile (i« =3.9 D), are expected
to have stabilization energies in the 10-20 kcal mol~' range.
Among these, two hydrogen-bridged dimer ions may be envis-
aged, viz. HBRC-1 and HBRC-2 as depicted in Scheme 2.
These C—-H-N hydrogen-bridged radical cations [20] are cal-
culated to have stabilization energies of 15—17 kcal mol~! at the
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Fig. 1. (a) Chemical ionization mass spectrum of a mixture of gaseous acryloni-
trile and CO,. The MI and the CID spectra of the m/z 106 acrylonitrile dimer
ions of this spectrum are shown as items (b) and (c), respectively. The insets in
(b) and (c) refer to the spectra of the m/z 108 dimer ions of acrylonitrile-2-d.

CBS-QB3 level of theory. They both lie in a very shallow poten-
tial well with small barriers for rearrangement into ion—dipole
complexes that are not hydrogen-bridged. More importantly,
these HBRCs can also rearrange with a negligible barrier into

H H H H
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the covalently bound isomer D1 which has a much larger sta-
bilization energy, 58 kcal mol~!. Two more covalently bound
isomers were identified as stable minima viz. ions D2 and D3
in Scheme 2. The latter ion has been proposed as the dimer ion
core in an infrared photodissociation study of acrylonitrile clus-
ter ions (CH,=CHC=N),,** (n=3-10) [21]. Both isomers are
considerably less stable than D1 and play no obvious role in the
dissociation chemistry of the dimer ions. In contrast, as we shall
see in the next section, ion D1 may act as the reacting configu-
ration for a 1,2-H shift that initiates the observed losses of H®,
HCN and C>H; from the low-energy dimer ions.

The self-protonation leading to m/z 54 — and also the forma-
tion of m/z 53 if proton-transport catalysis plays a role — most
likely involves HBRC-1 and HBRC-2. That the self-protonation
reaction in these ions does not proceed spontaneously follows
from a consideration of the symmetries of the corresponding
electronic wave functions. Radical cation AN as well as the
radicals ANR; and ANR; are planar. The AN ground state
(AHpo3 =298 kcal mol~!) has 2A” symmetry; the lowest A’
state lies 34 kcal mol~! higher in energy. The ground states of
the radicals ANR1 and ANR,, however, have 2N symmetry.
The lowest A" states for these radicals correspond to excitation
energies of 52 and 53 kcal mol !, respectively. Since these exci-
tation energies are much larger than the stabilization energies of
HBRC-1 and HBRC-2, the reaction cannot proceed through any
of the excited states. As a consequence, the symmetry of the
wave function has to change during the proton transfer for the
reaction to proceed at energies below the threshold for dispropor-
tionation into an acrylonitrile ion and neutral (344 kcal mol™1).
Thus, assuming that the complex is planar, we have to deal with
the intersection between the two PESs corresponding to the 2A’
and 2A” states of the complex. However, the two states can be
connected by lowering the symmetry of the nuclear framework
of the CH,=CHC=N** moiety. This leads to a TS by distorting
the nuclear framework of this moiety such that the CH,=CH
m-bond is partially broken. The transition states for the self-
protonation reactions depicted in Scheme 3a and b were found
to lie just above the corresponding hydrogen-bridged complexes
HBRC-1/2. The barrier for formation of ANR; is lower than
that for ANR;, by 3 kcal mol~!, leading to the expectation that
ANR] is preferentially formed. Note that the two radicals can-
not freely interconvert because of a prohibitively high barrier of
52 kcal mol ™1, see Table 1.

Our chemical ionization experiments involving acrylonitrile-
2-d, CH,=CDC=N, are in qualitative agreement with the
scenario depicted in Scheme 3. The deuterated dimer ions dis-
sociate into both CH,=CDC=ND" (m/z 56)+ CH,=C*-C=N
(ANR}) and CH,=CDC=NH" (m/z 55)+°*CH=C(D)C=N

-+ + .
C=C=C=NH—HC=C—C=NH +H
[31]
AN1 [-17]
4

H
Ne +/ X i
oot 1,2-H :c= —c’\ 1,2-H ;
H o o M6l N BTy
N AN3[32] °
AN [0]
|
1,3-H [87]

Scheme 1. Isomerization of the acrylonitrile radical cation, AN, into its isomer AN1; the values in square brackets are relative energies in kcal mol~! derived from

CBS-QB3 (298 K) calculations.
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[17] e ? e [-34]
H H\ H "//C H H o H
«c—C=N N N+ I
c—c=N-EEH—E ;TR
v \ D1 [-58] H—C c H
H—C\ H \H \\\N
H Y
HBRC-2 [-15] D2 [-38]

Scheme 2. Structures of stable acrylonitrile dimer ions and their stabilization energies (kcal mol~!) relative to the dissociation level CH,=CHCN®*
(AN) + CH,=CHCN; the values in square brackets refer to CBS-QB3 (298 K) calculations.

(ANRj). This is seen from the inset in the MI spectrum of
Fig. 1b, where the m/z 56 peak is about twice as intense as the
m/z 55 peak. Thus both ANR; and ANR; radicals are formed
with a relative abundance of 2:1, and note that ANR; is thermo-
dynamically the more stable radical. The peak intensity ratio
(m/z 56 + m/z 55)/m/z 54 equals the m/z 54/m/z 53 peak intensity
ratio (6.0) in the spectrum of the unlabelled dimer indicating
that there is no isotope effect associated with the reactions.
We further note that after passing the transition state,
ANP may be formed directly or via N-H-N bridged com-
plexes with ANR; or ANRj, viz. HBRC-3 and HBRC-4 in
Scheme 3. (We note that the stabilization energies calculated
for these HBRCs, ca. 30kcal mol~!, is close to that obtained
by experiment for the N-H-N bridged proton bound dimer
of acrylonitrile, 30.7 kcal mol~! [22].) However, these HBRCs
may also accommodate back-donation of the abstracted pro-
ton which would lead to the isomerization of the AN ion into
either of its more stable isomers CH,=C=C=NH** (AN1) or
CH=CH=C=NH*"* (AN2). These ions both turn out to have
2A’ ground states, enabling the corresponding proton trans-
fers to take place spontaneously, provided these processes are
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m— CH,=CHCN™ + CH,=CHCN
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exothermic. Using the CBS-QB3 derived A¢H»og values of the
components in Table 1, we obtain the following energies for the
dissociation products: A¢H93(ANI+ ANN) =327 kcal mol~!
and AfHaog3(AN2 + ANN) =335 kcal mol~!. These energies are
only slightly higher than those for the products of the
self-protonations: AHrog(ANP+ ANR|) =324 kcalmol~! and
AfH93(ANP + ANR») =331 kcal mol~!. This implies that the
PTC processes cannot be ruled out on energetic grounds because
the energy available in the dimer ions is sufficiently high for
either dissociation route. On the other hand, both reactions are
exothermic for ions that pass either of the transition states where
their configuration is such that formation of ANP involves a mere
bond cleavage whereas the formation of the PTC ions AN1 or
AN2 requires a significant rearrangement. This makes it unlikely
that the PTC processes can effectively compete with the self-
protonations. In this context it is important to note that both
self-protonation reactions occur and that the self-protonation
of Scheme 3b lies 4 kcal mol~! higher in energy than the PTC
process of Scheme 3a. Yet, only self-protonation is observed.
Evidence that PTC does not play a significant role comes
from an experiment in which we probed the structure of the m/z

b
w— CHo=CHCN™ + CH,=CHCN (b)
[0] (AN) (ANN)
ANZ + ANN
— -]

+ 13
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AN2 : CH=CHC=NH**
ANP : CH,=CH-C=NH
ANR; : EH=CH-CN

Scheme 3. (a and b) Potential energy diagrams (CBS-QB3 calculations) describing the self-protonation reaction and the occurrence of proton-transport catalysis in

acrylonitrile dimer ions. The relative energies are in kcal mol~".
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53 ions in the MI spectrum of Fig. 1 by obtaining their CID
mass spectrum. This spectrum is shown in Fig. 2a: it is virtually
identical with that of acrylonitrile ions generated by electron
impact and characteristically different from that of ions AN1
and AN2 discussed in a previous study [3].

3.2. Back-dissociation versus self-protonation in the
acrylonitrile dimer ions HBRC-1/2

In the previous section we have established that the m/z 53
ions in the MI spectrum do not result from proton-transport catal-
ysis but rather are ions AN resulting from a back-dissociation.
It follows from the energy diagram of Scheme 3, that dimer ions
dissociating back into AN+ ANN can only do so at energies
largely in excess of that required for self-protonation. Prima
facie, therefore, the observed competition in the s time frame
of the back-dissociation with the self-protonation is surprising.
However, the following considerations may rationalize why dis-
sociation by self-protonation requires a sizable excess energy.

First, the majority of the reacting configurations do not cor-
respond to HBRC-1/2, which lie in very shallow wells, but to
the much more stable ion D1 (at 286 kcal mol~!). According
to RRKM theory [23], this implies that a relatively large excess
energy is needed. The same argument applies to the dissociations
of the very stable ions HBRC-3/4.

Second, the large dipole moment of acrylonitrile (1 =3.9 D)
and also of the radicals ANR1/2 (1« =3.8 and 3.2D, respec-
tively; calculated values) probably leads to a dramatic decrease,
by some orders of magnitude, of the dissociation rate con-
stants, as compared to an RRKM (variational transition state
theory) estimate. It has been argued that such dissociations do
not behave statistically, as classical trajectory calculations have
shown that the trajectories leading to dissociation are quasi-
periodical instead of chaotic because of the large ion—dipole
stabilization [24]. We suggest that the non-planarity of the tran-
sition states connecting HBRC-1 to HBRC-3 and HBRC-2 to
HBRC-4 also contributes to a non-statistical behaviour. Our
calculations show that the distortions in the CH,=CHC=N**
moiety lead to transition states that are 10-13 kcal mol~! lower
in energy than the corresponding (planar) minimum energy
crossing points. The self-protonation will then only be effective
if the internal rotation of the CH,-group in the CH,=CHC=N**
moiety is excited and the CH,=CHC=N moiety approaches the
ion from the right direction. Because of the large ion—dipole
stabilization for all other orientations, the reaction may be sub-
stantially slowed down by non-statistical behaviour.

Experimental evidence that the self-protonation is relatively
slow comes from a comparison of the MI and CID spectra of
the dimer ions presented in Fig. 1: self-protonation dominates
the MI spectrum, but in the CID spectrum the m/z 54 peak is
diminished with respect to the m/z 53 back-dissociation.

3.3. Self-protonation via the covalently bound acrylonitrile
dimer ions D-1?

We have also entertained the possibility that protonated acry-
lonitrile product ions are generated via a hydrogen shift in

52
(a)
26 51
38 ‘
b) 52
39
78
26
64
53
(c)
26
28 39

Fig.2. CID mass spectra of product ions generated from metastable acrylonitrile
dimer ions: (a) m/z 53 ions (loss of acrylonitrile); (b) m/z 79 ions (loss of HCN);
(c) m/z 80 ions (loss of CoHj); (d) m/z 105 ions (loss of H®).
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covalently bound dimer ions. An obvious route for ions DI is
the one shown in Scheme 4, where the second step is a simple
bond cleavage.

This route is not feasible: the 1,2-H shift for the isomeriza-
tion D1 — D6 is calculated to be more energy demanding than
the formation of ANP (m/z 54) via the HBRCs and also, see
Scheme 7, the formation of m/z 105 ions by loss of H®* from D1.
Another possibility is that ions D6 are generated from ion D7,
by a 1,4-H shift. The formation of D7 from D1, see Scheme 5
below, was considered because our calculations indicate that
D7 readily cyclizes into the vinyl pyrimidine type ions VP1/2
of Scheme 7. Ion D7 could thus account for the observed loss
of CoH» from the acrylonitrile dimer ions and the formation of
m/z 80 pyrimidine type product ions.

This scenario is not a viable option either: the barrier for the
isomerization D1 — D7 via two consecutive 1,2-H shifts, see
Scheme 5, is so high that it is unlikely that ions D7 play a role
in the dissociation chemistry of the acrylonitrile dimer ions.

Thus it seems likely that the formation of m/z 54 in the MI
spectrum of the dimer ions occurs via HBRC-1/2. However,
these HBRCs and the related non-hydrogen bridged ion—dipole
complexes cannot account for the competing loss of H® and
also that of HCN and C,H», which may well involve a cyclic
precursor ion. As we shall see in the next section rearrangement
reactions starting from the covalently bound dimer ions D1 can
account for all three losses.

3.4. The dissociation of the acrylonitrile dimer ion D1:
generation of ionized pyrimidine and its isomer ionized
pyrimidine-2-ylidine

The mechanistic proposal for the dissociation of the dimer
ions D1 by loss of HCN, C,H; and H* is presented in Scheme 7.
Its analysis will await the evaluation of the experimental evi-
dence for the proposed product ion structures. That the neutrals
lost from D1 are HCN rather than Co,H3* and also C,H, rather
than CN°* is confirmed by the MI spectrum of the fully deuter-
ated dimer ion (m/z 112) which displays a single peak at m/z 84
in the m/z 80 region.

The CID spectrum of the m/z 79 CsHsN ions generated by
loss of HCN from the metastable dimer ions is shown in Fig. 2b.
The major peaks at m/z 52 (loss of HCN and/or C,H3*®), m/z 39
(C3H3™) and m/z 26 (C,H,*™") are compatible with the proposed
linear CsHsN®* isomer of Scheme 7. Reference CID mass spec-
tra of non-cyclic CsHsN®* isomers are not available so that this
structure assignment must remain tentative. We further note that
the CID spectrum of Fig. 2b is incompatible with that of ion-
ized pyridine or its distonic analogues. These very stable cyclic
CsHsN** isomers all display CID spectra that are dominated by
a peak at m/z 52 (loss of HCN) [25].

A different scenario obtains for the structure assignment of
the m/z 80 ions. Here the overall appearance of the CID mass
spectrum of the metastably generated ions is that of a cyclic
C4H4N,** ion, viz. ionized pyrimidine (PY1) and/or one of
its ylide counterparts PY2-PY5 shown in Scheme 6 (relative
energies in kcal mol~! from Ref. [3D.

We have previously studied the above system of C4H4N,**
ions in detail, by both theory and experiment [3]. The calcula-
tions of this study predict that the five stable pyrimidine isomers
have comparable energies but also high interconversion barri-
ers. In spite of this, ions PY1-PY4 (PY5 was not experimentally
accessible) display similar CID mass spectra. However, the iso-
mers can be differentiated on the basis of the intensity ratios of
the m/z 26 (CoHy**) and m/z 28 (HCNH™) peaks which result
from high energy CID dissociations. A comparison of the CID
mass spectrum of Fig. 2¢ with the CID mass spectraof PY1-PY4
of our previous study [3] indicates that the loss of CoH; from
D1 yields ionized pyrimidine in admixture with its ylide iso-
mer PY2 in a 1:1 ratio. The analysis of the CID spectra allows
the possibility that the co-generated distonic ion is PY3 rather
than PY?2 but in our quest of mechanistic proposals for the CoH»
loss we have not been able to find a plausible pathway for its
generation.

The CID mass spectrum of the m/z 105 ions generated by
loss of H® is presented in Fig. 2d. Reference spectra are not
available for this system of ions. However, the base peak in the
spectrum at m/z 52 can readily be rationalized in terms of the
structure proposed in Scheme 7, viz. by invoking a simple bond

H HH H i H
N\ > +/ H
//C—(.3=N-—C\+ _— ;c—5=N—c\ 158 )—c’:=N—c’

H—C E—H H— cH ——> H—C/ N
| / [40] ] ;¥ [50] C—H

H C c ! + 7

N//? V] H N=C\

D1 [0] D4 [-1] D7 [12] H

Scheme 5. Isomerization pathways of acrylonitrile dimer ions D1 into ions D7. The relative energies in square brackets are in kcal mol~! and were obtained from

CBS-QB3 calculations (Table 2).
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cleavage into CH=CHC=N" (m/z 52) + CH,=CHC=N. Further
support for the structure assignment comes from exploratory
calculations which confirm that the least energy demanding H®
loss from D1 is that of a methylene hydrogen and the discussion
of the mixed dimer ions D1(Cl) at the end of this section.

We now turn to a discussion of our mechanistic proposals
using the energy diagram of Scheme 7 as a guide.

3.4.1. Formation of pyrimidine via loss of C2H>
As discussed above, see Scheme 2, the reaction between two
acrylonitrile monomers can lead to a variety of possible dimers.

The most stable direct chemically bonded dimer was found to
be D1 which has a stabilization energy of 58 kcal mol~! relative
to AN+ ANN. A six membered ring with the N-C-N connec-
tivity of pyrimidine may be envisaged to occur by ring closure
of D1 but such a species is not a minimum on the potential
energy surface. In contrast, ions D4 generated from a 1,2-H shift
in D1, can readily lead to the desired ring closure. The fairly
energy demanding 1,2-H shift for the transformation D1 — D4
(40kcal mol~!) allows the incipient ions D4 to cyclize into
D5. This ion can further rearrange by a 1,2-H shift into the
2-vinylpyrimidine radical cation, VP1, which may serve as the

o+ H H
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Scheme 7. Energy diagram derived from CBS-QB3 298 K calculations (kcal mol~!) describing the losses of C;Hy, HCN and H from metastable acrylonitrile dimer
ions D1. Note #1: dissociation from VP1a and VP2a, see text; Note #2: exchange vinyl H atoms via VP1b, see text.
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Fig. 3. Selected optimized geometries (CBSB7 basis set) for stable intermediates and transition states involved in the dissociation chemistry of low energy acrylonitrile
dimer radical cations.
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immediate precursor for the loss of CoH», see Scheme 7. Another
route to the formation of VP1 involves the facile ring closure of
ions D7 in Scheme 5. However, the minimum energy require-
ment for the transformation D1 — D7, lies at 336 kcal mol~!,
some 10kcalmol~! above the transformation D1 — D4. Con-
sidering the energy requirements for the competing losses of H®
and HCN, see Scheme 7, we see that this transformation is not
a viable option.

Ton VP1 can readily lose CoH; through a simple 1,4-H shift
to VP1a to generate the distonic pyrimidine isomer PY2 whose
energy level lies at 318 kcalmol~!. To generate the slightly
more stable pyrimidine ion PY1, the 2-vinylpyrimidine ion VP1
may first go through a 1,2 vinyl-shift at 311kcalmol~! (TS
VP1-VP2 in Scheme 7). The resulting stable distonic isomer
VP2 may then dissociate into PY1+ C,Hj via a low-lying 1,4-

h
VP1
?.
=
VP2 VP2a
1.269
X
_ C 1.393
P
TS VP2 - VP2a TS VP1 -VP1b

H shift analogous to the VP1-VP1a shift. Thus, the formation
of both PY1 and PY?2 is energetically possible since the activa-
tion energy for the 1,2-vinylidene shift turns out to be relatively
small (43 kcal mol ™). Our collision experiments show that the
peak at m/z 80 in Fig. 1b indeed represents a mixture of isomers
PY1 and PY2. Note that the interconversion of PY2 and PY1
via a 1,2-H shift is not feasible: the activation energy for this
isomerization is prohibitively high, 65 kcalmol~!, as has been
previously calculated by Lavorato et al. [3].

One further point deserves comment: following the pro-
posal of Scheme 7, the deuterated dimer ions generated from
acrylonitrile-2-d, CH,=CDC=N, are expected to lose CoHD.
The m/z 81 peak in the inset of Fig. 1b, part of which origi-
nates from the loss HCN, shows that this is indeed the case.
However, loss of CoH; (m/z 82) is also observed, indicating that
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the vinyl hydrogens in ion VP1 undergo exchange. Our calcu-
lations rationalize such an exchange via recurrent 1,2-H shifts
between VP1 and VP1b (see Scheme 7 and Fig. 3), with a TS at
313 kcal mol~!.

3.4.2. Loss of H* and loss of HCN

Our computational analysis indicates that the loss of H®
proceeds from D1 to D4, yielding the m/z 105 ion structure
depicted in Scheme 7. The thermochemical threshold for these
dissociation products lies at 330 kcal mol~! but this reaction
was calculated to have a small reverse activation energy of
2kcalmol~!. Note that the TS D5 — VP1 at 327 kcal mol~!
was found to be about 5 kcal mol~! lower in energy than the TS
for this dissociation.

The energetically most favourable path for the HCN loss
involves ring-opening of D5 (TS at 309 kcal mol~!) to gener-
ate ion DS (structure shown in Fig. 3) at 308 kcal mol~!. This
ion can lose HCN without a reverse barrier yielding the linear
m/z 79 ion depicted in Scheme 7. The energy requirement of this
reaction is the same as that for the pyrimidine formation.

3.4.3. The mixed dimer ion of acrylonitrile and
2-chloroacrylonitrile

Further support for the mechanistic proposal of Scheme 7
comes from a brief analysis of the dissociation behaviour of the
dimer ion of acrylonitrile and 2-chloroacrylonitrile. The ioniza-
tion energy of the chloro compound is lower than that of the
parent nitrile (11.58 eV versus 11.91eV [17c]. Therefore, the
chloro analogue of ion D1 depicted in the scheme below, D1(Cl),
is expected to be the principal species in this system of ions. The
metastable dimer ions show only two reactions: (i) formation of
CgHsN,* ions (m/z 105) by loss of CI® and (ii) formation of
2-chloroacrylonitrile ions (m/z 87) by loss of acrylonitrile.

Loss of CI* dominates the MI spectrum: the m/z 105: m/z 87
peak intensity ratio is 4:1. However, this ratio reverses to 1:4
in the CID spectrum of the dimer ions and m/z 87 is now the
base peak. To probe the structure of the m/z 105 product ions we
obtained their CID mass spectrum and found it to be identical
with that of the m/z 105 ions generated by loss of H® from ions
D1 in Scheme 7. These observations indicate that the C1°® loss is
not a direct bond cleavage but rather occurs upon a 1,2-H shift
in ions D1(Cl), as depicted in Scheme 8.

The product enthalpies for the two dissociation reactions pre-
sented in the scheme (CBS-QB3 results Table 1) indicate that
the two reactions can only compete if the 1,2-H shift barrier
preceding the CI® loss is sufficiently high. This is indeed the
case: our B3LYP/CBSB7 calculations predict the barrier to lie
at 330 kcal mol~! which allows the two processes to compete.

However, once ions DI(CI) have undergone the 1,2-H shift,
immediate dissociation by loss of CI*® ensues because the reac-
tion is strongly exothermic. This is not the case for the loss of
H* from D1 which is slightly endothermic, see Scheme 7. This
would explain why ions D1(Cl) do not further rearrange to lose
HCN and C,H, whereas ions D1 do.

Finally, we note that metastable ions D1(Cl) do not disso-
ciate, via the chloro analogue of HBRC-1, into CH,=CHC=
NH* + *CH=C(C1)C=N although the energy requirement for
this reaction, 329 kcal mol !, is 3 kcal mol~! lower than that for
the back dissociation (Table 1). This is not really surprising con-
sidering that in this system too the self-protonation reaction is
expected to involve reverse activation energy.

4. Summary

Our combined computational and experimental study shows
that the interaction of an acrylonitrile ion with its neutral coun-
terpart leads to hydrogen-bridged ion—dipole complexes which
may undergo self-protonation (but not self-catalysis) or else
isomerize into the very stable covalently bound species D1 of
Scheme 7. D1 ions act as the starting point configuration for the
reactions that lead to the losses of H®*, HCN and C,H>.

The latter process involves a crucial cyclization step that
ultimately yields ionized pyrimidine in admixture with its 2-
ylide isomer. This process may be relevant in the context of the
quest for the prebiotic pyrimidine molecule in astrochemistry.
Neutralization of the isomeric ions by charge exchange with
molecular targets in the keV translational energy regime yields
pyrimidine and its 2-ylide as stable neutral species [3]. The
2-ylide does not convert into the more stable pyrimidine by
an intramolecular 1,2-H shift [3] but this isomerization may
readily occur by intermolecular interaction, e.g., with H3O* on
an icy surface. Such a surface could also promote electron-ion
recombination followed by isomerization as has been proposed
for the formation of acetic acid in space in a recent SIFT study
[7b,26].

Finally we note that a detailed analysis [27] of the
ion—molecule reaction of acrylonitrile with HCN indicates that
ionized pyrimidine could be generated via an analogous mech-
anism.
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