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A joint experimental and theoretical study

Hayley J. Andreazza, Mark Fitzgerald and John H. Bowie*

Received 21st February 2006, Accepted 27th April 2006
First published as an Advance Article on the web 18th May 2006
DOI: 10.1039/b602621d

Franck—Condon one-electron oxidation of the stable anions “CH,CN, CH;-CHCN and ~CH,CH,CN
(in the collision cell of a reverse-sector mass spectrometer) produce the radicals *CH,CN, CH;’CHCN
and ‘CH,CH,CN, which neither rearrange nor decompose during the microsecond duration of the
neutralisation-reionisation experiment. Acetonitrile (CH;CN) and propionitrile (CH;CH,CN) are
known interstellar molecules and radical abstraction of these could produce energised “CH,CN and
CH;"CHCN, which might react with NH,* (a known interstellar radical) on interstellar dust or ice
surfaces to form NH,CH,CN and NH,CH(CH;)CN, precursors of the amino acids glycine and alanine.

Introduction

A knowledge of the mode of formation of amino acids is important
for the understanding of the origin of life in our Galaxy."* Amino
acids have been found in meteorites*® and they have also been
found following electrical discharge in systems modelling the
atmosphere of primordial Earth,> and following UV irradiation
of interstellar ice models.''* The search for the simplest amino
acid, glycine, in interstellar dust clouds, circumstellar envelopes,
interstellar ice and comets has been ongoing for more than two
decades with mixed initial success.”**' Perhaps the identification
of interstellar glycine has been made difficult because it likely
that amino acids are destroyed by UV photolysis in interstellar
clouds.”®* In spite of this, the detection of glycine (using rotational
spectroscopy) has recently been claimed in the hot molecular cores
Sagittarius B2, Orion KL and W5.2* This, together with the
detection of some 120 other molecules in stellar regions,??¢2
suggests that interstellar molecules could have played an important
role of the prebiotic chemistry of Earth.

It has been suggested that amino acids in some meteorites?
and also in interstellar clouds®***' may be formed by the Strecker
reaction [CH,O + NH; + HCN — NH,CH,CN + H,0 —
NH,CH,CO,H* (CH,0, NH; and HCN are all found in inter-
stellar regions)], or the Tiemann (cyanhydrin) modification of
the Strecker process.f Proposals of synthetic routes to glycine
in interstellar regions are numerous. Apart from the Strecker
reaction, other proposals are that glycine may be formed from
formic acid®***" (particularly in interstellar ice) by reaction with
CH,NH,* CH;NH," * or NH,CH,OH** (e.g. NH,CH,OH,"* +
HCO,H — NH,CH,CO,H,* + H,0), and from the reaction
between acetic acid and *NH,OH.*® However, utilisation of amines
as building blocks for interstellar amino acids has recently been
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T The acid hydrolysis of NH,CH,CN to glycine involves protonation of the
nitrile group, however the amino group will be preferentially protonated:
the relative proton affinities of the NH, and CN in aminoacetonitrile are
820 and 780 kJ mol~' respectively in the gas phase.®

questioned.* In addition, it has been shown that the reactions
between CH,NH" and the interstellar molecules HCN or HNC
are energetically unfavourable.® A recent suggestion is that
glycine may be formed in interstellar ice by the multistep process
CH,NH, + CO, + H - NH,CH,CO,H.*

Two proposals that are particularly interesting in the context
of this paper are (i), glycine may be formed by radical coupling
reactions (on dust particles or in interstellar ice),* and (i),
NH,CH,CN may be the precursor of interstellar glycine; but
formed from cyanogen* (NCCN, a species not yet detected
in interstellar regions) rather than the Strecker process. The
proposal of NH,CH,CN as a glycine precursor is plausible on
several grounds: namely, (i) amino acids are much less stable to
UV irradiation in interstellar regions than nitriles* (which are
abundant in interstellar regions?*?® even though NH,CH,CN has
not itself been detected), (ii) nitriles should be readily hydrolysed
to carboxylic acids in interstellar ice in exothermic reactions with
only small barriers (barrier calculated to be ca. 6 kJ mol~'*).
Finally, the analogous NH,CH(R)CN species could, in principle,
produce other amino acids in interstellar regions (e.g. R = CH;
would give the alanine precursor).

If radical reactions produce amino acid precursors in interstellar
regions, then CH;"CHCN could be a precursor of alanine. How
might this radical be formed in interstellar clouds or ice? Balucani
et al.** have described the crossed beam reaction between the
cyano radical and ethylene to produce vinyl cyanide (all known
interstellar molecules), and have probed the reaction coordinate
of this reaction using the B3LYP level with the 6-311G(d,p) basis
set. A simplified version of these results is shown in Fig. 1, and our
data (Table 1) for the *CH,CH,CN to CH;*CHCN rearrangement
are qualitatively similar to those shown in Fig. 1. The reaction
between the cyano radical and ethylene gives *CH,CH,CN with
232 kJ mol™" of excess energy at the level of theory used for the cal-
culation of Balucani ez al.* The first formed radical may rearrange
to CH;"CHCN or dissociate to CH,=CHCN as shown in Fig. 1.
Nitrile to isonitrile isomerisations are energetically unfavourable in
comparison with the two reactions described above.* The authors
state that since *CH,CH,CN and CH;"CHCN are formed with
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Table 1 Energies and geometries for doublet neutrals

ﬁ1
( ’ H3 \ k2 H )
N el Nea—CA) S
™ ey, / 1 H4/C T2
H4
L 2 Ts 1/2

Symmetry C, C, C,
Energy/Hartree” —170.91225 —170.89852 —170.84091
Relative energy/kJ mol~! 0 +36 +190
Dipole moment/Debye® 4.15 4.02
Electron affinity/eV* 1.12 1.50
Bond length/A or angle/°*
NC1 1.177 1.161 1.169
cic2 1.389 1.468 1.417
C2C3 1.497 1.499 1.490
C1C3 2.539 2.482 2.547
HIC2 1.087 1.104 1.086
H2C2 1.101 1.265
H2C3 1.099 1.354
H3C3 1.099 1.083 1.083
H4C3 1.093 1.085 1.083
NCIC2 179.8 179.7 178.3
C1C2C3 123.2 113.5 122.3
CIC2H1 117.3 107.8 117.5
C1C2H2 108.1 114.4
C2C3H2 110.6
C2C3H3 111.9 121.5 119.7
C2C3H4 110.6 119.0 118.5
NC1C2C3 0.0 28.0 —85.1
NCIC2H1 180.0 —-95.4 112.5
NCIC2H2 1514 —18.5
C1C2C3H3 0.0 -9.8 5.0
C1C2C3H4 —121.1 173.7 —163.4

@« CCSD(T)/aug-cc-pVDZ//B3LYP/6-31+G(d) level of theory including zero-point energy (B3LYP/6-31+G(d). ® B3LYP/6-31+G(d) level of theory.

CoHs + CN
(0)

(-92) (%9

CH,=CHCN + H’

(-232)
"CH,CH,CN

(-286)
CHy CHCN

Fig. 1 Reaction coordinate profile of the reaction between the cyano
radical and ethylene at the B3LYP/6-311G(d,p) level of theory. Modified
from ref. 44. The relative energies obtained from our calculations
at the CCSD(T) aug-cc-pVDZ//B3LYP/6-31G+(d) level of theory
are CH;"CHCN (0 kJ mol™"), transition state (+190 kJ mol™') and
*CH,CH,CN (+36 kJ mol™!) [see Table 1].

excess energy in this reaction sequence, these two radicals will be
short lived and should not be precursors in interstellar chemical
reactions.

This paper considers the possibility that *‘CH,CN and
CH;*CHCN may be precursors of interstellar glycine and alanine.
The formation of these radicals (together with *CH,CH,CN) by
charge stripping of the corresponding anions in the gas phase is
investigated.

Results and discussion

The major question addressed in this paper is whether the radicals
*CH,CN* and CH;"CHCN* could be intermediates in the
formation of glycine and alanine in interstellar media. In principle,
the reactions between NH,* and *CH,CN and CH;"CHCN in
the gas phase will give NH,CH,CN and NH,CH(CH;)CN in
exothermic and barrierless reactions.} The problem is that all three
radicals will be formed with excess energy, and so each reaction
will require a third body (either interstellar dust or ice) to remove
the excess energy of formation of radicals and products, unless
these are deactivated radiatively. The possibility of "NH, reacting
on dust surfaces has already been raised,* and ‘NH, has been

1 It has also been suggested that, in principle, glycine could be made by
the reaction between NH," and acetic acid.** Even if this is feasible, it is
likely that the amino acid would be largely destroyed in interstellar clouds
by ultraviolet irradiation.
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tentatively assigned as an interstellar molecule within Sagittarius
B2* and Orion KL.*

Balucani ez al.** have proposed that if CH;"CHCN is formed
by the process shown in Fig. 1, its excess energy of formation
(286 kJ mol~") means that this radical will be short lived and not
be a precursor in interstellar chemical reactions. This presupposes
that*CH,CH,CN is the precursor of CH;*CHCN in the interstellar
media. However, CH;"CHCN may be produced by an alternative
route to that shown in Fig. 1. Propionitrile is a known interstellar
molecule:® perhaps propionitrile may undergo hydrogen atom
abstraction to yield CH;"CHCN? For example, the reactions
CH;CH,CN + H' — H, + CH;"CHCN and CH;CH,CN +
HO* — H,O + CH;"CHCN have calculated AH values of —60
and —120 kJ mol~! respectively (individual values from the NIST
WebBook, also AH®; of CH;*CHCN is 210 & 10 kJ mol~"' ). Even
the reaction CI' + CH;CN — HCI + *CH,CN is exothermic, but
the presence of a reactant like transition state results in a slow rate
of 2 x 107* cm® molecule™! s~! for this process.>*!

The formation of radicals from the corresponding anions

Previously, we have used the neutralisation—reionisation procedure
("NR*)% to allow the production and study of transient species
of relevance in interstellar chemistry from anions of known
bond connectivity.** In this case we first seek to make "CH,CN,
CH; CHCN and ~CH,CH,CN by unequivocal routes and deter-
mine whether these anions are stable under the conditions used
to effect the one-electron Franck—Condon oxidations. The three
anions were made by either deprotonation reactions [eqn (1) and
(2)] or by the Sy2 (Si) process* in the ion source of the mass
spectrometer. The labelled species ~CD,CN, CH;"CDCN and
~CH,CD,CN were formed by analogous reactions.

HO~ + CH,CN — ~CH,CN + H,0 (1)
HO" + CH,CH,CN — CH, CHCN + H,0 )
F~ 4 (CH,),SiCH,CH,CN — ~CH,CH,CN + (CH,),SiF  (3)

(a) The *CH,CN system. The spectra of “CH,CN and the
labelled species “CD,CN are considered first to illustrate the
applicability of the neutralisation-reionisation method for this
system. The collision-induced negative ion spectra of ~CH,CN
and ~CD,CN show the following peaks: [m/z (loss) abundance];
“CH,CN: 40 (parent) 100%, 39 (H?) 1, 38 (H,) 1 and 26
(CH,) 1. "CD,CN: 42 (parent) 100%; 40 (D*) 1; 38 (D,) 1 and
26 (CD,) 0.5%. These fragmentations are diagnostic of anions
with bond connectivities CH,CN and CD,CN. This means that
~CH,CN is an appropriate precursor for radical “CH,CN since the
anion is stable under the collision conditions used for the “NR*
experiment. The charge-reversal spectrum (“CR*, synchronous
two electron oxidation of the anion to the corresponding cation),*
and the neutralisation—reionisation spectrum ("NR*, sequential
one-electron oxidation to the neutral followed by one electron
oxidation to the cation)*® of ~CD,CN are shown in Fig. 2.
The two spectra are very similar, with both showing partial D
rearrangement of the decomposing cation *CD,CN [e.g. losses of
C and CD (rearrangement) and CD, (no rearrangement)]. The
observation that both spectra are very similar [but with partial
(and identical) extents of rearrangement] indicates that (i) *CH,CN

(A) 28 (-CD’) 8
"CD,CN
(-CD,) 26
‘CR*

30 (-O)
cHiz 16 (CD,")
ﬂb 1
B)

28 a2
‘NR* 26

30

e N

A

L

Fig.2 The "CR* (A) and "NR" (B) spectra of "CD,CN. VG ZAB 2HF
mass spectrometer. For experimental details see the Experimental section.

and *CD,CN are stable for the duration (one microsecond) of the
“NR* experiment, and (ii) it is the first formed cation which is
undergoing rearrangement.

(b) The CH;*CHCN and ‘CH,CH,CN systems. These two
systems are considered together because Balucani et al. have
suggested that CH;"CHCN may be formed from "CH,CH,CN
in the reaction between the cyano radical and ethylene.** The
situation concerning the two precursor anions may be more
complex than that considered above for deprotonated acetonitrile.
It has been shown previously that some B-ethyl anions rearrange to
more stable isomers when energised (e.g¢. “CH,CH,CH=CH, —
~CH,CH=CHCH,*"). Thus it is possible that ~CH,CH,CN
may rearrange to CH;"CHCN under the collisional conditions
required to effect the Franck—Condon one-electron oxidation of
~CH,CH,CN to 'CH,CH,CN. However, it was shown earlier,®
that the decomposition of “CH,CH,CN to ethylene and the cyano
radical is more favourable thermodynamically than the rearrange-
ment of "CH,CH,CN to CH,"CHCN. We consider, further, the
possibility of this rearrangement from both experimental and
theoretical viewpoints.

The singlet states of CH;7CHCN and ~CH,CH,CN are more
stable than the corresponding triplets by 173 and 127 kJ mol~" (re-
spectively) at the CCSD(T) aug-cc-pVDZ//B3LYP/6-31+G(d)
level of theory. Thus we have considered only the reaction
coordinate on the singlet potential surface (see Table 2). Singlet
anion CH;"CHCN is the more stable of the two isomeric anions
by 81 kJ mol™! with the barrier for conversion of ~CH,CH,CN
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Table 2 Energies and geometries for singlet anions

N N 7‘
(L (!1 C1
] l % I WH2 H3 /c|2
2 - =
L §\H/ZC?\H1 " -—"cs/m\_( Hat 3T Ll
He
- i3 Ts 172
Symmetry C, C, C,
Energy/Hartree” —170.95351 —170.92274 —170.86399
Rel. energy/kJ mol™! 0 +81 4235
Dipole moment/Debye” 4.32 4.11
Bond length/A or bond angle/°*
NC1 1.192 1.171 1.182
Ci1C2 1.387 1.500 1.411
C2C3 1.515 1.534 1.600
CIC3 2.516 2.592 2.645
HI1C2 1.091 1.102 1.090
H2C2 1.102 1.237
H2C3 1.102 1.371
H3C3 1.116 1.105 1.093
H4C3 1.102 1.105 1.101
NC1C2 177.9 174.9 174.9
Cl1C2C3 120.1 117.3 122.8
CIC2H1 116.6 105.6 115.8
CIC2H2 105.6 129.2
C2C3H2 110.7
C2C3H3 116.0 109.6 109.1
C2C3H4 111.5 109.6 114.4
NCIC2C3 71.4 0.0 70.8
NCIC2H2 —124.2 0.2
CIC2C3H4 —48.1 59.0 103.1
NCIC2H1 —136.9 124.2 —140.3
C1C2C3H3 72.9 —59.0 —23.5
CIC2C3H2 —166.2

“CCSD(T)/aug-cc-pVDZ//B3LYP/6-31+G(d) level of theory including zero-point energy (B3LYP/6-314+G(d). * B3LYP/6-314+G(d) level of theory.

Table 3 CID Spectra of CH;"CHCN and ~CH,CH,CN and labelled analogues m/z (loss) relative abundance (%)

CH, CHCN 54 (parent) 100%; 53 (H) 0.1; 52 (H,) 0.3; 39 (CH,") 0.2; 26 (C,H,) 0.2
CH, CDCN 55 (parent) 100%, 54 (H) 0.1; 52 (HD) 0.3; 39 (CH5") 0.2; 26 (C,H, D) 0.2
~CH,CH,CN 54 (parent) 100%; 53 (H) 2; 52 (H,) 0.3; 26 (C,H,) 0.2

~CH,CD,CN

56 (parent) 100%; 55 (H) 0.5; 54 (H,/D) 0.1; 53 (HD) 0.1; 52 (D,) 0.1; 26 (C,H,D») 0.2

to CH;"CHCN being 153 kJ mol™. The only examples of
isomerisation of anions that we have observed previously occur
when the interconversion barrier is < 55 kJ mol~'.5® The collision
induced (CID) spectra of these anions and their labelled analogues
are listed in Table 3. Peaks arising from dissociation are minor
in comparison with the abundances of the parent anions. The
loss of CH, from ~CH,CH,CN and CHj;" from CH;"CHCN are
diagnostic of these structures. Thus theory and experiment suggest
that the two anions are stable when formed by the reactions
shown in eqn (2) and (3), in spite of earlier findings that other
substituted B-ethyl anions may be converted readily to more stable
isomers.***” This is also consistent with the earlier findings of
Kass®® that the rearrangement is less favourable than dissociation
of "CH,CH,CN. Thus, the two anions should be appropriate
precursors for the production of *CH,CH,CN and CH;"CHCN.
The neutrals CH;”CHCN and *CH,CH,CN should be formed
from CH;"CHCN and ~CH,CH,CN with Franck-Condon en-

ergies (the excess energy of the neutral with the anion geometry
compared with that of the neutral at the potential minimum) of
9 and 35 kJ mol~! respectively at the level of theory used in this
study. These energies are not, by themselves, sufficient to effect
rearrangement or decomposition of the neutral radicals (see e.g.
Fig. D).

The ~CR* and “NR* mass spectra of CH;"CHCN and
“CH,CH,CN are recorded in Figs. 3 and 4 respectively, while
the analogous spectra of the two labelled derivatives are listed in
Table 4. The key points to note are (i) the “CR* and "NR* spectra
of CH;~CHCN are very similar, as are those of “CH,CH,CN, but
(11) the spectra of the two isomers are different. The fragmentations
in the spectra are quite complex but are consistent with the
expected structures of the two radicals. For example there is
major peak in Fig. 3 due to loss of CH;* accompanied by
a sequential loss of (CH;* + H°) [consistent with a structure
of CH;*CHCN] while Fig. 4 shows losses of CH, together

This journal is © The Royal Society of Chemistry 2006
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Fig. 3 The "CR* (A) and "NR* (B) spectra of CH;"CHCN. VG

ZAB 2HF mass spectrometer. For experimental details see Experimental
section.

with (CH, + H") and (CH, + H,) [consistent with structure
*CH,CH,CN]. The spectra of the labelled analogues (Table 4)
show that there is minor H-D rearrangement occurring within
CH;*CDCN and *CH,CD,CN. Notwithstanding this, the spectra
listed in Table 4 are consistent with those reproduced in Figs. 3 and
4. The observation that there is partial rearrangement occurring
following formation of parent cations in both Figs. 3 and 4,§ and
that the "NR* and ~CR" spectra in each of these figures are very
similar, means that neither radical rearranges or dissociates to a
measurable extent during the microsecond duration of the NR
experiment. These experimental findings are in accord with our
calculations (Table 1) and those of Balucani et al.*

§ A reviewer has suggested that some consideration of cation decomposi-
tions could be provided here. Cation reactions are not part of the major
thrust of this paper, but literature is available concerning C,H,N**° and
C;H,N* cationic systems.

( A) 54

"CH,CH,CN
"CR*

28 (C,H,")

(NC) 26 B ACCH)

x5)

A b "
L o ‘-

(B) 54

Fig. 4 The "CR* (A) and "NR* (B) spectra of "CH,CH,CN. VG
ZAB 2HF mass spectrometer. For experimental details see Experimental
section.

Conclusions

(1) The anions “CH,CN, CH;"CHCN and ~CH,CH,CN have been
made from precursors of known bond connectivity. The anions are
stable and do not rearrange when energised by collisions in the first
collision cell of the mass spectrometer.

(ii) Franck—Condon vertical one-electron oxidation converts
each of the three anions to the corresponding doublet radi-
cal: *CH,CN, CH;"CHCN or *CH,CH,CN. These radicals are
stable; there is no evidence to indicate that they rearrange or
dissociate during the microsecond duration of the neutralisation—
reionisation experiment.

Experimental

A Mass spectrometric experiments

All experiments were performed with a VG ZAB 2HF two-
sector mass spectrometer of BE configuration (B stands for

Table4 The CR* and “NR* spectra of CH;” CDCN and ~CH,CD,CN m/z (relative abundance)

CH; CDCN

~CR* 55 parent (100%), 54(42), 53(86), 52(74), 51(46), 50(8), 40(35), 39(11), 38(33), 37(6), 36(3), 29(11), 28(22), 27(34),

26(21), 25(8), 24(1), 15(0.5), 14(0.5), 12(0.3)

“NR* 55 parent (100%), 54(45), 53(89), 52(73), 51(46), 50(10), 40(38), 39(13), 38(36), 37(5), 36(2), 29(14), 28(25), 27(36),

26(24), 25(9), 24(2), 15(0.3), 14 (0.2), 12(0.2)
-CH,CD,CN

~CR* 56 parent (46%), 55(54), 54(100), 53(3), 52(1), 42(5), 41(8), 40(8), 38(2), 30(16), 29(26), 28(35), 26(14)
“NR* 56 parent (51%), 55(47), 54(100), 53(4), 52(1), 42(7), 41(10), 38(2), 30(15), 29(25), 28(38), 26(12)
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magnetic and E for electric sector), which has been described
previously.*” In summary, the precursor anions “CH,CN and
Me CHCN were made by the reaction between HO- (from
H,0%) and CH;CN and CH;CH,CN in the source of the mass
spectrometer. The corresponding D labelled compounds CD;CN
and CH;CD,CN were treated with DO~ (from D,0) in the ion
source to yield “CD,CN and CH;~CDCN respectively. The anions
~CH,CH,CN and ~CH,CD,CN were formed in the ion source
by the reaction of F~ (from SF¢3*¢*) with (CHj;);SiCH,CH,CN
and (CH;);SiCH,CD,CN respectively. The neutral precursors in
these reactions were introduced via the direct probe in which a
capillary containing the sample was drawn out to a very fine
aperture, allowing for a slow release of vapour pressure to give
a measured pressure in the source housing of 5 x 10~ Torr. The
direct probe and the ion source were heated to 50 °C, conditions
under which the nitriles are stable. The reagents in the ion source,
HO™ (from H,0), DO~ (from D,O) or F~ (from SF,) were added
to give a pressure of 107> Torr in the source housing: estimated
total pressure in the ion source, 10~! Torr. Anions were accelerated
to 7 keV translational energy and mass selected by means of the
magnet. For collisional induced (CID) dissociations, the ions were
collided in the first of two tandem collision cells (between B and E)
with helium at 80% transmission (T) of the incident beam; these
conditions approximate single-collision conditions.®

In neutralisation—reionisation experiments ("NR*) the anions
were neutralised by high-energy collisions with molecular oxygen
(80% T) in the first of two collision cells located in the field-free
region between B and E. Unreacted ions were deflected away from
the beam of neutral species by applying a voltage of 300 V on
a deflector electrode located between the two collision chambers.
Reionisation of the neutrals to cations occurred in the second cell
following collision with oxygen (80% T). The resulting spectra
were obtained by scanning E (with the polarity of the sector
voltage reversed to allow the passage of positive ions). Charge
reversal spectra ("CR*) of the anions to cations®® were obtained
by colliding the ion beam with oxygen (80% T) in the first collision
cell, and measuring the spectrum as described above for the "NR*
method. Under these conditions, the “CR* process can be treated
as a vertical, two-electron oxidation occurring through a single
step at a time scale of a few femtoseconds, although some species
might undergo multiple collisions.

B Precursor molecules

Acetonitrile, D;-acetonitrile and propionitrile were commer-
cial products. CH;CD,CN was obtained by allowing propi-
onitrile to react with D,O in ion source of the instrument.®
3-Trimethylsilylpropionitrile was prepared by a reported
procedure.® The labelled derivative (CHj;);SiCH,CD,CN was
made by the same procedure® except that D;-acetonitrile is used
instead of acetonitrile [D, = 99% (by NMR)].

C Theoretical methods

Geometry optimisations were carried out with the Becke 3LYP
method® using the 6-314+D(d) basis set within the Gaussian
98 (revision A9) suite of programs.® Stationary points were
characterised as either minima (no imaginary frequencies) or
transition states (one imaginary frequency) by calculation of the

frequencies using analytical gradient procedures. The minima
connected by a given transition state were confirmed by intrinsic
reaction coordinate (IRC) calculations. The calculated frequencies
were also used to determine zero-point vibrational energies which
were then scaled by 0.9804% and used as zero-point correction
for the electronic energies. More accurate energies for the B3LYP
geometries were determined using the CCSD(T) method® together
with the Dunning aug-cc-pVDZ basis set.*
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