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Anionic Derivatives of Uracil: Fragmentation and
Reactivity

Callie A. Cole,® Zhe-Chen Wang,? Theodore P. Snow™ and Veronica M.
Bierbaum?®

Uracil is an essential biomolecule for terrestrial life, yet its prebiotic formation mechanisms have proven
elusive for decades. Meteorites have been shown to contain uracil and the interstellar abundance of
aromatic species and nitrogen-containing molecules is well established, providing support for uracil’s
presence in the interstellar medium (ISM). The ion chemistry of uracil may provide clues to its prebiotic
synthesis and role in the origin of life. The fragmentation of biomolecules provides valuable insights into
their formation. Previous research focused primarily on the fragmentation and reactivity of cations derived
from uracil. In this study, we explore deprotonated uracil-5-carboxylic acid and its anionic fragments to
elucidate novel reagents of uracil formation and to characterize the reactivity of uracil’s anionic
derivatives. The structures of these fragments are identified through theoretical calculations, further
fragmentation, experimental acidity bracketing, and reactivity with several detected and potential
interstellar species (SO2, OCS, CSz, NO, N20, CO, NHs, Oz, and C2H4). Fragmentation is achieved through
collision induced dissociation (CID) in a commercial ion trap mass spectrometer, and all reaction rate
constants are measured using a modification of this instrument. Experimental data are supported by
theoretical calculations at the B3LYP/6-311++G(d,p) level of theory. Lastly, the astrochemical

implications of the observed fragmentation and reaction processes are discussed.

1. Introduction

Research in astrobiology and the origin of life is contingent upon
an understanding of the chemistry of nucleobases. Uracil is a
pyrimidine nucleobase that makes up ribonucleic acid (RNA),
theorized to be the predecessor of deoxyribonucleic acid (DNA) and
key to the RNA World hypothesis.! According to one theory for the
origin of life, prebiotic organics were delivered to the early earth by
comets or meteorites.>* This theory suggests that the first
biomolecules were exogenously synthesized, motivating extensive
research on the prebiotic formation of biomolecules such as uracil in
three interstellar nurseries for complex organic molecules: the gas-
phase, grain surfaces, and ice mantles.> Many different formation
routes to uracil such as the incorporation of HCN into aromatic
species,® the reactions of cyano molecules,”® and the ultraviolet
photochemistry induced in water mixtures'® * have been proposed.
The tentatively-detected interstellar molecule urea'? has also been
suggested as a uracil precursor.'® 1 Recent astrochemical interest in
small N-containing neutral molecules and ions has increased due to
their potential to form more complex biomolecules.'> ¢ Although the
studies in this field on neutral and cationic species are exhaustive, the
anionic chemistry of uracil remains largely missing from proposed
syntheses. Our previous research has shown, however, that the
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chemistry of negative ions can be remarkably important in the
interstellar medium (1ISM).%7. 18

Uracil is the only pyrimidine nucleobase that has been detected
in all three of the Murchison, Murray, and Orgueil carbonaceous
meteorites,'% %21 providing an important piece of evidence for the
theory of exogenous synthesis and delivery to early earth. Motivated
by these detections, the abundance of interstellar nitrogen, and the
known predominance of interstellar aromatic molecules,?
astronomical searches for nucleobases have been extensive.®?8 In
spite of these efforts, no N-heterocycles including nucleobases have
been conclusively detected in the ISM to date.?? Currently, an upper
limit has been placed on the column density of pyrimidine, and the
astronomical search continues.?

Biomolecule dissociation is vital to the prediction of prebiotic
formation routes.3% 3! The reactivity of biomolecule fragments is also
essential to this end. In this study, we expand our previous work on
the interstellar formation pathways,3> 3 reactivity,® and
fragmentation® of complex interstellar organics through an analysis
of uracil and its anionic derivatives. Former fragmentation studies on
uracil involve primarily cations, ranging from protonated species®® 37
to metal cation complexes.®® lonization and fragmentation have been
accomplished by energetic interactions of photons,® electrons,*
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protons,** and ions*? with uracil molecules. Anionic species derived
from uracil fragmentation remain largely unexplored. In a recently-
modified Finnigan LCQ Deca XP Plus ion trap apparatus, we examine
several anions produced by the ionization and subsequent
fragmentation of uracil-5-carboxylic acid.

The structures of the ions are determined by consecutive
collision induced dissociation (CID), acidity bracketing, and
theoretical calculations. In this study we produce OCN-, a known
substituent of interstellar ices,*® directly from deprotonated uracil.
Imidoylketene, a molecule of cosmological interest that has been
largely overlooked for decades,* is the other key fragment of
deprotonated uracil. Imidoylketene has been computationally shown
to react to form cyclic, aromatic structures similar to uracil,*® yet no
reports to date have suggested this molecule as a precursor to uracil
itself. The positive interstellar detection of its isomer,
oxiranecarbonitrile, provides encouraging evidence for the future
discovery of imidoylketene.*® 4" The two fragments that are derived
from deprotonated uracil, therefore, are both likely interstellar species
and may be involved in larger biomolecule formation in ice mantles,
or other environments where complex organics are predicted to
survive. In addition to fragmentation, we report the rate constants and
reaction efficiencies of deprotonated imidoylketene with several
detected and potential interstellar species (SO2, OCS, CSz, NO, N20,
CO, NHs, O2, and C2Ha). Our overall goal is to illustrate the role of
anion dissociation and reactivity in the formation of more complex
biomolecules of astrobiological relevance.

2. Experimental Methods

Experimental data are gathered using a modified Finnigan LCQ
Deca XP Plus ion trap. This instrument has been described in our
previous work,® and is outlined here in brief. lons are generated from
an electrospray ionization (ESI) source with a spray voltage of 4.5 kV,
a flow of 5-10 uL min?, and heated capillary temperatures of 200-250
°C. The electrospray solution consists of 10 M uracil-5-carboxylic
acid (97+%, Alfa Aesar) in a solvent mixture of 1:1 CH3OH:H20
(HPLC grade, Sigma-Aldrich). The ions formed from the ESI source
are injected into the ion trap where they are collisionally thermalized
by helium at 5.1 x 10-3 Torr.*® Multiple CID events (MS") are then
possible by applying appropriate resonance excitation RF voltages to
the endcap electrodes of the trap. For all dissociations performed in
this study, we apply a normalized collision energy (NCE) of 40-70%
for a duration of 20-50 ms to optimize fragment ion signal. Figure 1
outlines the formation of deprotonated uracil-5-carboxylic acid from
the solution containing uracil-5-carboxylic acid by ESI. Our previous
work® and that of others*® % often involve molecules whose most
acidic site is on the carboxylic acid group itself. Here, the N1 site is
the most acidic, yielding parent anions that are predominantly
deprotonated there. CID on this ion involves several processes
including decarboxylation, which are examined in depth in the
following sections.

The parent or fragment ions may be isolated within the ion trap
between 1 and 5000 ms. Over this time range, we are able to monitor
reactions between these ions and neutral reagents that are introduced
through the pre-existing helium buffer gas line. The modifications
required to introduce these reagents are based on those of Gronert and
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Figure 1. Uracil-5-carboxylic acid is deprotonated upon ESI at the
most acidic site, Nu.

coworkers.> Helium (UHP, 99.999%, Airgas) is maintained at a
constant flow between 1.0-1.9 L min~2 using a flow controller through
a line external to the ion trap. Within this line, the pressure is
maintained at 850 Torr (+ 3%). Only a small fraction (0.1%)52 of this
helium-reagent mixture is sampled through fused silica capillary
tubing into the ion trap itself. Gaseous neutral reagents are purchased
as dilute mixtures (1.00 £ 0.02%) in helium (OCS, SO, Airgas) and
added into the helium line. Other gases that showed no reactivity were
not purchased diluted in helium (N20, Oz, C2H4, and CO, 99.5%; NO
and HCI, 5% in helium; and NHs, 99.9995%, Airgas). Volatile liquid
neutral reagents are introduced into the helium line by syringe pump
(0.5-5.0 uL min'). The liquid reagents used in this study include
carbon disulfide >99%, pyrrole 98%, 2,2,3,3,3-pentafluoro-1-
propanol 97%, liquefied phenol >85%, propionic acid >99.5%,
thiophenol >99%, aniline >99.5%, and aqueous HBr 48% purchased
from Sigma-Aldrich, acetone 99.7% from Fisher Scientific, and
acetone-d6 99.5% from Cambridge Isotope Laboratories, Inc.

Reaction kinetics data are determined using pseudo-first order
kinetic analyses and by measuring the decline in reagent ion signal at
Six or more separate reaction times (1-5000 ms). lon trap rate
constants are calibrated against flowing afterglow-selected ion flow
tube (FA-SIFT) measurements 5 and agree within the expected
experimental uncertainties for gas-phase ion kinetics (£20-30%).5!
Lastly, all experimental data reported here are the averages of six data
points taken over two days with a minimum of three different
helium:reagent ratios to ensure reproducibility over a range of
experimental conditions.

3. Theoretical Calculations

Experiments in this study are complemented by ab initio
calculations performed using the Gaussian 03 and Gaussian 09 suites
of programs.>® 56 Enthalpies are reported at 0 K for all reaction and
fragmentation pathways. All transition states (TS) reported within
these pathways are verified by forward and reverse intrinsic reaction
coordinate analyses. Gas-phase acidities are calculated and reported
as the change in the enthalpy for reaction (1) at 298 K, where AH
represents the molecule of interest.

AH > A+ H* @
The B3LYP/6-311++G(d,p) level of theory is used for all
geometry optimizations and frequency calculations. Associated zero

point energy (ZPE) and thermal energy (298 K) corrections are
applied as specified.

This journal is © The Royal Society of Chemistry 2014
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4, Results and Discussion

4.1 Fragmentation

Decarboxylation is not the exclusive CID pathway for
deprotonated heterocyclic carboxylic acids. For example, our recent
study on deprotonated isoxazole revealed that HCN loss and COz loss
occur together.3® Analogous to this process, deprotonated uracil-5-
carboxylic acid involves two competing fragmentation channels:
decarboxylation and isocyanic acid (HNCO) loss, which result in
three fragment ions (structures I1-1V, Figure 2).

Y
MSI .J po ‘OJ I
JJ!&.
—HNCO
l—co2 l—HNCO l—co:
: ° J. 2 3
- JJ\.‘. [ J"
. 9
l —C;H,;NO l*CO; —-HNC
9
MS3 .‘._\- J"‘!J‘I\ J;‘. VI
l—HNC
1\/IS‘1 J;‘.\'I

Figure 2. Proposed structures that arise from the fragmentation of
deprotonated uracil-5-carboxylic acid (I) are summarized by collision
event (MS*-MS*). Deprotonated uracil (ll), deprotonated
imidoylketene carboxylic acid (ll1), deprotonated imidoylketene
(IV), OCN~ (V) and HC2O~ (VI) are all derived from these
fragmentation processes.

The overall breakdown of deprotonated uracil-5-carboxylic acid
(I, CsH3N2047) is summarized in the series of collision events shown
in Figure 2 (MS-MS%. The initial CID process involves
decarboxylation to form deprotonated uracil (I, C4H3N202),
isocyanic acid (HNCO) loss to form deprotonated imidoylketene
carboxylic acid (111, C4H2NO3"), and losses of both CO2 and HNCO
yielding deprotonated imidoylketene (IV, C3H2NO"). The following
sections detail our structural identification of each of these fragments.
The third (MS®) and fourth (MS*) CID processes provide evidence for
specific parent ion structures. Briefly, C4H3N202 (l1) yields OCN-,
suggesting an N-deprotonated rather than a C-deprotonated parent
ion. C4H2NOs~ (111) produces 1V, indicating a decarboxylation process
and likely a carboxylic acid parent ion. Finally, C3H2NO~ (1V)
fragments to form HC20- in both cases, strongly indicating that the
C3H2NO~ (1V) species from both CID sequences are identical. Further
computational and experimental analyses are given in the following
sections to verify the fragment structures shown here.

This journal is © The Royal Society of Chemistry 2014
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4.2 Structural Identification

Parent and fragment ions in this study may tautomerize and
isomerize under CID conditions, increasing the number of
possibilities of fragmentation pathways and structures. This section
outlines the expected structures for each experimentally-observed
mass-to-charge ratio. An approach comprised of theoretical
calculations, experimental acidity bracketing, and consecutive
fragmentation is used to tease apart the most viable structure of each
fragment.

4.2.1 Deprotonated uracil-5-carboxylic acid (1) The mechanism
of ESI has been shown to deprotonate large biomolecules at multiple
sites,% although the most acidic site is energetically favoured. At the
B3LYP/6-311++G(d,p) level of theory, we have calculated the ZPE
corrected electronic energies of 19 isomers of deprotonated uracil-5-
carboxylic acid (Figure S1), ten of which are shown in Figure 3a.
Additionally, we have calculated the acidity of each viable
deprotonation site. The most stable anion is the N1 deprotonated
structure (I1; AHic=315.5 kcal mol™). Approximately 9 kcal mol*
higher in energy is the N3 deprotonated species (AHxit=325.0 kcal
molY). Interestingly, deprotonating uracil-5-carboxylic acid at the
carboxylic acid group itself produces a structure 22 kcal mol less
stable and is much less acidic than that of the Ni site (AH®acia=337.4
kcal mol?). This is in part due to intramolecular hydrogen bonding
between the carboxylic acid hydrogen and the oxygen of the adjacent
carbonyl group of the parent molecule (Figure 1). Many tautomers and
isomers, as Figure 3a illustrates, are accessible within 50 kcal mol! of
the most stable species (I). For this reason, we have experimentally
bracketed the acidity of this ion to validate our assertion that ESI of a
solution of uracil-5-carboxylic acid preferentially produces the Ni
deprotonated anion.

Using the known experimental acidities of several reagents, we
observed the reactivity of CsHsN204~ with an array of neutral
molecules in our modified ion trap apparatus. The acidity bracketing
data are summarized in Table 1 for CsHsN204-, C4H3N202-, and
C3H2NO™ (the latter two are outlined in the following sections). This
experiment involves trapping each ion (R") in the presence of the
neutral molecules (AH) listed in Table 1. This table indicates the
positive or negative detection of the A~ proton abstraction product
(with a Y or N, respectively). Had the structure of CsH3N20s~
contained a mixture of isomers such as those listed in Figure 3a, we
would expect to observe reactivity with one or more of these neutral
reagents. Rather, we do not observe the formation of any product ions
(A"). Our calculated acidity of the Ni site of uracil-5-carboxylic acid
is 315.5 kcal molt, whereas alternative deprotonation sites on uracil-
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Figure 3. Several possible isomeric structures of CsHsN204~ (a) and C4HaN202~ (b) are listed in order of increasing electronic energies (ZPE
corrected) relative to the most stable isomer. These energies (kcal mol?) are calculated at the B3LYP/6-311++G(d,p) level of theory and shown
beneath each structure. N1 deprotonated uracil-5-carboxylic acid (I) and N1 deprotonated uracil (I1) are the most stable structures. (Additional
structures of each ion have been optimized and are included in Figures S1 and S3).

5-carboxylic acid are much less acidic (>325.0 kcal mol). Our results
(Table 1) indicate that CsHsN20O4~ is in fact more acidic than
hydrobromic acid, generating an experimental upper limit of AHCacid
< 323.540 + 0.050 kcal molL, in agreement with our theoretical value
for the N1 deprotonated species (1).

The CID pathways accessible to uracil molecules are often
defined by their ease of tautomerization and isomerization.®” Many of
the structures listed in Figure 3a are accessible by pathways with
barriers readily overcome under CID conditions (< 50 kcal mol;
Figure S2). Figure 4 includes a potential CID process to form
fragments 1I-1V from 1. Decarboxylation occurs directly from
structure 1, yielding 11 by way of a 50.9 kcal mol-! transition state. In
contrast to this direct process, we propose that | isomerizes into a
species deprotonated at the carboxylic acid site (+22.0 kcal mol™,
Figure 3a) prior to fragmenting into Il and 1V. This isomerization
process is represented by a dashed line in the figure, and is included
in supporting information (Figure S2). Considering the barriers of
isomerization are lower than the barriers to isocyanic acid (HNCO)
loss (63.5 kcal mol?), these rearrangements likely occur prior to this
process.

4.2.2 N1 deprotonated uracil (1) As Figure 4 demonstrates,
deprotonated uracil (C4H3N202") is produced by decarboxylation of
deprotonated uracil-5-carboxylic acid (CsHaN2047) upon CID.

Table 1. Qualitative Bracketing Results?!

Similar to its parent, however, deprotonated uracil has many
tautomers and isomers which may be accessible through CID. Ten of
these structures are shown in Figure 3b (a more extensive list is
included in Figure S3). Due to the direct CID pathway from the parent
ion (1) to N1 deprotonated uracil (I1) as well as its overall stability, this
structure is reasonably in highest abundance. Next higher in energy is
its N3 deprotonated counterpart (+12.9 kcal mol), followed by two
N1 deprotonated tautomers (+14.2 and +18.5 kcal molL, respectively).
Even less stable are the Cs (+31.2 kcal mol!) and Cs (+45.0 kcal
mol!) deprotonated ions and their associated tautomers. To clearly
delineate which structure is produced from CID, we have performed
another series of bracketing experiments, included in Table 1 under
C4H3N202™

Our experimental results suggest that the most stable ion, N1
deprotonated uracil (1), is formed in our apparatus. The acidities
(AHCcid) of different sites on uracil have previously been calculated
by the Kenttdmaa research group to be 332.8 + 2.2, 345.1 + 2.2, 380.2
+ 0.5, and 366.2 + 0.5 kcal mol? for the N1, N3, Cs, and Cs sites,
respectively.5® Using these data and the known experimental acidities
of the aforementioned reagents,>® we observed the reactivity of
C4H3N202~ (Table 1). Hydrochloric and hydrobromic acids reacted
with this ion to produce CI- and Br- products, but no products were
observed for the less acidic reagents. Therefore, the acidity of the

R
AH AG acid(AH)? AH°acid(AH)? CsH3N204~ C4H3N202~ C3H2NO-
Acetone® 361.9+2.0 368.8+2.1 N N N
Aniline 359.1+2.0 366.4+2.1 N N N
Pyrrole 350.9+2.0 359.54 £ 0.25 N N N
2,2,3,3,3-Pentafluoro-1-propanol 348.8 + 6.0 355.4+6.1 N N Y
Phenol 342.3+2.0 349+ 2 N N Y
Propionic Acid 340420 347422 N N Y
Thiophenol 3334=x21 340421 N N Y
Hydrochloric Acid 328.10 £ 0.10 333.404 N Y Y
Hydrobromic Acid 318.30 £ 0.15 323.540 + 0.050 N Y Y

IR-+AH > RH + A-

2All values are given in kcal mol-* and obtained from the NIST WebBook.>®

3Acetone-d6 was also studied and no reactions were observed.
“Error bars are not specified in the NIST WebBook.
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Figure 4. Possible pathways (kcal mol?) calculated at the B3LYP/6-
311++G(d,p) level of theory are shown for the CID of N1 deprotonated
uracil-5-carboxylic acid () to produce anions I1-1V. The dashed line
indicates the isomerization of | prior to further fragmentation. A
potential energy surface of the isomerization process of | is included
in Figure S2.

anion is 336.9 + 2.1 kcal mol* according to our bracket, in agreement
with the Nz results of the Kenttdmaa group.

A further verification of these results is required, due to a process
previously observed in our research®! involving the isomerization of
anions upon reaction with an acid. Briefly, the anions that we are
bracketing may originate as a more basic structure (shown in Figures
3a and 3b). For example, Cs deprotonated uracil would readily
abstract a proton from an acid AH to form an ion-neutral complex of
uracil and A~ as shown in equation (2); however, before separation of
the complex, A~ can abstract a proton from the most acidic site of
uracil to form N1 deprotonated uracil (11). This isomerization produces
no change in the mass of the ion, making the ion appear unreactive
with AH.

Cs deprotonated uracil + AH - [Uracil + A7]> Il + AH (2)

If the parent ion is deprotonated at the carboxylic acid site (+22.0
kcal mol, Figure 3a), it would readily decarboxylate under CID to
form Cs deprotonated uracil (+45.0 kcal mol?, Figure 3b). To test
whether an acid-catalyzed isomerization is taking place, we use
acetone-d6 as an additional bracketing reagent (Table 1). If Cs
deprotonated uracil is present in our apparatus, the acetone would
deuterate the Cs site before abstracting a proton from the N1 site,
producing an ion with 1 amu higher mass. We did not observe a
deuterated product from the reaction of acetone-d6 with C4H3sN202".
This provides additional support that our structural identifications of
I and Il are correct, and no acid-catalyzed isomerization is taking
place.

Lastly, Il forms a single ionic product when fragmented: OCN~.
We have inferred the neutral product, imidoylketene, and the potential
energy diagram of this dissociation process is provided in Figure 5.

This journal is © The Royal Society of Chemistry 2014
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Analogous to the fragmentation of | in Figure 4, the lowest energy
CID pathway for Il involves isomerization. The initial conversion of
N1 to Ns deprotonated uracil prior to fragmentation allows a low
energy (33.7 kcal mol?) dissociation of the N1-C2 bond leading to
OCN- and imidoylketene, a total of 53.4 kcal mol higher in energy
than 11. We expand on the astrochemical relevance of these products
in an upcoming section.

4.2.3 Deprotonated imidoylketene (IV) The remaining two
fragments of deprotonated uracil-5-carboxylic acid, Il and 1V, are
formed by means of isocyanic acid (HNCO) loss. As shown in Figure
4, structure 11l leads to IV and will therefore be implicit in our
discussion of the formation and structure of 1VV. We began with an
overall examination of several ring-closed and ring-opened candidates
for C3H2NO~. Although ring structures have been proposed in
previous investigations of protonated uracil fragments,®” we do not
expect that the analogous deprotonated ring species will be formed
here due to their instability (>47.3 kcal mol ) relative to 1V. Although
more stable isomers of IV do exist, they cannot be formed directly
from | without significant rearrangements.

Experimental bracketing results similarly indicate that 1V is a
reasonable structure. As Table 1 demonstrates, our experimental
bracket of CsH2NO™ gives an acidity (AH®acid) of 357.5 + 6.1 kcal
mol-t. The calculated acidity of IV at the B3LYP/6-311++G(d,p) level
of theory is 349.5 kcal molL. Although this result is slightly lower
than our experimental bracket, these values are in reasonable
agreement due to the known underestimation of thermochemical
values by density functional theory.%?

The fragmentation processes leading to and from C3H2NO-
provide deeper insights into the feasibility of structure IV. Only one
daughter ion, HC20, is formed from the CID of C3H2NO~ (Figure 2).
The formation of this ion from IV involves one H transfer: minimal

®
‘e J.a
g%
Figure 5. A pathway (kcal mol?) calculated at the B3LYP/6-
311++G(d,p) level of theory is shown for the CID of N1 deprotonated
uracil (11). OCN- and the inferred neutral molecule imidoylketene are

produced.

Phys. Chem. Chem. Phys., 2014, 00, 1-3 | 5
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rearrangement by comparison to other CsH2NO~ isomers.
Furthermore, the CID channel from | to IV (Figure 4) reveals a
concurrent dissociation of both the N1—C2 and N3—Ca bonds, the most
likely cleaved bonds in the uracil cation according to recent
computational data.®® This retro Diels Alder reaction results in the
production of HNCO and deprotonated imidoylketene carboxylic acid
(111). From 111, only 14.0 additional kcal mol-! are required to produce
IV by decarboxylation. The reactivity of the anion, discussed in the
following section, solidifies our identification of structure I1V.
However, the acidity and fragmentation processes discussed here
clearly indicate that deprotonated imidoylketene (1V) is the dominant
structure of CsH2NO™.

4.3 Reactivity

Of the three major fragments derived from I, IV is the most
reactive. We therefore focus our study on the reactivity of this ion, but
include the qualitative trends that we observe for Il and Il here as
well. Reactivity is characterized with several detected and potential
interstellar species. Although no measurable reactions (kexp < 1 X
1012 cm?® s) occurred between Il, 111, or IV with many of these
molecules (NO, N20, CO, NHs, Oz, and C:zH.), reactions were
observed for several sulfur-containing triatomic molecules (SOq,
OCS, and CSy). Il forms an adduct, and Ill participates in a solvent
switching mechanism whereby each reagent replaces CO2 on the ion.
These general trends agree with our identification of the ion
structures. 11 is expected to be a stable ring anion deprotonated on the
nitrogen, agreeing with the trace (<10° ion counts s) association
products observed with carbon-centered reagents (OCS and CSz) and
the efficient association with the sulfur-centered species (SO2). Il is
predicted to be a deprotonated carboxylic acid, supporting our
observation of low intensity (<10® ion counts s*) solvent-switching
products corresponding to the replacement of CO2 with SOz, OCS,
and CSz on the reagent ion. The reactions examined with IV are
measured quantitatively and discussed in detail below.

The observed ionic products, reaction rate constants (kexp) and
reaction efficiencies (kexp/keor) for 1V with SOz, OCS, and CS: are
summarized in Table 2. Reaction efficiencies are expressed as the
ratio of the reaction rate constant and the collision rate constant,
determined by parametrized trajectory theory®* for polar and
Langevin®® for nonpolar neutral reagents. The error reported in this
table represents the precision of each measurement, defined as one
standard deviation of the experimental mean. Additional systematic
errors of our modified instrumental setup are approximately +30%.
Also, theoretical calculations (B3LYP/6-311++G(d,p)) illustrate the
largest TS barriers (TS in Table 2) and overall enthalpy changes for

Table 2. Deprotonated Imidoylketene (1V) Reactivity

Figure 6. Deprotonated imidoylketene (IV) reacts similarly with SO2
(a) and OCS (b) to produce CO2. Deprotonated imidoylketene (IV) and
CS2 (c) do not react with a measurable rate constant to produce OCS
and C3H2NS- due to a small barrier (+1.2 kcal mol). Units are in kcal
mol-* and all species are calculated at the B3LYP/6-311++G(d,p) level
of theory (AHok).

Neutral Reagent Products Kexp (101! cm® s1) Kexp/Kcol TS? AHok*
SO2 C2H2NOS + CO2? 89+14 0.56 -14.0 -26.2
OCS C3H2NS + CO28 0.59 = 0.06 0.0050 -6.3 -15.2
CS2 C3H2NS-+ OCS* <0.01 - +1.2 -15.9

L All calculations are performed at the B3LYP/6-311++G(d,p) level of theory and results are reported in kcal mol—2.,
2 A secondary product (C2H2NOS~—SO: adduct ion) is also observed. Only primary products are included in our analysis.
3 Adduct ions (CsH2NO~— OCS) are observed in trace amounts (<102 ion counts s%).

4 C3H2NS~ is observed in trace amounts (<108 ion counts s2).
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each reaction pathway at 0 K. Even though ionic products are
observed in all three cases, only the reactions with SO2 and OCS were
experimentally measureable, resulting in an upper limit for the
reaction rate constant with CSa.

From Table 2, a number of interesting observations can be made
regarding the overall kinetics and thermodynamics of these reactions.
As the largest TS barrier increases in energy from -14.0 to -6.3 kcal
mol-%, the overall reaction efficiency expectedly decreases
dramatically, from 0.56 to 0.0050. Barriers even slightly above the
energy of the reactants (+1.2 kcal mol?) leave only trace observable
ion products and no measurable reaction rate constant. This verifies
that ions in the modified ion trap apparatus are near-thermal.*® Finally,
the sulfur-centered reagent (SO2) displays a significantly higher
reaction efficiency than either of the carbon-centered reagents (OCS
and CS), likely due to the bent geometry and increased molecular
polarity of SO..

A more in depth look at these reactions is provided by potential
energy diagrams. A direct comparison between the SO2 (a) and OCS
(b) reactions is shown in Figure 6. These reactions are similar in that
they both involve the formation of an adduct ion and the subsequent
transfer of an O atom from the neutral reagent molecule to the terminal
CO on IV. This results in the eventual production of CO2 from the
adduct ion complex. Important differences in these diagrams are the
increased barrier heights and the decreased overall exothermicity of
the reaction with OCS, leading to a reaction efficiency two orders of
magnitude below that of SOz (Table 2). Adding to this inefficiency,
the OCS molecule forms a stable reactant complex rotated 180° with
respect to its reactive geometry to produce CO2. The first barrier
shown in Figure 6b (-6.6 kcal mol!) in fact represents two TS
structures and an optimized geometry all within 0.1 kcal mol* of one
another. This flat section of the potential energy surface certainly
contributes to the overall inefficiency of this reaction. Notably, the
more common reaction observed with OCS reagents, sulfur atom
transfer,%® is not observed here. Our calculations show that this
process is in fact 8.1 kcal mol! endothermic (AHok) and therefore not
feasible within our ion trap apparatus.

The reaction rate constant is immeasurably slow (kexp < 1 X
1018 cm? s1) between IV and CSy, although trace (<102 ion counts
s1) product ions are visible in the mass spectrum. The initial barrier
(+1.2 kcal mol?) resulting from the approach of CS: to the negatively
charged C atom of IV is high enough to slow down the reaction
significantly. The calculated potential energy diagram for this
reaction is presented in Figure 6¢. Following the initial barrier, a
mechanism analogous to the other sulfur-containing reagents (Figure
6a and 6b) is shown, producing OCS rather than CO- through a sulfur
atom transfer to the terminal CO of the ion.

4.4 Astrochemical Relevance

Fragmentation can be considered the reverse of synthesis.
Therefore, the products of a fragmentation process lend insights into
possible precursors. In considering Figure 2, most of the neutral
fragments that are formed have been detected in the ISM: COz,
HNCO, and HNC.57-% HNCO (isocyanic acid) has been detected in
many areas of the ISM and for this reason is used as an environmental
diagnostic for different interstellar regions.”> * The ionic CID
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products observed in this study involve one detected (OCN-)**72 and
several potential (II, 111, IV, and HC20") interstellar species. The
OCN- anion is present in interstellar ices,*® supporting the prospect of
uracil formation in ice mantles. Figure 5 specifically addresses the
fragmentation of deprotonated uracil, which forms OCN- and
imidoylketene. This highlights the importance of further interstellar
searches for uracil and imidoylketene, particularly in dense clouds
where N-heterocycles and larger organics are predicted to be stable.”

Deprotonated imidoylketene reactivity is also astrochemically
relevant. This molecule can isomerize into many different
heterocyclic structures including azoles,” 7 and has been long
recognized as a molecule of cosmochemical interest.** The ability of
imidoylketene to form ring structures suggests its involvement in N-
heterocycle synthesis.** Additionally, the future interstellar detection
of imidoylketene is promising due to the detection of its isomer,
oxiranecarbonitrile.*: 47 Our study unveils interesting reactions for
deprotonated imidoylketene (IV) with interstellar triatomic sulfur-
containing molecules (OCS and SO2)" 77 involving association and
subsequent CO2 loss. These reactions provide important suggestions
for gas-phase sulfur incorporation into larger organic species.

5. Conclusions

According to NASA, the origin of terrestrial life is among the
three basic topics addressed by the field of astrobiology.” The study
of nucleobases, from their reactivity and fragmentation to their
prebiotic synthesis routes, is essential in this effort. For the
Murchison, Murray, and Orgueil carbonaceous meteorites, uracil was
the only pyrimidine nucleobase detected in all three,* supporting the
theory of its exogenous synthesis and delivery to early earth.?
Interstellar detections of nucleobases remain inconclusive, although
the abundance of interstellar nitrogen and aromatic organics is well
known.?? These data have motivated the proposal of many prebiotic
formation pathways to uracil %% 13 14 put anions are commonly
missing reagents in these endeavors.

Recent studies have used fragmentation to reveal possible
biomolecule synthesis routes.3% 31 Our investigation similarly stems
from the dissociation of deprotonated uracil-5-carboxylic acid
(CsH3N2047) to decipher important uracil precursors. Through
decarboxylation and HNCO loss from CsHzN204~, N1 deprotonated
uracil (C4H3N202"), deprotonated imidoylketene carboxylic acid
(C4H2NOz"), and deprotonated imidoylketene (C3H2NO-) are
produced in a modified Finnigan LCQ Deca XP Plus ion trap. The
structures of these ions are verified through theoretical calculations,
experimental acidity bracketing, and further fragmentation. Our
experimental acidity brackets of CsH3N20s7, C4H3N2027, and
C3H2NO~ (AHC%cid), < 323.540 + 0.050, 336.9 + 2.1 kcal mol?, and
357.5 + 6.1 kcal mol-! respectively, agree well with calculated values
for our predicted structures of these ions. Further fragmentation
results also support our structural identifications. N1 deprotonated
uracil fragments to form OCN-and imidoylketene, two possible uracil
precursors. lce mantles may provide favorable conditions for complex
organic molecule formation,® and the presence of OCN- in interstellar
ices provides an essential ingredient for uracil synthesis there.
Deprotonated imidoylketene carboxylic acid loses CO2 to form
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deprotonated imidoylketene, which subsequently dissociates into
HNC and HC20-. Previous studies have reported comparable
fragments for positive ion studies of uracil,® and computational
explorations of uracil bond strengths predict that our fragments are
reasonable.®® Notably, imidoylketene itself is a molecule of
cosmochemical interest* that has been proposed to react to form
larger cyclic species, supporting its potential as an N-heterocycle
precursor.*

The reactivity of the three primary fragments (CsH2NO-,
C4H3N2027, and CsH2NOgz") are examined with a set of neutral
reagents including several detected interstellar molecules (SOz, OCS,
CS2, NO, N20, CO, NHs, Oz, and Cz2H4). An interesting pattern of
reactivity is observed for the sulfur-containing triatomic reagents. N1
deprotonated uracil efficiently forms adduct ions with SOz, as
opposed to carbon-centered reagents which displayed only trace
products. Deprotonated imidoylketene carboxylic acid displays trace
levels of solvent-switching products with all three triatomic species,
supporting our structural identification of the anion. Finally, a more
quantitative examination of deprotonated imidoylketene reveals a
mechanism involving association and COz production. SOz reacts
very efficiently (kexp/Keol = 0.56), and the largest calculated barrier to
its reaction is 14.0 kcal mol below the energy of the reactants. The
potential energy surface for the analogous OCS reaction is much
flatter and involves higher overall barriers (> 6.3 kcal mol below the
reactant energy), leading to a lower overall reaction efficiency
(0.0050). Product ions were visible in trace amounts for the reaction
with CSg, but the reaction rate constant was immeasurably small
(Kexp < 1 x 1088 cm? s1). The calculated barrier of +1.2 kcal mol-!
along the potential energy surface of this reaction is sufficient to
prevent the reaction of the near-thermal ions in our ion trap apparatus.

In summary, we have outlined a comprehensive examination of
the anionic derivatives of uracil. Our data support the involvement of
anions in more complex biomolecule formation, though they are often
overlooked as reagents in prebiotic syntheses. The fragmentation and
reaction processes reported here yield many interstellar ions and
neutral molecules, providing important connections between these
species. Along with the continued search for nucleobases and other
N-heterocycles, these data motivate the further inclusion of anions in
proposed prebiotic formation routes to nucleobases.
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