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ABSTRACT: The incorporation of nitrogen atoms into cyclic
compounds is essential for terrestrial life; nitrogen-containing (N-
)heterocycles make up DNA and RNA nucleobases, several amino
acids, B vitamins, porphyrins, and other components of
biomolecules. The discovery of these molecules on meteorites
with non-terrestrial isotopic abundances supports the hypothesis of
exogenous delivery of prebiotic material to early Earth; however,
there has been no detection of these species in interstellar
environments, indicating that there is a need for greater knowledge
of their astrochemical formation and destruction pathways. Here,
we present results of simulations of gas-phase pyrrole and pyridine
formation from an ab initio nanoreactor, a first-principles molecular
dynamics simulation method that accelerates reaction discovery by
applying non-equilibrium forces that are agnostic to individual reaction coordinates. Using the nanoreactor in a retrosynthetic mode,
starting with the N-heterocycle of interest and a radical leaving group, then considering the discovered reaction pathways in reverse,
a rich landscape of N-heterocycle-forming reactivity can be found. Several of these reaction pathways, when mapped to their
corresponding minimum energy paths, correspond to novel barrierless formation pathways for pyridine and pyrrole, starting from
both detected and hypothesized astrochemical precursors. This study demonstrates how first-principles reaction discovery can build
mechanistic knowledge in astrochemical environments as well as in early Earth models such as Titan’s atmosphere where N-
heterocycles have been tentatively detected.
KEYWORDS: astrochemistry, molecular dynamics, potential energy surfaces, method development, reaction kinetics

1. INTRODUCTION
In 1828, Friedrich Wöhler published the synthesis of urea, a
product of the activities of living organisms, from cyanic acid
and ammonia.1,2 This discovery posed a direct challenge to
vitalism, which is the belief that chemical compounds related
to “life” can only be produced by living organisms. The
surprising disclosure opened a new era for exploring the origin
of life.2 Since the journey began, the origin of nucleobases,
heterocyclic compounds containing nitrogen atoms in their
rings (N-heterocycles), has been receiving great attention as
they are the building blocks of genetic materials of all living
organisms.3−5

Astronomers and astrobiologists have been studying the
potential interstellar formation of N-heterocycles.5 A wide
variety of species that contain this motif have been identified
on meteorites with non-terrestrial isotopic abundances,6 and
there is evidence that the 6.2 μm unidentified infrared (UIR)
band can only arise from the presence of a nitrogen atom in a
polycyclic aromatic hydrocarbon (PAH) structure.7 However,
despite the 124 nitrogen-containing species identified in space
(per the Cologne Database of Molecular Spectroscopy8 at the

time of this writing) all astronomical searches for N-
heterocycles have been unsuccessful.9−11

Recently, cyano (CN)-substituted cyclic carbon rings have
been discovered in the Taurus Molecular Cloud-1 (TMC-1).12

This cold molecular cloud has a temperature near 10 K and
number density of order 103 cm−3. Despite these conditions,
reactions of aromatics and CN have been shown to proceed
rapidly due to a barrierless reaction coordinate.13 The derived
abundances of recently detected aromatic and cyclic molecules
greatly exceed the values predicted by chemical models, despite
their accurate predictions of acyclic carbon chain abundances.
This survey included a search for N-heterocycles pyrrole (c-
C4H5N) and pyridine (c-C5H5N), but they were not found;
the column density upper limits were ∼1012 cm−2, comparable
to the detected abundances of indene14 and cyanonaphtha-
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lene.15 If homocyclic carbon rings and N-heterocycles are
formed in such a low-temperature environment through
bottom-up chemistry, the pathways must proceed through

different classes of reactions or require precursors that exist in
abundance for the homocyclic but not heterocyclic pathways.

Figure 1. Gas-phase, neutral−neutral N-heterocycle formation pathways.

Figure 2. Gas-phase, ion−neutral N-heterocycle formation pathways.
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Overall, this indicates that there is a wealth of low-temperature
astrochemistry that we currently do not understand.
N-heterocycles are also of significant interest in the study of

Titan’s atmosphere. The Cassini/Huygens mission made
several tentative detections of single-ringed species, along
with a wealth of other N-containing complex organic
molecules that could be potential N-heterocycle precur-
sors.16−18 Titan is considered an analog for early Earth,19−21

so understanding the role N-heterocycles play in this
environment could provide insight into potential terrestrial
formation of such prebiotic species.
Ultimately, an understanding of how N-heterocycles

participate in meteoritic chemistry, nitrogen-containing poly-
cyclic aromatic hydrocarbon (PANH) formation, and Titan’s
atmosphere requires inclusion of appropriate formation and
destruction pathways into chemical kinetics models. These
models seek to replicate the chemistry of a particular
environment, and when done comprehensively, can offer
accurate predictions of molecular abundances. However, few
low-temperature pathways that include N-heterocycles are
available in the current literature. To illustrate this, Figure 1
includes, to the best of our knowledge, all astrochemically
viable neutral−neutral N-heterocycle forming reactions
proposed in the literature, while ion−neutral formation
pathways are shown in Figure 2. Neither KIDA nor UMIST,
databases of chemical reactions relevant for astrochemistry,
include any reactions of N-heterocycles.22,23 More reactions
must be identified in order to accurately incorporate N-
heterocycles within chemical kinetics models.
Computational reaction discovery methods, which automate

the generation and testing of mechanistic hypotheses, can play
an important role in determining new reaction pathways for N-
heterocycle formation and other important astrochemical
questions. These methods employ a variety of strategies for
hypothesis generation, which include the systematic driving of
all possible combinations of reaction coordinates derived from
graph-theoretical representations,36−51 or carrying out ab initio
molecular dynamics (AIMD) simulations [or other types of
reactive molecular dynamics (MD)] which contain “reaction
events” in the simulation trajectory.52−62 The generated
mechanistic hypotheses are tested by computing the potential
energy surface (PES) critical points followed by modeling the
reaction rates, which filters the discovered pathways down to
the kinetically viable ones. Such approaches have found success
in gas-phase chemistry including astrochemically relevant
reactions,63,64 organometallic catalysis,65,66 surface chemis-
try,67,68 photochemistry,69 and prebiotic chemistry.53,61,70−73

This study uses the ab initio nanoreactor,53,54 a reaction
discovery method that combines an AIMD simulation with a
time-dependent external potential that induces high-velocity
molecular collisions and provides the kinetic energy needed to
cross over activation barriers on the relatively short AIMD-
accessible time scales. An advantage of the nanoreactor is that
it does not require user-specified reaction coordinates, and
thus enables discovery of reactions within a broader space than
one defined by rules; the downside is an increased computa-
tional cost and the inability to exhaustively sample all
pathways. The nanoreactor is an ideal choice for this work
because astrochemical reaction pathways can transcend
traditional chemical intuition, as demonstrated by the
prevalence of radicals, gas-phase ions, highly unsaturated
molecules, carbenes and other exotic species not common to
terrestrial chemistry. A key aspect of this work is that the

nanoreactor simulations are carried out to discover the
pathways of retrosynthesis,74 that is, to find endothermic and
barrierless fragmentation pathways, which correspond to
kinetically feasible synthesis pathways of N-heterocycles
under ultracold astrochemical conditions.
Here we detail this search for pyridine and pyrrole formation

mechanisms. First, the nanoreactor simulations and the wide
range of N-heterocycle breakdown pathways are described.
Then, we discuss novel reactions found by expanding upon
pathways identified in the nanoreactor simulations: first, a
pyrrole forming pathway with β-cyanovinyl (HCCHCN) and
ethenimine (H2CCNH) precursors, followed by two reaction
schemes whereby a n-membered ring is formed through an
insertion reaction into a (n − 1)-membered ring; specifically,
the formation of pyrrole from azete (c-C3H4N) and
cyanomethyl (H2CCN), and the formation of pyridine from
1-pyrrolyl (c-C4H4N) and cyanomethylene (HCCN).

2. METHODS
The computational approach employed here consists of three
stages: “discovery”, “selection”, and “refinement”. The
discovery stage involves the use of the ab initio nanoreactor
method,53 which employs AIMD simulations at high temper-
ature with an additional time-dependent external potential that
induces high-velocity molecular collisions, thereby accelerating
reactivity. The trajectories of reactions occurring during the
simulation are extracted and a subset of reactions are then
selected for further analysis on the basis of their plausibility as
astrophysical routes to N-heterocycle formation. The refine-
ment stage includes searching for minimum energy paths
(MEPs) for selected reactions discovered in the nanoreactor.
Following the refinement stage, the results were further
expanded by carrying out potential energy surface exploration
starting from model structures inspired by the nanoreactor
results.
To begin the discovery stage, initial configurations of

molecules were made using the program Packmol,75 which
populates molecules and atoms of interest within spheres of
certain radii without overlapping atoms. These spheres
contained either pyridine and CN or pyrrole and CN along
with a number of inert He atoms (between 10 and 50) in
various initial configurations (see Table S1 of the Supporting
Information). In principle any inert atom could be used as an
energy transfer agent in the simulations; we choose helium to
minimize the number of electrons that need to be treated in
the ab initio calculations. In total, 405 AIMD simulations were
carried out with various sets of the parameters (R1, R2, t1, t2, k1,
and k2). Table S2 of the Supporting Information presents
ranges of these parameters for each labeled simulation. All
simulations began with either pyrrole or pyridine and CN, in
order to search for mechanisms that result in the desired N-
heterocycle with CN as a byproduct. Each starting
configuration was energy-minimized76,77 prior to starting
nanoreactor MD simulations. Both the minimizations and
nanoreactor simulations were carried out with the B3LYP
hybrid density functional, an unrestricted Kohn−Sham wave
function and the 6-31G(d) Gaussian basis set, as implemented
in the TeraChem78 quantum chemistry software.
The characteristic feature of the nanoreactor simulation is

the time-dependent boundary potential which induces
reactivity
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This potential is zero within a spherical region of radius R(t)
and is harmonic outside this region with a force constant
mik(t); the mass term ensures uniform acceleration of
molecules subject to forces from the boundary potential.
R(t) and k(t) oscillate between set values R1, k1 and R2 < R1, k2
in a rectangular wave pattern with upper and lower periods of
t1 and t2. The t2 interval is analogous to the downward stroke
of a piston that pushes the molecules into the smaller R2 sphere
where reactivity is initiated by high-energy collisions between
the He atoms and the starting species. Afterward, during the t1
interval the sphere radius reverts to R1 and the molecules are
free to diffuse into the larger volume. The cycle repeats during
the course of the simulation. See Figure S1 of the Supporting
Information for a visual example of this process.
The time step was set to 0.5 fs and a Langevin thermostat

was used with an equilibrium temperature between 1000 and
3500 K and a damping time of 300.0 fs. Table S2 of the
Supporting Information details the range of parameters
explored for each starting configuration. Each simulation was
allowed to run for 24 h of wall time, yielding several
picoseconds of simulation time.
The second stage of this process is the “selection” of

reactions to include in the following “refinement” stage.
Reactions were detected in the simulation trajectories using an
automated trajectory analysis method54 that constructs
molecular graphs from interatomic distances and detects
reaction events corresponding to lasting changes in con-
nectivity. The results of the trajectory analysis were confirmed
by visualization with the VMD program.79

Reactions identified in the nanoreactor simulations are then
filtered based on their plausibility under astrophysical
conditions in an interstellar cloud: low temperature (≤20 K)
and density (≤107 cm−3).80 The first selection criterion is that
the overall reaction must be bimolecular, as three-body
collisions are exceedingly improbable in these environments.
Similarly, the low density and temperature preclude sponta-
neous unimolecular rearrangements, so such processes are
rejected except those that occur along a bimolecular pathway
via submerged barriers. The second criterion is that the overall
reaction coordinate is exothermic: the precursors must be
higher in energy than the products. Finally, we prioritized
reactions involving precursors that were non-intuitive and/or
had not been proposed previously in other studies of N-
heterocycle formation.
During the refinement stage, reaction events of interest are

further investigated at a more accurate level of theory to
determine their kinetic feasibility. The refinement procedure
starts with energy minimization of the intermediates extracted
from the nanoreactor AIMD trajectory, then transition state
(TS) structures on the minimum energy paths connecting the
intermediates are located using the nudged elastic band (NEB)
method. NEB calculations are initiated by linear interpolation
of frames from the nanoreactor simulations connecting two
optimized intermediates. The highest-energy structures are
then used as inputs to TS optimization calculations to find the

precise first order saddle points. Harmonic frequency
calculations are performed on all structures to compute the
zero point vibrational energy (ZPVE) and confirm the
presence of one imaginary mode for the TS structures. The
connections between the optimized TS and its adjacent energy
basins are verified using the intrinsic reaction coordinate
method. The energy minimization, NEB, and harmonic
frequency calculations were performed using the range-
separated ωB97X-D381 DFT functional, an unrestricted KS
wave function, and the cc-pVTZ basis set as implemented in
the Q-Chem quantum chemistry software.82 To provide more
accurate PES landscapes along the reaction coordinates, single-
point energy calculations for all the optimized geometries are
carried out using the CCSD(T)/cc-pVTZ level of theory. The
ZPEs of CCSD(T) are obtained by adding ZPVEs calculated
with ωB97X-D3 DFT functional to the single-point CCSD(T)
electronic energies. Special attention was given to prereaction
complexes and searches for barriers along the entrance
channel. The prereaction complexes were obtained by
optimizing the two reactant molecules using the broken-
symmetry approach. Before the optimization, the two reactant
molecules were oriented in a way that they have the same
relative orientation as the first intermediate. They were
separated with a distance larger than 5.00 Å and the
optimization was carried with a maximum step size of 0.015
Å. The initial barriers were then searched through sequential
constrained optimizations while scanning along the selected
interatomic distance.

3. RESULTS AND DISCUSSION
3.1. Nanoreactor Simulations. Out of the 405 nano-

reactor simulations that were carried out, the simulations
started from a single N-heterocycle and one CN• produced the
greatest number of bimolecular pathways. In what follows, we
will focus exclusively on the results from these simulations and
discuss their relevance for astrophysical environments and
planetary atmospheres. Generally, the R1 and k2 parameters
influenced the simulation outcome most significantly, likely
because increasing the expanded sphere size (R1) and force
constant of the contracted sphere (k2) both contribute directly
to increasing the kinetic energy of molecular collisions.

3.1.1. Pyridine. A total of 76 pyridine + CN• nanoreactor
simulations were carried out using four different initial
configurations of the pyridine, CN, and helium atoms.
Bimolecular reactions were observed in 19 out of 76
simulations, with several trajectories leading to the same
products; the simulation parameters are listed in Table S3 of
the Supporting Information. Figure 3 presents the 16 unique
products along with their energies relative to the energy of the
reactants, pyridine and CN.
The reaction pyridine + CN• → pyrrolyl + HCCN was

observed twice in separate simulations. In both cases, CN• first
forms a bond with the pyridine C at the ortho C position, then
extracts the ortho carbon from the ring; when viewed in
reverse, this is a possible mechanism for N-heterocycle ring
expansion. This reaction was chosen as an example for further
refinement, the results of which are discussed in section 3.2.3.
The other 15 reactions in this group were not further refined

in this study, but due to their potential astronomical interest,
we describe their general characteristics here. Three of the
simulations went energetically downhill and left the pyridine
ring intact; two of them are characterized by H transfer from
pyridine to CN• resulting in formation of pyridyl radicals 1 and
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2, and a third simulation resulted in ortho-isocyanopyridyl 3 +
H. The other 12 simulations went energetically uphill and are
potential candidates for barrierless, pyridine-forming reactions
in reverse. Eight trajectories produced a C5H4N radical that
was linear (6−11) or contained a cyclopropene moiety (15
and 16) plus a HCN or HNC co-product. Closed-shell
molecules have been detected in the ISM with strong structural
resemblance to these radicals: most notably, trans-cyanoviny-
lacetylene (HCCCHCHCN)83 differs from radicals 7, 8, and
11 by the addition of only one hydrogen atom. Additionally,
rotational spectra have been measured for three cyanobuta-
diene isomers, including the parent species of radical 8, which
could enable further astronomical detections.84 Other
structurally similar molecules found in the ISM include
propargyl cyanide (HCCCH2CN),

85 vinylcyanoacetylene
(H2CCHCCCN)

83 and the 3-membered rings cyclopropeny-
lidene,86 cyclopropenone,87 and ethynyl cyclopropenylidene.
Cyclopropenylidene has also been detected in Titan’s
atmosphere.17

The four simulations that went energetically uphill without
producing HCN/HNC are described as follows: In one
simulation, we observed the formation of product 5 (1,4-
dicyanobutadiene), which differs from the recently detected 1-
cyanobutadiene88 by the addition of one cyano functional
group. Another simulation formed the linear radical 12, a H
adduct of 3-isocyanoacrylonitrile, and acetylene C2H2;

89−92 the
former is a CN adduct of the detected molecule vinyl
cyanide.93 The species 5 and 12 are also similar to other N-
substituted unsaturated organic molecules that have been
detected in the ISM including isocyanogen (CNCN),94 E- and
Z-cyanomethanimine (HNCHCN),95,96 aminoacetonitrile
(H2NCH2CN),

97 and others.98−100 One simulation resulted
in the pair of species 1-azabutadiene (H2CCHCHNH, 17) and
cyanoethynyl radical (C3N, 18): the former is an isomer of 2-
azabutadiene which was recently characterized spectroscopi-
cally and highlighted as a molecule of astrochemical
significance101 and the latter is a known molecule in the
ISM.102,103 Lastly, one trajectory produced N2 and the

unsaturated linear radical 4, which is a structural isomer of
phenyl radical and related to butadienylacetylene
(H2CHCHCHCCH) by the removal of H. While butadieny-
lacetylene has not been detected in the ISM to date, it has a
similar length and degree of saturation as the known
astromolecules vinyl acetylene (H2CCHCCH),

104 allenyl
acetylene (H2CCCHCCH)

105 and allenyl diacetylene
(H2CCCHC4H).

106

Overall, the outcomes of the pyridine + CN• nanoreactor
simulations could be characterized in the following ways: (1)
The majority of bimolecular products were energetically uphill,
indicating they could be candidates for barrierless formation
pathways of pyridine + CN• in reverse. (2) A large number of
reactions resulted in ring-opening of pyridine to unsaturated
linear molecules, which are chemically and structurally very
close to molecules detected in the ISM. (3) A smaller number
of reactions were energetically downhill which suggest
potential reactions of pyridine in the ISM. Interestingly, CN
substitution reactions, which have been recently calculated to
be barrierless and exothermic,107 were not observed in the
nanoreactor simulations. Hydrogen abstraction and NC
substitution were observed instead even though these reactions
are calculated to have barriers, highlighting the contrast
between “reverse” nanoreactor simulations and traditional PES
exploration. These results point to multiple possible pathways
for pyridine formation from unsaturated linear precursors, and
demonstrate the effectiveness of the nanoreactor for generating
astrochemical reaction hypotheses.

3.1.2. Pyrrole. A total of 60 pyrrole + CN• simulations were
performed with 6 different initial configurations. Initial
minimization resulted in CN bound to the ring: 5
configurations led to binding at the 2 position, adjacent to N
(one of which was in an isocyano configuration), and the other
was at the 3 position. Among these, 17 of the 60 simulations
led to the formation of two products as shown in Figure 4 and
in Table S4 of the Supporting Information. Three simulations
led to 1-pyrrolyl (13) + HCN/HNC, and the rest led to
unique species. Of the reactions observed, 10 were

Figure 3. Products from pyridine + CN• reaction. Electronic energy
differences are in kJ/mol.

Figure 4. Products from pyrrole + CN• reaction. Electronic energy
differences are in kJ/mol.
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endothermic, meaning that the reverse reactions are energeti-
cally favorable for the formation of pyrrole.
Perhaps the two most interesting reverse reactions

discovered were ethenimine 26 + β-cyanovinyl 27 and 14 +
1-H-2-azetyl 31. 26 + 27 is quite similar to the reaction 27 +
vinyl cyanide (C3H3N) → pyridine + CN that has been
observed under single-collision conditions in a crossed
molecular beam experiment and which was calculated to be
barrierless using CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ.29 In
both cases, the reaction proceeds by addition of the radical 27
at the CH2 carbon, followed by a rearrangement and
cyclization prior to the elimination of CN. The reaction 14
+ 31 is a ring expansion reaction similar to the aforementioned
pyridine-forming reaction of radicals 13 + 14. Both of these
pathways were selected for further refinement, discussed in
detail below.
Of the remaining pathways, all that proceeded downhill left

the 5-membered ring structure intact; they were either
hydrogen abstraction reactions leading to HCN/HNC or
CN-substitution reactions. Reactions of pyrrole with CN do
not appear to have been previously studied, but the analogous
formation of benzonitrile from benzene + CN is known to be
barrierless, while the H-abstraction channels possess a large
barrier.13 In contrast, only one of the endothermic reactions
preserves the ring: the hydrogen abstraction leading to 2-
pyrrolyl 21 + HNC. In addition to radical 31, two other ring-
containing species were found, both forms of functionalized
cyclopropene: 3-iminomethyl-1-cyanocyclopropene 30 and
cycloprop-2-en-1-ylidenemethanaminyl radical 28. Neither
species has been previously studied; however, the latter is
structurally similar to (cyanomethylene)cyclopropane, recently
characterized by rotational spectroscopy and an excellent
candidate for astronomical searches due to the recent
detections of other cyano-substituted species.108

The remaining pathways involved breaking the pyrrole
structure into acyclic fragments: one of which is closed-shell
(C2H2, HCN, or HNC) and the other is open-shell (23, 24,
25, and 29). These open-shell molecules are all related to
known astronomical molecules by addition of a small
functional group and removal of a hydrogen atom. Two of
these are related to ethanimine109 by a substitution and H
atom removal on the terminal carbon: radical 23 is
functionalized with CN, and radical 25 is functionalized with
C2H, both common functionalization patterns among mole-
cules detected in space. Radical 24 is a CN-functionalized
radical derivative of N-methylmethanimine, closely related to
methanimine,110 and radical 29 is a C2H-functionalized radical
derivative of vinylamine.111 In reverse, each of these pathways
presents a potential formation route to pyrrole via cyclization
and elimination of CN, and the parent species of radicals 23,
24, 25, and 29 are intriguing targets for astronomical detection.
Among these, rotational spectra for the parent species of
radical 24112 and a branched isomer of the parent of radical
23113 have been measured to date.
3.2. Pathway Refinement and Additional Potential

Energy Surface Exploration. Following the initial nano-
reactor simulations, three pathways matching the filtering
criteria discussed in section 2 were further refined and
expanded to explore the mechanisms of the “reverse” reactions
and to locate any barrier(s) along the reaction coordinate. For
the pyridine + CN simulation, this was the pathway leading to
radicals 13 + 14, and for pyrrole + CN, those leading to
products 14 + 31 and 26 + 27. In the case of products 14 + 31,

initial exploration of the PES led to identification of a lower
energy bimolecular configuration than the final product in the
nanoreactor trajectory. H atom transfer from radical 31 to
radical 14 leads to azete (c-C3H3N) + cyanomethyl (CH2CN)
approximately 200 kJ/mol lower in energy; this was chosen as
the starting point for the detailed PES as discussed further in
section 3.2.1. The other two pathways were explored starting
directly from products identified in the nanoreactor
simulations: the reaction 26 + 27 → pyrrole + CN is discussed
in section 3.2.2 and the reaction 13 + 14 → pyridine + CN in
section 3.2.3.

3.2.1. Azete + Cyanomethyl Radical. The PES for the
reaction azete + cyanomethyl → pyrrole + CN is shown in
Figure 5. This calculation was performed on a doublet surface

to reflect the spin multiplicity of the products: azete was
optimized as a singlet and cyanomethyl as a doublet. Azete is
an example of an antiaromatic 4π-electron system like
cyclobutadiene, but the nitrogen substitution in azete breaks
the D4h symmetry and lifts the degeneracy of the two non-
bonding π orbitals. Early multireference configuration
interaction calculations with a 4-31G basis set found a that
the ground-state electronic structure of azete is well-described
by singlet closed-shell wave function with little diradical
character owing to the electronegativity difference between the
C and N atoms located at opposite vertices of the ring.114 This
is reflected by the much shorter N�C bond compared with
the C�C bond across the ring. A more recent CCSD(T)
structural study with basis sets cc-pVTZ, cc-pVQZ, cc-
pwCVTZ, and cc-pwCVQZ described azete as a diradical,115

but details of the electronic structure were not explicitly
addressed and the structure is consistent with that of ref 114.
The ωB97X-D3/cc-pVTZ structure here agrees well with that
in ref 115, with bond lengths differing by no more than 0.01 Å.
In the reaction, azete and H2CCN• first form a pre-reaction

complex (C1). Both the DFT and CCSD(T) calculations show
that complex C1 is below the zero-point energy (ZPE) of
separate reactants R1. The entrance barrier (TS1) calculated
with DFT is submerged under the ZPE of reactants R1,
whereas the CCSD(T) result presents a barrier that is 2.25 kJ/
mol above. Through the entrance barrier, complex C1 forms a
bond between the terminal C of H2CCN• and the α C of azete
(Int1). A H atom transfer then occurs between the newly
bonded C of H2CCN and the azete N to produce intermediate
Int2. In the next step to intermediate Int3, the N−H bond
flips downward, away from the HCCN group, followed by

Figure 5. PES detailing the reaction of azete (c-C3H3N) with the
cyanomethyl radical (H2CCN•). Curves connecting points are fitted
lines, not an actual shape of the PES.
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formation of a second bond between the bonded C in the
HCCN chain and the adjacent azete C to make the bicyclic
structure Int4. Ring expansion leads to the 5-membered ring
Int5, the cyano-pyrrole radical. The final products pyrrole and
CN• are then reached by dissociation.
H2CCN has been detected in the ISM in TMC-1 and Sgr

B2,116 and is presumed to be present in Titan’s atmosphere
based on data from the Cassini/Huygens INMS and current
chemical models.117−120 Azete, on the other hand, has neither
been isolated nor detected spectroscopically, potentially due to
its high reactivity. Indirect evidence exists for its formation via
photolysis of azapyrones in Ar matrices;121 whether it could be
formed via astrochemically relevant gas-phase pathways
remains an open question.
3.2.2. Ethenimine + β-Cyanovinyl Radical. Figure 6 shows

the calculated PES for the pathway 26 + 27 → pyrrole + CN.
This PES was calculated on a doublet surface with singlet and
doublet spin multiplicities for reactants 26 and 27, respectively.
This particular reaction coordinate was discovered by
expanding the PES beyond the original nanoreactor trajectory,
which proceeded through the formation of a new N−C bond
between the reactants and led to several high-energy barriers.
The formation of the C−C bond, as shown in Figure 6, was
manually explored by altering the pathway. First, the
intermediates in the nanoreactor pathway that were lower in
energy than the reactants were identified. Starting with these
structures, bonds were changed iteratively using Avogadro122

(an open-source molecular builder and visualization tool,
version 1.93.0; http://avogadro.cc/) to connect the reactants
and products. These new intermediates were minimized at
uB3LYP/6-31G*, and a Cartesian interpolation of the
coordinates was used to generate initial path estimates.
These paths were then refined with NEB and TS optimizations
as discussed in section 2.
Starting from reactants R2, the unimolecular intermediate

Int6 is formed by making a C−C bond between the two
terminal carbons of the reactants. An initial prereactive
complex C2 followed by a slight barrier transition state TS6
lies along the entrance channel. Subsequently, a hydrogen
migration leads to intermediate Int7 and forces the structure
toward planarity owing to an allylic structure. The barrier to

this H migration at transition state TS7 is computed to lie 5.73
and 17.31 kJ/mol above the reactants in the DFT and
CCSD(T) calculations, respectively. This is followed by a trans
to cis isomerization of the terminal NH to yield intermediate
Int8, followed by ring closure by C−N bond formation (Int9)
and elimination of CN• to yield pyrrole.
This pathway has a number of similarities to the pyridine

formation mechanism from β-cyanovinyl and vinyl cyanide
which was calculated to be effectively barrierless at the
uB3LYP/cc-pVTZ//CCSD(T)/cc-pVTZ level of theory.26 In
both cases the reaction is initiated with the formation of a C−
C bond, the intermediates are all acyclic and unbranched until
ring formation occurs, and the steps with the highest activation
barriers involve a hydrogen migration.
Ethenimine has been detected in hot molecular cores

(HMCs) within the giant molecular cloud Sagittarius B2 (Sgr
B2), where it is believed to form from the tautomerization of
methyl cyanide (CH3CN) during shocks.123 The barrier to
tautomerization from ketenimine back to methyl cyanide is
calculated to be 262 kJ/mol at the CCSD(T)/aug-cc-pVTZ
level,124 preventing the reverse reaction from occurring
spontaneously. An additional formation mechanism of
ketenimine is H + cyanomethyl radical (CH2CN), which has
been calculated to be barrierless and exothermic.124 CH2CN
has also been detected in Sgr B2, as well as the Taurus
Molecular Cloud 1.116 Vinyl cyanide, the parent species of β-
cyanovinyl, has been detected in multiple environments in the
ISM,93,125 including recently within HMC G10.47 + 0.03.126

While barrier heights of transition states TS6 and TS7 likely
inhibit the reaction 26 + 27 in dense molecular clouds where
temperatures typically are 10−20 K,127 it may be operative in
HMCs as temperatures may reach 300 K.128

In the Solar System, vinyl cyanide was detected on Titan in
2017,18 and the presence of the cyanovinyl radicals is likely
because photodissociation processes are rapid in the upper
atmosphere. Ethenimine has not been detected directly in
Titan’s atmosphere but seems likely to be present based on
crossed molecular beam experiments of N(2D) + C2H2 which
saw ethenimine form with a branching ratio between 4 and
5%.124 At the warmer temperatures of Titan’s atmosphere
compared with dense clouds, the calculated barrier height for

Figure 6. PES detailing the reaction of ethenimine (H2CCNH) with β-cyanovinyl (HCCHCN).
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the reaction 26 + 27 is likely small enough that the reaction is
feasible. Additional exploration of the PES and kinetic studies
are needed to determine the viability of this pathway in specific
environments and its branching ratio relative to other pathways
on the PES.
3.2.3. 1-Pyrrolyl + Cyanomethylene Diradical. The PES

for the reaction 13 + 14 → pyridine + CN is shown in Figure
7. The calculation was performed on the doublet surface but
unlike the previous two reactions, in this case both reactants
are open-shell. 1-Pyrrolyl is well-known to be a doublet in its
electronic ground state with π-radical character.129 HCCN is a
carbene which has been experimentally determined to have a
triplet electronic ground state and quasi-linear structure.130,131

Its HCC bond angle has been calculated to be 145.9° at the
CCSD(T)/aug-cc-pVQZ level of theory and the barrier to
linearity to be only 0.67−0.86 kcal/mol.132 Here, we also
observe a quasi-linear structure with an HCC bond angle of
153.8° at the ωB97X-D3/cc-pVTZ level. In the PES, radicals
13 and 14 were calculated with doublet and triplet spin
multiplicity, respectively.
From the reactants R3, no transition state or prereaction

complex was along the reaction coordinate leading to
intermediate Int10, in contrast to the previouly discussed
reactions. Instead, HCCN bonds directly to the α C in pyrrolyl
via the terminal carbon in HCCN. This same carbon atom
then forms a second bond to the adjacent pyrrole β C to reach
the bicyclic structure Int11. The bond between the α and β C
atoms then breaks and the ring widens and flattens to produce
the 3-cyanopyridyl radical Int12, followed by elimination of
CN to form pyridine. The transition states TS10 and TS11 are
submerged relative to both reactants and products.
This reaction bears similarity to the proposed mechanism of

CH insertion into pyrrole.27 In that case, CH first bonds
concertedly to both the α and β C atoms in pyrrole, followed
by breaking the Cα−Cβ bond and the loss of the nitrogen-
bonded H. Because the reaction 13 + 14 starts from pyrrolyl,
no H elimination from the N is required. Another similar
reaction was detected in the pyrolysis of 3-methoxypyridine,133

where CO elimination from the pyridoxy radical (C5H4NO)
leads to pyrrolyl. Unlike the insertion reactions with CH and
HCCN, however, calculations suggest that cleavage of the O−
CH3 bond passes through an overall barrier along the reaction
coordinate.

Astronomical detections of HCCN include a definitive
detection in circumstellar envelope IRC+10216 and a tentative
detection in dense cloud Sgr B2.134 HCCN has also been
suggested to be important in the formation of aerosols in
Titan’s atmosphere, known as tholins, that make up the moon’s
distinctive orange haze.135 Chemical models120 predict HCCN
to be the third most abundant open-shell species. However,
ring insertion/elimination reactions are not currently included
in chemical kinetics models of Titan’s atmosphere.119,120,136

The 1-pyrrolyl radical has not been measured by rotationally
resolved spectroscopy, precluding astronomical searches to
date with radiotelescopes.

4. CONCLUSION
Here, we have demonstrated the use of an ab initio nanoreactor
as a tool for the discovery of novel reaction pathways of
astrochemical relevance, with a focus on the N-containing
heterocycles pyrrole and pyridine. The key aspect of these
simulations is that they begin with the heterocycle of interest
coupled with an appropriate leaving group, in this case CN,
and exploit the nanoreactor’s ability to stochastically explore
the space of high-barrier/endothermic pathways to arrive at
non-intuitive products. These same pathways, viewed in
reverse, serve as potential formation pathways for the
heterocycles.
In total, 249 simulations involving pyridine + CN and 156

simulations with pyrrole + CN were performed and analyzed.
Nineteen simulations of pyridine and seventeen simulations of
pyrrole resulted in two products. The optimal simulations for
the discovery of bimolecular pathways start with only one N-
heterocycle and one radical byproduct (in this case, CN) in a
spherical volume containing helium atoms. Searching for
pathways in this reverse manner requires that a ring breakage
occur, but fragmentation into three or more components is
avoided. The results suggest that this is best achieved by tuning
the parameters that most directly affect the velocities of the
sphere contents as they are compressed, notably r1 and k2.
Three pathways have been identified, and the PESs were

calculated here at the ωB97X-D3/cc-pVTZ level of theory,
with single-point energy calculations also carried out at the
CCSD(T)/cc-pVTZ level of theory: the reaction 13 + 14 →
pyridine + CN and the reaction 26 + 27 → pyrrole + CN
which were observed directly in the nanoreactor simulations,

Figure 7. PES detailing the reaction of 1-pyrrolyl (c-C4H4N) with the cyanomethylene diradical (HCCN••).
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and azete + cyanomethyl → pyrrole + CN which was inspired
by radicals 14 + 31. The ring expansion reactions 13 + 14 and
azete + cyanomethyl are excellent examples of non-intuitive
pathways which are barrierless or have a small barrier. These
are feasible even in low-temperature regions of the ISM if the
precursors are initially present, and are likely operative in the
atmosphere of Titan where tentative detections of N-
heterocycles have been reported. Finally, the reaction 26 +
27 leads to pyrrole from acyclic precursors through a reaction
coordinate possessing a small barrier. This reaction is especially
interesting as it represents a potential pathway to N-
heterocycle formation directly from acyclic precursors that
are likely present in hot cores as well as in Titan’s atmosphere,
where the temperatures are warmer than cold interstellar
clouds.
The ab initio nanoreactor approach employed here is readily

applicable to other N-heterocycles of interest, such as
pyrimidine, purine, imidazole, indole, and others, as well as
functionalized derivatives. Additionally, variation of the co-
product (CN in the present study) to, e.g., OH, CH, C2H, or
others, is worthwhile. Future studies along these lines are
envisioned, as well as more detailed computational inves-
tigations of the remaining pathways identified in this proof-of-
concept study and integration with tools designed for
automatic PES exploration.
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(14) Cernicharo, J.; Aguńdez, M.; Cabezas, C.; Tercero, B.;
Marcelino, N.; Pardo, J. R.; de Vicente, P. Pure hydrocarbon cycles
in TMC-1: Discovery of ethynyl cyclopropenylidene, cyclopentadiene,
and indene. Astron. Astrophys. 2021, 649, L15.
(15) McGuire, B. A.; Loomis, R. A.; Burkhardt, A. M.; Lee, K. L. K.;
Shingledecker, C. N.; Charnley, S. B.; Cooke, I. R.; Cordiner, M. A.;
Herbst, E.; Kalenskii, S.; Siebert, M. A.; Willis, E. R.; Xue, C.;
Remijan, A. J.; McCarthy, M. C. Detection of two interstellar
polycyclic aromatic hydrocarbons via spectral matched filtering.
Science 2021, 371, 1265−1269.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.4c00120
ACS Earth Space Chem. 2024, 8, 1771−1783

1779

https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00120?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00120?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00120/suppl_file/sp4c00120_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00120/suppl_file/sp4c00120_si_002.zip
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lee-Ping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3072-9946
https://orcid.org/0000-0003-3072-9946
mailto:leeping@ucdavis.edu
mailto:leeping@ucdavis.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+N.+Crabtree"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5629-5192
https://orcid.org/0000-0001-5629-5192
mailto:kncrabtree@ucdavis.edu
mailto:kncrabtree@ucdavis.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sommer+L.+Johansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6864-385X
https://orcid.org/0000-0002-6864-385X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heejune+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00120?ref=pdf
https://doi.org/10.1002/andp.18280880206
https://doi.org/10.1002/hlca.19960790503
https://doi.org/10.1002/hlca.19960790503
https://doi.org/10.1021/ar200257x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200257x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200257x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.201300009
https://doi.org/10.1002/ijch.201300009
https://doi.org/10.1002/ijch.201300009
https://doi.org/10.1086/378346
https://doi.org/10.3390/life8030028
https://doi.org/10.3390/life8030028
https://doi.org/10.1086/432495
https://doi.org/10.1086/432495
https://doi.org/10.1086/432495
https://doi.org/10.1016/j.jms.2016.03.005
https://doi.org/10.1016/j.jms.2016.03.005
https://doi.org/10.1007/s00159-016-0093-y
https://doi.org/10.1007/s00159-016-0093-y
https://doi.org/10.1126/science.aao4890
https://doi.org/10.1126/science.aao4890
https://doi.org/10.1126/science.aao4890
https://doi.org/10.1021/acs.jpca.2c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c01435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3847/2041-8213/ab7a9c
https://doi.org/10.3847/2041-8213/ab7a9c
https://doi.org/10.1051/0004-6361/202141156
https://doi.org/10.1051/0004-6361/202141156
https://doi.org/10.1051/0004-6361/202141156
https://doi.org/10.1126/science.abb7535
https://doi.org/10.1126/science.abb7535
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(16) Vuitton, V.; Yelle, R.; McEwan, M. Ion Chemistry and N-
containing Molecules in Titan’s Upper Atmosphere. Icarus 2007, 191,
722−742.
(17) Nixon, C. A.; Thelen, A. E.; Cordiner, M. A.; Kisiel, Z.;
Charnley, S. B.; Molter, E. M.; Serigano, J.; Irwin, P. G. J.; Teanby, N.
A.; Kuan, Y.-J. Detection of Cyclopropenylidene on Titan with
ALMA. Astron. J. 2020, 160, 205.
(18) Palmer, M. Y.; Cordiner, M. A.; Nixon, C. A.; Charnley, S. B.;
Teanby, N. A.; Kisiel, Z.; Irwin, P. G. J.; Mumma, M. J. ALMA
Detection and Astrobiological Potential of Vinyl Cyanide on Titan.
Sci. Adv. 2017, 3, No. e1700022.
(19) Hörst, S.; Yelle, R.; Buch, A.; Carrasco, N.; Cernogora, G.;
Dutuit, O.; Quirico, E.; Sciamma-O’Brien, E.; Smith, M.; Somogyi, Á.;
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(39) Martínez-Nuñ́ez, E. An Automated Method to Find Transition
States Using Chemical Dynamics Simulations. J. Comput. Chem. 2015,
36, 222−234.
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