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Abstract. The cycloaddition reaction mechanism between interstellar molecules, ketenimine and
methyleneimine, has been systematically investigated employing the second-order Mgller-Plesset perturbation
theory (MP2) method in order to better understand the reactivity of nitrogenous cumulene ketenimine with
the C=N double bond compound methyleneimine. Geometry optimizations and vibrational analyses have been
performed for the stationary points on the potential energy surfaces of the system. Calculations show that
five-membered cyclic carbene intermediates could be produced through pericyclic reaction processes between
ketenimine and methyleneimine. Through the subsequent hydrogen transfer processes, carbene intermediates
can be isomerized to the pyrazole and imidazole compounds, respectively. The present study is helpful to

understand the formation of prebiotic species in interstellar space.
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1. Introduction

Ketenimine, CH, =C=NH, has attracted much atten-
tion as a reactive intermediate in organic chemistry!
and astrochemistry.? Jacox et al., predicted in 1963 that
ketenimine is tentatively identified as a product of the
reaction of the imidyl radical (NH) with acetylene in
solid argon.? In 1979, Jacox accomplished the first spec-
troscopic identification of ketenimine with the matrix
isolation study of the products from the reaction of
excited argon atom with acetonitrile (CH3CN).* The
first study in gas phase, by microwave spectroscopy,
was reported by Rodler ef al., in 1984, in which 2-
cyanoethanol (HOCH,CH,CN) was pyrolized at 800°C
to form ketenimine.’

Ketenimine has been detected in the star-forming
region Sagittarius B2(N) by means of radio telescopes.
It is a relatively abundant species in Sgr B2(N) and
is likely formed directly from its isomer acetonitrile
by tautomerization driven by shocks that pervade the

*For correspondence
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star-forming region.? Therefore, several theoretical and
experimental investigations have been performed to
study the formation of ketenimine in the interstellar
media. Nadia reported the combined crossed beam and
theoretical studies on the N(*D)+C,H, reaction and
implications for atmospheric models of Titan.® They
verified that the ketenimine is one of the main products
for this reaction. Given that nitrile derivatives have been
detected in Titan’s atmosphere, cometary comas, and
the interstellar media, Hudson et al., reported exper-
imental investigations on the low-temperature chem-
istry of some of these compounds. In the absence of
water, ketenimine is one of the photo- and radiochem-
ical products of these nitriles.” Aminoacetonitrile, a
species of astrochemical interest, has been detected
in the interstellar media. The reaction of aminoacry-
lonitrile with Nit was investigated by means of mass
spectrometry techniques and density functional theory
calculations, where the ketenimine is one of the main
products for this reaction.® Using Fourier transform
infrared spectroscopy, ketenimine is trapped and identi-
fied by UV-irradiation of CH; COCN in an argon matrix
at 10K’
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As an unstable nitrogenous cumulene, ketenimine
can react with unsaturated compounds to form
heterocyclic compounds. Liu ef al., investigated the
cycloaddition reaction between ketenimine and cyclo-
pentadiene theoretically, establishing that the activa-
tion energy for this reaction is 156.5kJ/mol using
the G3B3 method.!® Fang et al., studied the for-
mation of four-membered compounds through the
stepwise cycloaddition reaction between ketenimine
and olefins using ab initio methods.!! In addition,
Sun et al., reported the reaction between ketenimine
and water, where acetamide is finally formed by
tautomerization.!> Sung et al., reported the amination
reaction of ketenimine employing NMR and ab ini-
tio studies, which provided the formation pathway of
vinylidenediamine."> Wu et al., studied the stepwise
mechanism between ketenimine and methyleneimine in
the gas phase theoretically.'* It was found that three
four-membered cyclic products, 2-azetidinimine, 2-
methylene-1,3-diazetidine, and 3-azetidinimine can be
formed and the energy barriers of controlling steps for
the three pathways are 137.5, 122.8, and 310.6 kJ/mol
at the HF/6-31G** level of theory (69.4, 105.3, and
162.8 kJ/mol at the MP2/6-31G** level of theory),
respectively. However, the stabilities of those com-
pounds have not been evaluated.'*

The fact that organic chemistry started in space
can be considered as a new challenge for the sci-
entific community. Among the extrasolar objects, the
Galactic center molecular clouds,” hot cores,'® and
hot corinos!” are particularly rich in complex organic
molecules (COMs). Some more complicated COMs
have been observed in comets'® and meteorites, where
amino acids have also been detected.!” Ketenimine
and methyleneimine are both interstellar molecules.?
Accordingly, we postulate that the reaction of keten-
imine and methyleneimine may be one of the forma-
tion pathways of prebiotic species. In the present study,
we have performed comprehensive theoretical inves-
tigations on the reaction mechanism between keten-
imine and methyleneimine employing the second-order
Mgller-Plesset perturbation theory (MP2) method in
order to better understand the ketenimine reactivity and
possible formation of prebiotic species in the interstel-
lar space.

2. Computational method

The second-order Mgller-Plesset perturbation theory
(MP2) method in combination with the 6-311+G* basis
set has been employed to locate all the stationary points
along the reaction pathways without imposing any
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symmetry constraints. Frequency analyses have been
carried out to confirm the nature of the minima and
transition states. Moreover, intrinsic reaction coordi-
nate (IRC) calculations have also been performed to
further validate the calculated transition states connect-
ing reactants and products. Additionally, the relevant
energy quantities, such as the reaction energies and bar-
rier heights, have been corrected with the zero-point
vibrational energy (ZPVE) corrections.

To further refine the calculated energy parameters,
single point energy calculations for all pathways have
been performed at the CCSD(T)/6-3114+G* level of
theory based on the optimized geometries at the MP2/6-
311+G* level of theory. To evaluate the influence of
basis set on the calculated energy parameters, we have
also carried out the relevant computations employing
the correlated basis set, aug-cc-pVTZ. As summarized
in table 1, all these levels can give consistent results
for the calculated reaction profile. For the sake of sim-
plicity, the energetic results at the CCSD(T)//MP2/6-
3114G* level of theory have been mainly discussed
below if not noted otherwise.

All the calculations have been performed using Gaus-
sian 98 program.?!

3. Results and Discussion

As displayed in scheme 1, four possible pathways for
the title reaction have been proposed. The geometric
parameters for the reactants (R1-ketenimine and R2-
methyleneimine), transition states (TS), intermediates
(IM), and products (P) involved in the pathways (1), (2),
(3), and (4) are displayed in figure 1. The calculated
relative energies for the available stationary points have
been summarized in table 1. The corresponding reaction
profile is illustrated in figure 2.

3.1 Step (a): pericyclic reaction process to form a
five-membered cyclic carbene intermediate IMa

For the pathways (1) and (2), the first intermediate
IMa is formed via a pericyclic reaction process with
an energy barrier of 122.1kJ/mol. The unique imagi-
nary frequency calculated for the corresponding tran-
sition state, TSa, in the step (a) is 5091 cm™! at the
MP2/6-3114-G* level of theory.

As shown in figure 1, in TSa, the distances of C!-
N2 and N'-C? are 1.910 and 2.186 A, respectively.
Thus, two new bonds, namely C'-N? and N!-C3, are
being formed in the transition state TSa. At the same
time, the distance of N?-C? in R2 fragment of TSa
reached 1.332 A, which is 0.051 A longer than that in
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Table 1.
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The calculated relative energies (in kJ/mol) with respect to the isolated

reactants at the MP2/6-3114+G* and MP2/aug-cc-pVDZ (after the slash) levels of

theory considering the ZPVE corrections®.

Pathways Relative Energies
TSa IMa
112.3 (122.1)/ 104.1 —2.1(-1.1)/0.3
Pathway (1) TS1 P1
117.3 (127.4) / 110.7 —106.3 (—91.8) / —106.2
Pathway (2) TS2 P2
158.7 (170.4) / 147.8 —151.3(—139.2) / —144.8
TSb IMb
96.9 (134.3)/ 84.8 59.0 (56.5) / 60.6
Pathway (3) TS3 P3
209.5 (215.4) /1 200.6 —43.6 (—34.3) / —43.7
Pathway (4) TS4 P4

202.7 (221.1) / 193.8

—112.9 (-101.8) / —105.5

¢ The data in parentheses refer to the results at the CCSD(T)//MP2/6-311+G* level

of theory considering the ZPVE corrections.
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Scheme 1.

methyleneimine. Based on the bond length data, the
double bond N*-C? in methyleneimine is being trans-
formed into a single bond in TSa. Moreover, the bond
angle C'C?N! decreased continuously. The formation of
new o bonds of C'- N? and N'-C? and the cleavage of
7 bond of N?-C? occurred simultaneously. Therefore,
the formation of IMa is a concerted reaction process.
Certainly, as commented by one reviewer, the above
process could also take place in an asynchronous fash-
ion from the viewpoint of the orbital overlap due to the
unsymmetry of the both reactants. As shown in figure 3,
those changes of bond lengths and bond angle can be
further validated by an IRC calculation on the basis of
TSa.

The proposed four pathways for the cycloaddition reaction between ketenimine and methyleneimine.

Qualitatively, the pericyclic reaction process can be
understood from the frontier molecular orbital theory.
As displayed in figure 4, the frontier orbitals of HOMO
of ketenimine and LUMO+-2 of methyleneimine are
symmetric matching, where the orbital energies have
been obtained at the MP2/6-3114-G* level of theory. In
addition, the HOMO energy (—0.35643 a.u.) of keten-
imine is close to the LUMO+2 energy (0.09108 a.u.) of
methyleneimine. Therefore, ketenimine can react with
methyleneimine through pericyclic process to form the
five-membered intermediate IMa.

In IMa, there is a lone electron pair on C?, suggest-
ing that it is a carbene in nature. It is well known that
carbene species are usually unstable. Actually, the
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Optimized structures of the reactants (ketenimine and methyleneimine), transi-

tion states (TS), intermediates (IM), and product (P) in the four reaction pathways at the
MP2/6-3114+G* level of theory, where the bond length and bond angle are in angstrom and

degree, respectively.
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Figure 2. Reaction profile for the reaction between keten-
imine and methyleneimine at the CCSD(T)//MP2/6-311+G*
level of theory.

formation of the intermediate IMa is exothermic slight-
ly by 1.1 kJ/mol, compared with the energy of the sep-
arated reactants. In general, IMa will be isomerized to
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Figure 3. The selected bond lengths, bond angle, and
energy changes along the reaction coordinates of step (a)
between ketenimine and methyleneimine.

the stable species by bonding its lone electrons. There-
fore, the next step of the reaction is the hydrogen trans-
fer process, followed by the formation of the products
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HOMO of ketenimine

LUMO+2 of methyleneimine

Figure 4. The calculated molecular orbitals for ketenimine
and methyleneimine.

P1 and P2, respectively. It should be noted that IMa
is treated as a singlet here. Corresponding triplet inter-
mediate is also calculated as well, where it is higher
in energy by 212.7kJ/mol than that of IMa. There-
fore, the present calculations are based on the singlet
intermediate IMa.

3.2 Step (1): Hydrogen transfer process to form P1
(2,3-dihydro-1H-imidazole)

The reaction step (1) is the transfer of the hydrogen H?
from C! to the adjacent C?, resulting in the isomeriza-
tion of IMa into P1 via TS1. Here, the calculated barrier
is 128.5 kJ/mol, and the imaginary frequency of TSI is
1254icm™!. In details, as shown in figure 1, the dis-
tance of C'-H? in TSI has been elongated to 1.380 A,
and the distance of C2-H? reached 1.311 A, which indi-
cates that the H?> atom is being transfered from C! to
C2. At the same time, the bond length of C!-C? in TS1
decreases to 1.408 A (the bond length of C'-C? in IMa
is 1.525A), suggesting that the single bond of C!-C2
in IMa is becoming a double bond in P1. As shown
in figure 5, those changes of bond lengths have been
validated by means of an IRC calculation on TS1.

As for P1, it is 2,3-dihydro-1H -imidazole. All the
cyclized atoms are in the same plane. Unlike the IMa,
there are no lone electron pair in P1. Along the reac-
tion profile, P1 is the relatively stable species, which is
exothermic by 91.8 kJ/mol compared with the separated
reactants.

3.3 Step (2): Hydrogen transfer process to form P2
(2,5-dihydro-1H-imidazole)

Similar to the reaction step (1), the step (2) is also a
hydrogen transfer process. In the step (2), H? atom in
IMa migrates from N! to C?, and IMa converts to P2
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Figure 5. The selected bond lengths and energy changes
along the reaction coordinates of step (1) between ketenimine
and methyleneimine.

via TS2 with the reaction barrier of 171.5kJ/mol. P2,
namely 2,5-dihydro-1H -imidazole, is the most stable
species, which is exothermic by 139.2 kJ/mol compared
with the isolated reactants.

3.4  Pathways (3) and (4) to form pyrazole products

Similar to the description in section 3.1, ketenimine can
react with methyleneimine to form the C!'-C* and N'-
N%0 bonds as well. The formed intermediate IMb can
be isomerized to P3 and P4 through the hydrogen trans-
fer processes, which are named as reaction pathways
(3) and (4). The geometric parameters for the reactants,
transition states, intermediates, and products involved
in the reaction pathways (3) and (4) are displayed in
figure 1. The calculated relative energies for the avail-
able stationary points have been summarized in table 1.
The barrier of the first step (i.e., concerted reac-
tion process to form a singlet carbene intermediate
IMb) of pathways (3) and (4) is 134.3 kJ/mol, which
is 12.2 kJ/mol higher than that of the pathways (1) and
(2). Here, the corresponding triplet intermediate is also
calculated, where it is higher in energy by 208.1 kJ/mol
than IMb. Therefore, the following calculations are
based on the singlet intermediate IMb. Because the
electronegativity of nitrogen atom is strong, it is a lit-
tle more difficult for two N atoms to approach each
other to form a new ¢ bond than the reaction between N
and C atoms to form the o bond. Subsequently, the fol-
lowing processes of pathways (3) and (4) are similar
to the pathways (1) and (2), that is, hydrogen transfer
processes can lead to the formations of P3 in step (3)
and P4 in step (4), which are named as 2,3-dihydro-1H -
pyrazole and 4,5-dihydro-1 H -pyrazole, respectively.
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3.5 Comparisons of the four reaction pathways

As mentioned above, concerted reaction steps (a) and
(b) give rise to the carbene imidazole and pyrazole inter-
mediates for which the energy barriers are 122.1 and
134.3 kJ/mol, respectively. Therefore, the carbene imi-
dazole intermediate is easy to be formed. For the for-
maiotns of P1 in step (1) and P2 in step (2), the cor-
responding energy barriers are 128.5 and 171.5 kJ/mol,
respectively. Therefore, from the kinetic viewpoint, the
reaction pathway (1) is the most favorable channel.
For the final products (P1 and P2) in the pathways (1)
and (2), their energies are —91.8 and —139.2 kJ/mol,
respectively. Therefore, from the thermodynamic view-
point, P2 (2,5-dihydro-1H-imidazole) is the dominant
product. As for the pathways (3) and (4), it is slightly
difficult for ketenimine to react with methyleneimine
through the pericyclic reaction step. Therefore, path-
ways (1) and (2) are the primary reaction processes.

Calculations and observations show that the most
stable isomer is always the most abundant when sev-
eral isomers of the same generic formula are identi-
fied. Moreover, the abundance ratio of the most sta-
ble isomer to the other isomers is directly related to
their energy difference. This can be seen as the min-
imum energy principle, which has been verified in
molecular clouds, hot cores/corinos, photodissociation
regions, and asymptotic giant branch stars.”> There-
fore, for the products of reaction between ketenimine
and methyleneimine, P2 (2,5-dihydro-1H -imidazole)
should be more abundant than other isomers.

4. Conclusions

In this study, the cycloaddition reaction mechanisms
between ketenimine and methyleneimine have been
systematically investigated at the MP2/6-3114-G* lev-
els of theory. It was found that the five-membered
cyclic carbene intermediates can be formed by means
of a pericyclic reaction between ketenimine and
methyleneimine. Followed by hydrogen transfer pro-
cess, carbene intermediates can be isomerized to
imidazole and pyrazole products, respectively. There
are four pathways (1), (2), (3), and (4) to form
four ultimate products P1 (2,3-dihydro-1H -imidazole),
P2 (2,5-dihydro-1H-imidazole), P3 (2,3-dihydro-1H-
pyrazole), and P4 (4,5-dihydro-1H -pyrazole), respec-
tively. From the kinetic viewpoint, the reaction pathway
(1) is the most favorable channel. From the thermody-
namic viewpoint, P2 is the dominating product. Given
that most organic molecules with physiological activity
have a heterocyclic constituent, the heterocyclic prod-
ucts (imidazole and pyrazole) obtained in the reaction
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between ketenimine and methyleneimine in the inter-
stellar space may play important roles in the origin of
prebiotic species.

Supporting Information (SI)

Atomic coordinates and other data for the molecules are
available at www.ias.ac.in/chemsci.
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