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Abstract
Motivation. Some unsaturated interstellar molecules are cyclic in geometry. We aimed at estimating the degree
of aromaticity in these molecules.

Method. n—Electrons in 14 ring molecules were enumerated using the B3LYP/6-31G** level of theory. TREs
were then calculated for them.

Results. All interstellar ring molecules with n—electrons and their derivatives were found to be highly aromatic
with large positive TREs.

Conclusions. It seems quite likely that antiaromatic species are scarcely formed in interstellar space. This aspect
of interstellar chemistry will be useful for designing or predicting unknown interstellar molecules.

Keywords. Interstellar molecule; topological resonance energy; aromaticity; antiaromaticity.

Abbreviations and notations

HOMO, highest occupied molecular orbital TCS, topological charge stabilization
MO, molecular orbital TRE, topological resonance energy
PAH, polycyclic aromatic hydrocarbon

1 INTRODUCTION

More than 120 molecules have now been identified in interstellar space and/or circumstellar
shells [1,2]. Most of the interstellar molecules with more than three atoms are organic in nature. It is
noteworthy that highly unsaturated carbon compounds are so conspicuous in space where hydrogen,
by a very large factor, is the most abundant chemically active element [2]. Gas—phase ion—molecule
reactions are believed to be primarily responsible for the formation of such interstellar molecules

[1] although much more needs to be learned about their mechanisms.

We have been interested in structural aspects of interstellar molecules and found that they in
principle abide by the TCS rule [3]. This rule states that nature prefers to locate electronegative

heteroatoms at sites that conform to the pattern of relative electron densities determined by
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connectivity or topology in an isoelectronic, isostructural, homoatomic system [4]. Chemically
stable interstellar molecules, such as CO,, OCS, HNCO, NH,CHO, HCOOH, and HCOOCHj3;, are
fully consistent with the TCS rule [3].

Some unsaturated interstellar molecules are cyclic in geometry [2]. Therefore, there is a
possibility that aromaticity [5] might also govern the formation of interstellar ring molecules. The
TRE has been used as a simple but practical index for determining the degree of aromaticity [6,7].
However, it is not easy to calculate TREs for interstellar molecules because one cannot readily
enumerate m—electrons they have. All known interstellar ring molecules are rather exotic free
radicals or carbenes. We carried out density—functional calculations to determine the number of n—
electrons in interstellar ring molecules and related species, then calculated the TREs, and examined

the role of aromaticity in interstellar chemistry.

2 METHODS

Ab initio or density—functional calculations are necessary to investigate electronic structure of
free radicals and carbenes. In this study, the number of n—electrons and the MO energies for ring
molecules 1-14 in Figure 1 were determined at the B3LYP/6-31G** level of theory using the
Gaussian 98 program package [8]. Fortunately, it has been established that 24, 6-8, and 10-13
have a closed—shell singlet ground state [9—19], whereas 1, S, and 9 are in the doublet electronic
state [20—23]. Pentagonal carbene 14 alone has a triplet ground state [24,25]. We assumed such spin
states in MO calculations. Spin contamination does not appear to be a problem at the present level
of theory. The expectation values of S were 0.754 for 1, 0.759 for 5, 0.767 for 9, and 2.023 for 14,
thus being very close to nominally exact values. For open—shell species, the energy of every n—-MO
was obtained by averaging it over the two different spin states. TREs were calculated using Van—

Catledge’s Hiickel parameters for heteroatoms [26].

3 RESULTS AND DISCUSSION

The number of nt—electrons, energies of T—-MOs, and TREs calculated for 1-14 are listed in Table
1, together with the energies of HOMOs. Of these ring molecules, 1-3 and 13 have been detected
spectroscopically in astronomical sources [20,27-29]. The other molecules have been proposed as
candidates for astronomical detection [2,30,31]. Most of them must be very reactive at terrestrial
densities because one or more constituent atoms do not satisfy the octet rule. In line with this, the
HOMOs in 1-13 are not n-MOs.

Interstellar molecules C;H (1), CsH, (2), and SiC, (3) have two m—electrons in their three—
membered rings [9,10,21]. These molecules are highly aromatic even if they are very reactive in the
laboratory. Their TREs are positive in sign and much larger than those for benzene (0.273 |B|) and
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for naphthalene (0.389 |B|) [6,7]. Here, B is the standard resonance integral for carbon—carbon &
bonds. The TRE of 0.273 |B| for benzene corresponds to the Dewar resonance energy of ca. 20
kcal/mol [32]. The n—MOs in 1-3 lie as low in energy as those in typical benzenoid hydrocarbons.
Note that the HOMOs in benzene and naphthalene are located at —9.24 and —8.12 eV, respectively
[33]. Thus, it is reasonable to presume that two m—electrons in 1-3 contribute much to the
stabilization of the molecule. Silicon compound 3 has one more n—like MO with energy —101.01
eV. This MO must contribute little to aromaticity because it is localized at the silicon 2p, atomic
orbital.

A A /L @—c—c—H P—CEC—H

H 6
}—c_ > H %C—N @—C_C—C—C—H J%(:EC—CE ~
H 10
H .
H H
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Figure 1. Interstellar ring molecules and related species studied.

Table 1. Numbers of n—electrons, Energies of the HOMO and n—MOs, and TREs for Compounds 1-14

Specie Number of -—  Energy of the Energies of t-MOs / eV TRE / |B|
electrons HOMO / eV
C;H (1)* 2 -6.87 -10.66 0.536
C;H, (2)* 2 -6.09 -10.22 0.536
SiC, (3)* 2 -7.06 -9.04 0.430
CsH;" (4) 2 -17.39 —-18.04 0.536
CsH (5) 4 —6.85 -11.28,-8.70 0.429
CsH, (6) 4 —-6.13 -10.92,-8.28 0.429
CsH;™ (7) 4 -13.35 -17.62,-13.88 0.429
C,NH (8) 4 -7.05 -11.95,-9.83 0.471
C/H () 6 -6.51 -11.42,-10.15,-7.90 0.376
C,H, (10) 6 —6.11 -11.11,-9.79, -7.53 0.376
C/H;" (11) 6 -11.74 —17.05,-14.54,-12.19 0.376
C¢NH (12) 6 —6.82 -11.87,-10.90, -8.69 0.420
SiC; (13)* 2 -6.34 -10.65 0.759
CsHy (14) 5 -6.12 -991,-6.12,-6.12 —-0.301

* Interstellar molecules.

CsH;" (4) is the simplest aromatic annulene ion and is familiar as the mass 39 peak in mass
spectra [31]. This classical carbocation likewise has two m—electrons [12]. It follows that three—

membered rings 1-4 are iso—n—electronic with each other. If they had one more n—electron, three in
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all, they would be highly antiaromatic with a large negative TRE of —0.464 |B|. Cation 4 is non—
polar by symmetry and possesses no microwave spectrum. However, this ion is almost certainly
present in interstellar space, where it is thought to be the precursor of 2 [31]. Since 4 is positively

charged, even the HOMO is much lower in energy than those in neutral species.

So far hypothetical interstellar molecules have been proposed in relation to 1-4. In particular,
ring—chain molecules such as 5-12 are noteworthy [2,31] because many highly unsaturated carbon
chains are detectable in space. It has then been argued that these ring—chain molecules are stabilized
owing to the presence of 4n+2 (n=0) m—electrons in the ring [15-17,34]. All of them in fact are
highly aromatic with large positive TREs, having enough n—electrons to maximize the TRE. Ring—
chain cations 7 and 11 are supposed to be the precursors of 6 and 10, respectively, in space [31].
Since they are positively charged, even the HOMOs lie very low in energy. Thaddeus et al. detected
6, 8, 10, and 12 by laboratory experiments [34—36]. No one has ever observed §, 7, 9, and 11 in
space or in the laboratory [31].

Rhomboidal SiC; (13) is not only the largest ring molecule so far identified in space but also the
only bicyclic interstellar molecule [29]. This molecule has two n—electrons in a low—lying MO [18§],
which suffice for attaining the maximum degree of aromaticity. Such high aromaticity is
presumably responsible for its planar geometry and the singlet electronic state. As in the case of 3,
there is one more m—like orbital in 13. It, however, contributes little to aromaticity since it is

localized at the silicon 2p, atomic orbital.

Oka et al. detected the H3™ ion in many celestial objects [37]. This triatomic ion is the precursor
for much of the gas—phase chemistry that occurs in dense interstellar clouds [1]. This ion has no n—
electrons. However, it can be considered as an aromatic species since two electrons are delocalized
in the three—membered ring. It is necessarily isoelectronic with the n—electronic systems of 1-4. If
this ion were antiaromatic, it would not form in space. Thus, we might safely say that the

aromaticity of H;" is the origin of the entire interstellar chemistry.

In addition to fairly simple molecules, much larger aromatic molecules are known to exist
abundantly in space. In 1984 Léger and Puget noticed that there are a mixture of large PAH
molecules and their molecular ions in many celestial objects, such as planetary nebulae, reflection
nebulae, H II regions, and other galaxies [38,39]. Furthermore, the hypothesis that most of the
intense diffuse interstellar bands are due to a mixture of ionized PAHs has gained some plausibility
although convincing laboratory evidence is not yet available [40]. PAHs are very stable aromatics
with large positive TREs [41].

Here, we should note that not only aromatic molecules but also high—energy isomers of some
stable molecules are among interstellar molecules [2,31]. For example, vinyl alcohol CH,=CHOH is
ca. 15 kcal/mol less stable than the structural isomer acetaldehyde CH;CHO, both being interstellar

molecules [42]. Therefore, it is very strange that antiaromatic molecules, a kind of high—energy
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species, have not been detected in space. Why not? Unfortunately, we don't have a definite answer
to this question. It may be simply related to the fact that many interstellar ring molecules have not
been detected yet. Formation of strained three-membered rings, such as 1-3 and 13, might be the
result of effort with which the constituent atoms try to satisfy the octet rule. However, it is certainly

true that they are greatly stabilized by a large aromatic stabilization energy.

Cyclopentadienylidene CsH4 (14) is a carbocyclic carbene homologous to cyclopropenylidene
(2). In marked contrast to interstellar ring molecules so far detected, this ring molecule has a triplet
ground state with five m—electrons and proved to be antiaromatic with a large negative TRE.
Considering that all known interstellar molecules are never antiaromatic, it does not seem likely that
14 is detectable in space. In general, a monocyclic system with an odd number of n—electrons is
antiaromatic [6,7]. The microwave detection of 14, if any, might be complicated somewhat by its
rich spectrum and rather small dipole moment [30]. The HOMO in 14 is a n—MO, which lies high at
—6.12 eV.

4 CONCLUSIONS

Interstellar ring molecules so far detected were found to be aromatic with large positive TREs.
This tempts us to suggest that interstellar chemistry tends to generate non—antiaromatic molecules
for some kinetic reasons. Therefore, when one designs novel interstellar molecules, it is very
desirable that they have no antiaromatic character. In fact, there is one more interstellar ring
molecule, oxirane C,H4O [43]. It is a fully saturated stable molecule and therefore was not

considered in this paper.

We previously pointed out that biomolecules obey the TCS rule [44] and that there are no
antiaromatic biomolecules [45,46]. Although some organisms living on Earth can produce highly
strained molecules with many cyclopropyl rings, they wouldn’t produce antiaromatic molecules
[47]. Nature prefers strained molecules to antiaromatic ones. Thus, it is interesting to see that

similar situations arise in the interstellar medium.

Acknowledgment

This work was supported by a Grant-in—Aid for Scientific Research (No. 11640502) from the Ministry of
Education, Science, Sports, and Culture, Japan. We are grateful to Prof. Shigeru Ikuta (Tokyo Metropolitan University)
and Prof. Ken Sakata (Hoshi College of Pharmacy) for helpful and instructive suggestions. Computation was performed
at the Information Processing Center, Shizuoka University, and the Computer Center, Institute for Molecular Science.

5 REFERENCES

[1] E. Herbst, The Chemistry of Interstellar Space, Chem. Rev. 1990, 29, 593—-608.

[2] M. C. McCarthy and P. Thaddeus, Microwave and Laser Spectroscopy of Carbon Chains and Rings, Chem. Soc.
Rev. 2001, 30, 177-185.

[3] J. Aihara, Topological Charge Stabilization and Interstellar Molecules, J. Mol. Struct. (Theochem) 1991, 228,

56
Bi1oCHEM Press http://www.biochempress.com



There Are No Antiaromatic Molecules in Interstellar Space
Internet Electronic Journal of Molecular Design 2002, 1, 52-58

[10]
[11]
[12]
[13]
[14]

[15]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

277-283.

B. Gimarc, Topological Charge Stabilization, J. Am. Chem. Soc. 1983, 105, 1979-1984.

V. 1. Minkin, Glossary of Terms Used in Theoretical Organic Chemistry, Pure Appl. Chem. 1999, 71, 1919-1981.

J. Aihara, A New Definition of Dewar—Type Resonance Energies, J. Am. Chem. Soc. 1976, 98, 2750-2758.

I. Gutman, M. Milun, and N. Trinajsti¢, Graph Theory and Molecular Orbitals. 19. Nonparametric Resonance
Energies of Arbitrary Conjugated Systems, J. Am. Chem. Soc. 1977, 99, 1692—1704.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain,
O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Alaya, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J.
B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head—Gordon, E.
S. Replogle, and J. A. Pople, Gaussian 98, Gaussian Inc., Pittsburgh, PA, 1998.

T. J. Lee, A. Bunge, and H. F. Schaefer III, Toward the Laboratory Identification of Cyclopropenylidene, J. Am.
Chem. Soc. 1985, 107, 137-142.

M. Bofill, J. Farras, S. Olivella, A. Solé, and J. Vilarrasa, Molecular and Electronic Structure of the Low—Lying
Electronic States of Cycloalkenylidenes: Cyclopropenylidene, J. Am. Chem. Soc. 1988, 110, 1694—1700.

R. S. Grev and H. F. Schaefer III, An Energetically Low—Lying Silacyclopropyne Isomer of SiC,, J. Chem. Phys.
1984, 80, 3552-3555.

A. Cameron, J. Leszczynski, M. C. Zerner, and B. Weiner, Structure and Properties of C;H;™ Cations, J. Phys.
Chem. 1989, 93, 139-144.

R. A. Seburg, R. J. McMahon, J. F. Stanton, and J. Gauss, Structures and Stabilities of CsH, Isomers: Quantum
Chemical Studies, J. Am. Chem. Soc. 1997, 119, 10838—-10845.

B. Weiner, C. J. Williams, D. Heaney, and M. C. Zerner, Structures of CsH;", J. Phys. Chem. 1990, 94, 7001—
7007.

M. C. McCarthy, M. J. Travers, W. Chen, C. A. Gottlieb, and P. Thaddeus, Laboratory Detection of the Carbon
Ring—Chain CyH,, Astrophys. J. 1998, 498, L89-1.92.

K. Aoki, S. Ikuta, and A. Murakami, Most Stable Isomer and Singlet-Triplet Energy Separation in the HC,;N
Molecule, Chem. Phys. Lett. 1993, 209, 211-215.

K. Aoki and S. Tkuta, The Singlet with a C; Ring: The Probable Candidate of HC4N and C;H,, J. Mol. Struct.
(Theochem) 1994, 310, 229-238.

I. L. Alberts, R. S. Grev, and H. F. Schaefer III, Geometrical Structures and Vibrational Frequencies of the
Energetically Low—Lying Isomers of SiC;, J. Chem. Phys. 1990, 93, 5046—5052.

S. Ikuta, private communication.

S. Yamamoto, S. Saito, M. Ohishi, H. Suzuki, S. Ishikawa, N. Kaifu, and A. Murakami, Laboratory and
Astronomical Detection of the Cyclic C;H Radical, Astrophys. J. 1987, 322, L55-L58.

S. Ikuta, An ab initio MO Study on Structures and Energetics of C;H", C3H, and C;H", J. Chem. Phys. 1997, 106,
4536-4542.

T. D. Crawford, J. F. Stanton, J. C. Sach, and H. F. Schaefer III, Structure and Energetics of Isomers of the
Interstellar Molecule CsH, J. Am. Chem. Soc. 1999, 121, 1902-1911.

J. Takahashi, Ab Initio Calculations for Detectable New Isomers of Interstellar Carbon—Chain Radicals C,H
(n=2-8), Publ. Astron. Soc. Jpn. 2000, 52, 401-407.

M. Bofill, N. Bru, J. Farras, S. Olivella, A. Solé, and J. Vilarrasa, Molecular and Electronic Structure of the Low—
Lying Electronic States of Cycloalkenylidenes: Cycloppentadienylidene, J. Am. Chem. Soc. 1988, 110, 3740—
3746.

C. L. Collins, R. D. Davy, and H. F. Schaefer III, Cyclopentadienylidene in Interstellar Space? Chem. Phys. Lett.
1990, /71, 259-264.

F. A. Van—Catledge, A Pariser—Parr—Pople—Based Set of Hiickel Molecular Orbital Parameters, J. Org. Chem.
1980, 45, 4801-4802.

P. Thaddeus, J. M. Vrtilek, and C. A. Gottliecb, Laboratory and Astronomical Identification of
Cyclopropenylidene, C;H,, Astrophys. J. 1985, 299, 1.63—-L66.

P. Thaddeus, S. E. Cummins, and R. A. Linke, Identification of the SiCC Radical toward IRC +10216: The First
Molecular Ring in an Astronomical Source, Astrophys. J. 1984, 283, L45-1.48.

A. J. Apponi, M. C. McCarthy, C. A. Gottlieb, and P. Thaddeus, Astronomical Detection of Rhomboidal SiC;,
Astrophys. J. 1999, 516, L103-L106.

P. Thaddeus, C. A. Gottlieb, R. Mollaaghababa, and J. M. Vrtilek, Free Carbenes in the Interstellar Gas, J. Chem.
Soc., Faraday Trans. 1993, 89, 2125-2129.

P. Thaddeus, M. C. McCarthy, M. J. Travers, C. A. Gottlieb, and W. Chen, New Carbon Chains in the Laboratory

57

BioCHEM Press http://www.biochempress.com



J. Aihara and M. Hirama
Internet Electronic Journal of Molecular Design 2002, 1, 52-58

and in Interstellar Space, Faraday Disc. 1998, 109, 121-135.

[32] M. J. S. Dewar and C. de Llano, Ground States of Conjugated Molecules. XI. Improved Treatment of
Hydrocarbons, J. Am. Chem. Soc. 1969, 91, 789—795.

[33] P. A. Clark, F. Brogli, and E. Heilbronner, The n—Orbital Energies of the Acenes, Helv. Chim Acta 1972, 55,
1415-1428.

[34] M. C. McCarthy, J.-U. Grabow, M. J. Travers, W. Chen, C. A. Gottlieb, and P. Thaddeus, Laboratory Detection
of the Chain—Ring Carbenes HC4N and HC¢N, Astrophys. J. 1999, 513, 305-310.

[35] M. C. McCarthy, M. J. Travers, C. A. Gotlieb, and P. Thaddeus, Laboratory Detection of the Ring—Chain
Molecule CsH,, Astrophys. J. 1997, 483, L135-L138.

[36] M. C. McCarthy, M. J. Travers, C. A. Gotlieb, and P. Thaddeus, Laboratory Detection of the Ring—Chain
Molecule C;H,, Astrophys. J. 1997, 483, L139-1142.

[37] B.J. McCall, K. H. Hinkle, T. R. Geballe, and T. Oka, H;" in Dense and Diffuse Clouds, Faraday Discuss. 1998,
109, 267-280.

[38] J. L. Puget and A. Léger, A New Component of the Interstellar Matter: Small Grains and Large Aromatic
Molecules, Annu. Rev. Astron. Astrophys. 1989, 27, 161-198.

[39] L. J. Allamandola, A. G. G. M. Tielens, and J. R. Barker, Interstellar Polycyclic Aromatic Hydrocarbons: The
Infrared Emission Bands, the Excitation/Emission Mechanism and Astrophysical Implications, Astrophys. J.
Suppl. Ser. 1989, 71, 733-775.

[40] M. K. Crawford, A. G. G. M. Tielens, and L. J. Allamandola, Ionized Polycyclic Aromatic Hydrocarbons and the
Diffuse Interstellar Bands, Astrophys. J. 1985, 293, L45-1.48.

[41] J. Aihara, Resonance Energies of Benzenoid Hydrocarbons, J. Am. Chem. Soc. 1977, 99, 2048-2053.

[42] B. E. Turner and A. J. Apponi, Microwave Detection of Interstellar Vinyl Alcohol, CH,=CHOH, Astrophys. J.
2001, 561, L207-L210.

[43] J. E. Dickens, W. M. Irvine, M. Ohishi, M. Ikeda, S. Ishikawa, A. Nummelin, and A. Hjalmarson, Detection of
Interstellar Ethylene Oxide (c—C,H40), Astrophys. J. 1997, 489, 753-759.

[44] J. Aihara, Biomolecules Conform to the Rule of Topological Charge Stabilization, Bull. Chem. Soc. Jpn. 1988, 61,
3129-3139.

[45] J. Aihara, Chemical Evolution, Biosynthesis, and Aromaticity, Bull. Chem. Soc. Jpn. 1990, 63, 2889-2903.

[46] J. Aihara and T. Ishida, Monocyclic Heterocyclic Biomolecules Conform to the Rule of Topological Charge
Stabilization, Bull. Chem. Soc. Jpn. 1999, 72, 937-941.

[47] T. Ishida, S. Oe, and J. Aihara, Raison d'Etre of Apparently Antiaromatic 1,2-Dithiins in Nature, J. Mol. Struct.
(Theochem) 1999, 461-462, 553-559.

Biographies

Jun—ichi Aihara is professor of theoretical chemistry at the Department of Chemistry, Faculty of Science, Shizuoka

University.

Mutsumi Hirama is a graduate student at the same department. She graduated from Hiroshima University.

58

Bi1oCHEM Press http://www.biochempress.com



