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Nitrogen clusters have been intensively studied for their potential application as high-energy density materials,
but a six-membered nitrogen ring {Nwas not found to be stable and aromatic. To explore the possibility of
inducing an aromatic Nring via cation-s interaction, quantum chemistry calculations were performed on
the systems of Gals, CaNs, CaNs?~, Ng, and N~ at the B3LYP/6-311-G* level. The optimized geometries
reveal that the planar structure of the fihg is stable only in the Galg complex. The computed NBO and
CHelpG charges demonstrate that the planamiiety in the CaN\s complex is almost a IB-electron system.

The predicted nucleus-independent chemical shift (NICS) values demonstrate thatnttoéely is aromatic

in comparison with the NICS values of benzene. The estimated enthalpy of formation for,tecGmplex

is 100.4 kcal/mol for the reaction of 2Ca and 3Nhe binding energy between theXa&ation and the &t~
moiety is —1928.8 kcal/mol, with electrostatic interaction serving as the predominant component. When all
the calculated results are taken into account, including the planar structureleldron system, identical
bond length, and negative NICS value of thgeNmoiety in the CaNg complex, it is deduced that the alkaline
earth metal Ca is capable of inducing an aromatciiyg through the cationsr interaction formed by electron
transfer from the Ca atom to thesKing.

1. Introduction Ba can induce a nonaromatic boatlike cyclooctatetraene (COT)

) ) ) ) molecule to form a planar aromatic C®T via electron

Polynitrogen molecules have been intensively studied for {ansfer2® The interaction between CGT and C&* is a
more than two decades since they are potential candidates agation- interaction. Accordingly, it might be possible to induce
high-energy density materials (HEDMS)? Among them,  an aromatic ring of M- via the catior-x interaction. In this
theoretical studies onNsomers haveoa substantial history paper, we present our theoretical investigation on the possibility
stimulated by the work of Vogel et dwho claimed to have ot jnducing an aromatic six-membered nitrogen ring through
experimental evidence for \molecule in a matrix at low  the cation-z interaction. Our quantum chemistry calculations
temperature. Many theoretical reports demonstrated thatghe N 5t the B3LYP/6-314G* level reveal that calcium atom is
molecule with a hexagonal ring structure is a nonplanar and jndeed capable of inducing the distorted boatlikgriNg to form
twisted-boat [3 structure \_Nlthout aromaticity, though it has six 4 planar structure. Furthermore, the calculated nucleus-
p electrons-."# A theoretical study at the Hartre&ock level  jndependent chemical shift (NICS) values show that the planar
with 4-31G basis set by Li et é}.lndl_cated a Weal_( aromaticity  Ne4- moiety in the CalNg complex has aromaticity. Therefore,
of Ne*~ structure, but the calculation was carried out with a g study opens a new way toward designing a class of planar

constraint ofDg, Ssymmetry on the bf~ system. Our calculation  pitrogen Tings with aromaticity that could be used as potential
at higher level (B3LYP/6-31+G*) shows that thifen structure high-energy density materials.

has two imaginary frequencies and that a thorough optimization
on the structure led to a twisted rin_g structure. Th_erefore, the 2. calculation Methods
energetically favored structure of eitheg Nr Ng*~ ring is a o " ”
nonplanar system without aromaticity. Thus, it is still an open _ The initial structures of the & Ne*~, CaNs, CaNs*", and
question whether there is any way to induce a benzene-like N C@Ne were designed in such a way that the six-membered ring
or Ng*~ ring with aromaticity. of nitrogen has a planar structure and that each metal atom could
The cation- interaction between a cation and an aromatic interact directly with the six nitrogen atoms. Density functional
h S . . ., theory (DFT) is known as a powerful algorithm because the
system plays important roles in diverse chemical and biological o L .
rocessed Many experimental and theoretical studies dem- <eNn—Sham orbital interaction includes electron correlation
P : y experment ffects. In this study, the DFT B3LYP methidd>was employed
onstrated that the interaction is rather strong and could be use o optimize these initial structures with the 6-31¢* basis
to design new functional materiai%.22 Our recent theoretical p

26,27 ili i
study suggested that the alkaline earth metal atoms Ca, Sr, an e as the meth_od WOUId. utilize computational resources
sparingly and provide precise results comparable to those

generated by the MP2 method for some catiansystems?
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(a) N (D-singlet) (b) Ng* (Cay-triplet)
(¢) CasNg (Dgn-singlet) (d) CaNg (C,-singlet) (e) [CaNf,]z' (C,-singlet)

Figure 1. Optimized structures of thedNNs~, CaNs, CaNs, and N*~ systems

stationary points and estimate their enthalpies of formation, the TABLE 1: Optimized Geometrical Parameters® of CaNs,
harmonic vibrational frequencies of these structures were also[ﬁag%;} Ig/%dﬁ%_’\g*afd 01; Free Ns and N*~ Structures at
calculated at the same level of the theory. the - eve

To explore the details of the binding between the calcium bond CaNs  [CaNg]*  CaN Ns Ng*™
and the nitrogen ring, the Morokum&iegler energy partition- N1—N2 1.432 1.422 1.405 1.315 1.413
ing schemé& was used to decompose the interaction en&gy N2—N3 1.432 1.277 1.298  1.315  1.293

N3—N4 1.432 1.422 1.405 1.326  1.413
Eini = Eest Epaui T Eoi Q) N4—N5 1.432 1.444 1455  1.315  1.413
N5—N6 1.432 1.240 1.228 1.315 1.293
where Ees is the electrostatic interaction energipaui is the N6—N1 1.432 1.444 1455 1.326  1.413
Pauli, or exchange repulsion, which accounts for steric repulsion; gg;:m; gggg gigg %gég
andE,; is the orbital interaction energy, including charge transfer  ca7-N3 2332 2608 2399
and polarization effects. Here, the geometry optimization and Ca7-N4 2.332 2.608 2.315
the decomposition of the interaction energy between tiie Ca  Ca7N5 2.332 3.233
and the N*" ring in the CaNs complex were performed by ~ Ca/~N6 2.332 3.233
use of Becke's 1988 exchange combined with Lee, Yang, and Ca*—Ning  1.840
Parr’s correlation functional (BLYPj2° with the standard aBond distances are given in angstroms.

triple-¢ exponential (TZ2F) basis sets including double
polarization functions encoded in the program ABF.

To further explore the characteristic of the optimized struc-
tures of the nitrogen ring, the nucleus-independent chemical shift
(NICS), which has been widely used as a criterion of aromaticity
in recent theoretical studié€$,was employed to study the
aromaticity of the six-membered nitrogen ring.

without any imaginary frequencies, but it is higher in energy
than its corresponding triplet state by 3.37 kcal/mol, demonstrat-
ing that the triplet-state structure ofN with C,, symmetry is

a more stable one at the B3LYP/6-31G* level. However,

the difference is not great enough to exclude the singl€,pf
structure. The singlet plan&g, structure is higher in energy

: T . than the tripletC,, structure by 38.60 kcal/mol, demonstrating
All the geometrical optimizations and frequency calculations i, theDgy, structure is not a stable conformation of the#N

were performed with the Gaussian 03 program on a SGI Power jj, Thisc,, triplet-state structure also has two differentN
Challenge R10000 supercompuiér. bond lengths of 1.293 A for R3 and R_s and 1.413 A for the
rest of the bonds. The calculated longer N bond lengths of
Ne*~ on average compared with those of iNdicate that this
3.1. Optimized Geometrical Structures Figure 1 shows the 10 z-electron N*~ structure might not be more stable than the
optimized structures, and Table 1 lists the calculated geometrical6 z-electron N system, possibly, because of the antibonding

3. Results and Discussion

parameters of the fNg*~, CaNs, CaNs?~, and CaNg systems. MO occupation in the 1@-electron system. All the calculated
The geometrical optimization fordéshows that the Pstructure results show that the freeghaind N*~ rings are energetically
(singlet) is the most stable one, with two different-N unfavorable to keep a planar conjugated aromatic structure and,
distances of 1.326 A for R¢ and R4 and 1.315 A for the consequently, are not good aromatic systems.

rest of the bonds (Figure 1a). They are both between th&IN The geometrical optimization of the singlet & structure

single bond length (1.450 A) and=AN double bond length  without constraint generated a structure with the symmetry of
(1.250 A)3* The planarDg, isomer of the N molecule is Dgn without imaginary frequencies, suggesting that the optimized
unstable with three large imaginary frequencies and with a structure is stable. The moiety of the six-membered nitrogen

higher energy of 2.58 kcal/mol than the most stablestucture ring in the CaNg complex is totally a planar structure, which
(singlet), which is very similar to the reported results by is different from the free blor Ng*~ ring discussed above. The
Engelké and Tobita and Bartlet. optimized N—-N bond lengths of the ring are all identical with

The geometry optimization of the singlet™N molecule from avalue of 1.432 A. The calculated distance between the calcium
an initial planar structure resulted in a boatli€g, geometry and the nitrogen ring is 1.840 A, which is much shorter than
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Figure 2. Most probable decomposition approach obNa
TABLE 2: Enthalpies of Formation of CaNg, [CaNg]2-, and
CayNg and of Free N; and Ng*~ Systems at the B3LYP/
6-311+-G* Level

reaction AH (kcal/mol)
3Nx(g) — N&(9) 198.06
3N2(g) — N&*(9) 232.33
3N2(g) + 4e — N&*(9) 791.82
Ca(g)+ 3Nx(g) — CaNs(g) 144.14
Ca(g)+ 3Nx(g) + 2e — [CaNg]2 (g) 146.79
2Ca(g)+ 3NA(g) — CaNe(9) 100.36

the reported distances of the metal catior?'Cand benzene
ring (2.33-2.43 A) at the MP2/6-31G** level! The sum of
the covalent radius of N atom (0.75 A) and that of Ca atom
(1.74 A) is 2.49 A% The optimized CaN distance is only 2.332

Duan et al.

TABLE 3: Calculated NBO and CHelpG Charges @/Q) at
the B3LYP/6-311+G* Level

NBO CHelpG
Ca +1.69 +1.62
Ns -3.36 -3.25
N ~0.56 ~0.54

could be candidates for potential high-energy density materials
(HEDMs). The formation enthalpy of the freesXing is 198
kcal/mol, which is very close to the previously reported resilts,
while those of N>~ and N~ are 232 and 792 kcal/mol,
respectively. Remarkably, the introduction of electrons to the
nitrogen ring leads to a significant destabilization of thgiNg.
Furthermore, the effect of introducing electrons to the isolated
Ne ring is much greater than that for the Gaiolecule. For
instance, the formation enthalpiesH) of the CaN and CaN?~
molecules, 144 and 147 kcal/mol, respectively, are very close
to each other.

The formation enthalpy of Gblg is 100.36 kcal/mol, about
33.5 kcal/mol per Munit above the energy of its reactants. The
energy densities perNinit of the reported BThN7, ThNs, and
Fe(Ns)> complexes are 22, 24, and 59 kcal/mol, respectitfefy.
Thus, CaNg falls in the range of the stability of the reported
systems and could be a potential HEDM. Noticeably, the metal
atoms in the reported systems are all transition metal ele-
ments3%-38 The nitrogen ring acts as bothmadonor and ar*
acceptor with respect to the metal d and f elect®SriEhus,
both d and f orbitals are involved in the interactions between
the transition metal atoms and the nitrogen ring. In other word,
the stabilization of the planarg\ing could be attributed to the

A, thus, shorter than the sum of the corresponding atomic coordination bond between the transition metal atoms and the
covalent radii, demonstrating that the interaction between the nitrogen atoms in the nitrogen ring. Differently, the metal atom

metal and the planar ring structure is very strong.
To examine the kinetic stability of the @ complex as a

in our studied system is an alkali earth metal element, calcium.
There is no f orbital involved in the interaction between the

potential HEDM, three possible decomposition approaches of calcium and the planard\ing. Therefore, the planarity of the

the complex were designed, viz., the breaking of theNNoond,
the leaving of the calcium atom from the; Moiety along the
normal of the N plane, and the sliding of the calcium over the
Ne plane. The calculations at the B3LYP/6-31G* level reveal

three different decomposition barriers of 7.9, 24.6, and 9.0 kcal/
mol, respectively, indicating that the first designed decomposi-

tion approach (breaking of the-\N bond) is the most feasible
way (Figure 2). These barriers show thablamight be slightly
more stable than some other nitrogen HEDMs, such ag-Ti(
Ne) complex that has a decomposition barrier of 4.5 kcal/mol
with the B3LYP method®

To study whether one calcium atom is enough to induce a

planar six-membered nitrogen ring structure, both g£aNd
CaNs?~ structures were also optimized at the B3LYP/6-8G
level. The results show that their sing{@f structures are more
stable than those with a planarg Ning. For instance, the
optimized tripletCg, structure of the CalNcomplex with two
imaginary frequencies is higher in energy than the sinGlet
one by 17.48 kcal/mol. Regarding CgN, two structures, viz.,
triplet C,, and singletC,, were obtained through geometry
optimization. The singleC; structure is more stable than the
triplet Cp, one by 18.52 kcal/mol. Therefore, it could be

Ng ring in CaNsg should result from electron transfer from the
calcium to the Nring (refer to section 3.3 for details). Therefore,
different from the reported systems, the interaction between
calcium and the nitrogen ring is ionic in nature.

3.3. Charge Transfer.Our attempt is to induce an aromatic
Ng ring via electron transfer from the calcium atom to the N
ring. Thus, the charge distribution in @& is another key issue
that we should address. Two different types of charges, namely,
NBO?* and CHelp®® charges, are shown in Table 3. As
expected, indeed, all the calculated charge distribution indicates
that the electron transfer takes place from the metal atoms to
the nitrogen ring. The calcium is positively charged, and the
Ng ring is negatively charged. In detail, both the NBO and
CHelpG charge analyses show that each of the two calcium
atoms transfers more than 1.6 electrons to theihg, while
the whole nitrogen ring obtains3.3 electrons. This significant
charge transfer demonstrates a strong interaction between the
positively charged calcium cation and the negatively charged
Ng ring. Differently, the calculated natural orbital occupation
numbers are 1.12, 1.70, 1.85, and 2.62 on the metal atom in
the complexes Til ZrNe, HfNg, and ThN, respectively?®
indicating that the B ring moiety in the complexes is not a

concluded that one metal atom is not capable of inducing a 10-electron system. To estimate the binding strength between

planar six-membered nitrogen ring.

3.2. Enthalpies of Formation.The calculated enthalpies of
formation for the complexes of CaNCaNs]2~, and CaNg and
the free N and N*~ systems in Table 2 demonstrate that all

the positively charged calcium cation and the negatively charged
Ne ring, the binding energy of the complex of S& was
calculated at the B3LYP/6-3#1G* level. Noteworthily, the
calculated binding energy between the*Caation and the ¥~

the systems are energetically unfavorable structures relative tomoiety extracted directly from the optimized D& structure
the reactants of these reactions, namely, calcium and nitrogenis as great as-1928.8 kcal/mol, demonstrating an extraordinar-
molecules (Table 2). Therefore they are metastable and, thusily strong interaction between the cation and the ring.
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Figure 3. Orbital interaction between the Ca and Moieties in the CaNg complex.
TABLE 4: Decomposition of Interaction Energy between similar to the interaction between the alkaline earth metal cation
Ca?* and Ng*~ Moieties in CaNg? M2+ and the CO% moiety in M2*—COT2~ complexe$3
kcal/mol 3.5. Aromaticity of Ng Ring. The NICS values were
Ees —1998.09 calculated by three different methods, viz., HF/6+&3*,
Epaui 246.70 B3LYP/6-31H-G*, and MP2/6-31%G*. All the data indicate
EOi _Zgééé‘é that the N moiety in CaNg is aromatic. For HF/6-3tG*, as
int - .

an example, the NICS(0) (i.e., at the ring center) and NICS(1)
2 By the Morokuma-Ziegler decomposition approach at the BLYP/  (i.e., at the point b1 A above the ring center) values of thg N
TZ2P level. moiety in the CalNg are —16.2 and—27.4 ppm, respectively
3.4. Energy Decomposition and Molecular Orbital Inter- (Table 5), indicating that the planareNing is of aromatic
action. The total interaction enerdgin is decomposed into three ~ character. To further explore whether the calcium atom can
parts, namelyEes Epaui, andEs;, according to the Morokuma induce aromaticity of thfe ring, NICS (_:alculatlons were per-
Ziegler energy partitioning scherd®As shown in Table 4, the ~ formed on the planar & ring extracted directly from the Gils
contribution of the electrostatic interaction is as strong as 97% complex without further geometrical optimization, which pro-
of the total interaction energy, suggesting that the interaction duced NICS(0) and NICS(1) values of6.9 and—6.6 ppm,
between the calcium cation and thg*Nring is undoubtedly ~ respectively (Table 5). Remarkably, the introduction of two
electrostatic in nature. On the other hand, the orbital interaction calcium atoms into the Nring significantly enhances the
also makes a certain contribution to the total interaction energy aromaticity of the N moiety in the complex of G#s.
(Eo = —311 kcal/mol). To further address the orbital interaction Meanwhile, NICS values were also calculated for the optimized
between the calcium atom and the*Nring, the first 10 highest ~ Ne*~ ring with Den Symmetry constraint (a planar structure),
occupied molecular orbitals of the & molecule were obtaining almost the same NICS(0) and NICS(1) values as those
checked. Only the HOMO is contributed simultaneously by both extracted directly from the complex of &Ns (Table 5).
the Ca and Nring. As shown in Figure 3, the HOMO of the  Furthermore, the NICS(0) and NICS(1) values of a typical
CaNg molecule is composed of the empty 3d orbital of the aromatic system, benzene, were calculated toe®& and—11.5
calcium and the HOMO of the §\ing. Thus, all the calculated ~ ppm, respectively. Thus, on the basis of the calculated NICS-
results show that the interaction between thé"Gand the N*~ (0) and NICS(1) values for different systems, it could be
moieties is mainly ionic in nature, which is different from the concluded that the &~ moiety in the complex of Gi\g is
previously reported covalent catiemr interaction between the  obviously aromatic. As the calcium is located at 1.84 A above
alkaline earth metal cation ¥ and benzerfé?? but is very the nitrogen ring, it may affect the calculated NICS values of

TABLE 5: Calculated NICS Values? with Different Methods

CaNs Ng* P N&*~ (Dén) CsHs (Den)
HFe¢ DFTY MP2 HF¢ DFTY MP2® HFe¢ DFTY MP2 HFe¢ DFTY MP2®
NICS(0) —16.2 —23.3 —22.8 —6.9 —4.0 —6.0 —6.9 —4.2 —6.1 —-9.7 —-7.9 —9.5
NICS(1) —27.4 —-30.3 —-31.2 —6.6 —-5.3 7.4 —6.6 —-5.6 —-7.5 —-11.5 —-10.1 —-11.3
NICS(0.25) —16.6 —23.8 —23.1 —7.3 —4.7 —6.7 7.4 —4.9 —6.7 —10.4 —8.5 —10.0
NICS(0.50) —-17.3 —24.3 —23.4 —-8.0 —-5.9 —-7.8 -8.1 —6.2 —-7.9 —-11.5 —-9.8 —-11.2
NICS(0.75) —18.7 —24.7 —24.1 —7.8 —6.2 —8.2 -7.9 —6.6 —-8.3 =121 —10.5 —-11.7

a Calculated values are given in parts per million (ppPStructure extracted from the @& molecule directly® HF/6-314-G*. ¢ B3LYP/6-
311+G*. e MP2/6-31HG*.
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the complex of Ca\g. To study the effect of the calcium on 1 (135% lirgcgeﬂlings gflthe Hig[lAE?erg)1 I%IenSfity Maﬁter DC?nferenTce, rl:/larcllﬁ
—15, , New QOrleans, available from the Defense Technical

the NICS value, NICS(0.25), NICS(0.50), an% NlCS(O'.75) Information Center, Fort Belvoir, VA; Report ADA212314).

values were calculated at 0.25, 0.50, and 0.75 A, respectively, )" chyiste, K. O.; Wilson, W. W.; Sheehy, J. A.; Boatz, JAhgew.

above the nitrogen ring (Table 5). While the data show that the chem., Int. Ed. Engl1999 38, 2004.

Ng*~ moiety in the CalNg is aromatic, they also demonstrate (5) Chung, G.; Schmidt, M. W.; Gordon, M. $.Phys. Chem. 200Q

i 104, 5647.
that the calcium atoms really affect the calculated NICS values. (6) Engelke, RJ. Phys. Chem1989 93, 5722,

(7) Engelke, RJ. Phys. Chem1992 96, 10789.

4. Summary (8) Tobita, M.; Bartlett, R. JJ. Phys. Chem. 2001, 105, 4107.
The quantum chemistry calculations at the B3LYP/6-BGF 106(3)7)1/5\3/61“9" L. J.; Warburton, P.; Mezey, P. & Phys. Chem. 2002
level on the systems of Glds, CaN, Ca|\_l527, Ne, and N‘:& (10) Vogel, A.; Wright, R. E.; Kenkley, HAngew. Chem., Int. Ed. Engl.

reveal that the planar structure of the six-membered nitrogen 198Q 19, 717.

ring is stable only in the complex @de. The calculated distance 8((11%)2;-" J.; Liu, C. W.; Lu, J. X.J. Mol. Struct. (THEOCHEM)L993
between the Ca. atom and N atom was found to be even shorte” (12) Ma, J. C.. Doughterty, D. AChem. Re. 1997, 97, 1303.

than the theoretical covalent bond length oF@& In addition, (13) Zarize, S.; Popviee, D. M.; Knapp, E. \@hem—Eur. J.200Q 6,
the optimized N-N bond lengths in the Ghlg complex are all 3935.

identical. The computed NBO and CHelpG charges demonstrate (14) Roelens, S.; Torriti, TJ. Am. Chem. Sod.99§ 120, 12443.
that about 3.3 electrons are transferred from two calcium atoms (%) Minoux, H.; Chipot, CJ. Am. Chem. S0d.999 121, 10366.

to the nitrogen ring during the complexation, indicating that 41‘(1159 Kim, K. S.; Tarakeshwar, P.; Lee, J. €hem. Re. 2000 100

the Ns moiety in the CalNg complex is almost a 1@-electron (17) Mo, Y.; Subramanian, G.; Gao, J.; Ferguson, D.JMAmM. Chem.
system and implying that the Nmoiety is aromatic. On the = Soc.2002 124, 4832.

iynifi (18) Williams, K.; Pahk, A. J.; Kashiwagi, K.; Masuko, T.; Nguyen, N.
other hand, the significant charge transfer leads to a strongD.: lgarashi, K.Mol. Pharmacol 1998 53, 933,

electrostatic interaction between the cation>Cand the (19) Nicklaus, M. C.; Neamati, N.; Hong, H.; Mazumder, A.: Sunder
negatively charged nitrogen ring. Indeed, the calculated binding s.; Chen, J.; Milne, G. W.; Pommier, ¥. Med. Chem1997, 40, 920.
energy between Caand Ny~ is —1928.8 kcal/mol. The energy (20) Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, K. Broc. Natl. Acad.

" : i _Sci. U.S.A1998 95, 12094.
decomposition calculations reveal that the electrostatic interac (21) Zhu, W. L.- Tan, X. J.: Shen, J. H.: Luo, X. M. Cheng, F.: Mok,

tion is absolutely a predominant component in comparison With p '¢""5i "R’ v.: Chen, K. X.; Jiang, H. L. Phys. Chem. 2003 107,
the contributions of orbital interaction and exchange repulsion. 2296.

The calculated NICS values indicate the six-membered ring (22) Tan, X. J.; Zhu, W. L.; Cui, M.; Luo, X. M.; Gu, J. D.; Silman, 1.;
moiety in the complex of G&Ng has indeed aromaticity with gx;sﬂ%”’ J.L.; Jiang, H. L.; Ji, R.Y.; Chen, K.Ghem. Phys. Let2001,
reference to the typical aromatic system benzene. When the (’23) éong,z.; Shen, H. Y.; Zhu, W. L.: Luo, X. M.; Chen, K. X.; Jiang,

characteristics of the f\Nmoiety in the CalNg complex are taken ~ H. L. Chem. Phys. LetR00§ 423 341.

into account, including its planar structure, A@lectron system, (24) Becke, A. D.J. Chem. Phys1993 98, 1372.

identical bond lengths, and negative NICS values, it should be ~ (25) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785.
table that the d¢ . in the C | . (26) Binkley, J. S.; Pople, J. Ant. J. Quantum Chenil975 9, 229.

acceptable that the moiety in the aNe comp ex is (27) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio

aromatic. Consequently, the interaction between the cations andviolecular Orbital Theory Wiley: New York, 1986.

the Ns moiety is a typical catiornsr interaction but is ionic in (28) Volkov, A.; Coppens, PJ. Comput. Chen004 25, 921.

nature. In conclusion, the alkaline earth metal Ca atom is capable (29) Becke, A. DPhys. Re. A 1988 38, 3098.

I e : - (30) Dunning, T. H.J. Chem. Physl971, 55, 716.
of inducing an aromatic six-membered nitrogen ring through 51y ApF>004.02, SCM, Theoretical Chemistry; Vrije Universiteit:

electron transfer from the Ca atom tg fing, which could serve  amsterdam, (http://www.scm.com).
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