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Abstract

As substances corresponding to annulenes in Y-aromatic compounds, tridentenes were proposed by the

authors. In this description, by revision of existing papers, a discussion on the magic number of tridentenes, which

corresponds to Hiickel’s 4N+2 rule, and arguments regarding typhoon tridentene and cyclone tridentene, which are

expected to have stereoselective inclusion forming ability, are presented.
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§I Study of Magic Numbers In Y-Aromaticity
§1-1 Introduction

The concept of Y-aromaticity was introduced to
explain the strong basicity of guanidine [1]. This concept,
wherein the energetic stability of an organic molecule
is determined by the branching structure, irrespective of
the ring structure, is unprecedented and new, so multiple
theoretical studies on Y-aromaticity have been conducted
[2-7]. However, in contrast to benzene-system aromatic
compounds, the practical application of Y-aromatic
compounds remains static. The likely reason for this is
that the typical compounds in Y-aromatic compounds
those that correspond to annulene in a benzene-system
aromatic compound have not been fully studied.

Therefore, in this study the author proposes a

system where trimethylenemethane [1,8] is extended so it

becomes a typical compound corresponding to annulene
in Y-aromatic compounds. The results of the theoretical
study on this system are reported herein.

Specifically, the magic number [9] (corresponding
to the 4N+2 rule) that predicts the number of electrons
generating the aromaticity in annulene, is obtained by
imposing a closed shell condition on a typical compound
in Y-aromatic compounds. Furthermore, whether the
magic number obtained becomes an effective rule in
predicting the Y-aromaticity is investigated by obtaining
the energy difference from the reference system. Note
that Y-aromatic compounds do not have a ring structure,
so the topological resonance energy that is commonly
used to investigate the existence of aromaticity cannot be
used [10,11]. Therefore, in the present study, perturbation
theory is applied to the branch structure of the Y-aromatic
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compounds. The results allowed for the investigation of
the effectiveness of the magic number by using a straight
chain conjugated system as a reference system.

This discussion is important for clarifying the origin
of the energetical stability in Y-aromatic compounds.
The propagator method in the Hiickel approximation
that systematically investigates the relationship between
the structure and energy is utilized in this study as the
analytical method [12,13]. Hiickel approximation is
an extremely simplified method in which the electron—
electron interaction is averaged to a single interaction.
Nevertheless, since this simplification enables direct
association of the Hiickel Hamiltonian with the adjacency
matrix for the molecular graph of the conjugated system,
it is effective in investigating the relationship between
the shape and the energy of the conjugated system [14].

As a result of this investigation, if the structural
characteristics of the conjugated systems that produce
the energetical stability in Y-aromatic compounds
are clarified, research on the design and synthesis of
useful Y-aromatic compounds (i.e., bulky Y-aromatic
compounds that are candidates for ionic fluid) can be
expected to take place in the future.

§1-2 Results and discussion
§I-2.1 Typical compounds

The system shown in Fig. 1 is proposed as a typical
compound corresponding to annulene in Y-aromatic
compounds.
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Fig. 1 Model system of Y-aromatic compounds.

This typical compound has a structure where the
three methylene groups in trimethylenemethane are
respectively substituted by chain conjugated systems
composed of n carbon atoms. Hereafter, it is simply
called n-tridentene after its triaene structure.

§I-2.2 Propagator method

In the theoretical calculation of n-tridentene, this
study utilizes the propagator method in the Hiickel
approximation [12,13]. In this section, the propagator
method is explained in a simple manner.

The propagator [G(z)] is defined by the following

equation:
(z—H)G(z) =1, (1)
where z is the energy parameter and H is the Hiickel

Hamiltonian. If the complete orthonormal system of H,
or set of functions that satisfy the equations (2)—(4), is

known, then
H|n) = €,|n), 2)
(n|m) = 8ppm, 3)

Y aln)n| =1, (4)

G(z) can then be expressed by the following equation:

6 =g, 20

Z— €,

If all of the systems to be investigated are composed
of the same kinds of atoms, the Hiickel Hamiltonian is
simplified, as is shown in equation (6). It is simplified
by taking the Coulomb integral as the energy origin and

letting the energy unit be the resonance integral ().

H = ¥ ls)tl. (6)

In equation (6), the prime code attached to sum symbol
means that addition is performed only between adjacent
bonded atoms. Note that by selecting the resonance
integral as the energy unit, the energy level of the positive
value becomes stable. Furthermore, it is assumed that
the base functions that are placed on each atom of the
conjugated system compose the complete orthonormal
system that satisfies the equations (2), (3), and (4).

Based on these assumptions, the diagonal elements
[La(1)] of the propagator at the terminal atom position of
the chain conjugated system shown in Fig. 2 are obtained
by the following equations:

_ Pn-1(z)
B NO RN
pn(Z) = an—l(z) — Pn-2- (8)

Since the Hiickel Hamiltonian contains only one
interaction (v), this study used the fact that the Dyson
equation between the propagator in the perturbation
system [G(z)] and that in the unperturbed system (G°(z))
is expressed by the following equation:



G(z) =G°(2) + G"@VG(R). (9)

Note that the values of pa(z) in equations (7) and (8)
agree with the Hiickel determinant. Some of the pa(z)

values are listed below:

p:(2) =7z, (10a)
p(z) =2° -1, (10b)
ps(z) = 2% - 2z, (10c)
pa(z) =z* =322 + 1, (10d)
ps(z) = z° — 47° + 37, (10e)

pe(z) =26 —5z* + 622 — 1. (10f)
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Fig. 2 Chain molecules and their unperturbed systems.

§1-2.3 Energy spectra

To obtain the propagator of n-tridentene, system
b in Fig. 3 was taken as the unperturbed system. Using
equation (9), the orthogonal element [G(a)] in the atom
located at the center of the branching part of n-tridentene
was obtained by equation (11), as follows:

zpj — 3piPn-1

G@™ = 3
P

(11)

The energy spectrum of the system is given by the pole
of the propagator. Therefore, from equation (11), the
energy spectrum of n-tridentene can be obtained from the
solution of the following equation:

zp3 — 3p&Pn-1 = 0. (12)

When the left side of equation (12) is specified, the
following equations for the energy spectra of n-tridentene
were obtained:

n=1,

zpi — 3pipo = pi(zps — 3po) = 2°(z +V3)(z - V3),
(12a)
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zp3 — 3p3p: = p3(zp, — 3p1)

=+ 1D%z-1)2%zz+2)(z-2),

(12b)
n=3,
zp3 — 3p3p; = p3(zps — 3py)
=22(z +V2)?(z — V2)? <z + P +2m>

-

Fig. 3 The molecule n-Tridentene
and its unperturbed system.

Here, it should be noted that equation (12) can be

transformed into the following equation:
PA(ZPn —3pn-1) = 0. (13)

In addition, note that when the value of z that satisfies
equation (14) is replaced with z = 2cos0, equation (15) is

obtained.
pa(2) =0, (14)
0, = — p = 41,4243, +
PSprrt T ELEES e dn (9)
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Fig. 4 The sign of the function f(z).
Case l: z = * oo, f(z) = + oo;
Case ll: z = * oo, f(z) > * oo,

Furthermore, when the value of Or from equation (15)
is substituted inside the parentheses on the left side of
equation (13), the following equation is obtained:

mr
n+1

zPp — 3pn-1 = 3(—=1)"sin # 0. (16)
Therefore, in the energy levels of n-tridentene, there are
2n double degenerated levels given by equation (16) and
n + 1 levels without degeneracy.

In addition, considering that the n + 1 levels without
degeneracy are given by the intersection between the
functions,

f(z) = zpn(z) — 3pn_1(2), (17)

is defined by the left side of equation (16) and the z-axis,
and the plus—minus sign of f(z) is investigated using
the graph shown in Fig. 4. The results indicate that
n-tridentene has an energy spectrum similar to the one
shown in Fig. 5.

In other words, among the double degenerated
energy levels, the sign of f(z) is negative at the most
stable z1, and f(z) diverges to + when z becomes +.
Therefore, since f(z) crosses the z-axis on the low energy
side of zi, the minimum value of the energy spectrum
for n-tridentene does not have degeneracy. Furthermore,
since the plus—minus sign of f(z) reverses between two
adjacent z: and zw1, a double degenerated level and a
level without degeneracy alternatively appear.

Fig. 5 Energy spectrum of n-tridentene.

§I-2.4 Magic number

As a condition necessary for the energetic
stabilization of n-tridentene, a condition is assumed
wherein the m-electron system forms a closed shell. From
the energy spectrum shown in Fig. 5, the m-th level from
the bottom in n-tridentene is filled with 3+(-1)" electrons.
Therefore, the magic number N can be obtained by
summing the number of electrons that occupy up to the
m-th level from the bottom, as is shown in the following
equation:

N=2,6,812,<6n+2 (18)

The magic number shown in equation (18) is generally
given by the following equation:

1— (-1

N=3n- >

n=123,... (19

Since the number of Hiickel molecular orbitals coincides
with that of the base functions of the system to be
considered, the upper limit is identical to twice the 3n + 1
base functions in the magic number of each n-tridentene
molecule, as shown in equation (18).

To investigate the validity of the magic number
obtained in this study, the relationship between the
energetical stabilization and the number of m electrons
for four kinds of tridentene systems are shown in Fig. 6.
Each system was investigated within the same range of
the Hiickel approximation discussed thus far. The results
are summarized in Table 1.
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Fig. 6 Several systems that were examined
in this study.

Here, the standard of the energetical stabilization is set
as a straight chain conjugated system. The reason that a
straight-chain conjugated system is used as a reference
system to estimate the energetical stabilization in
Y-aromatic compounds is as follows: in the unperturbed
system of tridentene (shown in Fig. 3b), the structure
where all three L. are bonded to the atom located at the
branching position corresponds to tridentene. Conversely,
the structure where a single L. is bonded to the atom
located at the terminal end of the other L. (not to the
atom located at the branching position) corresponds to
the straight chain conjugated system. Note that since
both n-tridentene and the chain conjugated system are
alternate systems, the energy levels form a pair structure.
Therefore, at the maximum number of electrons that each
system can possess, the energy of the 7 electrons in each
system becomes zero, as in the case without 7t electrons.
For this reason, these cases are not good subjects for
investigating the effectiveness of the magic number.

NN R AT AT B2 SH44E3H

Table 1 Magic number and energy stabilization of
n-tridentene.
The shaded columns are those that include a
magic number.

Species N AE
2 0.2280
1-tridentene 4 —1.0080
6 0.2280
8 0.0000
2 0.3045
4 -0.5239
6 —0.0547
2-tridentene | 8 —0.0547
10 -0.5239
12 0.3045
14 0.0000
2 0.3107
4 -0.2259
6 -0.0169
8 -0.0086
3-tridentene 10 —0.5779
12 -0.0086
14 -0.0169
16 -0.2259
18 0.3107
20 0.0000
2 0.3023
4 -0.0655
6 0.0432
8 0.0678
10 -0.4316
12 —0.0857
4-tridentene | 14 —0.0857
16 -0.4316
18 0.0678
20 0.0432
22 -0.0655
24 0.3023
26 0.0000

As is apparent from the shaded columns in Table
1, where the number of electrons corresponding to the
magic number is shown, the magic number did not
completely agree with the tendency of the energetical
stability. However, for all four kinds of tridentene,
a system containing the same number of electrons
as the magic number was energetically stabilized or
destabilized when compared with the chain conjugated
system. However, even when destabilization is generated
in the system, the degree of the destabilization was small
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compared with the cases containing an electron number
other than the magic number.

§I-3 Conclusion of this section

In this study, n-tridentene has been proposed as
a system corresponding to annulene in Y-aromatic
compounds. The energy spectra of the m electron
system for n-tridentene were investigated by the normal
method within the Hiickel approximation. By setting
the condition where the energy levels form a closed
shell structure, the magic number for Y-aromaticity was
derived. Under the Hiickel approximation condition,
some stabilization energies for n-tridentene were
obtained by utilizing a straight-chain conjugated system
as a reference system. In addition, the validity of the
magic numbers was investigated. The results indicated
that the agreement between the magic numbers and the
energetical stabilization was incomplete. However, in a
system containing the same number of electrons as the
magic number, even when energetical destabilization
is generated, the degree of the destabilization was
extremely small compared with the cases containing an
electron number other than the magic number. In a cyclic
conjugated system (i.e., annulene), even though it is not
considered fully appropriate to utilize a straight-chain
conjugated system as the standard for evaluating the
stabilization energy [10,11], the magic numbers obtained
in the present study for n-tridentene are considered
satisfactory in general.

CH, CH, CH, CH,

H,C CH,
CH, CH, CH, CH,

Fig. 7 Comb-type m-electron conjugated compounds.

Future studies will investigate whether n-tridentene
ions with the magic number of electrons can be
synthesized by the quantum chemical calculation method
with a higher degree of approximation. At the same time,
the reference systems for defining the delocalization
energy originating from only Y-shaped structures
corresponding to the topological resonance energy in
cyclic aromatic compounds will be investigated. Due to
the results of these studies, it is expected that practical
research of Y-aromatic compounds will begin. To extract
the delocalization energy specific to Y-shaped structures,
an investigation on the existence of the energetical
stabilization for compounds with a series of Y-shaped

structures (as is shown in Fig. 7) is ongoing.
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$II Research on Magic Number of Y-Aromaticity
using Semi-Empirical Molecular-Orbital Method

§II-1 Introduction

To explain the strong basic character of guanidine,
in the concept of Y-aromaticity, the branched structure
of the m-electron conjugated system is considered to
ensure the energetic stabilization of the system [1]. This
new concept of aromaticity, which does not consider
the existence of a cyclic m-electron conjugated system
essential in the conventional concept of aromaticity, is
a fascinating possibility of a working hypothesis for
molecular design, and till now, it has been the subject
of numerous studies [2-7]. However, because a rule
corresponding to the 4n+2 rule [8], which predicts the
number of m-electrons for aromaticity in annulene, the
simplest cyclic m-electron conjugated system, has not
been known for Y-aromatic systems, systematic studies,
both theoretical and experimental, have not been feasible
in this situation.
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Fig. 1 n-Tridentene.

Therefore, in the previous section, the author
proposed n-tridentene shown in Fig. 1 as a molecule
corresponding to annulene in Y-aromaticity and derived
the magic number in Y-aromaticity shown in equation (1),
assuming that energetic stabilization occurs when this
m-electron conjugated system forms a closed shell [9].

In this section, the effectiveness of the magic
number reported in the previous section will be examined
using the semi-empirical molecular-orbital method
[10,11], which is commonly used in organic synthesis
as well and has proven to be very reliability. Moreover,
Y-aromatic compounds that can serve as specific
synthetic targets will also be searched.

1— (="

N = 3n >

,n=123,. (1)
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$II-2 Calculation method and model compounds
§11-2.1 Calculation method

The structural optimization of the ground state of
the model compound was performed using the PM5
method [12,13] of SCIGRESS MO Compact ver.1.0.0
Standard (Fujitsu) to determine the heat of formation,
obtain MO data, and clarify the optimized structure.

§11-2.2 Model compounds

As model compounds, n-tridentenes (n = 1~6)
shown in Fig. 1 were considered. These molecules
have a structure in which the three methylene groups
of trimethylenemethane are each replaced by a chain
conjugate system comprising n carbon atoms. This
chain conjugate system can be arranged in various
configurations, but the purpose of this paper is to verify
the magic number obtained at the level of the Hiickel
approximation. Tridentenes with radially extended chain
conjugates were adopted as the model system.
Furthermore, in the charged state, which is expected to
comprise the number of m-electrons corresponding to the
magic number, because a planar or close to the planar
structure was found as the optimized structure, the heat
of formation and MO data used for the verification of the
magic number were calculated with the planar structure
fixed, including the reference system.
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§1I-3 Results and Discussion
The heat of formation and HOMO-LUMO gap
values for the six types of n-tridentenes (n = 1~6) are

summarized in Table 1.

Table 1 Quantum-chemical data of n-Tridentene and
a reference system calculated using a semi-
empirical molecular orbital method.

N |M | Species AH¢ AgnL

4 |4 CsHse 28.73771 |9.9457
4 |4 1-tridentene 109.20234 (4.7517
4 |2 |C4He** 572.58785 | 8.9205
4 |2* |1-tridentene? [ 557.93776 | 11.0108
4 16 C4He>" 176.38200 | 8.2345
4 |6* |1-tridentene? [165.29564 | 10.2935
7 17 C7Ho 62.78176 |0.0000
7 2-tridentene 64.56472 10.0000
7 C7Ho" 223.98636 | 7.2893
7 | 6* |2-tridentene® |[227.53426 |8.4185
7 |8 C7Hy" 26.37724 |7.1055
7 |8* |2-tridentene” |[29.44415 |[8.0759

10 [ 10 | CioHi2 69.21545 |7.8910
10 |10 | 3-tridentene 137.72989 | 3.7115
10 |8 CioH12?" 496.74026 | 6.8789
10 [ 8* |[3-tridentene®’ | 508.82617 | 7.4369
10 (12 [ CioHi2® 98.71819 |6.7291
10 [ 12* [ 3-tridentene?® | 110.60365 | 7.2524
13 |13 | CizHis 103.83481 | 0.0000
13|13 | 4-tridentene 105.21851 | 0.0000
13|12 | CisHis? 251.32290 | 5.9174
13| 12* | 4-tridentene” |[253.46107 | 6.8934
13 |14 | CisHis™ 52.64671 |5.9037
13 | 14* | 4-tridentene” | 54.31928 | 6.7545
16 |16 | CicHis 109.61430 | 7.3227
16 |16 | 5-tridentene 173.66287 | 3.3115
16 [ 14 | CicHis?" 491.82161 | 6.1241
16 | 14* | 5-tridentene®” [ 507.91719 [ 6.2101
16 [ 18 |[CisHis* 93.18828 |6.0937
16 | 18* | 5-tridentene®” | 108.32751 | 6.1592
19 |19 | CioH2i 144.43086 | 0.0000
19|19 | 6-tridentene 146.01802 | 0.0000
19118 | CioHat? 287.34579 | 5.3219
19 | 18* | 6-tridentene” | 287.69580 | 6.1313
19 120 | CioHa21" 87.92006 |[5.3606
19| 20* | 6-tridentene” | 87.77798 |6.0912

N: number of carbon atoms,

M: number of & electrons,

M*: magic number,

AHy¢: Heat of Formation ( kcal/mol ),
Agnr: HOMO-LUMO gap (eV).

Further, as a basis for energetic stabilization [9], the
results of the calculation of chain-conjugated systems
with the same number of carbon atoms and m-electrons

as each tridentene using the same method as for
n-tridentenes are similarly shown in Table 1. However,
the charged states of the n-tridentenes to be calculated
were limited to the case in which each n-tridentene has
the same number of m-electrons as the magic number and
the absolute value of the charge number to the minimum
case.

For example, in the case of 3-tridentene, 10
m-electrons exist in the neutral system. As the magic
numbers closest to this value are 8 and 12, by performing
calculations for 3-tridentene and its reference system
CioHi2 in neutral and 2 charged states, respectively,
it was found that when the magic number and the
m-electron number coincided, the degeneration pattern of
the m-electron orbital of 3-tridentene was in conformity
with that of the m-electron orbital according to the Hiickel
approximation (Table 2) [9], which was the basis when
we proposed the magic number.

Table 2 Molecular-orbital energy of 3-Tridentene and

its ions.

3-tridentene | 3-tridentene®” | 3-tridentene?"
€10 [ 3.3507 -5.8602 11.7317
€ [2.0033 -6.4914 10.1872
eg | 1.4173 -6.4915 10.1872
g7 |0.5649 -7.9243 8.5618
€6 |-2.4855 -9.9756 1.3094
g5 [-6.1970 -9.9757 1.3094
€4 |[-9.2426 -17.4126 -1.0253
€3 |-10.8241 -19.4964 -2.9227
€ [-11.6174 -19.4965 -2.9227
€ [-13.0228 -21.7910 -4.2801

Unit of & is eV.

Searching for a system that can be expected to be
energetically stable by the comparison of the heat of
formation values highlighted that the only system that
could be suggested to be energetically stable is the anion
of 6-tridentene (Fig. 2), which is shaded in the last row
of Table 1, except for 1-tridentene, which is the model
system of guanidine. Notably, the magnitude of bond
alternation in the 6-tridentene arm parts from a to f was
the smallest for the anion (Table 3).



Fig. 2 6-Tridentene and its chemical bonding.

Next, upon examining the size of the HOMO-
LUMO gap, as shown by the shading in Table 1, the size
of the HOMO-LUMO gap of tridentene ions containing
the same number of m-electrons as the magic number
in all the systems exceeded that of the corresponding
reference systems. The size of the HOMO-LUMO gap
can be related to the magnitude of the reactivity [14], and
the tendency observed in Table 1 for the HOMO-LUMO
gap can be considered to indicate a decrease in reactivity
of tridentene ions containing the same number of

electrons as the magic number.

Table 3 Bond lengths of the 6-Tridentene arm portion.

neutral | anion | cation
la 1.320 1.324 | 1.324
Ib 1.457 |1.447 | 1.451
le 1.333 | 1.341 | 1.343
ld 1.451 1.433 | 1.435
le 1.344 | 1.353|1.355
l¢ 1.431 1.421 | 1.425
Zx(Ix/la) | 6.315 |6.283 | 6.294

l.: Length of the bond x (A).

§11-4 Conclusion of this section

The above results led to the following two
conclusions:
a: The 6-tridentene anion is a system in which both
energetic and reactive stabilization can be anticipated.
b: For tridentene ions containing the same number
of m-electrons as the magic number, the value of
the HOMO-LUMO gap is larger than that of the
corresponding reference system.
These facts suggest that the magic number proposed
in the previous section is a value that predicts not

NN R AT AT B2 SH44E3H

energetical but reaction kinetical stabilization.
Considering the low chemical reactivity of noble gas
elements forming closed shell, it can be assumed that the
magic number of n-tridentene is required as a necessary
condition for the formation of a closed shell, predicting a
decrease in reactivity.
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$IIT Quantum Chemical Studies on Typhoon
Tridentene and Cyclone Tridentene

§II1-1 Introduction

The proposed n-tridentene (Fig. 1) as a candidate
for a typical Y-aromatic compound has a structure in
which the three methylenes of trimethylenemethane
are replaced by a linear m-electron conjugated system,
consisting of n carbon atoms each [1].

CnHr|+l
(_/%

CH
" rH"1~(\r“"'ﬂk\CHz

Can+1

Fig. 1 n-Tridentene.

Investigations based on quantum chemical techniques
[2] have demonstrated that the magic number of
Y-aromaticity, which is generally derived by imposing a
closed-shell condition [3] on the m-electron conjugated
system of the whole compound, is suitable to predict the
decrease in reactivity of the system in question. When
performing molecular orbital calculations for verification,
the optimized structure was restricted in a manner that all
atoms of the three linear m-electron conjugated systems
of n-tridentene were arranged radially in the same plane.
The purpose was to minimize the interaction between
m-electrons that are not adjacent by bonding and to keep
consistency with the Hiickel approximation [4] used to
derive the magic number. However, if this compound is
to be considered not only as a Y-aromatic compound but
also as a candidate for functional molecular ions forming
ionic liquids [5], various arrangements of the three linear
m-electron conjugated systems constituting the entire
system have to be examined.

3-Tridentene

2-Tridentene

Fig. 2 Tridentene with atoms arranged
in a typhoon configuration.
This section reports the results of semiempirical

molecular orbital studies of 2-tridentene and 3-tridentene,

which are linear s-electron conjugated systems arranged
in a spiral configuration (Fig. 2). The initial structure of
these systems was assumed to be planar, but nonplanar
structures were also permitted at the time of structural

optimization calculations.

§II1-2 Calculation method and model compounds
§$1I1-2.1 Calculation method

The structural optimization calculations of the
model compounds were performed in the ground
state using the PMS5 method [6, 7] of SCIGRESS MO
Compact ver. 1.0.0 Standard (Fujitsu). In addition to the
information regarding the molecular structure, the heat of
formation and MO data were obtained.

$III-2.2 Model compounds

As model compounds, 2-tridentene and 3-tridentene
were adopted, in which the linear conjugated system is
arranged in a left-handed spiral (Fig. 2), and performed
calculations related to ions and neutral molecules with
the minimum absolute value of the charge state where the
mi-electron conjugated system of the entire system forms
a closed shell. Here, the magic number reported in the
first paper was used to predict the charged state, where
each system forms a closed shell.

§1I1-3 Results and discussion
§1I1-3.1 2-Tridentene

The optimized structure of 2-tridentene was
identified as a planar structure having C3h symmetry
for both the neutral molecule and + 1-valent ion, in
which the m-electron conjugated system forms a closed
shell without distinction between right- and left-handed
structures. The molecular structure and the charge
distribution of the optimized 2-tridentene are shown in
Table 1. The numbering of the atoms is shown in Fig. 3.

CaHs
7
C:Hs—Cy
\
C—Hye
Han—Cp

\
Hi12)

Fig. 3 Numbering of atoms constituting 2-tridentene.
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As shown in Table 1, positive charge is localized
on the cation at C(1), which is located at the center of

the Y-shaped structure of 2-tridentene, while negative N

charge is localized on the anion. The reason is that, as : \}. 74
shown in Fig. 4, the cation of 2-tridentene has a HOMO = ;
nodal plane that crosses C(1) and divides the molecule F 'E
into two; whereas, the anion has a HOMO nodal plane \% ;
that crosses C(2) and divides into two the molecule in cation

the radial direction. However, there was no considerable . . . .
Fig. 4 Highest occupied molecular orbitals of

regularity in the change in the amount and the sign of 2_tridentene cation and anion.

the charge as the carbon atoms were traced from C(1) to
C(2), C(3), and outward in the radial direction.

Table 1 Structure of optimized 2-tridentene and charge distribution.

Charge : Neutral Heat of Formation : 64.56472kcal/mol

Atom number: I | Bond length*, NA : I | Bond angle**, NB:NA:I | NA | NB | Atomic charge
1 0.000 0.000 -0.041

2 1.437 0.000 1 -0.126

3 1.328 126.4 2 |1 |-0.293

8 1.100 116.0 2 |1 [0.146

11 1.090 125.1 3 12 10.142

12 1.092 121.1 3 |2 |0.144
Charge © +1 Heat of Formation : 227.53462kcal/mol

Atom number : I | Bond length* , NA : 1 | Bond angle** , NB:NA:l [ NA | NB | Atomic charge
1 0.000 0.000 0.404

2 1.432 0.000 1 -0.344

3 1.337 125.9 2 |1 |-0.034

8 1.105 117.0 2 |1 [0.209

11 1.095 125.5 3 12 ]0.172

12 1.098 120.4 3 |2 |0.195
Charge * -1 Heat of Formation @ 29.44415kcal/mol

Atom number : I | Bond length* , NA : 1 | Bond angle** , NB:NA:I [ NA | NB | Atomic charge
1 0.000 0.000 -0.468

2 1.424 0.000 1 0.092

3 1.335 128.9 2 |1 |-0.558

8 1.100 115.2 2 |1 [0.079

11 1.086 124.6 3 12 |0.114

12 1.088 121.4 3 |12 10.096

*: Angstroms, **: Degrees.
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§1I1-3.2 3-Tridentene

The neutral molecule of 3-tridentene could not be
optimized in a Y-shaped structure. In contrast, the dianion
of 3-tridentene, in which the m-electron conjugated
system of the whole 3-tridentene molecule forms a closed
shell, was optimized to a planar structure that has a C3h
symmetry. This indicates that, like in 2-tridentene, there
is no distinction between right- and left-handed dianions
in 3-tridentene. However, the optimized structure of
the dication, in which the m-electron conjugated system
of the whole molecule forms a closed shell as does the
dianion, is a shallow bowl-shaped structure with C3
symmetry, in which the carbon skeleton has a depression
with the depth of approximately 1.048 A. This indicates
that the 3-tridentene dication has a cyclone-type antipode
with a spiral structure in the opposite direction to the
typhoon type (Fig. 5). These calculation results suggest
the possibility of controlling the charge state and the
structure of 3-tridentene by suitable selection of the
electronegativity of the counterion. Henceforth, the left-
handed n-tridentene will be referred to as n-typhoon
tridentene, and the reversely right-handed n-tridentene
will be referred to as n-cyclone tridentene in a position
with the convex side facing down.

Fig. 5 Optimized structure of dication
for typhoon-type 3-tridentene.

The molecular structure and the charge distribution
of the optimized 3-tridentene are summarized in Table
2. The numbering of the atoms is shown in Fig. 6. As

shown in Table 2, in the case of 3-tridentene, interesting

results were obtained, namely, the charge of sign
opposite to that of the whole molecule is localized at
C(1), which is located at the center of the Y-shaped
structure. The plausible reason is that, contrary to the
case of the 2-tridentene ion, the HOMO of the dication in
3-tridentene divides the molecule in the radial direction,
whereas the HOMO nodal plane of the dianion crosses
C(1). Furthermore, the charge distribution of each ion
shows regularly changing sign from C(1) to C(2), C(3),
C(4), and in the outward radial direction. This regularly
alternating charge distribution suggests the possibility
of selective ionic bond formation between 3-typhoon
tridentene and 3-cyclone tridentene, according to the
symmetry of the counterion charge distribution.

C3Ha
/
CsHa—Cpy
\
Cia—H
/

Hi7)

\

Cia—C3)

4 N
Hy1s) Ha)

Fig. 6 Numbering of atoms constituting 3-tridentene.
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Table 2 Structure of optimized 3-tridentene and charge distribution.

Charge : -2 Symmetry - C3h Heat of Formation : 128.41922kcal/mol
ﬁ:’n“ger: . fl‘;"?lle“gth* fl‘é“?;}‘;\g}e[” Twist angle** NA |NB | NC | Atomic charge
1 0.000 0.000 0.000 0.428
2 1.415 0.000 0.000 1 -0.596
3 1.387 133.3 0.000 2 1 0.146
4 1.347 135.6 0.000 3 |2 1 -0.669
11 1.097 114.7 180.0 2 1 3 ]0.125
14 1.109 111.4 -180.0 3 |2 1 -0.000
17 1.085 123.8 0.000 4 |13 |2 [0.125
18 1.088 121.3 180.0 4 |3 |2 ]0.060
Charge : +2 Symmetry : C3 Heat of Formation : 520.17441kcal/mol
:::’nlger: . f“;“fllle“gth* f‘;"fls‘;g}el” Twist angle** NA |NB | NC | Atomic charge
1 0.000 0.000 0.000 -0.398
2 1.418 0.000 0.000 1 0.238
3 1.398 126.3 0.000 2 1 -0.355
4 1.350 127.1 -27.14 3 |2 1 0.021
11 1.109 117.8 175.9 2 1 3 10.215
14 1.115 115.0 156.8 3 |2 1 0.272
17 1.096 124.6 -5.453 4 13 |2 (0.173
18 1.104 120.6 179.5 4 |3 |2 ]0.237
Charge : +2 Symmetry © C3h Heat of Formation : 529.36920kcal/mol
::;’n':er:l g‘;“fille“g‘h* g;nleangel** Twist angle** NA | NB | NC | Atomic charge
1 0.000 0.000 0.000 -0.363
2 1.418 0.000 0.000 1 0.248
3 1.396 134.4 0.000 2 1 -0.363
4 1.350 132.6 0.000 3 |2 1 0.060
11 1.108 115.0 -180.0 2 1 3 10.187
14 1.116 112.5 -180. 3 |2 1 0.253
17 1.096 126.3 0.000 4 |3 |2 |0.167
18 1.104 119.9 -180. 4 |3 |2 ]0.235
*: Angstroms, **: Degrees.
Furthermore, from the results of calculations = Elé
optimized by fixing the structure of the dication of ;;'? $
3-typhoon tridentene to a plane, the estimated inversion L Typhoon ]

energy AE between the dication of 3-typhoon tridentene
and dication of 3-cyclone tridentene (Fig. 7) was 9.19
kcal/mol. As this value is about twice as large as the
inversion energy of ammonia [8] and comparable to
the energy of infrared radiation, it is suggested that the

inversion between these two antipodes readily occurs at

room temperature.

L&

443 A

Cyclone

Fig. 7 Double-well potential of
3-tridentene inversion.

Reaction Coordinate
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§1I1-4 Conclusions of this section

The results of semiempirical molecular orbital
calculations of 2-tridentene and 3-tridentene with spirally
arranged linear conjugated system suggest the following
conclusions.
(1) The dication of 3-tridentene with spirally arranged
linear conjugated system has a shallow bowl-shaped
structure with left- and right-handed antipodes when the
convex side is facing down.
(2) Based on the charge distribution of the optimized
structure, the dication of 3-tridentene has a stereoselective
binding potential, depending on the spatial symmetry of
the charge distribution of the counterion.
(3) When 3-tridentene coexists with an electrically
positive counterion, a dianion with planar structure may
be produced via charge transfer.
(4) The inversion energy barrier between the dication of
3-typhoon tridentene and 3-cyclone tridentene is in the
order of the thermal energy at room temperature.
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