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Figure 1. n-tridentene.
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Abstract

To increase the number of synthetic targets having Y-aromaticity, we proposed (n, l, m)-tridentenes, in which the 
lengths of the three linear conjugated systems, extending from the central atom of the Y-shaped structure of n-tridentene 
were made irregular. The calculation results obtained using the semiempirical molecular orbital method suggested the 
existence of a compound that is energetically stabilized and 43 compounds with expectable kinetic stability. 
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1. Introduction
 

The concept of Y-aromaticity was introduced to 
explain the strong basicity of guanidine [1]. This new 
concept of aromaticity, which does not premise on the 
existence of a cyclic π-electron conjugated system to 
be essential for the conventional aromaticity concept, 
has an attractive potential as a new working hypothesis 
for molecular design and till now, many studies have 
been conducted in this field [2-8]. However, since a rule 
corresponding to the 4n + 2 rule [9] in the conventional 
theory of aromaticity was unknown for Y-aromaticity, 
systematic studies have not been performed theoretically 

or experimentally.
Therefore, the author proposed n-tridentene 

shown in Fig. 1 as an annulene-equivalent molecule 
in Y-aromaticity and derived the magic number in 
Y-aromaticity expressed by Eq. 1 [10]. Here it is 
assumed that the π-electron conjugated system in the 
structure forms a closed shell as a necessary condition 
for energetic stability. 

(1)

Furthermore, to examine the effectiveness of the obtained 
magic numbers, semiempirical molecular orbital 
calculations were performed [11], and two synthetic 
targets, typhoon tridentene and cyclone tridentene, shown 
in Fig. 2 were found, which are interesting also from a 
stereochemical point of view [12]. 

In this report, aiming to promote further progress 
of synthetic chemical research on Y-shaped aromatic 
compounds, which are promising not only as novel 
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aromatic compounds but also as basic structure of ionic 
fluids [13], we present our results of theoretical studies 
on the energetic and kinetic stability of a system in which 
the lengths of the three arms of n-tridentene are irregular, 
as illustrated in Fig.3. Henceforth, the molecule shown in 
Fig. 3 is referred to as (n, l, m)-tridentene.

Figure 3. (n, l, m)-tridentene with radially arranged 
arms.

2. Calculation method and model compounds

2.1 Calculation method

The structural optimization calculation in the ground 
state of model compounds was performed using the PM5 
method [14,15] of SCIGRESS MO Compact ver.1.0.0 
Standard (Fujitsu), and the heat of formation, MO data, 
and the optimized structure were determined. 

2.2 Model compounds

As model compounds, (n, l, m)-tridentenes shown in 
Fig. 3 were adopted. Here, the values of n, l, and m were 
each in the range of 1–6, and when all of n, l, and m had 
the same value, they were not included in the calculation. 
Additionally, the calculation target was limited to 
the minimum charged state in which the π-electron 
conjugated system of the respective systems can be 
expected to form a closed shell. 

As shown in Section 5, Appendix, the system to 
be calculated was selected within the range of Hückel 
approximation. Therefore, the arm arrangement, 
when performing semiempirical molecular orbital 
calculations is, in principle, a planar arrangement with 
radially open arms of tridentene, which is expected to 
minimize spatial interactions that are not considered 
in the Hückel approximation. However, as shown in 
Table 1, preliminary calculation results suggest that (1, 
m, m)-tridentene becomes more stable when two arms 
consisting of m carbon atoms are arranged symmetrically 
about the arm of length 1, rather than being arranged 
radially. Thus, the arrangement of the arms of (1, m, m)-
tridentene was calculated in the symmetrical and open 
plane configuration shown in Fig.4.

Table 1. Heat of formation (ΔHf) of (1, 2, 2)-tridentene 
and effect of arm configuration on HOMO-
LUMO gap (ΔεHL).

A r m  c o n f i g u r a t i o n  ΔH f  ( k c a l / m o l )  Δε H L   ( e V )  
s y m m e t r i c a l  o p e n  
c o n f i g u r a t i o n  

4 4 . 8 1 9 1 1  9 . 3 5 2 4  

r a d i a l  c o n f i g u r a t i o n 4 5 . 3 7 9 6 9 9 . 3 2 2 6  
s y m m e t r i c a l  c o m p a c t  
c o n f i g u r a t i o n  

4 8 . 5 9 7 8 0  9 . 2 6 9 8  

Figure 2. Typhoon tridentene and cyclone tridentene.
ａ: typhoon tridentene, ｂ: cyclone tridentene.

ａ ｂ
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3. Results and discussion 

For the 82 types of (n, l, m)-tridentene (n, l, m = 
1–6), in which the π-electron conjugated system can 
be expected to form a closed shell within the scope of 
Hückel approximation, the calculation results of the heat 
of formation and HOMO-LUMO gap are summarized in 
Table 2. Furthermore, Table 2 also shows the calculation 
results of 31 types of linear conjugated systems (LN q ±) 
consisting of the same number of carbon atoms and π 
electrons as each tridentene as the reference standards for 
energetic stabilization [10, 11]. Note that the selection 
of the charge state of tridentenes to be calculated was 
according to Table 4, which was obtained as a result 
discussed in Section 5. 

Comparing the heat of formation values, only the 
divalent cation of (1, 1, 3)-tridentene with a scorpion-
shaped arm configuration could be expected to possess 
energetic stability. Furthermore, as this ion has a HOMO-
LUMO gap larger than the corresponding reference 

system, it is a promising synthetic target that can also 
exhibit kinetic stability. 

Next, based on the examination of the HOMO-
LUMO gap values, the 43 types of tridentenes were 
suggested as shown in Table 3, including (1, 1, 
3)-tridentene, which may have kinetic stability. As 
shown in Table 3, all the ions expected to be kinetically 
stabilized, were paired except for (2, 3, 5)-tridentene. As 
the calculation results in Table 2 suggest, the HOMO-
LUMO gap of the anion tends to be smaller than that 
of the corresponding cation. The difference in the value 
of the HOMO-LUMO gap in the reference system was 
small for (2, 3, 5) -tridentene cation and in the anion 
this difference is the reversed. Further, the value of the 
HOMO-LUMO gap of tridentenes having (n, l, m) parity 
of (odd, odd, odd) and (even, even, even) is, without 
exception, greater than the value of the HOMO-LUMO 
gap of the reference system, suggesting kinetic stability. 
This result is not conflicting with the previously reported 
calculation results of n-tridentene [11]. 

Figure 4. (1, 2, 2)-tridentene arm configuration.
ａ: symmetrical open configuration, ｂ: radial configuration, 　ｃ: symmetrical compact configuration.

ｂ ｃ

ａ
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Table 2. Heat of formation and HOMO-LUMO gap of (n, l, m)-tridentene and its reference system calculated using 
the semiempirical molecular orbital method.

S p e c i e s  Δ H f Δ ε H L S p e c i e s  Δ H f Δ ε H L

L 5 + 2 2 0 . 1 9 4 4 2  8 . 2 4 1 2  L 1 2 8 2 . 6 8 1 7 4  7 . 6 3 3 6  
( 1 , 1 , 2 ) +  2 3 7 . 5 0 9 6 5  6 . 9 4 2 0  ( 3 , 4 , 4 ) 8 8 . 0 1 6 3 2  7 . 7 5 5 3  
L 5 － 2 3 . 0 5 4 4 0  7 . 9 2 4 5  ( 1 , 4 , 6 ) 8 6 . 4 1 6 1 4  8 . 0 9 8 7  
( 1 , 1 , 2 ) － 3 9 . 7 7 1 2 9  6 . 7 5 0 8  ( 2 , 3 , 6 ) 8 7 . 6 9 5 6 6  7 . 7 3 5 5  
L 6  4 2 . 2 6 7 6 3  8 . 8 8 6 8  ( 2 , 4 , 5 ) 8 7 . 7 1 9 6 2  7 . 6 0 4 5  
( 1 , 2 , 2 )  4 4 . 8 1 9 1 1  9 . 3 5 2 4  L 1 2 2 + 4 9 1 . 2 5 5 9 7  6 . 5 5 6 8  
L 6 2 + 5 3 0 . 9 3 1 4 0  8 . 0 1 9 3  ( 1 , 5 , 5 ) 2 + 4 9 7 . 5 1 1 0 6  7 . 2 1 1 5  
( 1 , 1 , 3 ) 2 +  5 2 9 . 9 2 2 6 0  8 . 7 7 8 3  ( 3 , 3 , 5 ) 2 + 5 0 4 . 4 1 5 3 5  6 . 9 9 0 9  
L 6 2 － 1 3 3 . 7 5 3 2 4  7 . 6 1 0 3  L 1 2 2 － 9 2 . 9 9 5 4 3  6 . 4 6 3 5  
( 1 , 1 , 3 ) 2 -  1 3 4 . 2 0 5 2 7  8 . 4 5 6 5  ( 1 , 5 , 5 ) 2 - 9 8 . 6 7 6 9 4  7 . 0 7 4 9  
L 7 + 2 2 3 . 9 8 6 3 6  7 . 2 8 9 3  ( 3 , 3 , 5 ) 2 - 1 0 5 . 5 9 6 0 4  6 . 8 6 5 7  
( 1 , 1 , 4 ) +  2 4 9 . 7 2 2 3 3  5 . 4 7 0 1  L 1 3 + 2 5 1 . 3 2 2 9 0  5 . 9 1 7 4  
( 1 , 2 , 3 ) +  2 3 6 . 5 3 3 8 7  6 . 7 8 5 2  ( 2 , 5 , 5 ) + 2 5 9 . 5 9 8 5 3  5 . 9 6 1 9  
L 7 － 2 6 . 3 7 7 2 4  7 . 1 0 5 5  ( 3 , 3 , 6 ) + 2 6 8 . 7 7 8 7 8  4 . 9 4 8 6  
( 1 , 1 , 4 ) － 5 0 . 5 3 3 1 4  5 . 4 2 0 8  ( 1 , 5 , 6 ) + 2 6 7 . 2 1 4 3 3  4 . 8 1 1 7  
( 1 , 2 , 3 ) － 3 8 . 6 8 8 6 7  6 . 6 0 0 2  ( 2 , 4 , 6 ) + 2 5 4 . 0 5 2 4 1  6 . 3 4 1 0  
L 8  5 5 . 7 4 7 1 5  8 . 2 7 5 7  ( 3 , 4 , 5 ) + 2 6 3 . 5 0 2 3 4  5 . 5 9 0 3  
( 2 , 2 , 3 )  6 0 . 4 9 1 1 3  8 . 3 5 6 5  L 1 3 － 5 2 . 6 4 6 7 1  5 . 9 0 3 7  
( 1 , 2 , 4 )  5 9 . 1 8 4 2 7  8 . 6 9 3 2  ( 2 , 5 , 5 ) － 6 0 . 7 9 5 4 0  5 . 9 1 4 5  
L 8 2 + 5 0 8 . 6 2 1 5 9  7 . 3 3 5 4  ( 3 , 3 , 6 ) － 6 9 . 2 0 0 8 9  4 . 9 2 9 0  
( 1 , 3 , 3 ) 2 +  5 1 2 . 9 2 6 7 9  8 . 2 3 4 9  ( 1 , 5 , 6 ) － 6 7 . 5 6 2 0 4  4 . 8 1 2 1  
( 1 , 1 , 5 ) 2 +  5 1 4 . 3 5 8 8 0  7 . 4 5 8 4  ( 2 , 4 , 6 ) － 5 4 . 9 0 9 8 1  6 . 2 7 5 3  
L 8 2 － 1 1 0 . 9 2 3 8 8  7 . 0 9 2 0  ( 3 , 4 , 5 ) － 6 4 . 1 0 4 2 4  5 . 5 5 5 9  
( 1 , 3 , 3 ) 2 -  1 1 5 . 3 6 2 7 3  7 . 9 8 6 6  L 1 4 9 6 . 1 4 7 9 2  7 . 4 5 3 6  
( 1 , 1 , 5 ) 2 -  1 1 6 . 9 6 5 3 7  7 . 3 3 2 1  ( 1 , 6 , 6 ) 9 9 . 2 4 5 7 2  7 . 9 6 4 7  
L 9 + 2 3 1 . 3 2 1 3 0  6 . 6 6 8 3  ( 4 , 4 , 5 ) 1 0 1 . 4 4 3 9 7  7 . 4 1 5 3  
( 2 , 3 , 3 ) +  2 4 2 . 6 8 3 6 7  6 . 5 4 4 3  ( 2 , 5 , 6 ) 1 0 1 . 1 3 1 3 4  7 . 4 3 8 3  
( 2 , 2 , 4 ) +  2 3 4 . 6 9 8 2 6  7 . 2 5 9 3  ( 3 , 4 , 6 ) 1 0 1 . 5 1 4 7 4  7 . 5 7 5 0  
( 1 , 1 , 6 ) +  2 6 2 . 0 6 8 2 2  4 . 5 6 2 0  L 1 4 2 + 4 9 0 . 0 3 6 1 7  6 . 3 1 5 2  
( 1 , 2 , 5 ) +  2 4 0 . 7 1 5 0 1  6 . 5 2 6 2  ( 3 , 5 , 5 ) 2 + 5 0 4 . 2 2 0 8 2  6 . 5 8 1 6  
( 1 , 3 , 4 ) +  2 4 9 . 6 1 1 7 0  5 . 5 8 0 2  L 1 4 2 － 9 1 . 5 7 8 4 1  6 . 2 5 8 8  
L 9 － 3 3 . 3 0 9 6 2  6 . 5 6 5 6  ( 3 , 5 , 5 ) 2 - 1 0 5 . 0 0 5 4 3  6 . 4 8 9 3  
( 2 , 3 , 3 ) － 4 4 . 4 8 9 6 9  6 . 4 0 6 4  L 1 5 + 2 6 2 . 8 0 7 4 8  5 . 6 7 4 9  
( 2 , 2 , 4 ) － 3 6 . 2 1 4 4 6  7 . 0 8 3 6  ( 4 , 4 , 6 ) + 2 6 4 . 5 1 5 7 9  6 . 2 9 3 4  
( 1 , 1 , 6 ) － 6 2 . 3 1 8 7 8  4 . 5 6 4 4  ( 2 , 6 , 6 ) + 2 6 5 . 1 5 9 3 8  6 . 0 7 8 5  
( 1 , 2 , 5 ) － 4 2 . 4 7 7 3 8  6 . 3 7 9 4  ( 4 , 5 , 5 ) + 2 7 3 . 1 1 3 7 6  5 . 5 3 0 9  
( 1 , 3 , 4 ) － 5 0 . 3 9 3 5 2  5 . 5 1 8 2  ( 3 , 5 , 6 )

+
2 7 6 . 7 0 6 6 1  4 . 9 9 9 0  

L 1 0  6 9 . 2 1 5 4 5  7 . 8 9 1 0  L 1 5 － 6 3 . 8 5 3 2 2  5 . 6 8 5 7  
( 1 , 4 , 4 )  7 2 . 2 4 8 5 9  8 . 4 4 4 0  ( 4 , 4 , 6 ) － 6 5 . 1 0 1 8 0  6 . 2 2 2 1  
( 2 , 2 , 5 )  7 3 . 9 3 6 3 0  7 . 8 6 3 0  ( 2 , 6 , 6 ) － 6 5 . 7 2 9 5 3  6 . 0 4 9 9  
( 1 , 2 , 6 )  7 2 . 6 8 7 9 9  8 . 2 0 8 4  ( 4 , 5 , 5 ) － 7 3 . 5 1 5 1 6  5 . 5 1 9 6  
( 2 , 3 , 4 )  7 4 . 2 0 8 1 2  7 . 9 9 4 9  ( 3 , 5 , 6 ) － 7 7 . 0 1 1 2 5  4 . 9 8 5 1  
L 1 0 2 + 4 9 6 . 7 4 0 2 6  6 . 8 7 8 9  L 1 6 1 0 9 . 6 1 4 3 0  7 . 3 2 2 7  
( 1 , 3 , 5 ) 2 +  5 0 4 . 3 1 7 1 3  7 . 4 4 8 3  ( 3 , 6 , 6 ) 1 1 5 . 0 0 7 1 7  7 . 4 5 1 1  
L 1 0 2 － 9 8 . 7 1 8 1 9  6 . 7 2 9 1  ( 4 , 5 , 6 ) 1 1 4 . 9 3 3 7 2  7 . 2 8 8 1  
( 1 , 3 , 5 ) 2 -  1 0 6 . 1 4 5 5 1  7 . 3 2 0 0  L 1 7 + 2 7 4 . 8 7 3 1 4  5 . 4 8 2 0  
L 1 1 + 2 4 0 . 6 8 4 6 8  6 . 2 3 5 0  ( 4 , 6 , 6 ) + 2 7 5 . 9 7 9 0 6  6 . 1 1 3 7  
( 2 , 4 , 4 ) +  2 4 3 . 6 2 8 4 1  6 . 8 6 4 3  ( 5 , 5 , 6 ) + 2 8 6 . 2 4 8 3 7  5 . 0 4 9 0  
( 3 , 3 , 4 ) +  2 5 5 . 8 7 4 2 7  5 . 6 5 8 4  L 1 7 － 7 5 . 6 7 0 0 3  5 . 5 0 9 5  
( 2 , 2 , 6 ) +  2 4 4 . 0 0 5 4 1  6 . 5 5 5 5  ( 4 , 6 , 6 ) － 7 6 . 3 0 6 2 2  6 . 0 7 1 6  
( 1 , 3 , 6 ) +  2 6 2 . 4 0 8 7 3  4 . 7 4 7 6  ( 5 , 5 , 6 ) － 8 6 . 3 5 2 2 8  5 . 0 5 0 3  
( 1 , 4 , 5 ) +  2 5 3 . 8 1 4 5 7  5 . 5 4 7 7  L 1 8 1 2 3 . 0 8 0 8 8  7 . 2 2 4 9  
( 2 , 3 , 5 ) +  2 5 0 . 1 8 0 6 2  6 . 2 4 8 1  ( 5 , 6 , 6 ) 1 2 8 . 4 3 1 5 3  7 . 1 8 7 4  
L 1 1 － 4 2 . 3 2 0 3 5  6 . 1 8 5 2  
( 2 , 4 , 4 ) － 4 4 . 7 8 7 5 6  6 . 7 4 2 9  
( 3 , 3 , 4 ) － 5 6 . 6 7 9 2 1  5 . 5 9 6 5  
( 2 , 2 , 6 ) － 4 5 . 1 9 7 7 8  6 . 4 6 1 8  
( 1 , 3 , 6 ) － 6 2 . 7 0 8 6 1  4 . 7 4 5 3  
( 1 , 4 , 5 ) － 5 4 . 8 0 3 6 9  5 . 4 8 9 0  
( 2 , 3 , 5 ) － 5 1 . 7 3 3 0 4  6 . 1 5 1 5  

L N p ： p - v a l e n t  i o n  o f  r e f e r e n c e  s y s t e m  c o n s t i t u t e d  b y  N  a t o m s .  
( n ,  l ,  m ) q ： q - v a l e n t  i o n  o f  ( n ,  l ,  m ) - t r i d e n t e n e .   
Δ H f  ： h e a t  o f  f o r m a t i o n ,  k c a l / m o l .  
Δ ε H L ： H O M O - L U M O  g a p ,  e V .  
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4. Conclusion 

From the above results, it was concluded that the 
divalent cation of (1, 1, 3)-tridentene is a promising 
synthetic target. Further, from the viewpoint of kinetic 
stability, the 43 types of tridentenes, including (1, 1, 3)-
tridentene, are also found to be worth considering as 
candidates for synthetic targets. 

5. Appendix 

The Hückel molecular orbital energy of (n, l, m)-
tridentene shown in Fig. 3 is given by the pole of the 
Hückel approximation propagator G(z) at the central 
atom of the Y-shaped structure, expressed by Equation 2 
[10].

　 (2)

Here, pn is the Hückel determinant of a linear 
conjugated system and is generally given by Equation 3 
[16].

　
(3)

Here, [n/2] represents an integer that does not 
exceed n/2. As is clear from Equation 3, the lowest order 
of pn is z to the 1st power when n is an odd number, and z 
to the 0th power when n is an even number. Considering 
this fact, it is easily possible to know the order of z that 
can be factored out of the braces in Equation 2. 

Since the order of z that can be factored out of the 
braces corresponds to the number of so-called nonbonding 
orbitals, the qualitative distribution of Hückel molecular 
orbital energy of (n, l, m)-tridentene can be predicted by 
the combination of (n, l, m) parity. For example, if (n, l, 
m) are all odd numbers, the lowest order of pn, pl, pm is 
the 1st order of z, respectively. Therefore, the square of 
z is factored out of the braces of Equation 2. This means 
that when (n, l, m) are all odds, according to the Hückel 
molecular orbital theory, (n + l + m−1)/2 bonding orbitals 
and (n + l + m−1)/2 antibonding orbitals that sandwich 
the doubly degenerate nonbonding orbitals are formed 
in pairs, as shown in Fig. 5a. Here, the fact that (n, l, m)-
tridentene is an alternant hydrocarbon was taken into 
consideration [17]. Furthermore, the neutral (n, l, m)-
tridentene has (n + l + m + 1) π electrons. Therefore, as 
shown in Fig. 5a, the bonding orbitals of this molecule 

Table 3. (n, l, m)-tridentenes expected to be kinetically 
stable.

C h a r g e  s t a t e  ( n , l , m ) - t r i d e n t e n e
2 +  ( 1 , 1 , 3 ) ,  ( 1 , 3 , 3 ) ,  ( 1 , 1 , 5 ) ,  

( 1 , 3 , 5 ) ,  ( 1 , 5 , 5 ) ,   
( 3 , 3 , 5 ) ,  ( 3 , 5 , 5 )

+  ( 2 , 2 , 4 ) ,  ( 2 , 4 , 4 ) ,  ( 2 , 2 , 6 ) ,  
( 2 , 3 , 5 ) ,  ( 2 , 5 , 5 ) ,   
( 2 , 4 , 6 ) ,  ( 4 , 4 , 6 ) ,  ( 2 , 6 , 6 ) ,  
( 4 , 6 , 6 )

0  ( 1 , 2 , 2 ) ,  ( 2 , 2 , 3 ) ,  ( 1 , 2 , 4 ) ,  
( 1 , 4 , 4 ) ,  ( 1 , 2 , 6 ) ,   
( 2 , 3 , 4 ) ,  ( 3 , 4 , 4 ) ,  ( 1 , 4 , 6 ) ,  
( 2 , 3 , 6 ) ,  ( 1 , 6 , 6 ) ,  
( 3 , 4 , 6 ) ,  ( 3 , 6 , 6 )

-  ( 2 , 2 , 4 ) ,  ( 2 , 4 , 4 ) ,  ( 2 , 2 , 6 ) ,  
( 2 , 5 , 5 ) ,  ( 2 , 4 , 6 ) ,   
( 4 , 4 , 6 ) ,  ( 2 , 6 , 6 ) ,  ( 4 , 6 , 6 )

2 -  ( 1 , 1 , 3 ) ,  ( 1 , 3 , 3 ) ,  ( 1 , 1 , 5 ) ,  
( 1 , 3 , 5 ) ,  ( 1 , 5 , 5 ) ,   
( 3 , 3 , 5 ) ,  ( 3 , 5 , 5 )

Figure 5. (n, l, m) parity and distribution of Hückel molecular orbitals.
a: (n, l, m) = (odd, odd, odd), b: (n, l, m) = (odd, odd, even), c: (n, l, m) = (odd, even, even),
d: (n, l, m) = (even, even, even).
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are completely occupied, and the doubly degenerated 
nonbonding orbitals are each semi-occupied. 

Similarly, the distribution and occupied state of the 
Hückel molecular orbital shown in Fig. 5 can be obtained 
by considering the case according to the parity of (n, l, m). 

Here, having in mind that the purpose of this report 
was to enhance the synthetic chemical research of 
Y-aromatic compounds, systems in which the π-electron 
system forms a closed shell in a neutral or minimally 
charged state were selected as the calculation target and 
the results shown in Table 4 were obtained. It should be 
noted that even if the nonbonding orbital is completely 
occupied, the shell is taken as closed. 

Table 4. n, l, m parity and charge state of closed shell.
n  p a r i t y  l  p a r i t y  m  p a r i t y  c l o s e d  s h e l l  

c h a r g e  s t a t e  
o d d  o d d  o d d ± 2
o d d  o d d  e v e n ± 1
o d d  e v e n  e v e n 0
e v e n  e v e n  e v e n ± 1
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