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ABSTRACT: Cyclic orbital interaction, in which a series of orbitals interact with each other so as to make a monocyclic system, 

affords stabilization if the requirements of orbital phase continuity are satisfied. Initially, these requirements were derived from the 

consideration of a three-body system. Here I propose that these requirements can be easily derived by considering FMO theory.  

Recently, we reported that the phase of the orbitals1, which 

originates from the wave character of electrons in molecules, 

plays an essential role in determining reactivity and selectivity. 

Especially, cyclic orbital interaction2, in which a series of orbit-

als interact in a monocyclic manner, determines the regioselec-

tivity in deprotonation of an indole sidechain3,4, diastereoselec-

tivity in pericyclic reactions5 including the electrocyclic ring-

opening reaction of 3-substituted cyclobutenes6,7, cheletropic 

reactions8 and the retro-Nazarov reaction.9,10  Recently, we re-

ported that diastereoselectivity in the uncatalyzed Mukaiyama 

aldol reaction11 and the electrophilic addition of -substituted 

ethylenes12 are under the control of cyclic orbital interaction. 

In these reactions, the phase-continuous cyclic orbital inter-

action stabilizes the TS, so that the reactions prefer to proceed 

in the direction that gives greater stabilization. To determine 

whether the cyclic orbital interaction is phase-continuous, the 

series of orbital interactions should satisfy the requirements of 

orbital phase continuity: (i) donating orbitals are out-of-phase; 

(ii) a donating orbital and an accepting orbital are in-phase; and 

(iii) accepting orbitals are in-phase (Figure 1). When the num-

ber of corresponding orbitals in the interaction is more than 3, 

two additional requirements should also be satisfied: (iv) inter-

action among the orbitals is monocyclic, and (v) the series of 

orbital interactions should be divided into two, a donor part and 

an acceptor part, and not into four, six or more. Note that the 

overlap between the orbitals is less than 1; |S| < 1, cyclic orbital 

interaction with fewer orbitals is often preferred. 

 
Figure 1. The requirements of orbital phase continuity for cyclic 

orbital interaction.  

 

Inagaki derived these requirements by considering the pertur-

bation of interaction in a three-body system which consists of 

one occupied orbital in Body A and two vacant orbitals in Bod-

ies B and C, respectively (eq. 1, Figure 2, shown for delocaliza-

tion of the -spin electron only).  



 

𝐻𝑂𝑂′(3𝑟𝑑) = 

∑
(𝐻𝑂𝐾−𝑆𝑂𝐾𝐻𝑂𝑂)(𝐻𝐿𝑂−𝑆𝐿𝑂𝐻𝑂𝑂)(𝐻𝐾𝐿−𝑆𝐾𝐿𝐻𝑂𝑂)

(𝐻𝑂𝑂−𝐻𝐾𝐾)(𝐻𝑂𝑂−𝐻𝐿𝐿)
𝐾,𝐿(≠𝐾)   (1) 

where O is the electronic state for the ground configuration and 

O’ is that with some perturbation from the ground state. The 

electronic states for K and L are those with delocalization. Elec-

trons are delocalized among the electronic states of O, K and L.  

 

Figure 2. Delocalization among the electronic configurations of O, 

K and L, in which the bodies consist of a donor A and two acceptors 

B and C.  

He also concluded that consideration of a combination of two 

donors and one acceptor leads to the same conclusion.  

Although the requirements of orbital phase continuity them-

selves are quite easy to understand, this approach is still some-

what difficult to comprehend since it requires the use of com-

plicated equations with perturbation theory. Thus, its applica-

tions are still limited. Here I show that the FMO theory can also 

easily explain the requirements for orbital phase continuity. 

First, we consider the case in which a series of orbital inter-

actions is monocyclic (Requirement (iv)) and the system can be 

divided into one donor and one acceptor (Requirement (v)). Un-

der these conditions, the donor and the acceptor always interact 

at two points (Figure 3).  

 

Figure 3.  FMO interaction in cyclic orbital interaction.  

The FMO interaction, a stabilizing interaction, is always a 

donor-acceptor interaction, so that it should be an in-phase com-

bination of the orbitals, which corresponds to Requirement (ii).  

When two orbitals interact, a pair of new orbitals are created: 

one with in-phase combination, which is lower in energy, and 

another that is out-of-phase and higher in energy (Figure 4). For 

example, when two hydrogen atoms form a hydrogen molecule, 

a pair of new molecular orbitals, which consist of two 1s orbit-

als, are created. In a hydrogen molecule, the molecular orbital 

and the bond orbital are the same. The orbital lower in energy 

is the in-phase combination of two hydrogen 1s orbitals. The 

other orbital, which is higher in energy, is the out-of-phase com-

bination. Two electrons occupy the -orbital, the molecular or-

bital that is lower in energy, to make a bond between two hy-

drogen atoms, stabilizing the system.     

 

Figure 4. Molecular orbital of H2 from the hydrogen atomic orbital.  

Now, the donor part consists of donating orbitals only. Thus, 

the orbital combination with the most electron-donating charac-

ter, i.e., with the highest orbital energy (=HOMO), is an all out-

of-phase combination, where the number of phase alternations 

is ND.  This corresponds to Requirement (i). On the other hand, 

the acceptor consists of accepting orbitals only.  The orbital 

combination with the most electron-withdrawing character, i.e., 

with the lowest orbital energy (=LUMO), is an all in-phase 

combination, where the number of phase alternations is NA. 

This is Requirement (iii). 

For the phase-continuous cyclic orbital interaction, the total 

number of phase alternations in the orbital combination ND+NA 

is an even number. In contrast, that in the orbital combination 

is odd when the interaction is phase-discontinuous. From the 

perspective of a wave, the condition in which the system satis-

fies all these requirements of orbital phase continuity is when a 

standing wave is formed. Thus, with the topological require-

ment of a monocyclic ring, the total number ND+NA should be 

even, or, in the case of an odd number, the wave cannot resonate 

and the interaction should be negated. This is the most im-

portant point of the theory. 

This discussion shows that the requirements of orbital phase 

continuity can be easily derived with a consideration of FMO 

interaction. It heavily depends on the phase of the orbital, which 

is based on the wave character of the electron. In chemistry, the 

view that an electron acts as a particle is still predominant, es-

pecially in the field of organic chemistry. Forty years have 

passed since Fukui’s FMO theory and the Woodward-Hoff-

mann rules were honored by the Nobel Prize. These theories 

more strongly emphasize the wave character of electrons in 

molecules. I believe that further consideration of the wave char-

acter will help us to guide new perspectives and insights to de-

sign new molecules and reactions.   
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