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Abstract 
The orbital phase refers to the relationship between orbitals that originates 
from their wave character. We show here that the orbital phase essentially de-
termines the diastereoselectivity of the following three organic reactions. 1) 
Torquoselectivity of the electrocyclicring-opening reaction of 3-substituted 
cyclobutenes; 2) Contradictory torquoselectivity of the retro-Nazarov reac-
tion; 3) Diastereoselectivity in electrophilic addition to substituted ethylenes.  
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1. Introduction 

Many theories have been proposed to explain the diastereoselectivity of organic 
reactions [1] [2] [3] [4]. However, they have been limited to qualitative discus-
sions since most are derived from various experimental results. Furthermore, 
there are often exclusions, although no explanation is offered for why there 
should be exclusion. On the other hand, there are two major theories regarding 
reactivity from the perspectives of theoretical and quantum chemistry: the fron-
tier molecular orbital (FMO) theory by Fukui [5] and the theory of the conserva-
tion of orbital symmetry by Woodward and Hoffmann (W.-H. rule) [6]. The 
former emphasizes that reactions proceed due to the delocalization between two 
molecules. More overlap and a smaller HOMO-LUMO gap between the mole-
cules result in greater stabilization, which lowers the energy of the transition 
state and accelerates the reaction. The latter approach focuses on the symmetry 
of the molecular orbital. However, it is mainly applicable to reactions with sym-
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metrical substrates, and thus has a limited application. 
Another theory is the orbital phase theory developed by Inagaki [7] [8], which 

focuses on the wave aspect of the orbital, especially the phase among the orbitals. 
Since it depends on the more fundamental nature of the wave of the orbital, this 
theory applies not only to molecules in the ground state, but also to those in-
transition states. 

Here, we explain some organic reactions from the perspective of orbital phase 
theory. One of the most important points is the cyclic orbital interaction [9]. 
When a series of orbitals interact with each other to result in ring closure, the 
electron(s) delocalize(s) among them to produce stabilization when the orbitals 
satisfy the requirements for phase continuity (Figure 1): i) donating orbitals are 
out-of-phase; ii) donating and accepting orbitals are in-phase; and iii) accepting 
orbitals are in-phase. For the interaction among more than three orbitals, two 
additional requirements must be satisfied: iv) ring closure of the interacting or-
bitals is monocyclic, so that the orbitals interact only with adjacent orbitals, and 
not with those at remote locations; and v) the interacting orbitals are divided 
into two parts—a donor and an acceptor—and not into four, six, or so on. 

Note that the overlap between the orbitals is always less than 1, i.e., |Sij| < 1, 
and a lower number of corresponding orbitals is often preferred. With these ad-
ditional requirements, cyclic orbital interaction satisfies the requirements for 
producing stabilization. 
 

 
Figure 1. Requirements for orbital phase continuity. 

(i) Donating orbitals are out-of-phase.

(ii)  A donating orbital and an accepting orbital are in-
phase.

(iii) Accepting orbitals are in-phase.

(iv)  For interaction among more than three bodies, the 
cyclic orbital interaction is monocyclic, i.e., the bonds 
interact with adjacent bonds but not with those in a 
remote position.

(v) The cyclic orbital interaction must be divided into only 
two parts, the donor D and acceptor A parts, and not into 
four, six, or so on.
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2. Torquoselectivity of the Electrocyclic Ring-Opening  
Reaction of 3-Substituted Cyclobutenes 

Here we take a phenomenological approach to explain the torquoselectivity of 
the electrocyclicring-opening reaction of 3-substituted cyclobutenes to eliminate 
or minimize any bias. The phenomenological model involves finding regularity 
in a series of data, which preferably would be a series of experimental results. 
However, when it would be difficult to obtain reliable results, a simulation may 
offer a reasonable alternative. Thus, we performed theoretical calculations for 
substrates with a variety of substituents and searched for some characteristic 
features among the data. For the torquoselectivity of ring-opening reactions, we 
chose 3-substituted cyclobutenes as model compounds (Scheme 1) [10] [11] 
[12] [13]. The results of the theoretical calculations are shown in Table 1 [14]. 

These results show some characteristic features: 1) the torquoselectivities 
switch from inward to outward with elements toward the right in the periodic 
table; 2) the outward rotation has a maximal value of ca. 14.8 kcal/mol in the 
case of R = NH2, OH, F, Cl. Characteristic (a) suggests that the electronegativity 
should be considerably related to the selectivity, since electronegativity increases 
as we move to the right in the periodic table [15] [16] [17]. Electronegativity is 
closely related to the orbital energies of σC-R bonds. However, N in an amino  
 

 
Scheme 1. Torquoselectivity of 3-substituted cyclobutenes. 

 
Table 1. Calculated activation enthalpies for 3-substituted cyclobutenes (kcal/mol, 
B3LYP/6-31G(d)) and electronegativity (EN). 

Substituent R  H BH2 CH3 NH2 OH F 

ΔE‡ (inward R) 
33.9 

11.6 37.4 35.4 37.8 42.4 

ΔE‡ (outward R) 27.1 31.3 20.7 23.4 27.6 

ΔΔE‡ 0.0 −15.5 6.2 14.6 14.5 14.8 

EN 2.1 2.0 2.5 3.1 3.5 4.1 

Substituent R  SiH3 PH2 SH Cl NH3
+ PH3

+ 

ΔE‡ (inward R) 30.7 33.8 38.5 43.4 39.4 29.8 

ΔE‡ (outward R) 32.1 29.6 27.0 29.0 32.8 30.3 

ΔΔE‡ −1.4 4.2 11.6 14.4 6.6 -0.5 

EN 1.7 2.1 2.4 2.8 - - 

Substituent R CHO COOH CN    

ΔE‡ (inward R) 25.4 31.6 33.4    

ΔE‡ (outward R) 29.1 29.0 28.8    

ΔΔE‡ −3.7 2.6 4.6    

ΔΔE‡ = ΔE‡ (inward) − ΔE‡ (outward). 

RR
R

outwardinward
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group, O in a hydroxyl group, Fin afluoro group and Cl in achloro group are 
more electronegative than H. Thus, a C-H bond should be more elec-
tron-donating than C-N, C-O, C-F and C-Cl bonds, which should affect charac-
teristic (b).  

We consider the relationship between the activation enthalpies and the orbital 
energies of σC-R bonds. Initially, we used the bond energies of σCH3-R [18], which 
are shown in Figure 2. 

The relationship clearly shows that the σ-bond of CH3-R affects the torquose-
lectivity. 

With our orbital phase theory, the cyclic orbital interaction of σC-C-π*C=C-σC-R- 
and σ*C-C-πC=C-σC-R-satisfies the phase continuity requirements (Figure 3) [10]. 
They produce considerable stabilization of the transition state, thus controlling 
the torquoselectivity. An increase in theelectron-donating character of σC-R re-
sults in enhanced delocalization, to produce stabilization of the transition state, 
leading to inward rotation of substituentR (blue line in Figure 2). When the σC-H 
orbital is more electron-donating than σC-R, i.e., the orbital energy of σC-H is 
higher than that of σC-R, the σC-H bond controls the torquoselectivity of the out-
ward rotation of R with a maximal difference of 14.8 kcal/mol (red line in Figure 
2). Thus, our orbital phase theory should be able to properly explain the torquo-
selectivities, since it can describe the characteristic features of a series of calcula-
tion results. 
 

 
Figure 2. Dependence of activation enthalpy on the σ-bond energy of CH3-R. 

 

 
Figure 3. Cyclic orbital interaction in the electrocyclicring-opening reaction of 
3-substituted cyclobutenes including the σC-R orbital. 
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3. Contradictory Torqueselectivity in the Retro-Nazarov  
Reaction 

Harmata reported the torquoselectivity of the retro-Nazarov reaction [19] [20]. 
Their calculations showed some interesting results. For ami-
no-hydroxyl-substituted substrates, cis-substituted 1 shows outward rotation of 
the amino group (Figure 4). In contrast, geminally-substituted 3 shows inward 
rotation of the amino group in our calculations. These reactions proceed in a 
conrotatory manner. If the substituent effect controls the torquoselectivity, it 
should result in the same torquoselectivity. 

We show that this contradictory torqueselectivity is under the control of ge-
minal bond participation [21]. The cationic nature of this reaction prevents the 
participation of the vacant orbitals on the substituent(s) due to elec-
tron-deficiency of the π2

* orbital of the allyl cation moiety. Thus, ingeminal bond 
participation, only the cyclic orbital interaction among σC-C-π2

*
allyl-σC-R/geminal-is 

operative (Figure 5). The electron-donating character is in the order σC-H > 
σC-N > σC-O, since the order of the electronegativity is in the order H(2.1) < N(3.1) 
< O(3.5). The σC-H orbital geminal to the amino group is more electron-donating 
than that geminal to the hydroxyl group due to the inductive effect. Thus, the 
σC-H orbital geminal to the amino group is the most electron-donating (Figure 
6), and thus it should control the torqueselectivity. Inward rotation of σC-H ge-
minal to the amino group results in outward rotation of the amino group, and 
the hydroxyl group rotates inward since electrocyclicring-opening should occur 
in a conrotatory manner. 
 

 
Figure 4. Calculated torquoselectivities of retro-Nazarov reactions (B3LYP/6-31G(d)). 
 

 
Figure 5. Cyclic orbital interaction in TS of the retro-Nazarov reaction. 
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4. Diastereoselectivity in Electrophilic Addition to  
Substituted Ethylenes 

Stork and Kishi reported that electrophiles often approach to the C=C double 
bond in a directionanti to the most electron-donating σ-bond at the vicinal posi-
tion in electrophilic addition [22] [23]. This selectivity is often described in 
terms of antiperiplanar interaction between cationic three-membered species 
and the σ-electron-donating substituent at the vicinal position. From the pers-
pective of FMO theory, however, it is still unclear why the electrophile, an ac-
ceptor, attacks in a direction so as to maintain the largest overlap with the 
HOMO as a result of the interaction between πC=C and σC-D (Figure 7). There are 
no explanations for why the HOMO shows larger expansion anti to the σ elec-
tron-donating substituent D with interaction between πC=C and σC-D, or why the 
cationic electrophile-π-complex is stabilized with the vicinal donating σ-bond at 
the anti position. 

We show here that cyclic orbital interaction determines the selectivity in the 
electrophilic addition reaction [24]. The cyclic orbital interaction among 
πC=C-σC=R/vicinal-σC-C/geminal-σC=C-ϕ*E+-is phase-continuous, so that it produces con-
siderable stabilization of the TS to enhance the reactivity and selectivity (Figure 8).  
 

 
Figure 6. σ-orbitalenergies (Fii elements) of the bond orbitals of protonated 1 
(RHF/6-31G(d)//B3LYP/6-31G(d)). 

 

 
Figure 7. FMO perspective of the diastereoselectivity in electrophilic addition. 
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Figure 8. Effect of cyclic orbital interaction in the TS on the diastereoselectivity of elec-
trophilic addition. 
 
Large extension toward the electrophile results from a combination of σC=C and 
σC=C orbitals. 
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