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Abstract: The delocalization of a-electrons from bonds to bonds in three and four-membered ring molecules was studied 
in a theoretical manner. The antibonding property of the c-electron delocalization between geminal C-C bonds increases 
in perfluorocyclopropane (5) and cyclopropene (8) while it decreases in cyclopropane (2). This accounts for the fact 
that the three-membered rings (5 and 8) are more strained than the four-membered rings (6 and 9) while the ring strains 
of 2 and cyclobutane (3) are comparable. The geminal delocalization between ring bonds is bonding in the three-
membered ring molecules O3 (14) and S3 (23) and less antibonding in N3H3 (U). Ab initio molecular orbital calculations 
of the strain energies revealed that the three-membered rings (11,14, and 23) should surprisingly be less strained than 
the four-membered rings (12,15, and 24). The present findings contribute to establishing the geminal delocalization 
theory for ring strains. 

There are some interesting problems about the strains of small 
ring molecules, von Baeyer1 proposed that the deviation in bond 
angles from the normal tetrahedral value should be responsible 
for the instability of three- and four-membered ring compounds. 
However, measured heats of combustion showed that cyclopropane 
(2) and cyclobutane (3) have nearly the same strain energies 
(27.5 and 26.5 kcal/mol, respectively).2 The bond angle is not 
an exclusive cause of the ring strains. There have appeared various 
ideas about components of the ring strains.3'4 Torsional strains 
destabilize the small-ring molecules due to eclipsed or nearly so 
C-H bonds. 1,3-Nonbonded interaction was pointed out to 
contribute to the instability of 3, while the repulsion is absent in 
2. The rehybridization caused by the acute bond angles should 
strengthen the C-H bonds due to high s characters to compensate 
to some extent for the weakening of the C-C bonds in 2. The 
concepts of the <r-aromaticity5 and the surface delocalization6 

were proposed to account for the stability of 2. 
The strain energies of perfluorocycloalkanes and cycloalkenes 

are remarkably different between the three- and four-membered 
rings. The strain energy of perfluorocyclopropane (5) was 
evaluated from the experimentally-determined enthalpy of 
formation (the heat of the homodesmotic reaction) to be 76.7 
kcal/mol.7 Perfluorocyclobutane (6) is much less strained (45.3 
kcal/mol).7 Cyclopropene (8) is highly strained (53.8 kcal/mol) 
relative to cyclobutene (9) (30.0 kcal/mol).2 The perfluorination 
or the introduction of a double bond strains the three- more than 
the four-membered rings. 

The strains of the small rings of the second row elements are 
intriguing. The three-membered ring cyclotrisilane (17) is more 
strained than the four-membered ring 18. The calculated strain 
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Figure 1. Geminal delocalization of ir-electrons. 

energies4-8 are 36-41 kcal/mol for 17 and 13-19 kcal/mol for 18. 
The strains of the small phosphorus rings are low. The strain 
energies of the permethyl derivatives of 20 and 21 were 
experimentally estimated by Baulder et al.9 to be 7.8 and 6.0 
kcal/mol, respectively. The theoretically calculated values of 20 
and 21 are similarly small (6.7 and 4.3 kcal/mol).10 The three-
membered silicon ring has high strain relative to the four-
membered ring while the phosphanes both have low strains. 

We have been investigating the mechanism of the delocalization 
of <r-electrons from bonds to bonds.'' The delocalization between 
geminal bonds (Figure 1) has been proposed to play an important 
role in angle strain.12 The geminal delocalization between the 
C-C bonds is surprisingly antibonding. The antibonding property 
decreases as the bond angle is acute. The low antibonding property 
in 2 relative to 3 suggests the relaxation of the strain of 2. Thus, 
the angle dependence of the antibonding property of the geminal 
delocalization has shed new light on the ring strain of the 
cycloalkanes. The strain theory has been applied to the silicon 
and phosphorus rings 17, 18, 20, and 21.13 The antibonding 
property of the geminal delocalization increases in the silanes 
and decreases in the phosphanes for acute bond angles. The high 
strain of 17 and the low strain of 20 are attributable to the highly 
antibonding and bonding properties of the geminal delocalizations, 
respectively. 

In this paper, we studied the bond-to-bond delocalization of 
a-electrons in the perfluoroalkanes 4-6 and the unsaturated 
hydrocarbons 7-9. The geminal delocalization theory for ring 
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Figure 2. Electron configurations for analyzing bond-to-bond delocal-
ization of cr-electrons. 

the bonding or less antibonding properties of the geminal 
delocalization. 

Method of Calculation and Analysis 

The method of analysis of electronic structures of molecules has been 
described in a previous paper.12 The single Slater determinant ¥ was 
expanded into various electron configurations:22 
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strains was shown to be successfully applied to the substituent 
effects and to the striking difference in the strains between the 
saturated and unsaturated hydrocarbons. The study was extended 
to theotherhomocyclesN3H3 (1I) 1

1 ^ 1 5 N 4 H 4 (12) , 1 6 0 3 (14) , 1 7 . 1 8 

O4 (15),19 S3 (23),18'20 and S4 (24)2 1 to establish the theory. The 
calculations suggested unexpectedly low strain of the three- vs 
four-membered rings. The anomaly was proposed to result from 

In the ground configuration ($c)> a pair of electrons occupies a bonding 
orbital of a chemical bond or a nonbonding orbital of a lone pair (Figure 
2). In an electron-transferred configuration ( $ T ) , an electron shifts from 
a bonding orbital of a bond to an antibonding orbital of another. Bond 
orbitals were expressed by a linear combination of hybrid orbitals on 
bonded atoms. The hybrid orbitals were optimized to represent the 
electronic structure of molecules * by a single configuration or the ground 
configuration *o as much as possible.12 The employment of the optimal 
hybrid orbitals then gives the maximum value of the coefficient CG of 
$G- The extent of electron delocalization from bonds to bonds was given 
by the coefficient ratio CT/CG.2 3 The interbond population IBP(; 
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28,5497. (f) Klingler, O.; Prinzbach, H. Angew. Chem., Int. Ed. Engl. 1987, 
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Table 1 

1 
2 
3 
4 
5 
6 
7 

8 

9 

16« 
17' 
18' 
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. Strain Energies and Electronic Structures 

SE" 

28.7 (26.5 ± 0.9) 
26.6 (25.1 ±1.2) 

53.7 (83.3 ± 6.3<0 
24.8 (53.3 ±11.0) 

55.1 (53.2 ±1.4) 

28.9 (29.1 ±1.4) 

38.8 
16.6 

HO* 

sp2-9 

Sp4O 
sp3-2 

sp2-7 

sp" 
sp ' 0 

sp'-'(d) 
sp21 (s) 
sp 2 ' (d) 
sp2-' (s) 
sp2°(d) 
sp2-3 (s) 
sp 2 ' 
s p " 
s p " 

IBP„* ' 

-0.011 
-0.003 
-0.017 
-0.015 
-0.026 
-0.025 
-0.011(a) 
-0.015(b) 
-0.016 (a) 
-«.025 (b) 
-0.021 (a) 
-0.029 (b) 
-0.005 
-0.021 
-0.012 

10 
11 
12 

19« 
2C 
21' 

SE» 

31.8 
33.4 

11.2 
9.5 

HO* 

sp" 
sp72 

sp« 

sp7-2 

Sp"-3 

s p " 

IBP, ,* ' 

-0.014 
-0.004 
-0.022 

-0.004 
0.002 

-0.007 

13 
14 
15 

22 
23 
24 

SE" 

38.7 
57.0 

28.9 
39.6 

HO* 

sp6-7 

Sp"-' 
s p " 

s p " 
s p 1 " 
s p ' " 

lnagaki et al. 

IBP„„*« 

-0.006 
0.004 

-0.011 

-0.003 
0.002 

-0.006 

" Strain energy (kcal/mol) as the heat of the homodesmotic reactions calculated by ab initio molecular orbital methods at the 6-3IG* basis set. [The 
values in parentheses are based on the experimental thermochemical data (ref 2).] * Optimized hybrid orbitals for ring bonds. The characters s and 
d in parentheses denote the single (s) and double (d) bonds.c Interbond population between geminal bonding and antibonding orbitals. The characters, 
a and b, denote the direction of the electron delocalization (see Figure 3). d The standard heat of formation of 5 was taken from the following: Bomse, 
D. S.; Berman, D. W.; Beauchamp, J. L. J. Am. Chem. Soc. 1981,103, 3967. ' Reference 13. 

between the /th and _/'th bond orbitals was defined12 by 

I B P < , = 2L,W^ (2) 

where np is the occupation number of the pth molecular orbital, cpl being 
the expansion coefficient of the /th bond orbital for the pth MO. The 
bonding-antibonding property of the delocalization was evaluated by 
IBP„« between the bonding (a) and antibonding (a*) orbitals involved. 
The overlap repulsion between the bonding orbitals was estimated by 
IBP„. 

The geometries of the molecules studied here were optimized by ab 
initio molecular orbital calculations (GAUSSIAN8624 program) at the 
Hartree-Fock level with the 6-31G* basis set. The strain energies of the 
three- and four-membered rings were calculated from the homodesmotic 
reactions (eqs 3 and 4).2S 

C-(CX2), + /1CX3-CX3 — nCX 3-CX 2-CX 3 (3) 

(CX2Jn 

( ) -
XC=CX 

+ I)CX3-CX3 + CX2=CX2 — 

2CX3-CX=CX2 + OCX3-CX2-CX3 (4) 

The STO-3G basis set26 was used for clear chemical image of hybrid 
atomic orbitals to analyze the electronic structures of molecules or to 
investigate the bond-to-bond delocalization of electrons. 

Results and Discussion 

Perfluorocycloalkanes. The calculated strain energy of per-
fluorocyclopropane (5) (53.7 kcal/mol) is remarkably high relative 
to that of perfluorocyclobutane (6) (24.8 kcal/mol). The high 
strain of 5 relative to 6 was reproduced by the present calculations. 
The interbond populations between the bonding and antibonding 
orbitals of the geminal bonds are negative (Table 1). The 
antibonding property in the cyclic three-membered ring 5 (-0.026) 
is higher than that in perfluoropropane (4) (-0.015). The angle 
strain of 5 cannot be relaxed but is increased by the geminal 
delocalization. The effect is reserve to that on the parent 
cycloalkanes and accounts for the high strain of the perfluorinated 
three-membered ring. The antibonding property in the four-

(24) Frish, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; Melius, 
C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfmg, R. M.; 
Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. L.; Fox, D. J.; Fleuder, 
E. M.; Pople, J. A. GAUSSIANS6; Carnegie-Mellon Quantum Chemistry 
Publishing Unit: Pittsburg, PA, 1984. 

(25) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. Tetrahedron 
1976, 32, 317. 

(26) A reviewer pointed out that the minimal base set should overestimate 
the coefficients of electron-transferred configurations. 
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Figure 3. Notation of geminal delocalization of tr-electrons in the 
cycloalkenes. 
membered ring 6 is comparable to that of the three-membered 
ring 5. The relative strains of 5 and 6 should not be influenced 
by the geminal delocalization but reflect the bond angle 
deformation. This is in accordance with the high strain of 5 
relative to 6. The antibonding property of the geminal delocal
ization was previously12-13 proposed to increase with thes-character 
of the hybrid orbitals for the C-C bonds. The perfluoro derivatives 
have high s-characters (Table 1). 

Cycloalkenes. Cyclopropene (8) (55.1 kcal/mol) is much more 
strained than cyclobutene (9) (28.9 kcal/mol). The calculated 
strain energies are in good agreement with the experimental 
values.2 The delocalization of ^-electrons between the geminal 
C - C and C = C bonds (Figure 3) is antibonding (Table 1). The 
antibonding property in the three-membered ring 8 (a, -0.016; 
b, -0.025) is greater than that in the open chain 7 (a, -0.011; b, 
-0.015). The geminal delocalization increases rather than relaxes 
the angle strain of 8. Furthermore, the antibonding properties 
in the four-membered ring 9 (a, -0.021; b, -0.029) are similar 
to those in 8. These features account for the high strain of 8 
relative to 9. The s-characters of the hybrid c-orbitals for the 
double bonds do not decrease at acute bond angles as much as 
those for the single bonds in the cycloalkanes (Table 1). 

NnHn. The relative strain energies of the three- vs four-
membered nitrogen rings were found to be reversed. The three-
membered ring 11 (31.8 kcal/mol) is less strained than the four-
membered ring 12 (33.4 kcal/mol). The geminal delocalization 
between the N - N bonds is antibonding (Table 1). The anti-
bonding property is reduced in the three-membered ring 11 
(-0.004) compared with the acyclic structure 10 (-0.014). The 
relaxation of the angle strain is expected. The antibonding 
property of the four-membered ring 12 (-0.022) is enhanced. 
The strain is increased. The geminal delocalization contributes 
to the reversed strain energy ordering of the three- and four-
membered rings. The low antibonding property in the three-
membered ring results from the low s-characters of the hybrid 
orbitals (Table 1). 

On and Sn. The cyclic structure of O3 (14) (38.7 kcal/mol) has 
much lower strain energy than O4 (15) (57.0 kcal/mol). The 
strain energy of S3 (23) (28.9 kcal/mol) is similarly low relative 
to S4 (24) (39.6 kcal/mol). 
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Table 2. Interbond Population (IBP„) between Geminal Bonding Table 3. Electron Derealization 
Orbitals 

molecule 

1 
2 
3 
4 
5 
6 
7 
8 
9 

16» 
17« 
18" 

IBP„„ 
-0.020 
-0.132 
-0.046 
-0.026 
-0.151 
-0.053 
-0.029 
-0.136 
-0.061 
-0.004 
-0.087 
-0.024 

"Reference 13. 

molecule 

10 
11 
12 

19« 
20« 
21« 

IBP„ 

-0.010 
-0.095 
-0.033 

-0.002 
-0.058 
-0.013 

molecule 

13 
14 
15 

22 
23 
24 

IBP1, 

-0.006 
-0.061 
-0.018 

-0.002 
-0.055 
-0.013 

molecule 

1 
2 
3 
4 
5 
6 
7 

8 

9 

16* 
17* 
18» 

|CT/CO|« 

0.053 
0.012 
0.055 
0.061 
0.036 
0.072 
0.053 (a) 
0.048 (b) 
0.050 (a) 
0.038 (b) 
0.068 (a) 
0.053 (b) 
0.108 
0.079 
0.106 

molecule 

10 
11 
12 

19* 
20* 
21* 

PtIQiF 
0.093 
0.017 
0.089 

0.095 
0.005 
0.076 

molecule 

13 
14 
15 

22 
23 
24 

ICr/cy 
0.084 
0.011 
0.084 

0.076 
0.006 
0.070 

The geminal delocalization is bonding (0.004) in the three-
membered oxygen ring 14, while it is antibonding (-0.006) in the 
acyclic molecule H2O3 (13). The angle strain is relaxed by the 
bonding property. The antibonding property (-0.011) in the four-
membered ring 15 is comparable to that in the open chain 13. 
The strain relaxation is not expected. These features are in 
agreement with the finding that the three-membered ring is less 
strained than the four-membered ring. 

The geminal delocalization is bonding (0.002) in the three-
membered sulfur ring 23, while it is antibonding for the open 
chain molecule H2S3 (22) (-0.003). The bonding property of the 
geminal delocalization is responsible for the very low strain energy 
of 23. The geminal delocalization in the four-membered sulfur 
ring 24 (-0.006) is as antibonding as that in the open structure 
22. The angle strain should not be relaxed. The results support 
the low strain of 23 relative to 24. 

The low strain energies of the three- relative to the four-
membered oxygen and sulfur rings have been shown to be in 
agreement with the bonding-antibonding properties of the geminal 
delocalization. The bonding properties in the three-membered 
rings come from the low s-characters of the hybrid orbitals (Table 
1). 

Repulsion between Bonding Orbitals. The interaction between 
the bonding orbitals of the geminal bonds is repulsive since both 
orbitals are occupied by two electrons. This was confirmed by 
the negative IBP„„ values (Table 2). The antibonding property 
increases in the order of the open chains < the four-membered 
rings < the three-membered rings. The narrow angle implies 
that the bonding orbitals are close to each other. As the bond 
angle becomes acute, the orbital overlap and, consequently, the 
antibonding property between the geminal bonds increase. The 
overlap repulsion is one of the primary causes of the angle strain. 

Lone Pair Effect. The strains of the three-membered rings 
relative to the four-membered rings are lowered with the increase 
in the atomic number of the elements. Cyclopropane is more 
strained than cyclobutane, though slightly. The three-membered 
N ring 11 is less strained than the four-membered ring 12. The 
relative stability of the three-membered O ring 14 is notable. The 
relative strains of the second-row element ring molecules change 
similarly. The three-membered Si ring 17 is of high strain. The 
strains of the cyclophosphanes (20 and 21) are comparable. The 
relative stability of the three-membered S ring 23 is unambiguous. 

The number of the lone pairs increases with the atomic 
number: none on C and Si; one on N and P; two on O and S. 
The hybrid orbitals for lone pairs may be more "flexible" than 
those for bonds. The flexibility allows the ring bonds to be of low 
s-character, as the small rings demand, leaving high s-characters 
for the lone pairs. The s-characters of the ring bond orbitals then 
decrease (C > N > O; Si > P > S) with the increase in the 
number of lone pairs. This agrees with the calculated ordering 
of the antibonding properties of the geminal delocalization or the 
relative three-membered ring strains. 

' Absolute value of the coefficient ratio of the electron-transferred 
configuration to the ground configuration, indicating the electron 
delocalizability. The characters, a and b, denote the direction of the 
electron delocalization (see Figure 3). * Reference 13. 

flr-Aromaticity. The concept of the ff-aromaticity5 has been 
proposed to explain the lower strain of cyclopropane than expected 
from the bond angle. The aromaticity is related to the delocal
ization of electrons. The absolute value of CT/ CQ, however, 
showed that the delocalization between the geminal C-C bonds 
is diminished in 2 (0.012), relative to 1 (0.053) and 3 (0.055).I2 

The low degree of delocalization should be evidence against the 
o--aromaticity of 2. 

The three-membered rings studied here were found to lower 
the geminal delocalization without any exceptions, as indicated 
by CT/CQ (Table 3). However, the strains of the three- vs four-
membered rings are high in the perfluorocycloalkanes, the 
cycloalkenes, and the cyclosilanes, while low in the cyclic 
hydronitrogens, the cyclophosphanes, On, and Sn. No correlation 
was found between the ring strains and the delocalizabilities of 
(r-electrons. If the stability due to electron delocalization is an 
attribute of the aromaticity as has been believed, then the 
<r-aromaticity is an inappropriate concept. 

Coulson and Moffitt27 first noted a plateau of relatively high 
negative charge inside the three-membered ring in cyclopropane. 
Other authors28 have made similar observations. Cremer6 based 
his argument for the a-aromaticitiy or the surface delocalization 
of <r-electrons on this peculiar feature. The present approach 
provides an alternative explanation. The antibonding property 
of the geminal delocalization of <r-electrons between the C-C 
bonds is attenuated in cyclopropane.12 Electron density is less 
reduced in the center of the three-membered ring, where the a 
and <T* orbitals of the geminal bonds overlap with each other. 
Electrons remain inside the ring without being repelled outward. 

We can point out another delocalization effect on the electron 
density inside the ring. The delocalization from the Ci-C2 bond 
to the C3-H bond is bonding and accumulates electrons between 
the Cj-C2 and C3-H bonds or inside the three-membered ring. 
The calculations showed an appreciable bonding property for 2 
(IBP,,. = 0.008). However, the delocalization is not necessarily 
the main source of the ring strain relaxation of 2, since similar 
values were obtained for the highly strained three-membered 
rings, 5 (0.008) and 17 (0.007), and since the bonding property 
is low in the less strained ring 20 (0.001). 

Ring Bond Strengths. Ring strains contain strengths of bonds 
as well as interactions of bonds. We evaluated the effects of the 
ring size on the bond strengths. The overlap integrals between 
the hybrid orbitals on the bonded atoms and the Mulliken's atomic 

(27) Coulson, C. A.; Moffitt, W. E. Philos. Mag. 1949, 40, 1. 
(28) Wiberg, K. B.; Bader, R. F. W.; Lau, C. D. H. /. Am. Chem. Soc. 

1987,109,985. Pan, D. K.; Gao, J. N.; Lin, H. L.; Huang, M. B.; Schwarz, 
W. H. E. Int. J. Quantum Chem. 1986, 29, 1154. 

(29) Baghal-Vayjouee, M. H.; Benson, S. W. J. Am. Chem. Soc. 1979, 
101, 2838. 
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Table 4. 

1 
2 
3 
4 
5 
6 

16 
17 
18 

1 
2 
3 
4 
5 
6 

16 
17 
18 
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Atomic Bond Population and Overlap of Hybrid Orbitals 

population 
0.341 
0.249 
0.330 
0.366 
0.051 
0.321 
0.364 
0.152 
0.357 

population 

0.392,0.403 
0.399 
0.393,0.395 
0.216, 0.298 
0.227 
0.227, 0.232 
0.363,0.381 
0.346 
0.357,0.364 

overlap 
0.609 
0.563 
0.585 
0.612 
0.570 
0.579 
0.478 
0.437 
0.454 

overlap 

0.651,0.652 
0.668 
0.655,0.657 
0.495,0.510 
0.511 
0.495,0.495 
0.582, 0.583 
0.590 
0.585, 0.587 

10 
11 
12 

19 
20 
21 

10 
11 
12 

19 
20 
21 

X-X Bonds 

population 

0.227 
0.117 
0.203 

0.276 
0.133 
0.265 

X-H(F) Bonds 
population 

0.331,0.352 
0.318,0.318 
0.323 

0.314,0.337 
0.273,0.277 
0.304 

overlap 
0.568 
0.478 
0.518 

0.413 
0.360 
0.394 

overlap 

0.644,0.637 
0.599,0.633 
0.631 

0.564,0.563 
0.562,0.564 
0.562 

13 
14 
15 

22 
23 
24 

13 
14 
15 

22 
23 
24 

population 

0.066 
0.027 
0.036 

0.110 
0.020 
0.051 

population 

0.253 

0.256 

Inagaki et al. 

overlap 
0.417 
0.369 
0.389 

0.396 
0.356 
0.366 

overlap 
0.564 

0.558 

bond population showed that the ring bond strengths of the 
molecules examined here decrease in the order of open chains > 
4-membered rings > 3-membered rings, without any exception 
(Table 4). The ordering is not completely satisfactory in 
explaining the ring strains. 

Rehybridization. Rehybridization has been proposed as one 
of the main components of ring strains.3,4 The high s-characters 
of the hybrid orbitals strengthen the C-H bonds in 2, leading to 
the unexpectedly low strain. In fact, the rehybridization is more 
remarkable in 2 than in 1 and 3 (Table 1). The atomic bond 
population (Table 4) suggests that the C-H bonds of 2 are a little 
stronger than those of 3. The rehybridization effects are not 
appreciable in the highly strained three-membered rings of the 
perfluoroalkanes and the silanes. The C-F bonds in the three-
membered ring 5 are not strengthened relative to those in the 
four-membered ring 6. The Si-H bonds are more weakened in 
the three-membered ring 17 than in the four-membered ring 18. 
These results support the rehybridization effects on the ring strains. 
However, the general applicability does not seem convincing since 
the less or low strained three-membered rings 11 and 20 were 
suggested by the atomic bond population to have weaker X-H 
bonds than the four-membered rings. 

Conclusion 

We investigated the delocalization of a-electrons from bonds 
to bonds in the small-ring molecules. The delocalizations between 
the geminal C-C bonds in the perfluorocycloalkanes (5 and 6) 
and the cycloalkenes (8 and 9) were found to be antibonding, as 

was previously reported for the cycloalkanes (2 and 3).12 The 
antibonding property of the geminal delocalization was shown to 
increase in the three-membered rings 5 and 8, in contrast to that 
in 2. The three-membered ring strains cannot be relaxed. Thus 
the geminal delocalization accounts for the high strains of 5 and 
8 relative to 6 and 9. The three-membered N ring 11 is less 
strained than the four-membered ring 12 due to its low antibonding 
property of the geminal delocalization. The strain energies of O3 

and S3 were calculated to be lower than those of O4 and S4, 
respectively. The relaxation of the three-membered ring strain 
was proposed to come from the bonding property of the geminal 
delocalization. The present work demonstrated the generality 
that the bonding-antibonding properties of the delocalization of 
(j-electrons between the geminal bonds were useful in under
standing, interpreting, and, hopefully, predicting the strains of 
small-ring molecules. 
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