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Abstract: A systematic study aimed at clarifying the effect of strained C-C and C-H bonds on hyperconjugative stabilization 
of carbonium ions is presented. Ab initio theory at the STO-3G level was employed as was the semiempirical extended Hiickel 
theory. Examination of the vinyl cation shows that decreasing the HCH bond angle of the methylene group leads to greater 
interaction with the empty p orbital. This interaction to give the corresponding bonding molecular orbital (BMO) and anti-
bonding MO (ABMO) of the vinyl system is examined in detail at both levels of theory. The concept of hyperconjugative inter
action is then put into the broader context of chemical reactivity by examining the formation of various carbonium ions in 
model reactions. The results show no simple relationship between overall energy changes in the model reactions and the 
changes in hyperconjugation interactions alone. These results also emphasize the limitations of theoretical conclusions based 
solely on HOMO and LUMO changes. 

The relative stability of carbonium ions adjacent to 
strained carbon atoms has been interpreted in terms of en
hanced hyperconjugative interaction.2'3 Examples of such 
systems include the cyclopropylcarbinyl cation4'5 and bicyclic 
cations such as the norbornyl cation.6"8 Indeed, the contro
versial norbornyl cation system may simply involve an aniso
tropic bridgehead carbon which confers greater hyperconju
gative stabilization to an essentially classical exo-2 cationic 
transition state than to a corresponding endo-2 transition state. 
In molecular orbital terms, enhanced hyperconjugative sta
bilization is equivalent to the orbital interactions expressed in 
Figure 1. Interaction of a higher energy (strained) a orbital 
with the empty p orbital of a carbonium ion provides greater 
energy lowering than that of a lower energy a orbital, assuming 
that the corresponding overlap integrals are comparable. This 
effect is a result of the well-known principle that the interaction 
of two wave functions is directly dependent on their overlap 
and inversely proportional to their energy difference. 

This concept of enhanced hyperconjugative interaction as 
a function of strain is not only of substantial importance in its 
own right, but this type of orbital approach has become com
mon in the modern electronic theory of organic chemistry. 
Accordingly, we present here a more thorough analysis of the 
interactions implied in Figure 1 with reference to SCF-MO 
calculations of several explicit systems. 

Qualitatively, Figure 1 tells us that the antibonding mo
lecular orbital (ABMO) of the more strained system should 
be of higher energy than the ABMO of the less strained system 
because of the greater interaction of the more strained a bond 
with the p orbital; also, in spite of the enhanced splitting, the 
energy of the bonding molecular orbital (BMO) of the strained 
system probably remains higher than that of the BMO of the 
less strained system. One of the simplest systems with which 

to investigate these considerations is the vinyl cation,9 wherein 
we will be looking at the energy of interaction between the 
methylene moiety and the empty p orbital as function of angle 
strain at the CH2 group. We will thus be looking at the mo
lecular orbitals depicted in Figure 2 where the left- and 
rightmost orbitals represent the unmixed CH2 and p orbitals, 
respectively. Strain is introduced by allowing 6 to take on the 
values 120, 110, 90, and 60°; the other geometry parameters 
are given the ST0-3G optimized values at 9 = 120° (vide 
infra). 

The simple MO picture given in Figure 2 really corresponds 
to a one-electron MO non-self-consistent field representation; 
that is, the foregoing type of argument does not incorporate 
electron repulsion effects.10 Accordingly, calculations were 
first carried out at the extended Hiickel theory (EHT) level. 

EHT Calculations of Vinyl Cations. Standard EHT calcu
lations11 were carried out for the four vinyl cation structures 
described above. Figure 3 depicts the energies of the bonding 
MO (BMO) and antibonding MO (ABMO) and their energy 
difference, At. As expected, the BMO energy rises monoton-
ically as 6 is decreased. Surprisingly, however, the ABMO 
energy remains relatively constant but not monotonic until 6 
is less than 90°. To arrive at an explanation of this result we 
turn next to the energies of the separated CH2 group and 
carbonium p orbital; that is, we consider orbital energies of 
these groups before the hyperconjugation interaction of Figure 
1. There is no simple way of accomplishing such a separation 
in an SCF treatment because the individual SCF MO energies 
contain too much electron repulsion.10 This problem does not 
occur in Hiickel treatments in which such electron repulsion 
terms are not treated explicitly; hence, in the EHT approach 
we obtained this result by simply repeating each calculation 
with the two carbons separated by a long distance (50 A). The 
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Figure 1. For equal overlaps a higher energy u bond of appropriate sym
metry is stabilized more by interaction with an empty p orbital than is a 
lower energy a orbital. 
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Figure 2. MO interaction diagram for vinyl cation. 

BMO is now entirely the CH2 group orbital and the ABMO 
is entirely a carbon 2p orbital. As shown in Figure 3 the p-
orbital energy is independent of 8 whereas the energy of the 
CH2 group orbital increases as 8 is decreased. The latter result 
is in part a manifestation of increasing antibonding overlap of 
the two CH2 hydrogens as they approach each other with de
creasing 8. In the ABMO a second antibonding overlap occurs 
between these hydrogens and the p orbital as symbolized in 
Figure 4. As 8 decreases the distance between the hydrogens 
and the p orbital increases. These overlap effects are summa
rized in Table I. With a decrease in 8 the antibonding inter
action a in Figure 4 increases and that of b decreases but to 
different degrees; hence, the total MO energy is a nonmono
tonic function of 8. 

More important, however, is the bonding interaction be
tween the CH2 group and the p orbital. As anticipated in 
Figure 1, the results summarized in Figure 3 show that as 8 is 
decreased from 120° and the energy of the CH2 group orbital 
increases, the hyperconjugative interaction with the p orbital 
increases as reflected by the increase in the energy difference, 
e(CH2) - e(BMO). Thus, at least at the EHT level, the hy-
perconjugation effect of Figure 1 is confirmed. We next ex
amine whether the effect is confirmed in ab initio SCF calcu
lations and finally test the degree to which the effect contrib
utes to the total energies and observable chemistry of several 
representative real systems. 

ST0-3G Calculations of Vinyl Cations. Calculations for the 
same vinyl cation calculations as above were also performed 
at the STO-3G level12 using the Gaussian 70 program.13 

Meaningful calculations of SCF MO energies on the separated 
systems cannot simply be done here,10 but an examination of 
the BMO and ABMO energies compared with EHT energies 
in Table II is instructive. These energies cannot be compared 
directly and we have emphasized this point by recording them 
in Table II in different units for EHT and ST0-3G but their 
changes as a function of 8 are meaningful and significant. The 
STO-3G BMO energies increase monotonically as 8 is de
creased as in the EHT calculations. More striking is the fact 
that the ABMOs also behave in the same manner in both sets 
of calculations. Thus, the introduction of electron repulsion 
as embodied in SCF-MO energy levels does not change the 
essential features of the differing overlap effects as 8 is revised. 
This comparison gives additional credence to the EHT inter
pretation of the effect of strain on hyperconjugation. Expressed 

I 

-

- *~~" 

-

I 

I 

I 

I 

£ABMO t 

- ^ A f 

I 

e9 

* C H Z ^ ^ 

€BMO 

_ 

-

' 
120° 90° 

HCH Bond Angle 

Figure 3. EHT results as a function of HCH bond angle in vinyl cation. 
Shown are the BMO and A B MO energies and Ae (CABMO- «BMO) com
pounds to the corresponding MO energies of the separated CH2 group and 
p orbital. The Ae scale is on the right-hand margin. 

Figure 4. Antibonding interactions in the ABMO. 

Table I. Overlap Integrals in ABMO for Vinyl Cations (EHT) 

M e g S(H|S-C2px(2>) 5(H15-Hi5) 

120 
110 
90 
60 

-0.0702 
-0.0600 
-0.0432 
-0.0249 

-0.1183 
-0.1405 
-0.2093 
-0.4081 

Table II. BMO and ABMO Energies of Vinyl Cations 

Meg t(BMO) e(ABMO) 

EHT, eV 
120 
110 
90 
60 

120 
110 
90 
60 

-15.9467 
-15.7564 
-15.2471 
-14.1952 

STO-3G, 
-0.8933 
-0.8750 
-0.8330 
-0.7602 

-10.7180 
-10.7724 
-10.7511 
-9.9891 

au 
-0.1723 
-0.1761 
-0.1774 
-0.1521 

5.2287 
4.9840 
4.4960 
4.2061 

0.7210 
0.6989 
0.6556 
0.6081 

in this manner, there is no question but that the effect discussed 
in Figure 1 exists; however, there are other MOs in a molecule 
that are affected by strain and the key question is whether the 
indicated effect is large enough and sufficiently dominant to 
account for observed chemistry. For this purpose we next ex
amine the calculated energy changes as a function of the strain 
angle for representative reactions that produce cations. All 
further calculations are at the STO-3G level. This entire ap
proach complements our study of the effect of strain on the 
relative stabilities of carbanions.14 

The first series of calculations involves the computed energy 
required to remove a hydride ion from a series of distorted 
ethylenes (I) to produce the corresponding vinyl cations (II). 
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Table III. Hydride Affinities of Vinyl Cations 

Meg 
130 
120 
110 
90 
60 

Ei, au 

-77.067 28 
-77.073 32 
-77.072 79 
-77.048 67 
-76.932 23 

Ei\, au 

-76.162 32 
-76.165 35 
-76.163 59 
-76.144 37 
-76.067 69 

A£(I-* 
H- + II), 

kcal mol-1 a 

468.4 
470.3 
471.1 
468.0 
443.0 

a The energy of H -, STO-3G, standard exponent, is —0.158 56 

Table VI. Calculated Energies for Optimized Ethylenes and Vinyl 
Cations 

Meg 

130 
120 
110 

Total ei 
I 

-77.067 30 
-77.073 32 
-77.072 85 

nergies, au 
II 

-76.162 35 
-76.165 35 
-76.163 63 

A£(I ^ H - + II)," 
kcal mol-1 

468.4 
470.3 
471.1 

a The energy of H -, STO-3G, standard exponent, is —0.158 56 

The angle 8 was fixed at the values 130,120,110,90, and 60°. 
The parameters ri(CH), r2(CH), /-(CC), and <t> were optimized 
for I (1.0811, 1.0821, 1.3096 A, 115.6°, respectively) and 
/V(CH), /Y(CH), and /-'(CC) were optimized for II (1.1062, 
1.1057, 1.2815 A, respectively) at the 8 value of 120°; 8 was 
the only variable in calculations at the remaining angles. The 
C1C2H3 angle in II was taken to be 180° in all cases. The 
calculated energies of reaction are shown in Table III. For 
modest changes in 8 the effects are rather small but we note 
that compression of the angle 9 from 130 to 110° makes the 
formation of the carbonium ion somewhat less favorable, in 
apparent contrast to the effect pictured in Figure 1. Decreasing 
the angle below 110° does apparently cause dominance of the 
hyperconjugative effect and makes formation of the carbonium 
ion rather more favorable. To verify that the trend in A£ where 
8 is 130, 120, and 110° is real and not due to the artificial 
constraint placed up on the system by not allowing full ge
ometry optimization at each 8, the parameters noted above 
were optimized at each of the three angles; the results are 
summarized in Tables IV-VI. The same trend is found to hold 
exactly; that is, geometry optimization does not change the 
nonmonotonic nature of these hydride affinities. The optimized 
parameters and Mulliken populations at each of these three 
angles do provide an interesting insight, however, and their 
analysis shows the incursion of an opposing effect which 
dominates the hyperconjugative effect at small angle deviations 
from 120°. 

As the angle 8 is decreased in I, the p character of the Q - H 
bond is increased and /-i(CH) increases. Correspondingly, the 
s contribution of Cj to the Ci-C2 double bond increases re
sulting in shortening of r(CC); this increase in s contribution 
is quantified in Table VII using the definition of % s character 
introduced previously14 in terms of Mulliken overlap popula
tion, Py, between atomic orbital / on atom A andy on B: 

Table VII. Percent s Contribution of Ci to C1C2 Double Bond as a 
Function of d 

Meg %s 

130 
120 
110 

21.51 
23.61 
25.51 

Fraction s character of A in bond 

;'=sp 
-B= ZPn 

i' = s,p 
IJ 

C2 is, in effect, bonded to a more electronegative orbital and 
therefore requires greater energy to convert to a carbonium 
ion. The corresponding effect was shown previously to provide 
stabilization of the corresponding vinyl anion.14 Other changes 
in I are consistent with these changes in s and p character of 
various localized orbitals. As the s contribution of Ci to the 
C]C2 double bond increases, the C2 contribution is expected 
to increase in p character;15 more s character is thus available 
for the C2-H bond resulting in an increase in 8 and a decrease 
in r2(CH). These changes at C2 are substantially smaller than 
those at Ci. 

What all this means with reference to the hyperconjugation 
effect in Figure 1 is that this figure refers to only one molecular 
orbital out of many. For example, the five occupied valence 
MOs of vinyl cation are shown schematically in Figure 5. The 
stabilized a orbital of Figure 1 corresponds to ^6 of Figure 5. 
The existence of hyperconjugation is shown by the electron 
projection plot16 of ^6 (Figure 6). In this function, for each 
point in the xz (molecular) plane of II, the electron density, 
p, has been integrated along the y axis from +°° to -°° and the 
integrated function is plotted as a perspective plot. The total 
volume of the figure should correspond to two electrons, the 
total number of electrons in \p$. Numerical integration of 

Table IV. Optimized Structure Parameters and Mulliken Populations for Distorted Ethylenes, I 

Angles, deg 
e 4, 

130 115.30 
120 115.60 
110 115.85 

Optimized structures 

/-(CC), H(CH), 
A A 

1.3140 1.0798 
1.3096 1.0811 
1.3057 1.0832 

/•2(CH), Mulliken 
A C, C2 

1.0822 6.14 6.12 
1.0821 6.13 6.125 
1.0820 6.12 6.13 

Table V. Optimized Structure Parameters and Mulliken Populations for Distorted Vinyl Cations, II 

Meg 

Optimized structures 

/-(CC), A /-,'(CH), A 

populations 
H1 

0.928 
0.934 
0.939 

Mulliken populations 

/Y(CH), A C1 C2 H1 

H3 

0.942 
0.938 
0.935 

H3 

130 
120 
110 

1.2862 
1.2815 
1.2763 

1.1063 
1.1062 
1.1067 

1.1066 
1.1057 
1.1059 

6.05 
6.06 
6.07 

5.72 
5.72 
5.72 

0.753 
0.751 
0.746 

0.724 
0.723 
0.722 
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Figure 5. The molecular orbitals of vinyl cation; energies reflect geome
try-optimized vinyl cations, ^i and ipi are carbon core MOs \a and 2a. 
Positive lobes are shaded. 

Figure 6 around each grid point actually gives 1.986e; the 
difference from 2e is the error associated with the numerical 
integration. Hyperconjugation provides the hump of electron 
density at C2 which is clearly visible in this figure. If it were 
possible to define the boundary between carbons, one could 
determine spatial electron populations for each atom. Atomic 
charges are not physical observables and any such definition 
involves some degree of arbitrariness.17 One approach is to 
mark the boundaries at the covalent radii of the carbon atoms, 
0.61 A for Cspand 0.67 A for Csp2.18 With this definition, nu
merical integration gives 0.143e at C2 and 1.843e for the CH2 
group; that is, hyperconjugation results in a charge transfer 
of 0.143e from CH2 to the "empty" 2p orbital at C2. Note that 
H3 does not contribute to ̂ 6 in a minimum basis set because 
it lies on a nodal plane. 

The significance of the foregoing treatment is that it es
tablishes the validity of hyperconjugative charge derealization 
as a real phenomenon not limited by the known inadequacies 
of Mulliken populations.17 Nevertheless, although hypercon
jugation clearly exists in this model and the effect illustrated 
in Figure 1 must result in increased hyperconjugative stabili
zation of the carbonium ion, changes are also produced in other 
molecular orbitals that can be regarded as polarization or 
electronegativity changes and result in compensating energy 
increases. The net effect is a balance between these opposing 
energy effects that, in the case of small angle changes from 
120°, results in a net increase, albeit rather small, in the energy 
required to remove a hydride ion from the methylene group of 
an ethylene molecule in which the adjacent methylene group 
is constrained to a reduced bond angle. For larger deviations, 
the energy changes in ̂ 6 dominate all other changes, the hy
perconjugative stabilization becomes of overriding importance, 
and loss of a hydride ion becomes more facile. Indeed, the 
initial increase in energy is sufficiently small that the actual 
number might well be basis set dependent, but the trend is 
probably accurate and the inadequacy of an interpretation 
based solely on the hyperconjugation effect of Figure 1 is 
clearly established. 

Isopropyl Cation. In the next reaction, we examine the 
protonation of propylene (III) to 2-propyl cation (IV) in which 

H 3 x _ / H l 

H6-. / C 2 _ C \ 
8 -^C3 H2 

H4 

+H+ 

*-
8-

H \ ( + ) ,H2 

\ 

Figure 6. Electron projection plot for i/-6 in the molecular plane. The volume 
under any given surface gives directly the number of i/-6 electrons in that 
region. 

Table VIII. Structural Parameters of Constrained Propenes (III) 

Meg 

113.5 
105 
90 
60 

KC1-C2), T 
A 

1.3084 
1.3084 
1.3085 
1.3092 

(C2-C3), /-(C3-H5), 
A A 

1.5249 1.0870 
1.5205 1.0885 
1.5129 1.0935 
1.4955 1.1220 

KC 3 -H 4 ) , 
A 

1.0857 
1.0844 
1.0821 
1.0754 

Table IX. Structural Parameters of Constrained 2-Propyl Cations 
(IV) 

Meg 

113.5 
105 
90 
60 

'(C1-C2), r 
A 

1.4989 
1.4989 
1.4991 
1.5035 

(C2-C3), KC3-H5), 
A A 

1.5027 1.0958 
1.4953 1.0967 
1.4780 1.1015 
1.4182 1.1412 

KC3-H4), 
A 

1.0884 
1.0870 
1.0845 
1.0796 

Table X. Calculated Energies for Propenes and 2-Propyl Cations 

Meg 

113.5 
105 
90 
60 

Total 
III 

energies, au 
IV 

-115.658 91 -116.025 83 
-115.659 92 -116.027 14 
-115.647 86 -116.018 27 
-115.557 18 -115.95540 

Proton 
affinities 
A£, kcal 
mol-1 

230.2 
230.4 
232.4 
249.8 

III IV 

one methylene group in both reac tan t and product is con
strained to a distorted angle, 8. This reaction allows us to model 
the effect of strain on an adjacent sp 2 cationic center. The 
H 5 C 3 H 6 angle was constrained in both III and IV to values of 
113.5, 105, 90, and 60° and selected s t ructura l pa ramete r s 
were optimized at the S T O - 3 G level. It was impract ical to 
opt imize all s t ruc tura l parameters . Only the following bond 
distances were optimized for both III and IV: C3-H5 = C 3 - H 6 , 
C 3 - H 4 , C 2 - C 3 , C i - C 2 . Other bonds and angles were taken as 
the opt imal values of Pople et al. for propene 1 9 and 2-propyl 
ca t ion . 2 0 The results a re summar ized in Tables V I I I - X . 

A small change in the methylene bond angle has but a small 
effect on the proton affinity of constrained propene, bu t a 
larger bond angle decrease makes the protonat ion reaction 
substant ial ly more favorable. For small bond angle changes 
the hyperconjugative and electronegativity effects approxi-
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Table XI. Calculated Energies for the 3-Methyl-2-butyl System 

M e g 

113.5 
105 
90 
60 

Total ener 
V 

•192.818 78 
-192.817 38 
•192.786 42 
•192.227 49 

Table XII. Orbital Population of 
3-Methyl-2-butyl Cation 

M e g 

113.5 
105 
90 
60 

gies, au 
VI 

-193.195 12 
-193.193 31 
-193.165 14 
-192.646 20 

"Empty" 2p Orbital 

Electron 
population, e 

0.201 
0.213 
0.248 
0.518 

Proton 
affinities 
AE, kcal 

mol-1 

236.2 
235.9 
237.6 
262.8 

on 

mately cancel each other but for seriously reduced bond angles, 
the hyperconjugation effect clearly dominates. 

3-Methyl-2-butyl Cation. The above examples have an im
portant limitation as models of real strained systems. In such 
systems, the hyperconjugation involved is typically that of a 
small carbocyclic ring in which C - C rather than C - H hyper
conjugation is involved. Calculations were thus undertaken on 
the 3-methyl-2-butyl cation. In a manner analogous to the 
2-propyl case, the C5C3C6 angle was constrained in both V and 
VI to the angles 113.5, 105, 90, and 60°. Aside from the 
(CH3) 5 -C3-(CH 3 )6 parameters, all values at each 8 were taken 
from the optimized propene-propyl system; the bond distances 
and bond angle in the (CH 3 )5-C 3 - (CH3)6 moiety were taken 
as the standard values.21 The results are shown in Table XI. 

H;K H1 H3. ... ,H2 

0—-jc;i H, e—-*c, H, 
(CH 1 )^ \ (CH 3 )^ \ 

H4 Ht 

V VI 
As may be seen, a substantial decrease in 8 results in the pro-
tonation becoming more favorable, pointing to a dominance 
of the hyperconjugative effect—as was the case when we were 
seeing C - H hyperconjugation. For smaller changes in 8, the 
situation is not so clear cut. The monotonic increase in the 
calculated proton affinity of the strained olefin in going from 
113.5 to 90° is probably real and, correspondingly, the hy
perconjugative mechanism progressively dominates with in
creasing angle strain; however, the +0 .3 kcal m o l - 1 change 
in going from 113.5 to 105° is so small as to have dubious re
liability. For such small angle changes the hyperconjugative 
and electronegativity mechanisms make approximately equal 
and opposite contributions. It should be noted that the popu
lation of the "empty" 2p orbital on C 2 steadily increases as a 
function of decreasing 8 with the change being +0.047e in 
going from 113.5 to 90° and 0.270e in going from 90 to 60° 
(see Table XII ) . 

It has been shown in a variety of cases that C - C hypercon
jugation is more important than C - H hyperconjugation in 
stabilizing a cationic center;22 however, the essential conclusion 
of the foregoing results is that angle changes produce compa
rable energy changes in both series. 

Para-Protonated Toluene. Having established a parallel 
between C - C and C - H hyperconjugation, a final set of 
STO-3G calculations was done on the para-protonated tolyl 

Table XIII. Calculated Energies for the Para-Protonated Tolyl 
System 

M e g 

113.5 
105 
90 
60 

Total energies, au 
VII 

-266.472 76 
-266.473 63 
-266.461 24 
-266.367 96 

VIII 

-266.848 04 
-266.848 57 
-266.836 68 
-266.752 09 

Table XIV. Orbital Population of 2p Orbitals on 

M e g 

113.5 
105 
90 
60 

Ci,e 

0.692 
0.693 
0.694 
0.705 

C3, e 

0.614 
0.616 
0.619 
0.624 

Proton 
affinities 
AE, kcal 

mol-1 

235.5 
235.3 
235.6 
241.1 

Tolyl Cation 

C5, e 

0.698 
0.698 
0.700 
0.709 

, v ,H _,0 ^ ^ , H ^ , 0 

H H V-Cl H 
cation. Standard geometries were used throughout;2 1 '2 3 pro-
tonation of toluene has previously been shown to favor the para 
position.24 This case has special significance because the cal
culated proton affinities of para-substituted benzenes have 
been shown to correlate well with corresponding <r+ values.25 

Moreover, this reaction is a model of the benzoylation reaction 
of Jensen and Smart ,2 who found that 1-phenylnorbornane 
undergoes electrophilic benzoylation faster than either exo-
or enrfo-2-phenylnorbornane; their explanation was that in the 
1-phenylnorbornane, the strained C - C bonds can enter more 
readily into hyperconjugative interaction with the positively 
charged ring and thus stabilize the transition state. The present 
calculations provide a direct determination of the effect of 
angle strain on the energy of the model reaction. The results 
are summarized in Table XIII . Again, a substantial reduction 
in 8 results in more favorable protonation. The situation is not 
so clear for smaller changes in d around 105° and may again 
be evidence of the competing hyperconjugative and electro
negativity mechanisms, especially in light of the monotonic 
increase in 2p orbital population found in the 3-methyl-2-butyl 
case and a similar trend found here for the 2p orbitals on car
bons 1, 3, and 5 as seen in Table XIV. A relationship between 
increasing strain and a more effective stabilization of a positive 
charge is thus determined theoretically. 

Conclusion 
An analysis has been presented of the effect of bond angle 

change within a hyperconjugating group in a carbonium ion 
on the energies of the corresponding bonding and antibonding 
MOs; a decrease in bond angle results in increasing hyper
conjugation and a decrease in the energy of the bonding M O . 
However, other changes occur in the remaining molecular 
orbitals such that the overall energy difference of related model 
reactions show no simple relationship with hyperconjugation 
alone. This example points up the limitations of M O inter
pretations based solely on H O M O and L U M O interactions. 
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Introduction 

The position of the energy barrier over configuration space 
is one of the dynamically most important properties of a po
tential-energy surface.2 Interest in the barrier position (i.e., 
the position of the barrier maximum) arises principally because 
of its profound effect on reaction rate. For example, the barrier 
position determines the kind of energy which will promote the 
reaction. Elementary three-body reactions having early bar
riers, or barriers in the entrance channel of the surface, are 
much more effectively promoted by reactant translational 
energy than vibrational energy, and, in striking cases, reactant 
vibrational energy even in excess of twice the barrier height 
gives no reactive trajectories whatever.3 This effect of energy 
selectivity by the barrier position is of importance not only to 
the rates of elementary reactions but to the rates of (disequil
ibrium) reaction networks in which the reactant energy dis
tribution for one elementary step is provided by the product 
energy distribution of the preceding step. That is, the rate of 
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the network will depend in part on the relative barrier positions 
of the elementary steps. As another example, the rate accel
eration of solvation depends strongly on the barrier position 
since the latter determines the structure and electrostatic 
charge of the activated state. For instance, it has been predicted 
for an ionogenic reaction (the Menschutkin reaction) that the 
rate enhancement accompanying a given change in solvent (all 
other variables held constant) will vary from a factor of 10 to 
a factor of 1010 depending on the barrier position.4 

There is presently no unambiguous experimental method 
of determining the barrier position. Two experimental reaction 
parameters commonly related to the barrier position are the 
Brdnsted slope5 and the kinetic isotope effect.6 However, the 
validity of these methods is generally uncertain because of the 
uncertainty of the multiple assumptions upon which they rest. 
The method nearest to being a bona fide experimental method 
involves the construction of an adjustable, semiempirical po
tential-energy surface that properly reproduces a given reac
tion's experimentally observed dynamics, for example, the 
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Abstract; A function \p is derived that approximates the potential-energy barrier position x*0 of elementary reactions in terms 
of the barrier height U* and reaction potential energy Uf. The functional expression is x*0 = l/[2 — (Uf/U*)], where x*0 is 
the value of the defined reaction coordinate x, 0 =§ x < 1, that corresponds to the activated state; endpoints x = 0 and x = 1 cor
respond to the initial and final states, respectively. For three-body atom transfer reactions, x*0 is equal to the activated-com
plex bond order of the bond being formed. The central idea of the derivation is a proposition that the most realistic global inter
polating function of a family, all of whose members equally well interpolate the potential coordinate function of the vector 
equation describing the minimum-energy reaction path, is the unique member having the least arc length for its potential curve 
or graph. This criterion may be considered an abstract, generalized basis for the well-known Hammond postulate. Relation 
\p is tested principally by (a) graphical comparison with analogous functions generated numerically from the bond-energy/ 
bond-order (BEBO) and London-Eyring-Polanyi-Sato (LEPS) potential functions, and (b) comparison of the saddle-point 
coordinates computed by the function with those computed by other methods, including ab initio methods. Agreement is good, 
and, as a generalization, the relation's predicted barrier position is very similar to that of the BEBO function. 
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