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Abstract: Ab initio SCF calculations have been performed on the allyl anion and distorted propenyl anions. The structure of 
allyl anion has been clarified by partial optimization of geometry. The carbanion has a CCC skeletal angle of 132.5° which is 
much larger than the normal sp2 bond angle. In addition, calculations with the STO-3G basis set indicate that both pyramidal 
and planar structures are of essentially equal energy with no apparent inversion barrier. The calculations on distorted propenyl 
anions provide a simple model for acidity effects found in cyclic olefins. Allyl protons are predicted to be more acidic in larger 
rings (i.e., large CCC angle), whereas vinyl protons are predicted to be of greater acidity in small ring systems (i.e., small CCC 
angle). 

Introduction 

Allylic systems (cation, radical, and anion) have been the 
subject of extensive experimental and theoretical investigation. 
Much of the interest in these systems originated because allylic 
intermediates are generated in a wide variety of chemical re
actions2"4 and because allylic systems are the simplest of all 
conjugated 7r-electron systems. From a theoretical point of 
view, it is little wonder that the allyl cation, anion, and radical 
have been studied at considerable length in the 7r-electron 
approximation. These studies encompass molecular orbital,5 

valence bond,6 and Linnett's nonpairing7 treatments. Several 
other semiempirical (<r + it) calculations on allyl systems have 
been reported.8 

In terms of ab initio SCF treatments the allyl cation and 
radical are well-understood species. These systems have been 
studied with a variety of different basis sets, with and without 
configuration interaction.9"17 The geometry of the cation has 
been optimized in work by Pople,10 Clark and Armstrong,13 

and Peyerimhoff and Buenker.9 Similar rigorous studies of the 
geometry of the radical appear to be lacking, except for the 
work of Peyerimhoff and Buenker,9 who extended their 
structural calculations on the cation to the radical via Koop-
mans' theorem. Considerable interest in the calculations on 
the radical has been focused on proton coupling constants.14 

In addition, the potential surfaces related to conrotatory and 
disrotatory ring openings of the corresponding cyclopropyl 
systems have been studied for both cation10'13,16-17 and radi
cal.16'17 

In contrast to the cation and radical, the allyl anion has been 
only minimally characterized by ab initio treatments.9-"'16"18 

A large part of the earlier consideration of the allyl anion 
stemmed from interest in the potential energy surfaces for 
electrocyclic transformation of cyclopropyl to allyl anion.16"18 

In two studies9-17 the primary concern was the allyl cation. In 
these, the anion results were obtained indirectly by extrapo
lation via Koopmans' theorem. In none of these cases has an 
allyl anion with fully optimized geometry been described. 

The present theoretical investigation of the allyl anion de
rives chiefly from the fact that allyl anion in one form or an
other is believed to be a transition state or intermediate in a 
number of reactions,4 some of which have been studied ex
perimentally in our group.19 For example, some marked dif
ferences in kinetic acidities of allylic hydrogens in cyclic alk-
enes have been observed that are believed to be the result of 
conformational effects imposed by the ring system. 

Our present objectives are twofold: (1) to ascertain the 
structure of the allyl anion and to explore the effects of de
formation of the CCC angle on the total energy; (2) to un
derstand the effects on energy of CCC angle perturbations in 

propylene and the corresponding propenyl anions. From these 
calculations we hope to obtain semiquantitatively the proton 
affinities of various allyl and vinyl carbanions derived from 
distorted propylenes. In this type of approach the calculated 
absolute proton affinities are, of course, less significant than 
the relative trends introduced by variations in the CCC 
angle. 

Allyl Anion 

Calculations performed on the allyl anion were carried out 
chiefly at the STO-3G level.20 Significant conclusions from 
these calculations were reexamined with the 4-3IG basis set.21 

The exponents for the STO-3G calculations were the standard 
exponents described previously for neutral species.20 Although 
exponents optimized for anions have been recommended for 
minimum-basis sets,22-23 the computation with the more 
flexible basis set revealed only minor differences in the results. 
All calculations were performed with the SCF program 
GAUSSIAN 70.24 

As regards the structure of allyl anion attention was focused 
on the carbon-carbon bond length, the CCC skeletal inter-
nuclear angle (0)> and methylene deformation from the nodal 
plane; i.e., the question of a planar or pyramidal anion. Other 
geometrical parameters could have been optimized, but these 
were not deemed of sufficient importance to warrant the ex
pense of the calculation. In addition, optimization of some 
parameters might have led to unrealistic results, especially in 
the case of CH bonds. Minimum basis sets applied to anions 
are known to give abnormally long CH bonds.23,25 In this part 
of the study all CH bond lengths were set at 1.08 A and HCH 
angles were fixed at 120° as in a number of other calcula
tions. I2'16'18 The 2 hydrogen was positioned on the bisector of 
the CCC angle. 

CC Bond Length 

Separate optimization of the C ^ a n d C2C3 bond lengths 
confirmed that the structure with equal CC bonds (to within 
±0.001 A) is energetically preferred. An optimized CC bond 
length of 1.378 A for the anion was obtained in close agreement 
with the result of Clark and Armstrong.18 Calculations at the 
4-31G level reveal an only slightly longer bond length of 1.390 
A. A lengthening upon proceeding from a minimum-basis set 
to a double-f basis has been observed for other systems.23 

Compared to the published STO-3G results for the cation,10 

the anion CC bonds are slightly shorter (Figure I).26 

CCC Bond Angles 
The potential surface for CCC skeletal deformation (Table 

I and Figure 2) shows, not unexpectedly, that an increase in 
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Figure 1. Structure of allylic systems, (a) STO-3G structure of allyl cation 
from ref 10. (b) Present STO-3G results for allyl anion, (c) Assumed 
values are in parentheses; 4-3IG results are in brackets. 

Table I. Energies of Distorted Allyl Anions (Symmetric) 

^CCC, Total energy, au 
deg 4 - 3 1 G ( C C = 1.390 k)a STO-3G (CC = 1.378 A) 0 

110 
115 
120 
125 
130 
135 
140 

-116.1974 
-116.2095 
-116.2178 
-116.2231 
-116.2256 
-116.2257 

-114.8206 
-114.8291 
-114.8343 
-114.8366 
-114.8365 
-114.8341 

a Optimized bond lengths (with C,C 2 = C2C3); CH = 1.08 A, 
HCH = 120°. 

the energy of the anion follows contraction of the CCC angle. 
In appearance, the potential curves are qualitatively similar 
to those for the cation and radical.9 The distinguishing feature 
for the anion is the value of the equilibrium angle of 132.5°. 
This value is substantially larger than that published for the 
cation (123°9 and 118.9°10) and for the radical (1270).9 An 
expansion of the normal sp2 angle appears to compensate for 
the repulsion of electrons in the terminal p orbitals of the 
radical and anion; that is, antiaromatic character of the allyl 
anion, similar to that of cyclopropenyl anion, results in ex
pansion of the CCC angle from the equilibrium angle of pro-
pene (125°) (vide infra). In contrast, homoaromatic behavior 
of the allyl cation, like that of cyclopropenyl cation, accounts 
for contraction of the CCC angle in the cation. The CCC angle 
value for allyl anion obtained in the present work is in rea
sonably close agreement to that (134°) estimated by applica
tion of Koopmans' theorem to the cation results.9 Although 
understandably lower in energy, the 4-3IG potential curve is 
similar to that calculated at the minimum-basis set level. The 
optimum angle of 132.2° is within 0.30° of the STO-3G value. 
This comparison provides added evidence for the reliability of 
the minimum-basis results for characterization of these sys
tems. 

Considerable insight into the cause of the instability of de-

•114.78 
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-115.66 
15 120 125 130 135 140 
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Figure 2. Energies of allyl and propenyl anions and of propylene as a 
function of CCC bond angle. 

Table II. Total Overlap Populations 

,deg H 2 H 5 C1C2 CiC3 E anion, au 

115 
120 
125 
130 

-4.431 X 10"4 

8.691 X 10~4 

1.389 X 10-3 

1.494 X IQ-3 

1.0489 -0.1044 -114.8206 
1.0508 -0.0881 -114.8291 
1.0520 -0.0748 -114.8343 
1.0524 -0.0640 -114.8366 

formed allyl anions can be gained by investigation of the bond 
overlap populations (Table II). The C1C3 overlap population 
reflects a substantial degree of antiaromaticity in the allyl 
anion with a CCC angle of 115°. Here the absolute value of 
the overlap population is already as much as 15% of that for 
a normal bond. Examination of H2H5 overlap populations 
reveals that the repulsion of terminal hydrogens is negligible 
even at small angles; hence, "steric hindrance" between ter
minal hydrogens does not appear to contribute significantly 
to the instability of contracted allyl anions. 

The diagram of energies of valence molecular orbitals 
(Figure 3) emphasizes factors contributing to the relative 
stability of allyl anions. The unbound, highest occupied mo
lecular orbital (1 a2) is of significantly lower energy at larger 
CCC skeletal angles. This result is not surprising since this is 
TT2 of the allyl system, and from the nodal properties of this MO 
one would expect antiaromatic behavior between the terminal 
pT orbitals. The stabilization of MOs 2b2 and 4b2 at larger 
angles also contributes to an expansion of the CCC angle. It 
is interesting to note that the terminal hydrogens, 2-H and 5-H, 
do not have large coefficients in the wave functions for these 
MOs. These findings substantiate the conclusions based on the 
overlap populations. 

It is doubtless significant that the molecular orbital diagrams 
derived from the 4-3IG and STO-3G calculations are quali
tatively alike. Although the HOMO is lower in energy in the 
4-3IG calculation, it is still unbound. The only significant 
differences between the STO-3G and 4-3IG diagrams occur 
in the virtual orbitals. In the 4-31G results, the MO 2bi (^3) 
crosses the MO 7ai (<r*), whereas with the STO-3G basis these 
MOs do not cross each other. This discrepancy does not cause 
a problem here because only the ground state is considered. 

The resulting structure for allyl anion is similar to that found 
in the symmetrical allyllithium ion pair structure calculated 
recently by Bongini et al.27 The CC bond length of 1.39 A 
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Figure 3. A comparison of STO-3G and 4-3IG MO energy levels for allyl 
anion as a function of CCC bond angle. 

found in their STO-3G study agrees well with our finding for 
the free carbanion whereas their CCC bond angle of 127° is 
significantly less than that for the free anion. The Coulombic 
effect of the lithium cation provides an additional force that 
promotes contraction of the bond angle from that in the free 
anion. 

From all indications, the limited-basis set (STO-3G) with 
"standard" exponents gives reasonable results for the allyl 
anion. The calculations at the 4-3IG level demonstrate that 
ab initio SCF methods, even at the minimum-basis set level, 
provide a satisfactory theoretical model which confirms our 
earlier expectations for this system. Further computations on 
propene and allyl and other propenyl anions were, therefore, 
conducted only at the STO-3G level. 

AHyI Anion: Planar or Pyramidal? 

Both Shanshal8b and Grundler,8a using semiempirical 
methods, found the pyramidal anion to be more stable than the 
planar form by 16-17 kcal rnol - ' . In the present calculation, 
this finding was tested by ab initio methods. The energetics of 
inversion were followed by incrementally depressing one set 
of terminal methylene hydrogens out of the nodal plane by an 
angle 4> (Table III). Although these computations agree 
qualitatively with the semiempirical results, the difference at 
the STO-3G level between planar and pyramidal forms is 
hardly significant (less than 0.1 kcal mol - 1)- Further optimi
zation of geometry and use of larger basis sets with polarization 
functions may increase this difference, but the inversion barrier 
is likely to remain relatively small. 

Inspection of the results summarized in Figure 4 reveals a 
long, flat valley in the region of the inversion potential surface 
for an allyl anion with equal carbon-carbon bonds. The qual
itative conclusion based on the STO-3G results is that the 
terminal methylene group is not at all rigidly held in either the 
planar or pyramidal geometry; i.e., methylene wagging motion 
is quite unhindered. 

It is a bit surprising that at the STO-3G level the pyramidal 
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Figure 4. Allyl anion inversion potential calculated by STO-3G. 

Table III. Energies for Allyl Anion with Out-of-Plane Deformation 
of Methylene 

Energy,6 au 
fr,"deg C C 2 = C2C3 = 1.378' C,C2 

Energy/ au 
1.368,C2C3= 1.388'' 

0 -114.836 87(0.015) 
5 -114.836 88(0.008) 
9.9 -114.836 89(0.000) 
10 -114.836 89(0.000) 
15 -114.836 86(0.021) 
20 -114.836 66(0.147) 
25 -114.836 10(0.498) 

-114.836 68(0.134) 
-114.836 69(0.128) 

-114.836 73(0.103) 
-114.836 74(0.096) 
-114.836 62(0.172) 
-114.836 15(0.463) 

" Out-of-plane angle; angle of methylene plane compared to mo
lecular plane. * Energy in kcal/mol in parentheses relative to optimum 
energy at 0 = 9.9°.''CCC = 132.5°, HC,H = 120°, HC3H = 120°, 
CH = 1.08°, C2C3H = 120°. 

allyl anion (no longer of Cjv symmetry) prefers equal CC 
bonds (to within ±0.001 A). Contrary to chemical intuition, 
a less stable anion is generated by shortening the C1C2 bond 
and lengthening the C2C3 bond. This result obtains for both 
pyramidal and planar allyl anions. For the asymmetric anion 
the same general features appear in the inversion potential 
surface. However, the minimum energy pyramidal geometry 
is now shifted to larger deviations from planarity. 

Propene and Propenyl Anions 

Distorted propenes and propenyl anions derived therefrom 
were considered as models for studies of the acidities of cy-
cloalkenes. Complete ab initio calculations on the cycloalkenes 
and their anions would require considerable optimization of 
geometry. As a consequence, such computations would be 
prohibitively expensive even at the minimum-basis set level. 
Propene, however, is a small system for which such calculations 
are practical. Furthermore, the STO-3G basis set has been 
shown to be adequate for both propene28 and allyl anion (vide 
supra). Standard exponents were again used for both propene 
and the propenyl anions. Standard hydrocarbon geometries21 

were employed for propene, except for the CCC angle, 8. The 
methyl hydrogens were positioned in accord with both exper
imental29 and theoretical28 geometries; i.e., one CH bond of 
a tetrahedral methyl eclipses the C = C double bond. For the 
carbanions the "subtract" procedure23'25 was employed to 
arrive at the geometries. Thus, the reference structure for each 
anion is that of the neutral parent from which a proton is re
moved without further alteration of geometry. In some cases, 
it was found useful to permit one additional degree of freedom, 
rotation about the carbon-carbon single bond. These have been 
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Table IV. Total Energies (au) of Distorted Propenes and Propenyl Anions0 

M e g 

110 
115 
120 
125 
130 
135 

Propene 
a = 0 = 60° 

-115.6464 
-115.6537 
-115.6575 
-115.6585 
-115.6572 
-115.6538 

"Rotated 
subtract" 
3-propenyl 

anion* 

-114.8009 
-114.8110 
-114.8177 
-114.8216 
-114.8231 
-114.8223 

"Subtract" 
3-propenyl 

anion'' 
(a = 60°, 0 = 60°) 

-114.7930 
-114.8040 
-114.8113 
-114.8156 
-114.8173 
-114.8168 

2-Propenyl 
anion 

-114.8199 
-114.8193 
-114.8156 
-114.8096 
-114.8019 
-114.7929 

ClS-

1-Propenyl 
anion 

-114.7932 
-114.7993 
-114.8019 
-114.8015 
-114.7985 
-114.7930 

trans -
1-Propenyl 

anion 

-114.7808 
-114.7930 
-114.8010 
-114.8054 
-114.8070 
-114.8058 

" C1C2 = 1.33, C2C3 = 1.531, CiH, = C,H2 = C2H3 = 1.076, C3H4 = 1.099 A, H,CiC2 = 121.7, C2C3H = 109.5, H4C3H5 = 109.5° 
* Corresponds to ref 19, Figure 5, for a = 90°, (3 = 7 = 30°. c Corresponds to ref 19, Figure 5, for a = /3 = 60°, y = 0°. 

Table V. Proton Affinities for Propenyl Anions (au) 

M e g 

110 
115 
120 
125 
130 
135 

"Rotated 
substract" 

3-pro
penyl 

anion" 

0.8455 
0.8427 
0.8397; 
0.8369 
0.8341 
0.8315 

"Subtract" 
3-propenyl 

anion* 
{a = 60°) 

0.8534 
0.8497 
0.8462 
0.8429 
0.8399 
0.8370 

2-Pro-
penyl 
anion 

0.8265 
0.8344 
0.8419 
0.8489 
0.8553 
0.8608 

m-1 -Pro
penyl 
anion 

0.8532 
0.8544 
0.8556 
0.8570 
0.8587 
0.8607 

trans-\ -Pro
penyl 
anion 

0.8657 
0.8607 
0.8565 
0.8531 
0.8502 
0.8480 

" See Table IV, footnote b. * See Table IV, footnote c. 

designated "rotated subtract" ions for convenience of notation. 
Results are summarized in Tables IV and V, 

Potential Surfaces for CCC Skeletal Deformations 

Although an optimum CCC angle of 124.7° for propene was 
previously calculated by Radom and Pople,28a a portion of the 
CCC potential surface was required here for computation of 
the acidities of the various hydrogens in distorted propenes. 
The potential surface presented in Figure 2 appears symmetric 
over a wide range of angle deformation. The angle corre
sponding to minimum energy is 125.0°, in reasonable agree
ment with that of Radom and Pople28a and with experi
ment.29 '30 

Removal of one of the two nonplanar methyl protons from 
propene generates a "subtract" pyramidal allyl anion with the 
lone pair oriented 60° from the nodal plane. This is, however, 
not the preferred orientation for the lone pair. Rotation by 30° 
about the carbon-carbon single bond leads to an anion with 
the lone pair eclipsing the neighboring pw and with methylene 
CCCH dihedral angles of 30°; this is the most stable "rotated 
subtract" ion. The potential surfaces for these allyl anions 
appear to be almost indistinguishable. Not surprisingly, these 
are also similar to the surfaces for the planar symmetric (C^-) 
allyl anion studied at the STO-3G and 4-3IG levels. The an
ticipated expansion of the propene CCC angle upon methyl 
proton removal is also observed for these two "subtract" ions. 
The CCC angle minima for the "subtract" and "rotated sub
tract" carbanions occur at 131.6 and 131.2°, respectively. 

Loss of one of the vinylic protons to produce either the cis-
1-propenyl, trans-\-propenyl, or 2-propenyl anion provides 
an interesting theoretical backdrop against which a number 
of experimental findings4d'19'31'32 can be compared. We con
sider first the anions themselves and later the predicted aci
dities. Removal of the proton from the 2 position yields the 
most stable vinyl anion; furthermore, a decrease in angle results 
in a decrease in the energy of the anion formed. The optimum 
angle for 2-propenyl anion is predicted to be <110°. The po
tential surfaces for cis- and trans-1 -propenyl anions are similar 
to those of the allyl anions in that a decrease in angle destabi-
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Figure 5. Proton affinities as a function of the CCC bond angle of allyl and 
propenyl anions derived from the indicated propenes. 

lizes the anion. The minimum energy conformations, however, 
occur at somewhat smaller angles than for the allyl anions 
(122.0° for trans, 130.7° for cis). 

The ab initio results represented here demonstrate that the 
vinylic anions are generally less stable than the allylic anions. 
The only exception is that of the 2-propenyl anion where at 
small angles (<119°) it is predicted to be the most stable of 
the subtract anions. These ab initio results stand in contrast 
to the semiempirical work of Griindler.8a In that study (pre
sumably with an sp2 angle of 120°), the 2-propenyl anion was 
predicted to be more stable than both the symmetric planar and 
the pyramidal allyl anions. Both sets of calculations agree in 
placing cis- and trans-\ -propenyl anions at the end of the 
stability series. 

Relative Acidities of Distorted Propenes 
In this portion of the study, proton affinities (PA) for the 

various anions were calculated as a function of the CCC in-
ternuclear angle. The energy difference between the "subtract" 
or "rotated subtract" ion and the parent distorted propene 
defines the proton affinity.22 Figure 5 presents plots of proton 
affinities for the various propenyl anions. Note that these re
sults pertain to having the CCC angle fixed in both the hy
drocarbon and its anion—the results are intended to model 
more complex rigid systems that do not possess the mobility 
of the propylene system itself. 

The conclusions made earlier about the stabilities of the 
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various propenyl anions are corroborated by the acidities of 
the different protons of propene. At the normal sp2 bond angle, 
the allyl protons are predicted to be more acidic than the vinylic 
protons. This result contrasts to the semiempirical calculations 
of Griindler who found the following order for the acidities of 
protons in propene: 2-H > 3-H > £-l-H > Z-I-H.33 Both the 
present ab initio and semiempirical results show that the vinyl 
hydrogens at the 1 position are the least acidic. 

For allyl anions, the proton affinity increases monotonically 
with reduction of the CCC angle and corresponds to a decrease 
in acidity of corresponding protons at small CCC angles. This 
result would appear to correspond to the experimental reac
tivity in base-catalyzed isomerization of cyclopentene, cyclo-
hexene, and cycloheptene as shown by Tjan, Steinberg, and 
de Boer.4d However, in a subsequent discussion19 we will 
demonstrate that the CCC skeletal angle is not the only factor 
that governs the kinetic acidity of cycloalkenes. 

The vinylic protons (except for the E-\ proton33) display 
increased acidity as the CCC angle is contracted. This in
creased acidity would seem to coincide with greater s character 
of the vinyl CH bonds.31 It is interesting to note that the 2 
proton undergoes a dramatic increase in acidity at smaller 
angles so that the calculated acidity for this proton becomes 
greater than for the allylic protons. This result is completely 
consistent with experiment. Schroder31 reported that vinylic 
protons are much more acidic than allyl protons in cyclopro-
pene and cyclobutene as measured by their susceptibility to 
deuterium exchange in the ROK/ROD system. In addition, 
Schroder found that vinyl protons of cyclopropene are quali
tatively more acidic than those of cyclobutene. Such a con
clusion might have been reached by extrapolating the theo
retical acidity curves. Experimentally, at cyclopentene in the 
cycloalkene series, exchange of allyl protons is substantial and 
rivals or exceeds that of vinyl protons.4dJ9-31 We must, how
ever, interject a note of caution. The calculations described here 
represent predictions of behavior in the gas phase whereas all 
of the experimental results that we have cited were derived 
from solution phase measurements. One must recognize that 
there can be marked differences in solution and gas phase 
acidities, as in the cases of amines34 and alcohols,35 for ex
ample. 

Summary and Conclusions 
The present work constitutes an extension of our attempts 

to understand carbanion chemistry from an ab initio point of 
view. The allyl anion has been characterized by comparison 
to the allyl cation. Allyl anion has a larger CCC skeletal angle 
than allyl cation apparently to minimize the antiaromatic 
character of interactions between electrons in terminal px or-
bitals. In addition, at the STO-3G level, the anion displays no 
particular preference for a planar geometry as opposed to a 
pyramidal carbanion structure. The calculated acidities of the 
various propene hydrogens and the calculated energies of the 
corresponding anions conform well in a qualitative sense to 
what is known experimentally about cyclic olefins; that is, the 
allyl hydrogens show diminished acidity and the vinyl hydro
gens display enhanced acidity as the CCC angle is decreased. 
As will be demonstrated later, the CCC angle is not the only 
factor operating to determine cycloalkene acidity. It is, none
theless, a significant feature which accounts for general trends 
in the series from cyclopropene to cycloheptene. 
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