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Ab initio calculations were used to determine the equilibrium geometries and rotational barriers
of the pentadienyl cation, anion, and metalated pentadienes. Pentadienyllithium and pentadienyl-
sodium are most stable in a U-shaped structure. This geometry is a higher energy local minimum
for the pentadienyl anion and is not a stationary point for the pentadienyl cation. The atomic and
group charges were analyzed by natural population analysis and were determined for each of the
conformations studied.

Introduction

Molecules containing conjugated double bonds have
been the subject of much research over the past century.
Numerous studies have been undertaken to determine
the origin of the increased stability of conjugated mol-
ecules and ions, such as benzene, its heterocyclic ana-
logues, and the allylic ions. Various schemes have been
proposed to separate the contributions from the σ and π
orbitals, and the relative contributions of each is a topic
of continuing debate.1-6 Other studies have investigated
the structure and bonding in allylic systems containing
heteroatoms.7-13 It was found that heteroallylic cations
containing electropositive elements behave as conjugated
systems, but little conjugation was observed in the
corresponding anions. Lithioimines and related molecules
were found to have the lithium atom coordinated to all
three atoms of the π system,14 whereas lithium enolates
show less coordination of the lithium atom to the vinyl
carbons.11 Much less work has been done on simple
conjugated systems larger than allyl. An extensive debate
on the extent of conjugation in carboxylate ions15-20 has

been extended to related vinylogous ions.21,22 A careful
theoretical study has been made of the pentadienyl
radical.23 In this paper the structures, bonding, and
charge distributions are reported for various conforma-
tions of pentadienyllithium, pentadienylsodium, and the
pentadienyl ions. Three conformations of pentadienyl-
lithium and pentadienylpotassium have been published
previously at a low level of theory (STO-3G).24

Computational Methods

All ab initio calculations were performed using either the
Gaussian 9425 or Spartan 4.126 programs on an IBM RS6000
workstation. Semiempirical PM3 calculations were performed
with Spartan, except for the molecules containing sodium,
which has no PM3 parameters. The optimized semiempirical
geometries were used as the initial geometries for the ab initio
calculations. Ab initio geometry optimizations were performed
at the Hartree-Fock level using the 3-21G and 6-311+G* basis
sets and at the MP2 level with the larger basis set. Density
functional (DFT)27 geometry optimizations were also performed
with the 6-311+G* basis set, using the Becke three-parameter
hybrid method (B3LYP).28,29 The pentadienylsodium calcula-
tions were performed only at the Hartree-Fock level because
the number of basis functions made post-Hartree-Fock opti-
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mizations prohibitively large. Atomic charges for each of the
molecules were calculated at the Hartree-Fock level with the
6-311+G* basis set using the natural population analysis
(NPA)30 method. “Atomic charges” are not physical observ-
ables, and there are accordingly many definitions of such
charges. In our experience, the NPA generally correspond with
chemical expectations and are used in this paper; however,
we do not expect the principal conclusions to be changed
importantly with other definitions of charge distribution. The
computed structures and energies are summarized in the
Supplemental Information with the exception of the 3-21G
data.

Results and Discussion

The optimized geometries of the pentadienyl anion are
shown in Figure 1. Rotation about the two middle
carbon-carbon bonds generated three local minima and
two transition structures. The relative energies are given
in Table 1. The most stable conformation is a W-shaped
structure (5). The sickle-shaped conformation (3) is less
stable by about 2.1 kcal/mol. The highest energy local
minimum is the U-shaped structure (1), which was
calculated to be 2.5 kcal/mol higher in energy than the
W conformation at the Hartree-Fock level. At the MP2
level of theory, the U-shaped structure was calculated
to be more stable than the sickle conformation.

Conformations 2 and 4 correspond to transition struc-
tures, in which the pendant vinyl group is nearly
perpendicular to the plane of the allylic system. The

rotational barriers of 15-20 kcal/mol demonstrate the
importance of conjugation in the pentadienyl anion.
These values are slightly lower than the rotational
barrier of 23.1 kcal/mol reported by Gobbi and Frenking
for the allyl anion.2

The C-C bond distances are comparable in all three
of the 6-311+G* computations with agreement generally
within 0.02 Å. For the fully conjugated conformations 1,
3, and 5 the terminal bonds are shorter than the internal
bonds, 1.36-1.38 Å vs 1.41-1.42 Å. For the transition
structures 2 and 4 the allyl moieties have bond lengths
of 1.39-1.41 Å, and the pendent vinyl groups, twisted
by dihedral angles of greater than 80°, have a double
bond of length 1.32-1.35 Å separated from the allyl
group by a bond of 1.47-1.49 Å.

Figure 1 shows the calculated atomic charges by the
NPA method, with all of the hydrogen charges summed
into the attached heavy atoms (regional charges). In each
of the conjugated structures (1, 3, and 5), the methylene
and methine group charges alternate from negative to
slightly positive. Thus, the negative charge is concen-
trated on alternating atoms, which is consistent with the
symmetry of the HOMO. A different charge distribution
is seen in the transition structures 2 and 4. Although
the pendant vinyl group is formally neutral, the close
proximity to the electropositive allylic anion is seen to
induce charge polarization in the vinyl group, as shown
by the substantial negative charge on the terminal
carbon.

The optimized geometries of pentadienyllithium are
shown in Figure 2. In each structure, the lithium atom
is coordinated to three or more carbons, analogous to the
known structure of allyllithium.31-33 In addition to the
U- (6), sickle- (10), and W-shaped (12) structures found
for the pentadienyl anion, pentadienyllithium also has
a distorted sicklelike structure in which the lithium atom
is coordinated to four carbons (8). The relative energies
of the pentadienyllithium conformations are shown in
Table 2.

In contrast to the free anion, the most stable penta-
dienyllithium conformation is the U-shaped structure,
which maximizes the electrostatic attraction between the
cation and the anionic carbons. A similar structure has
been described for cyclopentadienyllithium, in which the
ring-lithium bonding is undoubtedly primarily ionic.34

This interaction more than compensates for the steric
strain between the hydrogens at the ends of the molecule.
The energies of the local minima (structures 6, 8, 10, and
12) are lower than those of the transition structures
(structures 7, 9, and 11) by about 10-20 kcal/mol,
indicating that, as in the free anion, conjugation is
important in the pentadienyllithium molecule. A com-
parison of conformers 6 and 8 shows that when the
coordination number of lithium is reduced from five to
four, the energy increases by about 8 kcal/mol. The
energy cost of going from structure 8 to structure 10 is
about 4 kcal/mol, even though structure 8 has sacrificed
some resonance stabilization to achieve the higher lithium
coordination number.
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Figure 1. NPA charge distributions of pentadienyl anions
(HF/6-311+G*).

Table 1. Relative Energies of Pentadienyl Anion
Conformations (kcal/mol)

method 1 2 (TS) 3 4 (TS) 5

PM3 3.4 14.8 1.0 13.7 0
HF/3-21G 5.0 20.6 3.6 20.7 0
HF/6-311+G* 2.5 17.5 2.1 18.9 0
B3LYP/6-311+G* 2.9 20.0 2.2 20.8 0
MP2/6-311+G* 1.2 16.2 2.1 18.2 0
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In general, the structures of the pentadienyl moieties
in the lithium compounds are similar to those of the
corresponding free anion with differences that are readily
understandable by the coordination to lithium. Structures
10 and 12, for example, are vinylallyllithiums with allyl
C-C bond lengths of 1.38-1.41 Å and a vinyl double
bond, 1.33-1.36 Å, joined by a bond of 1.45-1.46 Å. The
differences from the anions of several hundredths Ång-
strom are in the expected directions. The transition
structures 7, 9, and 11 are also similar to the correspond-
ing anion structures except that the pendant vinyl group
has slightly shorter double bonds attached by a slightly
longer single bond, again indicative of decreased polar-
ization in the lithium structures. The C-Li bonds are
also unexceptional. In the allyllithium moieties of 10 and
12, for example, the bonds to the external carbons are
(at HF/6-311+G*) 2.11-2.15 Å with shorter bonds, for
simple geometric reasons, to the central carbons. The
fourth C-Li bond to the pendant vinyl group is longer,
2.39 Å at the same level, and in the more expanded U
structure of 6 the comparable C-Li bond lengths are
2.30, 2.17, and 2.12 Å.

The calculated regional charges are also shown in
Figure 2. The charge distribution in the U-shaped
conformer (6) is similar to that of the free anion.
Significant differences are found in the two sickle-like
structures (8 and 10) with most of the negative charge
concentrated on the carbons coordinated to the lithium.
A similar charge distribution is found for the W-shaped
structure (12) and for the transition structure 9 between
8 and 10. The transition structures corresponding to bond
rotation (7 and 11) have less double bond polarization in
the pendant vinyl group compared to the free anion (2
and 4), again because polarization is electrostatically
impeded by the lithium cation.

Figure 3 shows the relative energies and atomic
charges of the pentadienylsodium conformations. The
relative energies are similar to those of pentadienyl-
lithium, but the calculated energy barriers for bond
rotation are slightly higher for the pentadienylsodium
(transition structures 14 and 18) than for the corre-
sponding pentadienyllithium structures (7 and 11) when
calculated at the same level of theory. This trend is
consistent with that for experimental energies of allyl
compounds of alkali metals, with allyllithium having the
lowest rotational barrier and allylcesium the highest.35

These energies are summarized in Table 3.

(35) Thompson, T. B.; Ford, W. T. J. Am. Chem. Soc. 1979, 101, 5459.

Figure 2. NPA charge distributions of pentadienyllithiums
(HF/6-311+G*).

Table 2. Relative Energies of Pentadienyllithium
Conformations (kcal/mol)

method 6 7 (TS) 8 9 (TS) 10 11 (TS) 12

PM3 0 10.7 6.6 10.9 0.007 10.5 7.2
HF/3-21G 0 19.2 8.0 14.4 12.1 18.5 10.2
HF/6-311+G* 0 17.9 7.7 13.4 10.7 16.8 8.5
B3LYP/6-311+G* 0 20.9 8.7 14.6 12.7 20.3 10.4
MP2/6-311+G* 0 20.8 10.2 16.6 15.2 21.6 13.2

Figure 3. NPA charge distributions of pentadienylsodiums
(HF/6-311+G*).

Table 3. Relative Energies of Pentadienylsodium
Conformations (kcal/mol)

method 13 14 (TS) 15 16 (TS) 17 18 (TS) 19

HF/3-21G 0 20.1 7.1 12.1 11.9 20.2 10.3
HF/6-311+G* 0 18.4 6.2 10.4 10.3 18.8 8.4

292 J. Org. Chem., Vol. 65, No. 2, 2000 Pratt and Streitwieser



Some experimental NMR data are available for com-
parison in THF solution.24 Pentadienylpotassium shows
a U conformation, whereas the lithium salt was found
to exist in the W conformation. The difference was
interpreted on the basis that the lithium salt is a solvent-
separated ion pair.24 The solvent-separated ion pair
should more resemble the free anion, and these experi-
mental results are thus not in disagreement with the
present computations.

The organic structures of the sodium compounds are
quite similar to those of the corresponding organolithi-
ums; C-C bond lengths differ generally by no more than
0.01 Å at HF/6-311+G*. The C-Na bonds are unexcep-
tional; most are 0.40-0.45 Å longer than their C-Li
counterparts.

For the most part, the atomic charges in the pentadi-
enylsodium conformations are similar to those in penta-
dienyllithium. In the bond rotation transition structures
(14 and 18), the pendant vinyl group shows more
polarization than in the pentadienyllithium transition
structures, but not nearly so much as in the free anion.
Because carbon-sodium bonds are primarily ionic, the
similarity in the charge distribution in the lithium and
sodium compounds is further evidence of the ionic
character of the lithium bonds in this system.

Unlike the pentadienyl anion and the corresponding
lithium and sodium compounds, the pentadienyl cation
did not optimize to a stable U-shaped structure. The
optimized geometries are shown in Figure 4. The most
stable conformations are the W form (20) and a sickle
form (22) that is slightly higher in energy. These two
structures interconvert via a nonplanar transition struc-
ture (21) that is analogous to that of the anion (4). The
rotational barrier of about 18-20 kcal/mol is similar to
that of the anion. The relative conformational energies
and atomic charges are shown in Table 4.

The atomic charges on the pentadienyl cation nearly
mirror those of the anion. In the most symmetrical

structure (20), partial positive charge resides on alternate
carbon atoms, similar to the negative charge in the anion.
Nearly the same charge distribution is found in the
sickle-shaped conformer (22). In the transition structure
(21), a substantial positive charge is induced onto the
formally neutral pendant vinyl group, similar to the
induced negative charge in the anion.

It is clear from the conformational energies of the
pentadienyl anion and the pentadienylmetal compounds
that the stabilization of the planar forms of the organo-
metallic compounds results from both conjugation and
electrostatic attraction between the negative carbons and
the alkali metal cations. To determine the relative
magnitude of these effects, the reaction energies were
determined for the hypothetical reaction in eq 1. The

results are given in Tables 5 and 6. The reaction energies
for the formation of pentadienyllithium are substantially
greater than for pentadienylsodium, indicating a greater
electrostatic attraction for the shorter lithium-carbon
bonds. Between each pair of structures in which the
metal is coordinated to three carbons (10 and 12 for
lithium, 17 and 19 for sodium), the energies are nearly
equal, as would be expected in structures with nearly the
same metal-carbon coordination. In these cases, steric
effects have little influence on the coordination energies.
In the free anion, the difference in energy between the
sickle and W conformations is only about 2 kcal/mol.
Much larger energy differences of about 8-13 kcal/mol
(depending on the theory level) are found when compar-
ing the U and W structures of pentadienyllithium and
pentadienylsodium (6 with 12 with 13 with 19). Thus,
we conclude that the electrostatic attraction between the
alkali metal and the negatively charged carbons plays a
major role in determining the relative stabilities of the
conformations.

Conclusions

Pentadienyllithium and pentadienylsodium exist in
several different conformations, the most stable of which
is the U-shaped structure that results in maximum
coordination of the metal cation to the pentadienyl anion.
The stability of the pentadienyl organometallic com-
pounds results from a combination of electron delocal-
ization in the conjugated molecule and ionic bonding to
the metal. The greater difference in conformational

Figure 4. NPA charge distributions of pentadienyl cations
(HF/6-311+G*).

Table 4. Conformational Energies of the Pentadienyl
Cation (kcal/mol)

method 20 21 (TS) 22

PM3 0 10.3 1.2
HF/3-21G 0 18.5 3.5
HF/6-311+G* 0 18.4 3.9
B3LYP/6-311+G* 0 21.1 3.7
MP2/6-311+G* 0 19.7 3.8

Table 5. Calculated Energies (kcal/mol) for the
Formation of Pentadienyllithium Conformations from

Li+ and the Corresponding Anion Conformer (eq 1)

method 6 10 12

HF/3-21G -180.6 -165.9 -165.4
HF/6-311+G* -161.9 -150.8 -150.9
B3LYP/6-311+G* -164.7 -151.6 -151.3
MP2/6-311+G* -167.0 -152.8 -152.5

Table 6. Calculated Energies (kcal/mol) for the
Formation of Pentadienylsodium Conformations from
Na+ and the Corresponding Anion Conformer (eq 1)

method 13 17 19

HF/3-21G -154.4 -139.9 -139.2
HF/6-311+G* -134.6 -123.9 -123.7
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energies of the organometallic compounds compared to
the free anion is a result of this coordination to the metal.

In the planar pentadienyl ions, the charges are sym-
metrically distributed about the carbon skeleton. When
one vinyl group is twisted out of the plane of the molecule,
some charge polarization is still induced in the pendant
vinyl group as a result of the proximity of the charged
allylic system. This induced polarization is greatly re-
duced in pentadienyllithium and pentadienylsodium, an
electrostatic inhibition of polarization. The relative con-
formational stabilities of the organometallic molecules

results from a combination of delocalization stabilization
and coordination to the metal.
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