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As chemical investigations move into new fields, such as radical ions, the understanding of even fundamental
reactions sometimes undergoes revisions. Here, the mechanisms for the interconversion of thes-cisands-trans
rotamers of several 1,3-butadiene radical cations are investigated with hybrid density functional theory and
are shown to exhibit a complexity far exceeding rotamer interconversion in the neutral analogues. In particular,
rehybridization of the central carbons during the interconversion process results in a two-parameter mechanism,
where one parameter is the rotation around the central bond, and the other parameter is the rehybridization.
To convert rotamers, the rehybridized centers must invert. The origin of this effect is traced to one of the
most basic concepts in chemistry, conjugation. Substituent effects on the rehybridization and the rotation
mechanism are studied by investigations of (2,3-X,X) disubstituted butadienes, where X) -CH3, -NH2,
-OH, -F, -SiH3. Cation-stabilizing substituents are found to reduce the rehybridization, ranging from
negligible reduction for-F to practically eliminated rehybridization for-SiH3. The same behavior is also
encountered in the simplest conjugated cation and radical, that is, allyl cation and allyl radical. The effect of
rehybridization on classical transition state versus dynamic control of the reaction is discussed, as well as the
suitability of using model studies when treating high-energy open-shell species.

Introduction

Conjugation is among the most important concepts in
chemistry. Phenomena such as aromaticity, fluorescence, organic
conductivity, and sigmatropic rearrangement are all directly
caused by the delocalization of electrons.1 Accordingly, the
wealth of studies intended to characterize, explain, or apply the
effects of conjugation accurately reflects the interest this concept
holds for chemists.

One of the results of conjugation is the stabilization of spin
or charge. Delocalizing spin or charge over several atoms not
only yields resonance energy but also reduces Coulomb repul-
sion. The two most common examples of this are the allyl cation
and allyl radical, which are textbook examples used to illustrate
the concept of resonance theory.1,2 A less-studied system, which
nevertheless warrants attention, is the butadiene radical cation.
Since these systems represent the smallest conceivable conju-
gated ionic/radical molecules, they are often used as model
compounds for larger systems, ranging from systems with
biological importance such as retinal3 and the carotene radical
cation4 to industrially interesting systems such as conducting
polymers.5 Furthermore, conformations of these molecules found
on the nonstationary parts of the potential-energy surface (PES)
are often identified as moieties in intermediates of organic
reactions. For example, it has been suggested that the ring
opening of cyclobutene radical cation to butadiene radical cation
goes through an intermediate closely resembling the transition
state for 1,3-butadiene radical cation rotation.6 Such nonsta-
tionary points are also important for the emerging view that
reactions involving shallow wells, low barriers, or high-energy
species, such as radical ions, are not governed by classic
transition-state theory. Instead, dynamic factors control the

outcome of the reactions, making a thorough understanding of
the nonstationary parts of the PES a necessity.7

In linear olefins, the most commonly used method to assign
qualitative resonance stabilization values is the examination of
rotational barriers. Under the premise that no delocalization is
present at the highest point of the rotational profile, the
stabilization energy should be equal to the rotational barrier since
the stabilizing orbital interaction vanishes for orthogonal orbitals.
For radical ions there is an additional reason, as spin and charge
must be localized in the transition structure to allow the olefin
orbitals to change signs. Failure to do so would force continued
rotation to occur on the excited-state surface.6 Values obtained
by this method are not quantitatively accurate, however, since
other factors such as steric effects andσ-frame conjugation
influence the barrier height.8 There is also a possibility that the
experimentally derived “rotational barrier” does not necessarily
correspond to a rotation but could instead measure the activation
energy of a series of isomerizations resulting in a product
identical to the product of rotation. Wiberg et al. explored such
a mechanism to explain the discrepancy between the experi-
mentally derived rotational barrier of allyl cation, measured to
be 20 kcal/mol, and the theoretical one calculated to be 30 kcal/
mol.9 Nevertheless, the rotational barrier height has been
employed as a measure of conjugation in systems such as the
allyl cation,8-12 allyl radical,8,11,13 allyl anion,11,12,14 butadi-
ene,15,16butadiene radical cation,6,17and derivatives thereof.18,19

The barrier height is but one part of the rotational profile,
that is, the pathway leading from one rotamer to another. In
the case of the neutral parent15 and substituted18,19 butadiene,
entire rotational profiles have been investigated at various levels
of theory. The knowledge ascertained in these studies has been
used not only to understand conjugation but also for param-
etrization in force-field development and evaluation of quantum
mechanical methods.20 To the best of our knowledge, rotational* To whom correspondence should be addressed. E-mail: owiest@nd.edu.
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profiles have not been investigated for any of the other systems
mentioned above.

During our work on hydrocarbon radical cations,17,21 we
encountered a behavior of the butadiene radical cation PES that
did not agree with the common view of the geometric and
electronic structure of radicals and cations. A cationic or radical
carbon is, in the absence of steric constraints, assumed to be
sp2 hybridized.1 In our investigation of the 1,3-butadiene radical
cation,1•+, this only appeared to be true at the stationary parts
of the PES, that is, for the energy minimasyn- and anti-1•+

and the transition state connecting the two. Other points along
the pathway connectingsyn-andanti-1•+, such as1•+ with the
carbon skeleton constrained to 50°, contain pyramidalized
carbons and spin/charge residing on non-sp2 hybridized carbons.
More importantly, in the substituted butadiene radical cations
where the minimum energy conformations were not planar, even
stationary points on the PES displayed non-sp2 hybridized
carbons.

In this study, mechanisms for rotation of several 1,3-butadiene
radical cations1•+-8•+ are investigated by theoretical methods.
Furthermore, the smaller systems allyl cation and allyl radical
are investigated to establish the relationship of these smaller
and well-studied systems to the chemically more relevant
butadienes. The following questions will be addressed: (i) What
is the shape of the butadiene radical cation PES? (ii) How does
a traditional, one-dimensional rotational profile describe a
rehybridized molecule? (iii) What are the substituent effects on
rehybridization and the mechanism of rotation? (iv) How do
these results pertain to conjugated cations and radicals? (v) What
effect does the rehybridization have for mechanistic consider-
ation? (vi) Are these results transferable to larger systems such
as the carotene radical cation?

Computational Methodology

All calculations were performed using the Gaussian 98
program package,22 running on SGI Origin2000 and Origin3000
machines at the High Performance Computing Complex at the
University of Notre Dame. Abbreviations used throughout this
paper follow the ones used in Gaussian 98. Hybrid DFT
calculations utilized Becke’s three-parameter23 (B3) functional
combined with the correlation functional of Lee, Yang, and Par
(LYP).24 The double-ú 6-31G* basis set developed by Pople
and co-workers was used throughout the investigation except
where noted.

As DFT is known to harbor inadequacies when describing
symmetric radical cations,6,25 for butadiene radical cations, these
problems are confined to the transition structure.17 Nevertheless,
control calculations of1•+ using the more reliable but compu-
tationally very demanding quadratic configuration interaction
(QCI) method26 with single and double excitations (QCISD)
using the 6-31G* basis set, followed by single point QCISD-
(T) calculations with a 6-311G** basis set, abbreviated QCISD-
(T)/6-311G**//QCISD/6-31G*, were undertaken.

Notation in this publication follows the numbering scheme
presented in Figure 1. The two significant dihedrals C1-C2-
C3-C4 and X7-C2-C3-X8, where X7 and X8 are the
substituents on C2 and C3, are labeledæ1 andæ2, respectively.
A structure named1•+ (æ1 ) 90°, æ2 ) 37.2°) would thus be
molecule1•+ with the dihedral angle C1-C2-C3-C4 equal
to 90° and the dihedral angle H7-C2-C3-H8 equal to 37.2°.

Results

Unsubstituted Butadiene Radical Cation 1•+. The most
stable conformation of1•+ corresponds to the anti conformer

where the C1-C2-C3-C4 dihedral, labeledæ1, is 180°. A
second minimum corresponds to the syn conformer withæ1 )
0°, 3.7 kcal/mol higher in energy at the B3LYP level of theory.
Torsion potentials were initially investigated by fully optimizing
the geometry of1•+ with æ1 constrained to fixed values, starting
from 0° or 180°. For each new value ofæ1, the starting
geometry was taken from the previous optimization. For
example, the optimization of1•+ (æ1 ) 20°) starts with a
geometry taken from the optimized1•+ (æ1 ) 10°). As will be
discussed below, the initial geometry provides a bias for the
optimization and therefore an optimization of1•+ (æ1 ) 90°)
starting from1•+ (æ1 ) 100°) does not necessarily give the
same geometry as an optimization started from1•+ (æ1 ) 80°).
Consequently, a potential whereæ1 was increased from 0° to
180° can be distinguished from a potential whereæ1 was
decreased from 180° to 0°, labeled æ10f180 and æ1180f0,
respectively.

It is seen in Figure 2 thatæ10f180 is not equal toæ1180f0.
After the crossing point atæ1 ) 90°, æ10f180 continues on a
higher energy surface untilæ10f180 ) 150°, after which it
relaxes to the lower energy surface.æ1180f0 does likewise,
continuing on a higher energy surface untilæ1180f0 ) 60°.27

The energies after relaxation differ less than 10-4 kcal/mol. The
energy at the crossing point is 21.0 kcal/mol, significantly lower
than the energy of the transition state for the rotation, ts-1•+.
Although this ts-1•+ cannot be located by the B3LYP method,
it has previously been located at the QCISD(T)/QCISD level,
28.1 kcal/mol higher in energy than the minimum energy
conformer.6,17 This discrepancy is far too large to be caused by
overestimation of delocalization of DFT. Indeed, as will be
discussed below, DFT yields energies that correspond very well
to QCISD(T)/6-311G**//QCISD/6-31G* energies, and the
reason for the 7.1 kcal/mol difference must thus be located
elsewhere.

Figure 1. Compounds included in this study and their naming
schemes.1: X ) H, 2: X ) CH3, 3: X ) NH2, 4: X ) OH, 5: X )
F, 6: X ) SiH3, 7: X ) CMe3, 8: X ) SiMe3.

Figure 2. æ1 scans of1•+, starting fromæ1 ) 0° to æ1 ) 180° (white
points) andæ1 ) 180° to æ1 ) 0° (black points).
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Upon closer analysis of the geometries obtained in the scan,
the optimized geometries demonstrate pyramidalization of the
central carbons C2 and C3. While the planar minima have the
expected sp2 hybridization, C2 and C3 attain partial sp3

hybridization whenæ1 is distorted. It is also observed that the
terminal carbon-carbon bonds are twisted, so that the dihedrals
H5-C1-C2-H7 and H10-C4-C3-H8 are maintained at
∼180° throughout the scan, regardless of pyramidalization. The
sp3 hybridization is progressively more pronounced whenæ1
is increased. Rehybridization of C2 is intermediate between a
pure sp2 center, where the C1-C2-C3-H7 dihedral is 180°,
and a pure sp3 center, where the C1-C2-C3-H7 dihedral is
120°.28 Thus, atæ1)110°, where the C1-C2-C3-H7 dihedral
is 158.1°, C2 could be considered an sp2.37 center.29 However,
for visualization purposes it is beneficial to consider the H7-
C2-C3-H8 dihedral, labeledæ2, instead of the pyramidaliza-
tion. In purely sp2 hybridized carbons,æ2 is equal toæ1. When
pyramidalization occurs, this is no longer true, asæ2 is
geometrically related to the distortion of planarity.30 The C1-
C2-C3-H7 dihedrals, spx hybridization andæ2 dihedrals, are
shown in Table 1.

As DFT has a well-known tendency to overestimate conjuga-
tion,25 we investigated the possibility that the rehybridization
could be a computational artifact of the methods used. Several
points on the1•+ PES were optimized at the QCISD(T)/6-
311G**//QCISD/6-31G* level of theory. As can be seen in the
results presented in Table 1, it is clear that these high level
MO and the B3LYP calculations correspond very well to each
other. Deviations from planarity differ less than 3°, although
with a slight but persistent overestimation by B3LYP, consistent
with the tendency of B3LYP to overestimate conjugation. The
relative energies are within 1 kcal/mol of the QCISD(T) single-
point energies, clearly indicating that B3LYP performs ad-
equately in treating this system. Although DFT methods are
known to be relatively basis-set independent,17 it was also
decided to explore different basis sets at the B3LYP level.
Deviation from planarity is largely unaffected, deviating at most
4° between the basis sets. Relative energies are also unaffected,
with the exception of the minimal basis set STO-3G, which
overestimated the energy of the distorted geometries. The simple
basis set 3-21G reproduced both geometries and energies
accurately, however, suggesting that even fairly large molecules
could be treated adequately with this smaller basis set.

In Table 1, two structures withæ1 ) 90° are listed,
corresponding toæ10f180 ) 90° and æ1180f0 ) 90°. With
æ2 values of 37.2° and 140.7°, respectively, there is an
obvious discrepancy. Intuitively, to convertæ10f180 ) 90° to
æ1180f0 ) 90°, 1•+ must pass through a geometry whereæ2 ≈

90°, illustrated in Figure 3. Indeed, the QCISD ts-1•+ geometry
has æ1 ) 89.9° and æ2 ) 86.7°. A scan fromæ2 ) 0° to
æ2 ) 180°, with æ1 frozen to 90°, was undertaken. The
rotational profile obtained from this scan, presented in Figure
4, show a peak atæ1 ) 90° andæ2 ) 90°, 28.7 kcal/mol higher
in energy thananti-1•+. The relative energy as well as geometry
of this peak conforms well to the QCISD(T)/UHF ts-1•+ at 29.4
kcal/mol. The full mechanism of this process is thus first a
rotation ofæ1 from 0° to 90°, during whichæ2 goes from 0°
to 37.2°. In other words, as the central carbon-carbon bond
rotates towardæ1 ) 90°, pyramidalization of C2 and C3
increases continuously, to maintain conjugation. Afteræ1 has
reached 90°, æ2 is rotated toward 90° as well. At æ1 ≈ 90°,
æ2 ≈ 90°, the molecule localizes spin and charge on one of the
two olefinic moieties to flip the orbital sign on the other olefin
and continues downhill on the other part of the PES. The
minimum energy path undergoes a rotation ofæ2 until it reaches
140.7°, at which point the rotation ofæ1 from 90° to 180°
occurs.

The energy minima of the scan in Figure 3 are encountered
at æ2 ) 37.2° and æ2 ) 140.7°. The lack of further minima

TABLE 1

B3LYP/6-31G*
a

QCISD(T)/6-311G**
/ /QCISD/6-31G* B3LYP/STO-3G B3LYP/3-21G B3LYP/6-31+G**

æ1 æ2
C1-C2-
H7-C3

C4-C3-
H8-C2 spx ∆E æ2 ∆E æ2 ∆E æ2 ∆E æ2 ∆E

0° 0.0° 180.0° 180.0° 2.00 3.7 0.0° 3.6 0.0° 3.0 0.0° 3.5 0.0° 3.8
50° a 19.9° 165.8° 165.8° 2.24 8.1 19.2° 7.6 17.1° 8.8 20.4° 8.0 20.1° 8.1
70° a 27.8° 160.3° 160.3° 2.33 13.4 26.7° 13.0 25.3° 14.9 28.5° 13.3 28.2° 13.3
90° a 37.2° 156.4° 156.4° 2.39 21.4 35.4° 21.0 35.5° 22.4 38.1° 20.4 37.7° 20.2
90° a 70° a 170.6° 169.8° 2.17 24.3 70° a 26.7 70° a 26.7 70°a 24.2 70° a 24.0
90° a 90° a 180.0° 180.0° 2.00 28.7 90° a 28.1 90° a 32.2 90° a 29.5 90° a 29.3
90° a 110° a 170.2° 170.2° 2.16 24.2 110° a 23.2 110° a 27.0 110° a 24.1 110° a 23.9
90° a 140.7° 155.6° 155.7° 2.41 20.4 143.2° 20.4 142.8° 23.7 139.0° 21.5 140.1° 21.2

110° a 155.0° 158.1° 158.1° 2.37 13.3 156.2° 12.8 156.5° 14.9 153.3° 13.5 154.5° 13.2
130° a 165.0° 162.9° 162.9° 2.29 6.8 165.3° 6.4 166.0° 7.7 163.6° 7.0 164.5° 6.8
180° 180.0° 180.0° 180.0° 2.00 0.0 180.0° 0.0 180.0° 0.0 180.0° 0.0 180.0v 0.0

a Constrained dihedral. Relative energies in kcal/mol.

Figure 3. æ2 scan of1•+ with æ1 frozen at 90°.

Figure 4. æ2 scan of1•+ overlaid withæ1 scan.
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indicates that the complimentary mechanism, whereæ2 would
first be rotated from 0° to 90°, followed by rotation ofæ1 past
90°, and thenæ2 again from 90° to 180°, is not energetically
competitive. To validate this, a scan ofæ2 from 0° to 180° was
undertaken and the results from this calculation are shown in
Figure 4, overlaid with the earlieræ1 scan. It is clear that rotating
æ1 is energetically more favorable by∼6 kcal/mol.

To ensure that no other alternative pathways are present, a
more complete mapping of the PES was undertaken, where1•+

structures withæ1 ) 0°, 10°, ..., 170°, 180°; æ2 ) 0°, 10°, ...,
170°, 180° were optimized. The results are shown in Figure 5,
where also the energies presented in Figures 2 and 4 are overlaid
in a bold line, representing the lowest energy pathway from
syn- to anti-1•+. Relative energies above 40 kcal/mol are left
out to enhance visibility of the more pertinent parts of the PES,
while parts of the PES higher than 30 kcal/mol are shaded dark
gray. The mechanism can thus be described as a steady twisting
of æ1 until it reaches 90°, at which pointæ2 is twisted. At
æ1 ) 90°, æ2 ) 90°, a localization of spin and charge occurs
and the butadiene relaxes onto the other side of the PES. The
bold line indeed represents the lowest energy path on the PES,
and thus no competing minimum energy pathway appears to
be present.

In the absence of competing paths on the PES, the representa-
tion of the mechanism can be reduced to Figure 6, whereæ1 is
plotted versusæ2. Since this requires less than 30 data points,
as opposed to the 182 required to fit the PES, this represents a

drastic reduction in the required computational effort. Thus, all
further mechanisms, bar one, will be discussed usingæ1 versus
æ2 plots.

Substituent Effects.As the rehybridization occurs to increase
stabilization of spin and charge, the obvious question is how
does this pertain to larger, more chemically relevant systems?
As almost all larger systems stabilize the spin and charge by
substituents, a systematic substituent effect survey was under-
taken. 2,3-(X,X) disubstituted butadiene radical cations, where
X ) -CH3, -NH2, -OH, -F, -SiH3 labeled 2•+ to 6•+,
respectively, were investigated using the methodology described
above.32 The chosen substituents stabilize spin and charge in
the order-H < -F < -CH3 < -OH < -NH2 < -SiH3, as
judged by theirσ+ andσ• values.æ1 versusæ2 plots of2•+ to
5•+ are presented in Figure 7.2•+ follows the same mechanism
as1•+, although with a lower activation energy, 18.5 kcal/mol
at the QCISD(T)/6-31G*//UHF/6-31G* level. Similar to the case
of 1•+, the transition structure could not be located at the B3LYP
level of theory. The degree of pyramidalization is lower than
observed for1•+, with an average deviation from planarity of
20.1°, compared to 27.0° for 1•+. The irregularity observed
betweenæ1 ) 130° andæ1 ) 140° is due to reduction of steric
interaction between the methyl groups and the allyl hydrogens.

The syn and anti isomerization of3•+ follows a slightly
different pathway. The minimum energy conformers can be
found at (æ1 ) 25.0°, æ2 ) 15.1°) and (æ1 ) 126.8°, æ2 )
135.7°), the latter being 1.4 kcal/mol higher in energy.
Consequently, there will be three transition states on the PES,
two of which will invert the pyramidalization of C2 and C3.
The third transition state, responsible for interconversion of the
minima, could not be located with any method. However, a
CASSCF(3,4) conical intersection optimization puts a conical
intersection at (æ1 ) 69.6°, æ2 ) 69.3°). The highest point on
the B3LYP PES is found at (æ1 ) 71.7°, æ2 ) 60.0°) and thus
seems to correspond fairly well to the expected location of the
transition state. The barrier to interconversion, which is
estimated to be≈10 kcal/mol, is substantially lower than the
corresponding barrier for1•+. The pyramidalization is also much
less pronounced, deviating on average only 13.2° from planarity.

The minimum energy conformers for4•+ can be found at
(æ1 ) 153.8°, æ2 ) 158.9°) and (æ1 ) 0°, æ2 ) 0°). The
latter minimum is stabilized by a hydrogen bond and is thus
6.9 kcal/mol more stable than the anti minimum. As the
hydrogen bond is not present in the transition state, all energies
are relative to the anti minimum. The transition structure is found
at æ1 ) 74.5°, æ2 ) 74.5°, 12.8 kcal/mol higher in energy
than the anti minimum. Clearly, the orbitals in the transition
structure are not orthogonal. This is most likely due to steric
reasons, which are becoming more important as the conjugative
stabilization of spin and charge decrease. The pyramidalization
is less pronounced than for1•+ but more so than in the case of
3•+, with an average deviation from planarity of 18.5°.
Furthermore, the degree of pyramidalization actually decreases
from æ1 ) 90° to æ1 ) 74.5°, indicating that the energy gained
by increased conjugation is not enough to offset the energy lost
through pyramidalization.

The PES computed for5•+, also shown in Figure 7, is very
similar to the1•+ PES. The 25.7 kcal/mol barrier to intercon-
version at the QCISD(T)/UHF level is slightly lower than the
barrier for 1•+, as expected for the slightly higher cation-
stabilizing character of fluorine over hydrogen.33 The degree
of pyramidalization is also slightly lower, with an average
deviation from planarity of 25.5°. For compounds2•+ to 5•+,
alternative pathways, that is, twisting ofæ2 and non-rehybridized

Figure 5. PES of1•+. Each contour line corresponds to 3 kcal/mol.
Minimum energy pathway is shown in bold.

Figure 6. Reduced PES of1•+. Relative energies are in kcal/mol.
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æ1/æ2 scans, were evaluated and found to be higher in energy
than theæ1 pathway and were thus not pursued further.

The minimum energy conformers of6•+ are located at
(æ1 ) 180°, æ2 ) 180°) and (æ1 ) 29.2°, æ2 ) 22.3°). The
interconversion transition structure, ts-6•+, is located at (æ1 )
93.7°, æ2 ) 89.6°), 8.8 kcal/mol aboveanti-6•+. A æ1 scan
reveals a low degree of pyramidalization, with an average
deviation of 11° from planarity. The control scan ofæ2,
however, gave an alternative path that is energetically competi-
tive with æ1. From the gauche minimum to ts-6•+, theæ1 path
is the minimum pathway, although at most 1.3 kcal lower than
theæ2 path,æ1 is also the minimum from ts-6•+ to æ ) 110°,
at which point æ2 becomes the lower minimum pathway.
However, the difference between the paths is at most 0.2 kcal/
mol and is thus below the accuracy of the method used. With
an ambiguous mechanism such as this, it felt necessary to map
the entire PES, which is presented in Figure 9. Relative energies
above 13 kcal/mol have been left out to enhance visibility, and
energies above 9 kcal/mol are shaded dark gray. The resulting
PES is somewhat different from the smoothly curved PES
presented for1•+ in Figure 5. The region around the diagonal
is very flat, while the curvature increases steeply when leaving
the flat area, indicating that the energy gained through increased
delocalization does not offset the energy lost through pyrami-
dalization.

The final pair of butadienes studied, thetert-butyl substituted
7•+ and the trimethylsilyl substituted8•+, were chosen not only
for the electronic properties of the substituents but also for their
steric effects, which lead to an unusual structure that differs

considerably from normal 1,3-butadienes. The double bonds in
the neutral analogue7 are essentially orthogonal because of the
steric bulk of thetert-butyl groups.19 Assuming that7•+ has a
similar geometry, it can be used as a probe of whether minimum
energy conformers of butadiene radical cations also exhibit
rehybridization. In7•+, the minimum energy conformer is
located at (æ1 ) 123.2°, æ2 ) 134.1°), with a second minimum
at (æ1 ) 53.2°, æ2 ) 60.1°), 3.0 kcal/mol higher in energy.
The twist ofæ1 from 89.9° in 7 to 123.2° in 7•+ is due to the
tendency to delocalize spin and charge in the radical cation.
The computed structure of7•+ is thus an interesting example

Figure 7. Reduced PES of2•+-5•+. Relative energies are in kcal/mol.

Figure 8. Reduced PES of6•+. Relative energies are in kcal/mol.
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of the delicate balance between the steric repulsion of thetert-
butyl groups and the stabilization of spin and charge in a radical
cation.

While the pyramidalization in the (æ1 ) 53.2°, æ2 ) 60.1°)
minimum should be caused by strain, the pyramidalization in
the (æ1 ) 123.2°, æ2 ) 134.1°) causes thetert-butyl groups to
come closer, that is, increasing strain. However, in7 with æ1
constrained to 53.2°, æ2 is equal to 78.1°, thus exhibiting
substantially more pyramidalization than7•+ (æ1 ) 53.2°,
æ2 ) 60.1°). Conversely, the substituents in8•+ have similar
steric bulk as the ones in7•+, yet 8•+ exhibits negligible
pyramidalization in the minimum energy conformer at (æ1 )
136.2°, æ2 ) 135.3°). This is not surprising, in the light of the
reduction of pyramidalization when comparing2•+ to 6•+.

Allyl Cation and Allyl Radical. As radical cations have been
successfully treated as the combination of a radical and a
cation,34 the question arose whether conjugated radicals or
cations would exhibit similar rehybridization. The rotation of
the methylene group in the allyl cation,9+, and allyl radical,
9•, were chosen as the simplest model of conjugated cations
and radicals. As discussed earlier, these model systems had
considerable impact on the development of the fundamental
concept of conjugation. Comparison of the situation in9+ and
9• with the ideas outlined above therefore puts them in the
context of established concepts. To investigate this, the meth-
ylene group on C3 was rotated by constraining the C1-C2-
C3-H7 dihedral to 180°, then decreasing it to 90° in 10°
increments. The energy profile and pertinent dihedrals are given
in Figure 10.

Similar to the butadiene radical cations, rotation of the
methylene moiety in9+ causes pyramidalization of C3. With
C1-C2-C3-H7 set to 90°, the C2-C3-H8-H7 dihedral, that
is, the out-of-plane bending of C3, is 151.6° and 22.9 kcal/mol
higher in energy than planar9+. Furthermore, C2 is also
pyramidalized to a slightly larger extent with the C1-C2-C3-
H6 dihedral equal to 139.9°. Analogous calculations of the allyl
radical9• revealed a different pattern for pyramidalization. With
C1-C2-C3-H7 set to 90°, 17.0 kcal/mol higher in energy than
planar9•, the C2-C3-H8-H7 dihedral is 154.4°, but the C1-
C2-C3-H6 dihedral is only 173.5°. The differences in rehy-
bridization of C2 can be traced to differences in localization of
spin or charge. Mulliken partial charges in planar9+ are
calculated to 0.39, 0.21, and 0.39 electrons at C1, C2, and C3,
respectively, and changes to 0.33, 0.25, and 0.42 electrons,
respectively, in9+ with C1-C2-C3-H7 ) 90°. Therefore,
the electronic structure of9+ is largely unchanged during the

rotation. In9•, on the other hand, the spin density on C1, C2,
and C3 goes from 0.63, (-0.26), and 0.63, respectively, in planar
9• to 0.09, (-0.07), and 0.98, respectively, in9• with C1-C2-
C3-H7 ) 90°. Furthermore, in9• with C1-C2-C3-H7 )
108°, the spin density is 0.33, (-0.21), and 0.87, respectively,
indicating that there is still substantial delocalization in9• (C1-
C2-C3-H7 ) 108°) but no delocalization present in9• (C1-
C2-C3-H7 ) 90°). The decreasing degree of pyramidalization
calculated for9• between (C1-C2-C3-H7 ) 108°) and (C1-
C2-C3-H7 ) 90°) is caused by the energetic cost of
rehybridizing C2 which exceeds the gain from maintained
conjugation in this range. This in turn should cause9• to behave
in a classical fashion, which is also supported by the agreement
between the experimental and calculated barriers to rotation.

Discussion and Conclusions

Conversion ofsyn- to anti-1•+ is a much more complicated
process than previously thought and differs considerably from
the rotation in neutral1. The main reason for this is the
rehybridization of the central carbons C2 and C3 that occurs
when the geometry is distorted from planarity, which leads to
larger stabilization of spin and charge. The driving force for
this is the increased overlap between the two formerly pure
p-orbitals afforded by rehybridization. If the partially pyrami-
dalized carbons have perfect tetrahedral geometry, at1•+

(æ1 ) 90°, æ2 ) 37.2°) the dihedral angle between the former
p-orbitals on C2 and C3 should be (90° + 37.2°)/2 ) 63.6°. A
dihedral angle of 63.6° is significantly less than 90° and is thus
exhibiting overlap.35 The energy difference between1•+ (æ1 )
90°, æ2 ) 37.2°) and1•+ (æ1 ) 90°, æ2 ) 90°) of 8.3 kcal/
mol is the stabilization due to delocalization minus the energy
required to pyramidalize the carbons. As introducing cation-
stabilizing substituents at the central carbons simultaneously
reduces both the degree of rehybridization and the barrier to

Figure 9. PES of6•+. Each contour line corresponds to 3 kcal/mol.

Figure 10. a: Energy and spx hybridization at C2 and C3 in scan of
9+. b: Energy and spx hybridization at C2 and C3 in scan of9•.
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interconversion, it is clear that the degree of rehybridization is
dependent on the energy gained by it. While delocalization is
dependent on electronic factors, the rehybridization is not.

The effect of rehybridization on the butadiene radical cation
PES is evident from Figures 5 to 9. The rotamer interconversion
is dependent on not only a geometric parameter, that is, the
torsion of æ1, but also an electronic parameter, that is, the
rehybridization. As the second parameter is perpendicular to
the reaction coordinateæ1, the interconversion is expected not
to follow classical transition-state theory but instead to be
dynamically controlled. In the most extreme example, inter-
conversion of unsubstituted butadiene would by following the
minimum energy pathway reach the (æ1 ) 90°, æ2 ) 37.2°)
geometry. To pass through the transition structure, it would have
to stop the æ1 twisting motion and instead start a new,
independent motion. This is unlikely, and a large portion of
the (æ1 ) 90°, æ2 ) 37.2°) geometries would instead continue
twisting æ1 until they eventually rehybridized. A geometry
passing through a point (æ1 ) 110°, æ2 ) 90°) would still
have to localize spin and charge, however, and would thus have
what might be called a nonstationary transition state. The
minimum energy pathways presented in Figures 5-9 are
consequently not describing the exact mechanism but instead
give a most likely pathway for interconversion. The minimum
energy pathway does provide information about the PES,
however, as a pathway such as the one presented in Figure 6,
where the rehybridization is substantial, is expected to exhibit
a large degree of nonclassical behavior. A minimum energy
pathway such as the one presented in Figure 8, on the other
hand, is indicative of a PES where the pathways leading to
interconversion are fairly close to a one-parameter surface,
following the diagonal. This system is thus expected to be well
described within the classical transition-state theory.

The rehybridization is not limited to radical cations, however,
as seen by the rotation of allyl cation and to a lesser extent
allyl radical. Just as observed for the substituent effects, the
lesser degree of rehybridization for allyl radical is consistent
with a lower energy gain through delocalization and thus a lower
driving force to maintain it. Although not explored, the
rehybridization in 9+ could explain the absence of aC2h

symmetric rotational transition state,9 as this transition state
could ostensibly be found in the three-dimensional space shaped
by the rotation of the C2-C3 bond and the pyramidalization
of C2 and C3. It is also possible, however, that the previously
suggested 1,2-hydrogen shift9 might occur at a twisted geometry,
lower in energy than theC2h symmetric 1,2-hydrogen shift
characterized by Wiberg et al.9 Furthermore, it is expected to
influence the energetics and geometry of other mechanisms, such
as allyl radical to allene eliminations.

Rehybridization is also important in energy minima on the
PES, provided that those conformers are nonplanar and do not
contain strongly cation-stabilizing substituents. This is exempli-
fied by 7•+, where thetert-butyl groups in7•+ are bulky but
not strongly cation-stabilizing. The system has a minimum
energy conformer where the double bonds are not planar, but
pyramidalization of the central carbons is present.8•+ is
nonplanar, but the trimethylsilyl substituents are highly cation-
stabilizing, and8•+ has thus no driving force for pyramidaliza-
tion.

The performance of the B3LYP model is in very good
agreement to computationally much more demanding methods.
This is particularly relevant for the parent system, the rotation
of butadiene radical cation1•+. The failure of the B3LYP
method to locate the transition structure for the rotation of1•+

has often been interpreted as an indication that this method is
unreliable. Our results demonstrate that a much more differenti-
ated view of the shortcomings of these hybrid DFT methods,
which describe the vast majority of the hypersurfaces very well,
is necessary. Although the origins of the bias in the B3LYP
method is well understood, a full understanding of the conse-
quences will require further studies of several systems.

The results described here are of considerable generality. This
is, for example, emphasized by a more detailed consideration
of a butadiene-like radical cation that is strongly stabilized by
substituents, the carotene radical cation. On the basis of the
discussion above, the rotation of carotene radical cation is
expected to exhibit small deviations from the classical behavior.
Rotation of the headgroups of the carotene radical cation was
the object of a recent theoretical study.36 A closer analysis of
the structure that was twisted by 90° reveals a small degree of
rehybridization on the relevant carbons. The effect this has on
the rotational profile is most likely negligible but nevertheless
clearly present. More importantly, however, this demonstrates
the dangers of using model studies. While in this case a flawed
model of a larger species can be discarded on the basis of an
examination for nonclassical behavior, this is not always the
case.
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