
Overview
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Rotational barriers in alkanes play a fundamental role in the stereochemistry and
dynamics of alkanes and others such as proteins. Yet, the proper understanding
of their origin which is central to chemical theory remains controversial. Cur-
rently, there are two major competing models to interpret the barriers, one is
the steric repulsion model and the other is hyperconjugation model. No con-
sensus has been reached. It is thus important to critically examine the quantum
mechanical approaches producing conflicting data which lead to these models,
as various approximations must be introduced to derive either the steric or hy-
perconjugative interaction energies in these approaches. The hyperconjugation
model is largely based on the popular natural bond orbital (NBO) analysis which
can estimate individual interactions between occupied bond orbitals and vicinal
unoccupied antibond orbitals. But the concern is that these localized bond orbitals
are projected out from a delocalized wavefunction and thus nonoptimal. Alterna-
tively, recent studies with other methods notably the ab initio valence bond theory
where localized orbitals are self-consistently optimized reinstate the conventional
steric repulsion model, although the NBO method correctly predicts that there
is stronger hyperconjugative interaction in staggered structures than in eclipsed
structures. After all, it is the steric effect rather than the hyperconjugation effect
that plays a dominating role in rotational barriers in alkanes. C© 2011 John Wiley &
Sons, Ltd. WIREs Comput Mol Sci 2011 1 164–171 DOI: 10.1002/wcms.22

INTRODUCTION

S aturated alkanes exhibit low barriers (3–
10 kcal/mol) to rotations about single C C

bonds with preference for trans-gauche conformers.
For the example of ethane, the staggered conformer
is more stable than the eclipsed form by 2.9 kcal/mol
with a slight shortening of the C C bond.1–4 For
butane, however, based on the relative positions of
two terminal methyl groups, there are two differ-
ent staggered conformers with respect to the cen-
tral C C bond, one is the anticonformer and the
other is the gauche conformer, in addition to two
different eclipsed conformers with either H/CH3 or
CH3/CH3 eclipsed. Because both staggered conform-
ers are minima at the energy profile, the continuing
rotation around the central C C bond starting from
the anticonformer experiences two successive barri-
ers of 3.3 and 5.1 kcal/mol, respectively.5 Due to low
rotational barriers, minima corresponding to various
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equilibrium configurations of an alkane molecule can
transform to each other at extremely high rates at
ambient condition.6 But, it has also been well recog-
nized that rotations around C C bonds in alkanes
have important consequences in molecular structure
and dynamics.

Among linear or cyclic alkanes, both ethane and
butane are textbook prototypes for the introduction
of steric hindrance in organic chemistry, but the con-
tributing effects to conformational isomerism remain
controversial as there is no rigid and generally ac-
cepted approach to measure the effects either experi-
mentally or computationally.7 The understanding of
rotational barriers in alkanes is central to confor-
mational chemistry and the proper mathematical de-
scription of the torsional potential is fundamental to
the development of force fields to obtain an accu-
rate representation of three-dimensional structures of
molecules.8,9 It has been shown that changes to the
torsional potentials can severely affect the accuracy
of forces fields,9–11 which have been playing a criti-
cal role in computer simulations of protein and DNA
molecules as well as inorganic, organic (notably poly-
mer), and even nanomaterials. Of particular relevance
to the torsional potential includes the reproduction
and prediction of phase behavior of chemicals such
as alkanes.12 At the molecular mechanical level, the
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potential function is usually expanded in a Fourier
series in the torsional angle ϕ as

V(ϕ) = 1
2

∑
n

Vn(1 − cos nϕ) (1)

Quantum mechanically, however, as rotations does
not involve any bond making or breaking, the cor-
responding barriers can be derived fairly accurately
even at quite low levels, largely due to the comparabil-
ity of the electron correlation effect on isomers of the
same molecule.13,14 Although both experiments and
theories can produce comparable values for rotational
barriers, fundamental insights into the nature of tor-
sional barriers can only be gleaned with a number
of necessary approximations. As such, controversies
linger for this seemingly simple but enormously sig-
nificant problem and various explanations have been
proposed to elucidate the origin of rotational barri-
ers, based on different approximations introduced in
the process of treatment. In this sense, the reliability
of an explanation solely relies on the approximations
leading to this explanation. Here we briefly review the
evolution of the understanding of the rotational bar-
riers in alkanes by focusing on the typical examples
of ethane and butane.

ETHANE

The hindered internal rotation about the C C bond
in ethane was arguably first (see, the historical re-
view in Ref 3) discovered in the thermodynamic
measurements by Kemp and Pitzer in 1936,1,2 who
showed that only when an internal rotation barrier
of about 3 kcal/mol is taken into account, one could
obtain thermodynamic quantities in agreement with
experiment.3 Later experimental and theoretical stud-
ies further confirmed the staggered not the eclipsed
structure as the lower energy one,15–25 and a re-
vised experimental value of 2.90 ± 0.03 kcal/mol were
proposed.26 In the early days of theoretical chemistry,
many insights were gained based on Lewis’s valence
theory, where molecules are composed of chemical
bonds sharing two electrons between two atoms. It
was consequently envisioned that the ethane rotation
barrier results from the repulsive Pauli exchange inter-
actions between electrons in the two methyl groups,
or more specifically, among the C H bonds.27 This
intuitive, steric repulsion theory fits to our simple
stick–ball model for molecules very well, and was
quantitatively confirmed by Sover et al.’s analyses by
means of bond-orbital model in the 1960s,22 and still
remains a popular and illuminating explanation in
organic chemistry textbooks.

FIGURE 1 | Illustration of the hyperconjugation effect. The red
lines refer to nonoptimal bond orbitals.

In terms of quantum theory, steric repulsion is
often assumed as a combination of Pauli exchange
and electrostatic interactions between two objects.
But when the interacting parts belong to the same
molecular system, it becomes extremely tricky how
to convincingly evaluate the steric interaction, as the
definition of parts per se is open to questions. Never-
theless, various energy decompositions based on the
quantum mechanics, albeit more or less arbitrary,
have been proposed to explore the factors govern-
ing the staggered conformation of ethane.13,21,25,28

For instance, Allen decomposed the total energy
into the attractive contribution (the nuclear–electron
attractive potential energy Vne) and repulsive con-
tribution (the electron kinetic energy T plus the
electron–electron Vee and nuclear–nuclear Vnn repul-
sive energy) and concluded that the repulsion controls
the rotational barrier in ethane.13,21 Within the Den-
sity Functional Theory (DFT) framework, recently
Liu hypothesized that the total energy density func-
tional can be partitioned into the steric, electrostatic,
and quantum effects and showed that both steric and
electrostatic effects are comparable and repulsive in
the conformational change from the staggered to the
eclipsed ethane.28

Alternatively, the possible role of hypercon-
jugation effect in the ethane rotation barrier has
been widely speculated ever since the introduction
of the hyperconjugation concept by Mulliken in
1939.23,29–31 Hyperconjugation corresponds to the
interaction between an occupied bond orbital σ ij and
a vicinal unoccupied antibond orbital σ kl

∗, which re-
sults in an occupied delocalized orbital σ ij

′ (λ � 1)

σ ′
i j = σi j + λσkl

∗ (2)

and the stabilization of the system, as shown in
Figure 1. The critical issue here is how to derive the
optimal localized orbitals σ ij and σ kl

∗, which are used
as references for the estimation of the hyperconjuga-
tive stabilization energy.
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FIGURE 2 | Major competing explanations for the ethane rotation
barrier.

Brunck and Weinhold first approximated the
molecular orbitals (MOs) in terms of linear combi-
nation of bond orbitals at the semi-empirical level
and proposed that the shortening of the central C C
bond involving vicinal hyperconjugative interaction
between the σCH occupied orbitals in one methyl
group and the σCH

∗ antibonding orbitals in the other
methyl group stabilizes the staggered conformation
and thus is the dominant force responsible for the
rotational barrier in ethane.24 Later, Weinhold et al.
further developed the natural bond orbital (NBO) ap-
proach at the ab initio level that verified their ini-
tial semi-empirical results.32,33 Bader et al. offered
an alternative explanation, in terms of the polariza-
tion of charge density in the central carbon–carbon
bond as a result of variations in symmetry from S3

in staggered to C3 in eclipsed structures.25 Although
other explanations have been proposed, essentially
there are two major competing models to interpret
the origin of the ethane rotation barrier,34–36 one is
the steric repulsion model where in general the steric
interaction is a sum of the Pauli exchange and elec-
trostatic interaction (including the dispersion energy),
and the other is hyperconjugation model, as illus-
trated in Figure 2. Recently, this debate was rekindled
by Goodman and coworkers.37–40 On the basis of the
NBO method, they carried out a ‘flexing’ analysis in
terms of energies associated with structural, steric,
exchange, and hyperconjugative interactions during
a methyl rotation. By removing the σCH–σCH

∗ hyper-
conjugative interaction, they claimed that steric repul-
sion favors the eclipsed conformation, thus repulsive
forces have no effect on the preference for a staggered
conformation.40 This finding is in accord with pre-
vious studies by Weinhold and coworkers,33,41 who
similarly employed the NBO analysis and found that
Pauli exchange energy destabilizes the eclipsed struc-
ture less than the staggered structure of ethane. In
fact, the qualitative bonding picture presented by the
NBO method is rather convincing and attractive, as a
C H bond orbital σCH has a better overlap with an-
other σCH

∗ antibonding orbital at the staggered posi-

tion than at the eclipsed position.42 But the question
is how this qualitative picture can be appropriately
translated to quantitative data.

Goodman et al.s’ claim that steric repulsion fa-
vors the eclipsed structure inspired more studies.43–45

Bickelhaupt and Baerends first evaluated the Pauli
and electrostatic interactions explicitly using a wave-
function composed of fragmental MOs of methyl
groups and showed that although hyperconjugation
does favor the staggered ethane conformer, Pauli ex-
change repulsions are the dominant force responsi-
ble for the rotational barrier in ethane.43 As ab ini-
tio valence bond (VB) theory can uniquely define
an electron-localized state with the Heitler–London–
Slater–Pauling (HLSP) function, we explicitly com-
puted the hyperconjugation energy in ethane using
ab initio VB theory and demonstrated that, in accord
with Bickelhaupt and Baerends’s findings, although
the hyperconjugation effect indeed favors the stag-
gered conformation, its contribution to the barrier is
only secondary.44 We note that in the VB calculations,
the wavefunction (i.e., all orbitals) for the electron-
localized state was self-consistently optimized. In con-
trast, the NBO approach is a post-SCF analysis where
the localized bond orbitals are projected out from the
electron delocalized state without further optimiza-
tion. Nonoptimal orbitals which lie at higher energy
levels than optimal orbitals could result in the severe
overestimation of hyperconjugation energies, as illus-
trated in Figure 1 with red lines.

A reasonable and maybe ultimate solution to
the nature of the ethane rotation barrier within the
MO theory, however, was laid out by Mulliken him-
self when he proposed the hyperconjugation concept
in 1939, though he also cautioned that ‘hyperconju-
gation in ethane should have little or no direct effect
in restricting free rotation’ since it is ‘only of sec-
ond order’.29 For either staggered structure (D3d sym-
metry) or eclipsed structure (D3h symmetry), hyper-
conjugation in ethane involves eight electrons which
occupy the degenerate e-symmetric orbitals, as the
rest electrons occupy the fully symmetric orbitals and
thus are unaffected by the rotation. In the absence of
any hyperconjugation, each set of e orbitals with four
electrons is localized on one CH3 group. As Figure 3
shows, hyperconjugative interaction involves charge
transfer from occupied group-localized orbitals to vic-
inal unoccupied group-localized orbitals (i.e., 1π ′ →
2π ′′ and 1π ′′ → 2π ′), which consequently stabilizes
the system, whereas steric effect reflects the interac-
tion between neighboring occupied orbitals (1π ′ and
1π ′′), which generally comprises the classical electro-
static term and the quantum mechanical Pauli ex-
change repulsion.
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FIGURE 3 | The e-symmetric group-localized orbitals of methyl groups in ethane. 1π x and 1π y are degenerate and occupied, whereas the
degenerate 2π x and 2π y are unoccupied. Orbital interactions in ethane: (a) hyperconjugative interaction, (b) steric interaction, and (c) overall
interactions.

Recently, we realized the Mulliken proposal
using our developed block-localized wavefunction
(BLW) method which combines the advantages of VB
and MO theories and can be regarded as the simplest
variant of the VB theory.46–50 At first, we defined a
wavefunction in the absence of hyperconjugative in-
teractions as51

�L = Â
(
1a2

12a2
13a2

14a2
15a2

11π ′41π ′′4) (3)

where 1π ′ and 2π ′′ are group-localized orbitals con-
fined to only one of the two methyl groups, respec-
tively, as Mulliken initially suggested. Afterwards,
we allow the hyperconjugation between two methyl
groups and subsequently the wavefunction evolves to
the familiar Hartree–Fock (HF) wavefunction

� = Â
(
1a2

12a2
13a2

14a2
15a2

11e42e4) (4)

where the two pairs of degenerate molecular orbitals,
1e and 2e, are delocalized over the entire system
or more specifically, combinations of 1π ′, 1π ′′, 2π ′,
and 1π ′′. It should be pointed out that in our BLW
computations, �L are optimized variationally like �.
At last, the energy difference between the delocal-
ized and localized states reflects the hyperconjugative
stabilization

Ehc = E(�) − E(�L) (5)

Computations once again showed that the hy-
perconjugation effect does favor the staggered struc-

ture over the eclipsed structure, but it contributes only
about 0.8 kcal/mol to the rotational barrier. Signifi-
cantly, the steric effect was independently estimated
by using frozen group-localized orbitals in the pro-
cess of rigid rotations. Starting from the staggered
structure, we froze the orbitals and all structural pa-
rameters except the torsional angle, and derived the
one-dimensional energy profile for the rigid rotation.
The energy change to the eclipsed structure mounts to
2.8 kcal/mol. Similarly, if we started from the eclipsed
structure and froze the group-localized orbitals, rigid
rotations toward the staggered structure reduce the
molecular energy by 2.6 kcal/mol. The difference be-
tween 2.8 and 2.6 kcal/mol is due to the longer C C
bond distance in the eclipsed structure than in the
staggered structure. The sum of hyperconjugation and
steric effects (3.4–3.6 kcal/mol) is slightly offset by
the geometric relaxation due to the lengthening of
the C C bond. Figure 4 shows the decomposition
of the barrier in terms of steric repulsion, hypercon-
jugation, electronic, and geometric relaxations along
the rotation. This picture concurred that the conven-
tional steric repulsion is the dominant factor for the
rotational barrier in ethane.

BUTANE

Rotational barriers are highly sensitive to the local
chemical structure of focused C C bonds, as best ex-
emplified by butane. In the matter of fact, the rotation
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FIGURE 4 | Rotation barrier along with the steric repulsion,
hyperconjugation, electronic relaxation, and geometric relaxation
energy changes with respect to the torsional angle.

about the central C C bond of butane is of general
interest as it is a prototype for studying longer alkane
chains. In general, the preference of stable conform-
ers as well as the rotational barriers is influenced by
a few factors, including interactions among substi-
tuted groups, bond lengths, and the lone pairs on het-
eroatoms. Compared with ethane, butane exhibits re-
markably different rotational energy profile about the
central C C bond due to the two substituted methyl
groups. Simple computations with the basis set of 6–
31G(d) at the Second-order Møller-Plesset Perturba-
tion Theory (MP2) and HF levels result in consistent
barriers as shown in Figure 5. Starting from the an-
ticonformer (ϕ = 180◦), the approaching of the two
methyl groups is accompanied by two nonequivalent
barriers, which are 3.6 or 3.7 and 5.3 or 5.4 kcal/mol
at the MP2 or HF level. These data are only slightly
higher than the very accurate G2 results 3.3 and
5.2 kcal/mol,5 indicating the insensitivity of rotational
barriers in alkanes to the theoretical level used in cal-
culations. It should be noted that all theoretical stud-
ies have resulted in a much higher energy difference
between the syn (ϕ = 0◦) and anticonformers than
the experimental estimate (3.78 kcal/mol52). Unlike
other 1,2-disubstituted ethanes with polar groups,
the gauche conformer (ϕ ≈ 60◦) of butane is slightly
destabilized by less than 1 kcal/mol compared with
the anticonformer. Similar to the ethane case, how-
ever, the governing factors ruling the conformational
isomerism of butane are controversial.7,53,54 Intu-
itively, the much larger size of methyl group than
hydrogen atom invokes the steric repulsion model,

FIGURE 5 | Rotational potential energy profiles for butane around
the central C C bond with the MP2, HF, and block-localized
wavefunction methods.

as the barrier gets high with the approaching of the
two terminal methyl groups. But the NBO analy-
sis showed that the stabilization energy of the an-
ticonformer with respect to the gauche structure
comes from the hyperconjugation effect.53 In other
words, if there were no hyperconjugation effect, the
gauche and anticonformers of butane would be nearly
isoenergetic.

Most recently, Cormanich and Freitas calcu-
lated the potential energy surfaces for the relaxed and
rigid (with bond distances and angles frozen) rota-
tions, and concluded that the steric repulsion between
methyl groups is the important effect defining the rel-
ative conformational energies.7 Peculiarly, although
they demonstrated that the anticonformer would be
more stable than the gauche conformer when the hy-
perconjugation effect was turned off based on the
NBO deletion calculations, their results showed that
the energy difference between the gauche and anti-
structures would increase from 0.9 kcal/mol when the
hyperconjugation is considered to 10.7 kcal/mol when
the vicinal antiperiplanar hyperconjugation is turned
off by deleting the six related antibond orbitals. In
other words, the NBO hyperconjugation energies are
very high, so is the steric repulsion.

Using the BLW method,46–50 we can define a
wavefunction for the electron-localized Lewis struc-
ture as55

�L = Â
{

4
�
i=1

K2
C(i)

10
�
j=1

σ 2
CH( j)

3
�

k=1
σ 2

CC(k)
}

(6)

where K refers to a carbon core orbital and σCH
denotes a doubly occupied CH bond orbital which
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is expanded with the basis functions of only the
bonding C and H atoms. Similarly, σCC corresponds
to a CC bond orbital. Apparently, due to the expan-
sion constraint, all these bond orbitals are nonorthog-
onal. Unlike Eq. (5), the difference between �L and
the HF wavefunction � involves not only the hy-
perconjugative interactions, but mostly the gemi-
nal interactions among the CH bonds sharing com-
mon apex carbon atoms.56 The hyperconjugative
and geminal interactions occur simultaneously, but
generally the latter is much stronger and conserved
among different conformers, as proved in the ethane
case.

Figure 5 shows the energy profile of �L at the
MP2/6–31G(d) geometries optimized along the tor-
sional angle. The comparison between the HF and
BLW curves indicated that the antistructure is more
stable than the gauche structure by a similar amount
of energy. This is in sharp contrast to the NBO
results7 and suggests that in both structures the hyper-
conjugative interactions are of comparable strengths.
Interestingly, the rotational barriers reduce to 2.6
and 3.8 kcal/mol, respectively. For comparison, at the
same theoretical level, the HF barriers are 3.7 and
5.2 kcal/mol. The discrepancies highlight the contri-
bution from the hyperconjugation effect, i.e., there
are stronger hyperconjugative interactions in stag-
gered structures than eclipsed structures. However,
the steric effect still plays a dominant role in the bar-
riers. We note that recently Liu et al. quantified the
steric effect within the DFT theory and showed that
an eclipsed conformer has a larger steric energy than
a staggered conformer,54 and this is in accord with
the BLW analysis but different from the NBO find-
ing that the eclipsed conformer of n-butane possesses
smaller steric repulsion than the staggered conformer.
In essence, conclusion from Figure 5 is the same as
that from Figure 4, i.e., the steric effect dominates the

rotational barriers in butane, whereas the hypercon-
jugation effect plays a secondary role and contributes
about 30% to the barriers.

CONCLUSION

The rotational barriers in alkanes, although low can
be overcome easily at room temperature, play a fun-
damental role in stereochemistry and the dynamics of
alkanes in both the gas and liquid phases. Although
its understanding seems simple with the conventional
steric repulsion model, the proposal and develop-
ment of various quantum mechanical approaches con-
stantly challenges our intellectual intuitions. It is thus
important that before bracing any new interpreta-
tion, we should critically examine the approximations
implied in these approaches and computations. Cur-
rently, the controversy over the origin of rotational
barriers in alkanes seems still unsettled, and both
the hyperconjugation explanation and steric repul-
sion explanation have supporters. But we note that
essentially all supporting data for the hyperconjuga-
tion model come from the NBO method, where the
wavefunction for the Lewis structure is transformed
from the wavefunction for the delocalized state with-
out further optimization. Theoretically, VB theory is
more suitable for the evaluation of the hyperconjuga-
tion energy as it defines the Lewis structure with HLSP
function which can be optimized self-consistently.
Both ab initio VB and its variant, the BLW method,
have demonstrated that staggered structures exhibit
stronger hyperconjugative interactions than eclipsed
structures, in accord with the beautiful qualitative pic-
tures painted by the NBO method. However, numer-
ically the magnitude of these hyperconjugative inter-
actions is far from enough to interpret the barriers.
The conventional steric interaction is still dominantly
responsible for the barriers in alkanes.

REFERENCES

1. Kemp JD, Pitzer KS. Hindered rotation of the methyl
groups in ethane. J Chem Phys 1936, 4:749.

2. Pitzer KS. Thermodynamic functions for molecules
having restricted internal rotations. J Chem Phys 1937,
5:469–472.

3. Schreiner PR. Teaching the right reasons: Lessons from
the mistaken origin of the rotational barrier in ethane.
Angew Chem Int Ed 2002, 41:3579–3581.

4. Kundu T, Pradhan B, Singh BP. Origin of methyl tor-
sional potential barrier - An overview. Proc Indian
Acad Sci (Chem Sci) 2002, 114:623–638.

5. Murcko MA, Castejon H, Wiberg KB. Carbon-
carbon rotational barriers in butane, 1-butene, and
1,3-butadiene. J Phys Chem 1996, 100:16162–
16168.

6. Zheng J, Kwak K, Xie J, Fayer MD. Ultrafast
carbon-carbon single-bond rotational isomerization in
room-temperature solution. Science 2006, 313:1951–
1955.

7. Cormanich RA, Freitas MP. A theoretical view on the
conformer stabilization of butane. J Org Chem 2009,
74:8384–8387.

Volume 1, March /Apr i l 2011 169c© 2011 John Wi ley & Sons , L td .



Overview wires.wiley.com/wcms

8. Travis KP, Searles DJ. Effect of solvation and confine-
ment on the trans-gauche isomerization reaction in n-
butane. J Chem Phys 2006, 125:164501.

9. Darley MG, Popelier PLA. Role of short-range electro-
statics in torsional potentials. J Phys Chem A 2008,
112:12954–12965.

10. Yoda T, Sugita Y, Okamoto Y. Secondary-structure
preferences of force fields for proteins evaluated by
generalized-ensemble simulations. Chem Phys 2004,
307:269–283.

11. Sorin EJ, Pande VS. Empirical force-field assessment:
The interplay between backbone torsions and nonco-
valent term scaling. J Comput Chem 2005, 26:682–
690.

12. Bernard-Brunela DA, Potoff JJ. Effect of torsional po-
tential on the predicted phase behavior of n-alkanes.
Fluid Phase Equilib 2009, 279:100–104.

13. Payne PW, Allen LC. Barriers to rotation and inversion.
In: Schaefer III HF, ed. Mordern Theoretical Chem-
istry. Vol. 4. New York and London: Plenum Press;
1977, 29–108.

14. Wiberg KB. Rotational barriers: Ab initio computa-
tions. In: Schelyer PvR, ed. Encyclopedia of Compu-
tational Chemistry. Berlin: John Wiley & Sons; 1998,
2518–2525.

15. Smith LG. The Infra-Red spectrum of C2H6. J Chem
Phys 1949, 17:139.

16. Pitzer KS. Potential energies for rotation about single
bonds. Discuss Faraday Soc 1951, 10:66–73.

17. Wilson Jr EB. The problem of barriers to international
rotation in molecules. Adv Chem Phys 1959, 2:367.

18. Pitzer RM. Quantum-mechanical studies on the origin
of barriers to internal rotation about single bonds. Acc
Chem Res 1983, 16:207–210.

19. Halpern AM, Glendening ED. The barrier to internal
rotation in ethane. J Chem Phys 2003, 119:11186–
11191.

20. Bohn RK. Origin of rotation and inversion barriers. J
Phys Chem A 2004, 108:6814–6816.

21. Allen LC. An intrinsic reaction coordinate calculation
of the torsional potential in ethane: Comparison of the
computationally and experimentally derived torsional
transitions and the rotational barrier. Chem Phys Lett
1968, 2:597–601.

22. Sovers OJ, Kern CW, Pitzer RM, Karplus M. Energy
component analysis of rotational barriers. J Chem Phys
1968, 49:2592–2599.

23. Lowe JP. A butane analogue, 3-hexyne, is eclipsed. Sci-
ence 1973, 179:527–532.

24. Brunck TK, Weinhold F. Bond-function analysis of
rotational barriers: ethane. J Am Chem Soc 1979,
101:1700–1709.

25. Bader RFW, Cheeseman JR, Laidig KE, Wiberg KB,
Breneman C. Barrier to internal rotation in ethane. J
Am Chem Soc 1990, 112:6530–6536.

26. Hirota E, Saito S, Endo Y. Barrier to internal rotation
in ethane from the microwave spectrum of CH3CHD2.
J Chem Phys 1979, 71:1183–1187.

27. Pauling LC. The Nature of the Chemical Bond. 3rd ed.
Ithaca, NY: Cornell University Press; 1960.

28. Liu S. Steric effect: a quantitative description from den-
sity functional theory. J Chem Phys 2007, 126:244103.

29. Mulliken RS. Intensities of electronic transitions in
molecular spectra. IV. Cyclic dienes and hyperconju-
gation. J Chem Phys 1939, 7:339–352.

30. England W, Gordon MS. Localized charge distribu-
tions. I. General theory, energy partitioning, and the
internal rotation barrier in ethane. J Am Chem Soc
1971, 93:4649–4657.

31. Epiotis ND, Cherry WR, Shaik S, Yates RL, Bernardi
F. Topics in Current Chemistry: Structural Theory of
Organic Chemistry, Vol. 70, Berlin: Springer-Verlag;
1977.

32. Reed AE, Curtiss LA, Weinhold F. Intermolecular in-
teractions from a natural bond orbital, donor-acceptor
viewpoint. Chem Rev 1988, 88:899–926.

33. Reed AE, Weinhold F. Natural bond orbital analysis of
internal rotation barriers and related phenomena. Isr J
Chem 1991, 31:277–285.

34. Houk KN, Rondan NG, Brown FK. Electronic struc-
tures and reactivities of pyramidal alkenes and car-
bonyls. Isr J Chem 1983, 23:3–9.

35. Houk KN, Rondan NG, Brown FK, Jorgensen
WL, Madura JD, Spellmeyer DC. Electronic origins
and consequences of pyramidalization of asymmetric
alkenes in ground and triplet excited states. J Am Chem
Soc 1983, 105:5980–5988.

36. Wilen SH, Eliel EL. Sterochemistry of Organic Com-
pounds. New York: John Wiley & Sons; 1994.

37. Goodman L, Gu H. Flexing analysis of steric exchange
repulsion accompanying ethane internal rotation.
J Chem Phys 1998, 109:72–78.

38. Goodman L, Gu H, Pophristic V. Flexing analysis of
ethane internal rotation energetics. J Chem Phys 1999,
110:4268–4275.

39. Goodman L, Pophristic V, Weinhold F. Origin of
methyl internal rotation barriers. Acc Chem Res 1999,
32:983–993.

40. Pophristic V, Goodman L. Hyperconjugation not steric
repulsion leads to the staggered structure of ethane.
Nature 2001, 411:565–568.

41. Corcoran CT, Weinhold F. Antisymmetrization effects
in bond-orbital models of internal rotation barriers.
J Chem Phys 1980, 72:2866–2868.

42. Weinhold F, Rebuttal to the Bickelhaupt–Baerends case
for steric repulsion causing the staggeredconformation
of ethane. Angew Chem Int Ed 2003, 42:4188–4194.

43. Bickelhaupt FM, Baerends EJ. The case for steric re-
pulsion causing the staggered conformation of ethane.
Angew Chem Int Ed 2003, 42:4183–4188.

170 Volume 1, March /Apr i l 2011c© 2011 John Wi ley & Sons , L td .



WIREs Computational Molecular Science Rotational barriers in alkanes

44. Mo Y, Wu W, Song L, Lin M, Zhang Q, Gao J. The
magnitude of hyperconjugation in ethane: A perspec-
tive from ab initio valence bond theory. Angew Chem
Int Ed 2004, 43:1986–1990.

45. Song L, Lin Y, Wu W, Zhang Q, Mo Y.
Steric strain versus hyperconjugative stabilization in
ethane congeners. J Phys Chem A 2005, 109:2310–
2316.

46. Mo Y, Peyerimhoff SD. Theoretical analysis of elec-
tronic delocalization. J Chem Phys 1998, 109:1687–
1697.

47. Mo Y, Gao J, Peyerimhoff SD. Energy decomposition
analysis of intermolecular interactions using a block-
localized wave function approach. J Chem Phys 2000,
112:5530–5538.

48. Mo Y, Song L, Wu W, Zhang Q. Charge transfer in
the electron donor-acceptor complex BH3NH3. J Am
Chem Soc 2004, 126:3974–3982.

49. Mo Y, Schleyer PvR. An energetic measure of aromatic-
ity and antiaromaticity based on the Pauling-Wheland
resonance energies. Chem Eur J 2006, 12:2009–
2020.

50. Mo Y, Song L, Lin Y. The block-localized wavefunc-
tion (BLW) method at the density functional theory
(DFT) level. J Phys Chem A 2007, 111:8291–8301.

51. Mo Y, Gao J. Theoretical analysis of the rotational
barrier of ethane. Acc Chem Res 2007, 40:113–119.

52. Herrebout WA, Van Der Veken BJ, Wang A, Durig JR.
Enthalpy difference between conformers of n-butane
and the potential function governing conformational
interchange. J Phys Chem 1995, 99:578–585.

53. Freitas MP, Rittner R. Is there a general rule for
the gauche effect in the conformational isomerism
of 1,2-disubstituted ethanes? J Phys Chem A 2007,
111:7233–7236.

54. Liu S, Govind N. Toward understanding the nature of
internal rotation barriers with a new energy partition
scheme: Ethane and n-butane. J Phys Chem A 2008,
112:6690–6699.

55. Mo Y. A critical analysis on the rotation barriers in
butane. J Org Chem 2010, 75:2733–2736.

56. Bande A, Michl J. Conformational dependence of s-
electron delocalization in linear chains: Permethylated
oligosilanes. Chem Eur J 2009, 15:8504–8517.

FURTHER READING

von Hopffgarten M, Frenking G. Energy decomposition analysis. WIREs Comput Mol Sci, doi:10.1002/wcms.71.

Alabugin IV, Gilmore KM, Peterson PW. Hyperconjugation. WIREs Comput Mol Sci 2011, 1:109–141

Volume 1, March /Apr i l 2011 171c© 2011 John Wi ley & Sons , L td .


