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This review outlines the ubiquitous nature of hyperconjugative interactions and
their role in the structure and reactivity of organic molecules. After defining the
common hyperconjugative patterns, we discuss the main factors controlling the
magnitude of hyperconjugative effects, including orbital symmetry, energy gap,
electronegativity, and polarizibility. The danger of underestimating the magnitude of hyperconjugative interactions are illustrated by a number of spectroscopic,
conformational, and structural effects. Through the use of advanced computational techniques, the true role of hyperconjugative effects, as it pertains to their
influence on stereoelectronics, conformational equilibria, and reactivities relative
to other electronic effects, continue to be uncovered. C 2011 John Wiley & Sons, Ltd.
WIREs Comput Mol Sci 2011 1 109–141 DOI: 10.1002/wcms.6

HYPERCONJUGATION,
CONJUGATION, AND
σ -CONJUGATION

S

tabilizing interactions between electronic orbitals
in molecules can be displayed via one of three
ubiquitous effects: conjugation, hyperconjugation,
and σ -conjugation. Each of these effects describes
the electronic consequences of delocalization and can
be expressed as the difference between a perfectly
localized, single Lewis structure, system and a real
molecule. Although the interaction of π -orbitals, or
conjugation, has been a prominent feature of theoretical organic chemistry for a long time, the importance
of delocalizing interactions involving σ -bonds1,2 has
not been equally recognized, even though Mulliken’s
pioneering papers on hyperconjugation date back to
the early 1940s.3,4
This situation has changed not only because
σ -bonds are much more common than π -bonds
and, thus, hyperconjugative interactions are ubiquitous in chemistry, but mostly due to the accumulation of significant theoretical and experimental
evidences that these interactions lead to significant
changes in geometry, electron density, molecular
orbital (MO) energies, infrared (IR)-spectra, bond
strengths (Bohlmann effect),5,6 and nuclear magnetic
resonance (NMR) properties.7 In many cases, hyperconjugation influences conformational equilibria,8–22
modifies reactivity,23–32 and determines selectivity.33
∗
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Their importance is enhanced dramatically in excited,
radical, and ionic species.34–37 Two-electron/twoorbital hyperconjugative interactions are also proposed to be important components of intermolecular
interactions, both in ground38 and transition states
(TSs).39–45 The separation of σ -conjugation, hyperconjugation, and conjugation into three different effects is based on an arbitrary decision to treat σ - and
π -orbitals on a different basis. In the formalism, IUPAC defines hyperconjugation as an interaction between σ - and π -orbitals. The interaction of σ -orbitals
is called sigma conjugation whereas the interaction of
π -orbitals is referred to as conjugation. The latter
term is also extended to the analogous interaction involving a p-orbital, for example, NH2 –Ph. Note that
the interactions of π -bonds with lone pairs start to
blur the line between hyperconjugation and conjugation because lone pairs are often hybridized and
possess significant s-character.46
Because the above mentioned effects describe
the same fundamental phenomenon and are different only within the σ –π model, their separation
has mostly historic value. Interestingly, Mulliken in
his seminal 1941 paper titled ‘Hyperconjugation’47
emphasized that ‘differences in conjugating power’
among saturated and unsaturated groups are ‘quantitative rather than qualitative’. He suggested to use
terms ‘second-order conjugation, or first-order hyperconjugation’ for the σ –π interaction and ‘third-order
conjugation, or second-order hyperconjugation’ for
the σ −σ interaction. Mulliken’s analysis remains
valid—the basic stereoelectronic guidelines and orbital interaction patterns are similar as those for the
three types of delocalizing interactions. In fact, σ conjugation is often referred to as hyperconjugation
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H → σ C H interaction in ethane in terms of resonance theory (‘double bond/no bond
resonance’). (b) Energy lowering due to hyperconjugative interaction between σ C H and σ ∗ C X orbitals. (c) Natural bond orbital plots illustrating
overlap of vicinal σ C H and σ ∗ C H orbitals in ethane.

F I G U R E 1 | (a) Description of the vicinal σ C

in modern scientific literature. In this review, we will
follow the spirit of Mulliken’s treatment and combine
both types of interactions including σ -bonds under
one title ‘hyperconjugation’. Not only can hyperconjugation with strong σ -donors rival stabilization due
to the conventional conjugation patterns, but the two
effects are sometimes difficult to distinguish. For example, in the process of an allylic σ −bond stretching
and breaking, hyperconjugation with the σ -bond is
transformed into conjugation with the nonbonding
orbital (radical in the case of homolytic bond cleavage, or cation/anion in the case of heterolytic bond
cleavage). This transition further illustrates the inherent similarity between hyperconjugation and σ conjugation.

DESCRIPTIONS OF
HYPERCONJUGATION
In valence bond (VB) theory, hyperconjugation arises
from the presence of additional resonance structures
(the double bond/no bond resonance in Figure 1(a)).
In MO theory, hyperconjugation is commonly described as the interaction between electronic orbitals,
one of which corresponds to a σ -bond. In order for
the interaction to be stabilizing, the higher energy orbital has to be at least partially empty (zero or one
electron), and the lower energy orbital has to be at
least partially filled. The most common scenario, illustrated in Figure 1, corresponds to a two-electron
interaction where the lower energy orbital (a bond
or a lone pair) is completely filled whereas the higher
energy antibonding orbital is empty. Two-center/oneelectron and two-center/three-electron hyperconjuga-
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F I G U R E 2 | A possible way to estimate hyperconjugation in
propene through a bond separation reaction.

tion patterns are also possible and play important
roles in odd-electron species such as radicals, radical
ions, and excited states.48,49

Theoretical Approaches to Analysis of
Hyperconjugation
Isodesmic Reactions and Conformational
Energy Profiles
Very often, delocalization is estimated through thermochemical data and application of hypothetic reactions (isogyric, isodesmic, hypohomodesmotic, homodesmotic, or hyperhomodesmotic),50 which are
designed to isolate the desired effect. For example, the
equation in Figure 2 can be used to evaluate the hyperconjugative stabilization of an alkene by a methyl
group.51
The advantage of these equations is that, in
many cases, the thermochemical data can be either
obtained experimentally or calculated with a high degree of accuracy. The challenge is in isolating the key
electronic effect without introducing additional structural and electronic perturbations. For example, the
above equation suffers from an imbalance in the hybridization, such as a different number of sp3 -sp3 and
sp2 -sp3 C C bonds and vinyl C H bonds in the reactant and product.
An ‘ideal’ reaction for the analysis of an
electronic effect would involve no changes in
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hybridization and the types of bonds. None of these
parameters change upon conformational changes as a
result of rotation around a single bond, whereas many
hyperconjugative effects are stereoelectronic (depend
on orbital overlap in space) and can be ‘switched off
and on’ through conformational changes. Conformational analysis has played an important historical role
in the development of theoretical organic chemistry
and proved to be very useful for the understanding
of hyperconjugative effects. However, such an analysis is complicated by the fact that conformational
equilibrium is often controlled by a complex mixture
of factors, of which hyperconjugation is only a single
contributor.

Wavefunction Analysis
A different approach, which has a conceptual advantage over such conventional delocalization energy assessments, involves direct computational dissection of
delocalized wavefunctions. In order to describe and
quantify delocalizing interactions, one needs to evaluate the energy penalty, which occurs when this interaction is absent. The difference in energy between
this state (sometimes called diabatic state) and the full
state (sometimes called adiabatic) can be taken as the
interaction energy. The main challenge lies in defining the appropriate correct localized state to serve as
a reference point. Three approaches have emerged for
dissecting delocalizing interactions: natural bond orbital (NBO) analysis, energy decomposition analysis
(EDA),52–55 and block-localized wavefunction (BLW)
method.56
All of these methods share a conceptual similarity in comparing the full wavefunction with a hypothetical localized construct. However, an important
difference between these methods lies in the starting
basic set of orbitals used to describe delocalization.
Whereas NBO utilizes orthogonal orbitals to describe
the localized reference, the other methods start with
nonorthogonal orbitals.57 This difference leads to significant variations in the magnitude of delocalizing interactions obtained, and exaggerates the role of steric
effects in methods based on non-orthogonal orbitals.
From the conceptual perspective, the nonorthogonal initial orbitals cannot be the eigenfunctions of any imaginable physical (Hermitian)
Hamiltonian that can serve as the ‘unperturbed system’ for such an analysis. Although the overlap contamination effects do not change energies evaluated
on the basis of the overall molecular wave functions
(whether orbitals of a determinantal wavefunction are
orthogonal or not does not affect the overall expectation value), orbitals (and charge density) attributed to
one group have overlap with (and thus could equally
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well be attributed to) orbitals of the other group. If
the ‘bond’ of one group overlaps with the antibond
of the other group, such overlap will automatically
be labeled ‘exchange repulsion’ in a scheme based on
nonorthogonal orbitals.58
The observed differences between alternative
computational dissections are due to the ambiguity
about which non-orthogonal subunits receive credit
for unaccounted density in the overlap region. The
associated overlap density can be assigned to the filled
orbital (and counted toward steric effects) or to the
unfilled orbital (and counted toward hyperconjugative charge-transfer). All methods that harbor such
overlap ambiguities are expected to differ sharply
from NBO-based assessments of intramolecular or intermolecular interactions.
Figure 3(a) illustrates the origin of ‘four-electron
destabilization’ between two non-orthogonal filled
orbitals often taken as the physical origin of the steric
destabilization. However, it is simply a mathematical artifact of nonorthogonality and does not, in fact,
correspond to a physical interpretation of any imaginable physical process. Once orbitals are orthogonalized, the ‘four-electron destabilization’ disappears
(Figure 3(b)). When at least one unoccupied orbital is
added to the system, the overall interaction becomes
stabilizing (Figure 3(c)).59–61

Natural Bond Orbital (NBO) Analysis
The NBO analysis transforms the canonical delocalized Hartree–Fock (HF) MOs and non-orthogonal
atomic orbitals (AOs) into the sets of localized
‘natural’ atomic orbitals, hybrid orbitals, and NBOs.
Importantly, each of these localized basis sets is complete and orthonormal, and describes the wavefunction with the minimal amount of filled orbitals in the
most rapidly convergent fashion. Unlike delocalized
canonical MOs, filled NBOs describe the hypothetical, strictly localized Lewis structure. Natural population analysis (NPA) charge assignments based on
NBO analysis correlate well with empirical charge
measures.62
The interactions between filled and antibonding
(or Rydberg) orbitals represent the deviation of the
molecule from the Lewis structure and can be used as
a measure of delocalization. Because the occupancies
of filled NBOs are highly condensed, the delocalizing
interactions can be treated by a standard second-order
perturbation approach (Eq. (1)) or by deletion of the
corresponding off-diagonal elements of the Fock matrix in the NBO basis and recalculating the energy
(referred to as Edel energies)63,64 where <σ /F/σ ∗ >, or
Fi,j is the Fock matrix element between the orbitals
(NBOs) i and j, εσ and εσ ∗ are the energies of the σ
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F I G U R E 3 | (Left) Four-electron destabilizing interaction expressed in terms of nonorthogonal “unperturbed” orbitals (for which there is no
imaginable Hermitian perturbation theory). (Middle) Four-electron nonstabilizing interaction expressed in terms of orthogonalized unperturbed
orbitals (for which there exists a valid Hermitian). (Right) Four-electron stabilizing interaction for a proper three-term description of orbital energies
in terms of Löwdin-orthogonalized basis orbitals (Reprinted with permission from Refs 59 to 61).

and σ ∗ NBOs, and nσ is the population of the donor
σ orbital.2 Usually, there is a good linear correlation
between the deletion (Edel ) and perturbation [E(2)]
energies.65 One can also delete some or all of the virtual localized NBOs, thus eliminating all interactions
involving these orbitals.
 2
Fi, j
σ/F/σ ∗ 2
(1)
E(2) = −nσ
= −nσ
εσ ∗ − εσ
E
Natural steric analysis66 in the NBO procedure
is based on the model of Weiskopff where orbital
orthogonalization leads to the ‘kinetic energy pressure’ that opposes interpenetration of matter.67 As
the orbitals begin to overlap, the physically required
orthogonalization leads to additional oscillatory and
nodal features in the orbital waveform, which correspond to increased wavefunction curvature and kinetic energy, the essential ‘destabilization’ that opposes interpenetration. The overlap-type analysis of
Pauli interactions can be introduced to the NBO
framework through interactions of not orthogonalized pre-NBOs.

Energy Decomposition Analysis (EDA)
This analysis starts with ‘a zeroth-order’ wavefunction from the overlapping orbitals of the isolated molecular fragments.68–71 In EDA, the interactions between these fragments are divided into
three steps. In the first step, the fragments, which
are calculated with the frozen geometry of the entire
molecule, are superimposed without electronic relaxation; this yields the quasiclassical electrostatic attraction Eelstat . In the second step the product wave
function becomes antisymmetrized and renormalized,
which gives the repulsive term EPauli , termed Pauli
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repulsion. In the third step the MOs relax to their final
form to yield the stabilizing orbital interaction Eorb .
The latter term can be divided into contributions of
orbitals having different symmetry that is useful for
separation of σ - and π -effects. The sum of the three
terms Eelstat + EPauli + Eorb gives the total interaction energy Eint .

Block-localized Wavefunction (BLW) Method
Mo et al.72–82 suggested that the electron delocalization to the cationic carbon and neutral boron center can be accurately studied by removing the vacant
π −orbitals from the expansion space of MOs. Although this simple orbital deletion procedure (ODP)
technique is limited to the analysis of positive hyperconjugation in carbocations and boranes, it has been
generalized and extended to the BLW method.
The BLW method combines the MO and VB
theories. In this method, the wavefunction for a localized (diabatic) state is defined by limiting the expansion of each MO (called block-localized MO) to
a predefined subspace instead of allowing all MOs
to be a combination of all AOs, as in MO theory.
Block-localized MOs belonging to different subspaces
are generally non-orthogonal. The BLWs for diabatic
states are optimized self-consistently, and the adiabatic state is a combination of a few (usually two or
three) diabatic state wavefunctions.
For example, for propene, the delocalized
and localized (BLW) wave functions can be expressed as (del) = Â(σ 1a”2 2a”2 ) and (loc) =
Â(σ π 2 C=C π 2 CH3 ), where π C C and π CH3 are group
orbitals expanded in CH2 CH and CH3 groups, and
are non-orthogonal. In contrast, canonical MOs 1a”
and 2a” are delocalized for the whole system and
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are orthogonal. In this example, the energy difference
between these two wave functions, which are independently optimized self-consistently, is taken as the
vicinal hyperconjugative interaction between the π
double bond and the adjacent methyl group.

TYPES OF HYPERCONJUGATION
Isovalent Versus Sacrificial
Hyperconjugation
The characteristic resonance description of hyperconjugation involves the so called ‘double bond/no-bond
resonance’ contributing structure. Depending on the
relative number of two-electron bonds in the two contributing structures, hyperconjugation is classified as
either ‘heterovalent’ or ‘isovalent’ hyperconjugation.
This classification dates back to Mulliken83 who referred to heterovalent hyperconjugation in neutral
systems as ‘ordinary’ or ‘sacrificial’, and to hyperconjugation in cations as ‘strong’ or ‘isovalent’.
In sacrificial hyperconjugation, the contributing structure contains one 2-electron bond less than
the normal Lewis formula. In contrast, contributing structures describing the so-called ‘isovalent’ hyperconjugation between σ -bonds and an unfilled or
partially filled π - or p-orbital in carbenium ions,
carbanions, and radicals contain the same number
of two-electron bonds as the main Lewis formula
(Figure 4).
The two resonance patterns are not unique for
hyperconjugation—the same distinction can be made
for conjugation patterns. For example, resonance in
butadiene can be taken as an example of sacrificial conjugation, whereas resonance in allyl systems
(cation, anion, and radical) can be considered as an
example of isovalent conjugation.

Neutral, Negative, and Positive
Hyperconjugation

F I G U R E 5 | Contributing resonance structures for positive,
negative, and neutral hyperconjugation.

The interactions between filled π - or p-orbitals and
adjacent antibonding σ ∗ -orbitals are referred to as
negative hyperconjugation. Donation of electron density from filled σ -orbitals into π ∗ -orbitals or p-type
unfilled orbitals is called positive hyperconjugation.
Both negative and positive hyperconjugation are twoelectron stabilizing interactions that result in building
π -character between nominally single-bonded atoms.
Classification of hyperconjugation as positive or
negative is useful when either referring to an individual interaction or to an imbalanced situation, when
a very strong donor or a strong acceptor orbital is
present in the molecule, and when interaction of this
unusual orbital with the rest of the molecules dominates over other delocalization effects. This imbalance
often occurs when either a lone pair acts as a donor or
when an empty p-orbital, or a strongly polarized π ∗ or σ ∗ -orbital, acts as an acceptor.84–87 Use of these
terms in other situations can be misleading.
In the absence of dominating unidirectional interactions, hyperconjugation is classified as neutral
hyperconjugation. This is the most common hyperconjugative pattern that blends together the negative
and the positive hyperconjugation. For example, the
delocalizing interaction between a π -bond and an adjacent σ C X bond in Figure 5 is displayed as a pair of
donor–acceptor π → σ ∗ C X and σ C X → π ∗ interactions. In this case, the interaction is bidirectional and
the same C X moiety, where X is a main group element from groups IVa–VIIa, serves as both a σ -donor
and a σ -acceptor.

Negative Hyperconjugation

Another historically common classification of hyperconjugative interactions is based on their separation
into neutral, negative, and positive hyperconjugation.
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Neutral hyperconjugation

Donation of electron density from filled π -orbitals
or lone pairs into σ ∗ -orbitals (negative hyperconjugation) is important not only in anions, but also in many
neutral molecules. In particular, it is implicated in the
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anomeric effect (and its spectroscopic counterparts—
the Bohlman88 and the Perrin effects,89–92 see
Figure 7) and as a provider of covalent character and
directionality of H-bonding. Negative hyperconjugation that involves nonbonding orbitals is isovalent
(Figure 6) and the one that involves π -orbitals is sacrificial (Figure 5).

Positive Hyperconjugation
This conjugation pattern dominates when a very
strong p- or π -acceptor, or a very strong σ -donor
is present in a molecule. In particular, positive hyperconjugation is very important in carbenium ions and
boranes (Figure 8).93
The effect of alkyl substituents on the stabilities of carbenium ions provides the electronic basis of
the Markovnikov’s rule.94 For a carbenium ion, the
more alkyl groups that are connected to the cationic
center, the more stable the carbocation is.95 The stabilizing effect of hyperconjugation on the stability of
carbenium ions is illustrated by the gas phase hydride
ion affinities for the selected carbocations in Figure 9.
In these gas phase data, the stabilizing potential of
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conjugation is expressed to its maximum degree because it is not attenuated by solvation effects. It is
clear that the stabilizing effect of hyperconjugation is
significant—under these conditions, a methyl group
provides ca 70% of stabilization by a double bond
in the allyl cation. Although the stabilizing effects
of second and third methyl groups are progressively
smaller, positive hyperconjugation in secondary and
tertiary cations provides much more stabilization to
the cationic center than conjugation in the allyl cation
and rivals stabilization provided by the lone pairs of
oxygen in HOCH2 + , i.e., the stabilities increase in the
order of methyl cation < primary < allyl < secondary
< hydroxycarbenium< tertiary cation (Figure 9).
These trends agree well with the trends
in relative stabilities of carbocations from gas
phase heterolytic C Br bond dissociation energies in alkyl bromides: CH3 + (0.0 kcal/mol) <
CH3 CH2 + (36 kcal/mol) < (CH3 )2 CH+ (55 kcal/mol)
< (CH3 )3 C+ (69 kcal/mol).95 Hyperconjugation energies from ODP computations are noticeably
smaller (CH3 CH2 + = 13 kcal/mol, (CH3 )2 CH+ =
21 kcal/mol and (CH3 )3 C+ = 26 kcal/mol).72 This
discrepancy can be attributed to the structural relaxation, for example, from pyramidal structure to
planar structure.
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F I G U R E 1 0 | Effects of neutral hyperconjugation on the direct

The stabilizing effect of positive hyperconjugation increases for stronger σ -donors. For example, the stabilizing effect of a silyl substituent in βsilylethyl cation is calculated to be ca 38 kcal/mol in
the gas phase.97–99 Effects of Ge, Sn, and Hg are also
substantial100,101 ; for example, hyperconjugative activation by a Sn-C bond can accelerate a reaction by
a factor of >10.14,97–99,102

plings depend not only on the bond lengths but also
on other factors such as bond polarity or rehybridization.106 Interestingly, when such factors are kept
constant (via varying electron demand of a psubstituent X for the same hyperconjugative donor M
at the benzylic position), the monotonic decrease in
the direct M C coupling constants has been observed
with increasing electron withdrawal for 13 C 29 Si and
29
C 119 Sn bonds.107 This change is consistent with
the increased importance of hyperconjugation.
Neglect of neutral hyperconjugation can lead
to serious fundamental misconceptions. For example,
omission of hyperconjugative effects led to the apparent disappearance of conjugation between two triple
bonds in butadiyne (see Neutral Hyperconjugation in
Alkenes and Alkynes). We will further illustrate the
importance of this ubiquitous phenomenon in Examples/Stereoelectronic Effects.

Neutral Hyperconjugation
In this type of hyperconjugation, donor and acceptor interactions are balanced and often there is no
dominating effect. As a result, the importance of sacrificial hyperconjugation in neutral hydrocarbons has
been controversial. However, recent work suggests
that this effect is important, and effects of hyperconjugation were reported even on X-ray geometries of
neutral molecules.103
Part of the challenge is that structural effects of neutral hyperconjugation are often small
and indirect experimental approaches can thus be
complicated.104 For example, Basso and coworkers105
reported that although calculated structural parameters (bond lengths, valence and dihedral angles) and
NBO analysis were in a good agreement with the
expected trends of hyperconjugative interactions between a double bond and an allylic substituent (for
M = C, Si, Ge), neither computed nor experimental
NMR C C coupling constants,1 JC C , in these systems correlated with the structural parameters.
When exploring the possibility of using NMR
coupling constants as a probe of structural and electronic consequences of hyperconjugation, Lambert
and coworkers observed that variations of M in benzylic systems did not produce the monotonous increase in the coupling constant between the benzylic and ipso-carbons, which are doubly-bonded
in the contributing no-bond, double-bond structure
(Figure 10). This result illustrates that the NMR cou-
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nuclear magnetic resonance coupling constants.

Extended Patterns of Hyperconjugation
The chemical community is accustomed to the idea
that conjugation through π -arrays can provide longrange orbital communication. For example, conjugated arrays are commonly used as bridges for electron/hole transport both in nature’s photosynthetic
center and in artificial devices for light harvesting and
conversion. Although it is less clear how far hyperconjugation extends, a number of extended hyperconjugation patterns have been investigated.108 Some
of these patterns are provided in Figure 11, which follows the lucid classification of Lambert and Ciro.109
Homohyperconjugation is observed when a saturated center intervenes between donor and acceptor
orbitals. When the acceptor is a cationic p-orbital,
the phenomenon is called the γ -effect or, sometimes,
percaudal interaction. It has been particularly well
studied for silicon and tin.110–113 When the acceptor
is a σ ∗ -orbital and donor is a lone pair, this effect is referred to as homoanomeric effect.114 Both the γ -effect
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F I G U R E 1 3 | Top: The antiperiplanar stereoelectronic preference
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F I G U R E 1 2 | The significant stabilization of a δ-cyclohexyl cation

for vicinal conjugation and hyperconjugation. Bottom: Key
hyperconjugative interactions between σ C H and σ ∗ C H orbitals
(Reprinted with permission from Refs 59 to 61).

by a series of equatorial substituents via double hyperconjugation.

and the homoanomeric effect are considered to result
primarily from direct through-space interactions.
Double hyperconjugation extends the delocalization range even further by placing a σ -bridge between a donor and an acceptor. In the chemistry of
cations, this interaction has been called the δ-effect
and found experimentally to be significant for silicon
and tin.115–117 Expansion of these studies to a larger
set of cations118,119 showed that, double hyperconjugation with a number of equatorial substituents can
provide significant stabilization (R = AlH2 , GaH2 ,
GeH3 , AsH2 , SiH3 , PH2 , BH2 , SeH) or destabilization (R = SH, Br, NH2 , Cl, O, F) to the δ-cyclohexyl
cation with the equatorially oriented empty p-orbital
(Figure 12, equatorial ‘hyperconjomer’, vide infra).
These stabilization effects were used for the development of a new scale for the hyperconjugative donor
ability of σ -bonds (see Anomeric and Homoanomeric
Effects for additional details).

FACTORS CONTROLLING
HYPERCONJUGATION
Overlap/Orbital Symmetry
Vicinal orbitals have to be coplanar to ensure the optimal interaction. Regarding the two possible coplanar geometries, the common stereoelectronic feature
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observed for the interaction of vicinal orbitals is
the general preference of antiperiplanar arrangement
over synperiplanar geometry. This effect is displayed
in the higher stability of the staggered conformation of ethane, s-trans conformation of butadiene
and eclipsed (an obvious misnomer) conformation of
propene (Figure 13, top). The origin of this preference, for the case of ethane, is illustrated in the bottom
part of Figure 13, which clearly displays the unfavorable overlap between the σ C H orbital and a node of
the σ ∗ -orbital for the synperiplanar arrangement in
the eclipsed conformation.120,121
Because vicinal hyperconjugation is increased in
the antiperiplanar conformation, a number of hyperconjugative stereoelectronic effects are fully displayed
in the most favorable geometry, where the best donor
and the best acceptor are antiperiplanar to each other
(see Examples/Stereoelectronic effects for a number
of illustrative examples).122
For intermolecular interactions dominated by
negative hyperconjugation, the best stereoelectronic
arrangement involves a collinear arrangement where
the donor orbital interacts with the back lobe of
the σ ∗ -orbital. Such geometries are characteristic for
SN 2 reactions and H-bonding, both of which involve electron density transfer from a lone pair to
a back lobe of a polarized σ ∗ -orbital. Because such
interactions lead to an increase in the population
of an antibonding X Y orbital, they elongate the

c 2011 John Wiley & Sons, Ltd.


Volume 1, January/February 2011

WIREs Computational Molecular Science

Hyperconjugation

Rg—H...Y H—bond formation
H
N
H-bonding

H
H

F He H

n(N)

:Y

σ*(H—X)

H
R

X

R

X

:Y

R
SN2 Reaction

effect) is important in azacyclohexanes114,127 but not
in oxa- and thiacyclohexanes, where an alternative
pattern (the Plough effect, Figure 16(b)) plays a more
important role. The ‘mirror image’ of the Plough effect, illustrated in Figure 16(c), provides no hyperconjugative stabilization to the molecule (due to the same
stereoelectronic reasons that disfavor a front lobe attack in an SN 2 process) but leads to a noticeable elongation of the axial bond. This observation seems to be
the first documented hyperconjugative effect without
a concomitant stabilization.128

F I G U R E 1 4 | Left: Hyperconjugative stabilization of H-bonded
complexes. Right: The analogy of F· · · He · · ·H Y+ fragmentation of
FHeH · · · Y complexes with an SN 2 reaction.
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F I G U R E 1 5 | Intermolecular positive hyperconjugation in the
transition state for an SE 2 process with retention of configuration. M is
an electrofuge, R is an alkyl group, and E is the electrophilic site in the
reagent EX.126

X Y bond,2,123 leading to the bond cleavage (for the
SN 2 reaction) or the well-known red-shift in the IRstretching frequency widely regarded as the ‘signature
of H-bonding’.124 The stereoelectronic covalent component of H-bonding is also responsible for the welldefined structural requirements such as the collinear
Y · · · H-X arrangement, which plays a key role in Hbonded supramolecular assemblies. H-bonding and
SN 2-type bond cleavage are merged together in the
process of hyperconjugative Rg-H bond elongation in
Rg-H · · · Y complexes, where Rg is a rare gas element
(Figure 14).125
For intermolecular positive hyperconjugation,
the possible interaction geometry is not restricted to
the back lobe of the σ -bond. Coordination of an electrophile can occur at the center of the donor bond,
leading to a front-side attack in an SE 2 bond cleavage
event (Figure 15).
For remote hyperconjugative interactions, the
above stereoelectronic requirements can blend into
a complex picture. For example, homohyperconjugation has several favorable patterns different in the
relative position of the donor and acceptor orbitals
in space. Interaction of an equatorial lone pair with
the back lobe of an equatorial σ ∗ C Y orbital (the W-
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Acceptor Ability of Sigma Bonds: The
Opposing Roles of Electronegativity and
Orbital Energies

A systematic study of the general trends in σ -acceptor
properties of C X bonds in monosubstituted ethanes
revealed that the acceptor ability of the C X σ -bonds
relative to the same donor (an antiperiplanar C H
bond) increases towards the end of a period and down
a group. Enhancement of acceptor ability of C X σ bonds in periods, parallels the increase in electronegativity of X as the result of favorable changes in the
σ ∗ -polarization, which increases both the Fock matrix
and overlap matrix elements for the interaction.65,129
On the other hand, augmentation of acceptor
ability in these groups is opposite to the changes in
electronegativity of X and the C X bond polarization, following instead the decrease in the energy of
σ ∗ C X orbitals when one moves from top to the bottom within a group. These trends can be readily understood based on Eq. (1) given in Natural Bond
Orbital (NBO) Analysis.
The NBO relative order of acceptor ability of
σ ∗ C X bonds towards an antiperiplanar C H bond
is in the following order (the energies of σ C H →
σ ∗ C X interactions are given in parentheses): X = Br
(6.3) > Cl (6.2) > SH(1) (5.4) > F (5.1) > OH(1) (4.7)
≈ SH(2) (4.7) ≈ SeH (4.7) ≈ PH2 (1) (4.6) ≈ AsH2
(4.5) ≈ NH2 (1) (4.5) > OH(2) (4.2) > PH2 (2) (4.0)
> NH2 (2) (3.8) ≈ GeH3 (3.8) > SiH3 (3.6) > CH3
(3.4) > H (3.2). Two values for several substituents
correspond to different conformers.
This simple picture of the acceptor ability of
σ -bonds being controlled by electronegativity in periods and by σ ∗ -orbital energy in groups is changed
in monosubstituted ethenes, where the role of electronegativity of the substituent X becomes more important due to increased overlap between σ -orbitals
(Figure 17). As a result, the acceptor ability of the
σ -bonds in monosubstituted ethenes changes in a
more complex fashion. Overall, the acceptor ability of

c 2011 John Wiley & Sons, Ltd.
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F I G U R E 1 6 | A schematic representation of three possible homoanomeric interactions in six-membered saturated heterocycles: (a) the
W-effect, (b) the Plough (the ‘Big Dipper’) effect, and (c) the ‘mirror image’ of the Plough effect. Differences in hybridization are neglected.
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σ ∗ C X orbitals with electronegativity of element X in substituted
ethanes, CH3 CH2 X.

→

σ -bonds can be significantly modified by substitution
and is conformer-dependent.
Interestingly, stereoelectronic effects displayed
by C X bonds with X from second and third periods are highly anisotropic. For example, C chalcogen
bonds are excellent σ -acceptors at the carbon end but
poor σ -acceptors at the chalcogen end.65
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Edel energies in kcal/mol) of C X bonds in different directions.
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The relatively subtle differences in the hyperconjugative energies given in Figure 18 become more pronounced and chemically significant in hyperconjugative interactions with better donors, such as a lone
pair at nitrogen. The NBO data of α-halogen amines
indicate that both the high energy of the nonbonding
orbital (decreasing the E term) and its higher polarizability (increasing the Fi,j term) account for the
increased interaction energy.65 Selected properties of
nonbonding electronic orbitals (lone pairs) of O, S,
Se, and N are presented below and summarized in
Table 1 and Figure 19.114

Hybridization of Lone Pairs
Differences in hybridization are particularly important for stereoelectronic hyperconjugative interactions due to several reasons. First, hybridization is directly related to molecular geometry, and determines
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T A B L E 1 The NBO s-Character, Hybridization and Energy of all Lone Pairs (X = N, O, S, Se) in Selected

Saturated Heterocycles at the B3LYP/6–31G∗∗ Level, the NBO Plots of the Lone Pairs and s-Character in
C X Bonds. The Axial and Equatorial Lone Pairs are Drawn as Dissected by Hax C3 X1 or Heq C3 X1
Planes, Respectively
s-Character in n(X), %1

spn (X)

E(X), a.u.1

0.03 (44.16)

p(sp1.26 )

−0.27(−0.54)

20.53 (C); 27.89 (O)

0.03(69.89)

p (sp0.43 )

−0.22(−0.61)

20.54 (C); 15.18 (S)

0.05 (76.66)

p(sp0.30 )

−0.21(−0.67)

18.51 (C); 11.74 (Se)

17.99

sp4.55

−0.27

17.86

sp4.59

−0.27

n(X)ax , e

n(X)eq , e

s-Character in C X, %2

H
O
H

H
S
H

H
Se
H

H
N
H

H

H
N

–

23.51 (C); 29.94 (N)

H

H

–

23.62 (C); 29.65 (N)

For X = O, S, Se, the data for the equatorial lone pairs are given in parentheses. Note that NBO energies are different from the
canonical MO energies. 2 s-Character in hybrid orbitals forming C X (X = N, O, S, Se) bonds.

1

E, a.u.
.
0.0
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F I G U R E 1 9 | Natural bond orbital energies (in a.u., 1 a.u. =
627.5 kcal/mol) of axial and equatorial lone pairs in oxa-, thia-,
selena-, and azacyclohexane calculated at the B3LYP/6–31G∗∗ level.
the valence angles and the direction in which nonbonding orbitals are projected in space for the overlap with acceptor orbitals. Second, hybridization controls the relative size of the two lobes of a lone pair.
The front and back lobes are equivalent for purely
p-lone pairs, whereas the back lobe decreases in size
with decrease in the p-character in hybrid spn lone
pairs. Third, hybridization of a donor orbital is related to its absolute energy (Figure 19). An increase
in the p-character leads to an increase in orbital en-
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ergy that decreases the energy gap between the donor
lone pair and an acceptor σ ∗ - or π ∗ -orbital. In general,
the donor ability parallels the amount of p-character
of a lone pair—lone pairs with 100% p-character are
intrinsically better donors than the respective spn hybrids.

In tetrahydropyran, the presence of a higher energy
p-orbital (instead of an sp3 hybrid) parallel to the
vicinal axial acceptors maximizes the hyperconjugative anomeric n → σ ∗ C Y interaction. NBO analysis,
which determines ‘the best hybrids’ describing a Lewis
structure, finds two lone pairs of different hybridizations in tetrahydropyran: a purely p-orbital and an
sp1.3 hybrid. The deviation from sp hybridization predicted by the idealized model is readily explained by
Bent’s rule.106,130

Sulfur and Selenium
In contrast to oxygen, the sulfur atom in thiacyclohexane uses more p-character (sp5.55 ) in its bond with
carbon than one would expect from the idealized
model. As a result, only a little p-character is left
for the equatorial lone pair (sp0.4 ). This makes this
lone pair a relatively poor donor and explains the origin of the drastic differences between the equatorial
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lone pairs of sulfur and oxygen in respective saturated
heterocycles.

Nitrogen
Nitrogen is more electronegative than carbon and hydrogen and, as expected from Bent’s rule, it uses hybrid orbitals with increased s-character for the formation of N-C and N-H bonds (Table 1). This leaves
more p-character for the lone pairs compared with
what one would expect from the textbook sp3 hybridization picture. This phenomenon leads to the
well-known deviation of valence angles at nitrogen
from the classic tetrahedral angle and contributes to
the relatively high donor ability of nitrogen lone pairs.
In general, an increase in the size of alkyl substituents
at nitrogen leads to an increase in the p-character of
the nitrogen lone pairs.114

Energies of Lone Pairs
The orbital interaction energy is inversely proportional to the energy gap, E in Eq. (1), which depends on the relative energies of lone pairs. Relative
trends in the lone pair energies can be readily understood in terms of their hybridization (percentage of scharacter) and the electronegativity of X. An increase
in electronegativity and decrease in the p-character
lowers the orbital energies of the lone pairs (Figure
16). Although oxygen is more electronegative than
nitrogen, the purely p-‘axial’ lone pair on oxygen has
essentially the same energy as the ca sp5 axial and
equatorial nitrogen lone pairs. In this case, effects of
hybridization and electronegativity compensate each
other. In chalcogens, the energies (and donor ability) of the axial lone pairs increase on going from
oxygen to selenium (O < S < Se), whereas the energies and donor ability of equatorial lone pairs decrease in the opposite direction (O > S > Se). The first
trend is explained by the difference in electronegativity and the period number, and the second trend by
the increase in the s-character for S and Se relative to
that of O. As a result of these two effects, the energy
gap between the axial and equatorial lone pairs of
chalcogens increases with their atomic number. In every case, the higher energy axial orbitals with 100%
p-character are intrinsically better donors than the
respective equatorial spn hybrids.
Because of the above differences, stereoelectronic effects observed in O- and S-heterocycles cannot be automatically transferred to the N-heterocycles
and vice versa. The analogy between different chalcogens (O, S, Se) is generally more reliable but the differences in the magnitudes of nax → σ ∗ ax interactions
call for caution as well.

120

Donor Ability of Sigma Bonds
It is well established that such donors as C Si, C Ge,
and C Sn bonds are capable of providing significant
stabilization to a developing positive charge.131–137
However, the relative ability of many common sigma
donors, including the most ubiquitous case of C H
versus C C bonds, is still widely debated. The difference between these two bonds is small in ground-state
neutral molecules.138 For example, a low temperature X-ray structural study by Spinello and White138
found that the differences in the donor abilities of
C C and C H bonds towards σ C O acceptors of
variable electronic demand are comparable to the experimental uncertainty of measurements. Recent computational studies also found that these differences
are small. NBO analysis indicates that C H bonds
are slightly better donors than σ C C bonds in cyclohexane and related molecules.139 A similar conclusion was made by Rablen et al.140 in a theoretical
study on the origin of gauche effect in substituted fluoroethanes. In contrast, EDA computations of Frenking and coworkers141 suggested a slight preference in
the opposite direction.
Hyperconjugative effects are expected to be
stronger in cations. Baker and Nathan142 reported
that a Me group provides more stabilization to the
developing positive charge at the p-benzylic position than Et, i-Pr, and t-Bu groups in the solvolysis
of p-alkyl substituted benzyl bromides, and attributed
this order of reactivity to the greater donating ability of C H bonds compared with that of C C
bonds. Although these results are consistent with the
trends in34–37 carbon NMR chemical shifts of the βcarbon in β-substituted styrenes in solvents of different polarity,143 the opposite trend was found in the
gas phase pyrolysis of 1-arylethyl acetates, which cast
a shadow of doubt on the original interpretation of
Nathan–Baker effect.144
Local steric and electrostatic effects can be minimized and a more balanced description of relative
donor ability of σ -bonds can be accomplished if the
donor and acceptor sites are not directly connected.
This approach has been tested computationally using
two independent criteria: (1) relative total energies
and geometries of two conformers (‘hyperconjomers’)
of δ-substituted cyclohexyl cations and (2) NBO analysis of electronic structure and orbital interactions in
these molecules.118,119
These effects are estimated by the three
isodesmic reactions given in Figure 20. The stabilization energies provided by these isodesmic reactions
give different information. Effects of substituents in
axial cations, which are described in the top part of
Figure 20, include a complicated interplay of many
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F I G U R E 2 0 | Three isodesmic equations used to calculate substituent stabilization energies [SEax (top), SEeq (middle), and SEeq-ax (bottom)] in
the equatorial and axial cyclohexyl cations.

factors such as hybridization, inductive and field effects, which are still present in these species even when
double hyperconjugation is minimized. Interestingly,
most of the δ-substituents are destabilizing when compared to the unsubstituted ‘axial’ cation.
In sharp contrast with the situation in ‘axial’
cations, many substituents have a stabilizing effect on
the ‘equatorial’ cations (Figure 20, middle). Such effects can be rather large, indicating that δ C X bonds
are capable of efficient interaction with the cationic
p-orbital as long as all orbitals participating in the
double hyperconjugation interaction relay can overlap efficiently. For the same reason, the destabilizing effects of σ -acceptors such as C X bonds are
also more pronounced in equatorial cations. Thus,
the above ‘equatorial’ stabilization energies (SEeq )
include stabilization or destabilization provided by
σ C X donors through the double hyperconjugation
mechanism. They also include other effects, such as
those mentioned in the previous paragraph.
Subtraction of axial SE (SEax ) from SEeq provides the bottom equation of Figure 20, where
the contributions of the above nonhyperconjugative
(inductive, field, etc.) effects are partially compensated. Although this compensation is not perfect, the
SEeq-ax values give an improved estimate of the hyperconjugative stabilization of ‘equatorial’ cations,
which has its source predominantly in double hyperconjugative stabilization.
Although the SEeq-ax values from all periods
are reasonably well described by a single correlation (Figure 21(a)), suggesting that the SEeq-ax values indeed provide a reasonable estimate of the relative trends in hyperconjugative donor ability of C R
bonds, the δ-substituents cluster into three groups. As
shown in Figure 21(a), the first group displays positive
SEeq-ax values and consists of cation-destabilizing,
strongly electronegative acceptors with Pauling electronegativity of ≥3. The second group includes elements of intermediate electronegativity, which form
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C R bonds with donor abilities close to that of C H
bonds. The final group includes relatively electropositive substituents with negative SEeq-ax values. In
this group, the SEeq-ax values are scattered and electronegativity is not a good indicator of donor ability towards the δ-cationic center. The scattering is
related to the differences in polarizabilities145,146 of
C R bonds in the different periods, as shown in Figure 21(b). The divergence of the curves for different
periods is caused by the fact that the more polarizable C R bonds with heavier elements are more sensitive to the introduction of a positive charge at the
remote position even when the electronegativities of
the respective elements are close (note H vs B and B
vs Ge). The differences in polarizability between the
elements of the first and second rows are especially
pronounced.
Interestingly, the relative positions of carbon
and hydrogen switch depending on the evaluation
method. According to SEeq values (‘apparent donor
ability’ of substituent R), the CH3 group is a stronger
donor than the H substituent, a trend that is reversed
according to SEeq-ax values (‘apparent hyperconjugative donor ability’ of σ C R bond). In addition,
similar switches are observed for a number of other
pairs including potentially important combinations
of other orbitals of similar donor ability (Cl/O, Br/O,
S/O, B/P, C/P, N/Se, etc.).
The difference in the total energies of the axial and equatorial hyperconjomers (SEeq-ax ) gives
an estimate of σ -donor ability that follows the order (Al,Ga) >> Ge > As ≥ Si > P > B > S e > H > C
> S > Br > N > Cl > O > F (≥means that difference
is less than 0.5 kcal/mol, >> stands for the difference
more than 3 kcal/mol). Although this scale may not
isolate hyperconjugation completely from the other
components, these SE are chemically meaningful and
can be verified experimentally.
The hyperconjugative origin of these substituent
effects has been confirmed with NBO dissection,

c 2011 John Wiley & Sons, Ltd.
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F I G U R E 2 1 | Two correlations between the differences in stabilization energies of δ-XHn substituents in the equatorial and axial cyclohexyl
cations (Figure 12) and electronegativity of X. (a) The left plot corresponds to the general correlation. (b) The right plot gives separate correlations
for each row. Calculations were performed at the B3LYP/6–31G∗∗ (B3LYP/6–311++G∗∗ ) level (Reprinted with permission from Refs 118 and 119).

which included analysis of the interaction energies
and orbital populations. Interestingly, the C C bond
is not a spectator, but a dynamic gating factor capable
of fine-tuning double hyperconjugation—shutting it
off when a strong acceptor is present at the δ-position
or turning it on when a strong donor at this position
is available.
The above data illustrates that the somewhat
larger intrinsic donor ability of the C H bonds compared with that of C C bonds can be overshadowed
by cooperative double hyperconjugation with participation of remote substituents. As a result, the apparent donor ability of C C bonds can vary in a
wide range and the relative order of donor ability of
C H and C C bonds can be easily inverted depend-
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ing on the molecular connectivity and environment.
Analogously, the order of donor ability of other sigma
bonds in organic molecules is not set in stone but
can be changed by communication with remote substituents via the σ -framework.

Decreasing the Energy Gap: Stretched
Bonds as Donors and Acceptors in
Hyperconjugative Interactions
Stretched bonds are good partners in hyperconjugative interactions (both donors and acceptors)
due to the fact that C X bond weakening decreases the σ C X /σ ∗ C X energy separation, due to the
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simultaneous destabilization of σ C X and stabilization of σ ∗ C X as they are transformed into the nonbonding orbitals.

Torquoselectivity
An example of dramatic hyperconjugative effects on
reactivity is provided by torquoselectivity (the preference for ‘inward’ or ‘outward’ rotation of substituents
in electrocyclic ring opening reactions) in thermal cyclobutene ring opening.147,148 Although the opening
can proceed through two symmetry-allowed conrotatory pathways, Dolbier et al.149,150 observed a dramatic kinetic preference for the inward versus outward rotation for different substituents (Figure 22).
Another illustrative example in Figure 22 is provided
by elegant work of Shindo and coworkers151 who efficiently used hyperconjugation to obtain stereodefined
products from oxacyclobutenes. Similarly, Murakami
et al.152,153 reported that boryl and silyl groups behave as σ -acceptors and prefer to rotate inward in the
cyclobutene ring-opening reaction despite the steric
congestion. In all examples, electron donors rotate
outward whereas the acceptors prefer an inward
rotation.
Houk and coworkers provided convincing theoretical rationale for these striking selectivities. The
key stereodefining effect is interaction of the σ and
σ ∗ associated with the breaking of C C bonds with
donor and acceptor orbitals of the substituents. As the
C C bond is stretched, the energy of the σ -orbital is
raised and that of σ ∗ -orbital is lowered and, in the TS,
they become the HOMO and the LUMO, respectively
(Figure 23).
Antiperiplanar orbital arrangement in the outward rotation maximizes interaction between the
donor orbital of the substituent and σ ∗ -orbital of the
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stretched cyclobutene bond (the LUMO of the TS).
On the other hand, acceptor substituents with a lowlying vacant orbital prefer an inward conrotation, in
which this orbital overlaps directly with the σ ∗ -orbital
of the stretched bond (the HOMO of the TS). Both of
these effects correspond to a two-electron interaction
and stabilize the TS.

Diastereoselection in Nucleophilic Addition to
Carbonyl Compounds and Other π -Systems
A widely discussed model proposed by Cieplak suggests that the key stereoelectronic factor determining the axial approach of nucleophilic attack on the
C O group involves electron donation from axial
C H bonds to the antibonding orbital associated with
the incipient (forming) bond between incoming nucleophile (Nu) and the carbonyl carbon. In this model,
the axial approach is favored because the above stabilizing interaction is more efficient than the analogous interaction with C C bonds during the equatorial approach of Nu (Figure 24).154–159 The larger
donor ability of C H bonds compared to that of
σ C C bonds is the cornerstone of this model.160 This
suggestion stimulated many experimental161–166 and
theoretical167–169 studies.

Accentuation of Homoanomeric Interactions by
Stretching of Acceptor Bonds
The relatively small interactions can be amplified dramatically when acceptor bonds are further stretched
and polarized, for example, in the process of heterolytic bond cleavage as demonstrated in Figure 25.
Homoconjugative assistance by the lone pair
of nitrogen plays a key role in the heterolytic C Cl
bond cleavage in β-chloropiperidine.114 As the C Cl
bond stretches, the energy of the n(N) → σ ∗ C Cl

c 2011 John Wiley & Sons, Ltd.


123

Advanced Review

wires.wiley.com/wcms

Energy
out

in

H

H

..

H
H

H

LUMO
(reactant)

empty

New LUMO
(TS)

Negative hyperconjugation
(donor substituent)
in

HOMO
(reactant)

out

H

H

+

.

H

H

.

New HOMO
(TS)

H
filled

Positive hyperconjugation
(acceptor substituent)

Reaction coordinate

F I G U R E 2 3 | Left: Changes in HOMO and LUMO upon stretching and twisting of the central σ -bond. Right: Dominant hyperconjugative
interactions that control outward rotation of a donor substituent and inward rotation of an acceptor substituent. In the first case, the key interaction
is negative hyperconjugation between the transition state (TS) HOMO (a stretched and twisted σ -orbital) with a substituent empty p-orbital (same
topology is important for an acceptor σ ∗ - or a π ∗ -orbital). In the second case, the key interaction is positive hyperconjugation between the TS
LUMO (a stretched and twisted σ ∗ -orbital) with a substituent filled p-orbital (same topology is important for a donor σ - or a π -orbital).

12
σ(CCl)* energy,

O
O
Nu

10

CI

N
I
H

8
6
4

n(N)

Equatorial attack

---

Axial
attack

kcal/mol

Nu

2
0
1.5

2

2.5

3

3.5

C—CI bond length, Å

0

F I G U R E 2 4 | The most important transition state stabilizing

CI charge, e

hyperconjugative interactions for axial and equatorial nucleophilic
addition to cyclohexanone according to the Cieplak’s model.

interaction increases significantly even at β-C N distances, which are well above that for C N covalent
bond formation. Figure 25 also quantifies electron
density transfer from the nitrogen lone pair to the acceptor σ ∗ C Cl orbital that results in a smooth transformation of this initially weak homohyperconjugative interaction into an intramolecular SN 2 reaction,
as the line between hyperconjugation and chemical
reaction blurs.
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Cooperativity of Hyperconjugative
Interactions
Molecular symmetry can lead to an enhancement
(or cancellation) of hyperconjugative hyperfine coupling in the electron paramagnetic resonance spectroscopy of cyclic π -conjugated organic radicals
(Figure 26).170 Davies171 suggested that this observation can be readily extended to hyperconjugation in spin-paired molecules as well. For
example, the cyclopentadienylmetal compound in
Figure 26 has a symmetrical LUMO and should show
symmetry-enhanced hyperconjugation. In contrast,
triphenylstannylcycloheptatriene has an antisymmetric LUMO, which renders the positive σ C Sn → π ∗
interaction less favorable.
This effect has consequences for the relative isomer stabilities, bond lengths, angles, and one-bond
NMR coupling constants. Systems in which the effect
plays a significant role include the Wheland intermediates of electrophilic aromatic substitution, the loose
complexes formed between metal cations and arenes,
and η1 -cyclopentadienylmetal compounds.171
Even within the same overlap topology, one
can change symmetry properties by populating additional MOs. Hyperconjugative patterns in saturated
six-membered heterocycles illustrate how cooperativity depends on the number of electrons. In these systems, donation from a lone pair to two σ ∗ C H orbitals (a two-electron pattern) is cooperative, whereas
donation from two lone pairs to the same σ ∗ C H
orbital (a four-electron pattern) is anticooperative
(Figure 27).114 These effects are fully consistent with
the different symmetry of the frontier MOs. Interestingly, when the strength of negative hyperconjugation increases 2.5-fold upon a change from σ ∗ C H to
σ ∗ C Cl , the cooperativity effect increases four times.
A further increase in acceptor ability of σ ∗ orbital
transforms the 2σ ∗ + n(X) interaction into the classic
σ -homoaromatic array.172–177
Hyperconjugation with σ ∗ bridge orbitals can
also provide an efficient coupling pathway (usually
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referred to as through bond (TB) coupling) for nonbonding electrons, which can compete with the direct through space interactions. The dominant role
of TB interactions in coupling of the two radical
centers in p-benzynes and related molecules is illustrated by observed energy lowering of the antisymmetric combination of the two radical centers with
the σ ∗ -orbitals of the bridge.178–184 This interaction
renders the Bergman cyclization a symmetry allowed
process185 and provides an additional 3–5 kcal/mol of
stabilization energy to the p-benzyne-type diradical,
which is not available in related monoradicals.186−189
Because this stabilizing effect is lost in the first Habstraction by p-benzyne, it renders this species less
reactive and more selective in H-abstraction reactions
in comparison to the phenyl radical. Interestingly,
coupling between the nonbonding orbitals is dramatically enhanced upon one-electron reduction.190

EXAMPLES/STEREOELECTRONIC
EFFECTS
Because of the prevalence of σ -bonds in chemical structures, hyperconjugation displays itself in
numerous effects on structure, conformation, and
reactivity. An important feature of hyperconjugative interactions is their stereoelectronic component—
such interactions that depend on overlap of orbitals in
space. This feature leads to several preferred overlap
modes of intramolecular and intermolecular hyperconjugation patterns, which we will illustrate with
several examples given below.

Rotational Barriers: Ethane
The forces controlling the barrier to rotation around
formally single bonds serve as one of the cornerstones of conformational analysis. Not surprisingly, ethane, the parent system for studies of rotational barriers, has been extensively investigated.
The origin of the ∼3 kcal/mol lower energy of the
staggered conformation responsible for the rotational
barrier in ethane has usually been attributed to steric
repulsion between electrons in the C–H bonds in
the eclipsed conformation.191 Alternatively, rotationinduced weakening of the central C–C bond192 and
hyperconjugation17,193–195 has been considered to be
the reasons for the higher stability of the staggered
conformation. Mulliken,196 as early as 1939, conjectured that hyperconjugation plays an important
role in the internal rotation potential of ethane-like
molecules.

c 2011 John Wiley & Sons, Ltd.
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Pophristic and Goodman120 used NBO analysis
to dissect the contributions of the three principal contributors to ethane’s structural preferences and separate steric and hyperconjugative interactions. They
found that removal of vicinal hyperconjugation interactions yields the eclipsed structure as the preferred
conformation, whereas Pauli exchange (steric) and
electrostatic (coulombic) repulsions have no influence
on the preference for a staggered conformation. The
hyperconjugative preference for the staggered conformation is attributed to the antiperiplanar stereoelectronic requirement summarized in Figure 13.
Subsequent studies by Bickelhaupt and
Baerends197 and by Mo et al.198 resurrected the steric
repulsion explanation as the dominant contribution
in the overall barrier. Bickelhaupt and Baerends
by their EDA-based study found hyperconjugative
stabilization in the staggered conformation to be
∼0.4 kcal/mol. BLW-based analysis by Mo and
coworkers suggested that hyperconjugation interaction did favor the staggered conformation but
provided only one-third of the total barrier. These
discrepancies are based on the conceptual differences
between the EDA, BLW, and NBO models discussed
in the section Positive Hyperconjugation, such as on
the nonorthogonality of initial orbitals in the two
former procedures and the conceptual differences in
the treatment of steric effects.

Neutral Hyperconjugation in Alkenes
and Alkynes
Thermochemistry
Not only has neutral hyperconjugation in closedshell species been controversial, but recently even
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F I G U R E 2 8 | Comparison of the G3(MP2) calculated enthalpies of
formation Hf 298 (‘G3’) and experimental hydrogenation Hhyd
(‘expt’) in kcal/mol of butenes and butynes. According to these
estimates, the conjugation energy of 1,3-butadiene (right) is 3.9 ±
0.1 kcal/mol, but for 1,3-butadiyne (left), it is zero.

the importance of classic π -conjugation came under
scrutiny. In a provocative series of papers, Rogers
et al.199,200 disclosed that ‘conjugation stabilization
of 1,3-butadiyne is zero’ when estimated through
the classic approach of Kistiakowsky et al.201 Kistiakowsky suggested that conjugative stabilization in
butadiene can be assessed by stepwise hydrogenation first to 1-butene and then to butane (Figure 28).
The first step is 3.8 kcal/mol less exothermic than the
second step, which according to Kistiakowsky et al.
indicates the strength of the π -conjugation in 1,3butadiene. Although one would expect 1,3-butadiyne,
which has two pairs of conjugating double bonds,
to have stronger conjugative stabilization than 1,3butadiene, the two steps in hydrogenation of 1,3butadiyne yields are equally exothermic, suggesting
that the conjugation in the former compound is zero!
Why would conjugation disappear in alkynes?

c 2011 John Wiley & Sons, Ltd.
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hyperconjugation.202 (b) Revised bond separation energy values for
alkene and alkyne hyperconjugation, corrected for protobranching.51

Interpretation of the above results clearly underscores the importance of neutral hyperconjugation
for the stability of unsaturated compounds. Jarowski
et al.202 pointed out that the reference compounds for
1,3-butadiyne and 1,3-butadiene are stabilized significantly by hyperconjugation, which is not present
in 1,3-butadiyne and 1,3-butadiene. In order to take
hyperconjugative interactions into account, the stabilization of ethylene (in kcal/mol) by an ethyl substituent (2.4 G3; 2.2 G3 (MP2); 2.7 experimental) can
be estimated from the difference between the heats of
hydrogenation of ethylene and 1-butene. Likewise,
the hyperconjugative stabilization of acetylene by an
ethyl group [4.9 G3; 4.8 G3 (MP2); 4.7 experimental] is the difference between the heat of hydrogenation of acetylene and 1-butyne. Equivalently, the hyperconjugative stabilization can also be described by
isodesmic reactions in Figure 29(a) that produces data
consistent with the above evaluation.
Determined by the modified method, the conjugative stabilization of butadiyne and butadiene were
both found to be significant. After correction for unequal hyperconjugative stabilization, the conjugation
energies were estimated as 9.3 and 8.2 kcal/mol for
diynes and dienes, respectively. Pertinent to this discussion is the observation that when evaluated by the
conventional method, hyperconjugation in alkynes is
twice as large as hyperconjugation in alkenes and
that the conjugative stabilization for butadiene and
butadiyne in Kistiakowsky’s scheme is partially compensated by the hyperconjugative stabilization of 1butene and 1-butyne. These hyperconjugative interactions are large enough to fully obscure the conjugative stabilization in 1,3-butadiyne! Later, it was
suggested that hyperconjugative values from Figure
29(a) are too low because the reference203 compound
in both these equations, propane, is stabilized by protobranching. Equations in Figure 29(b) give new estimates for hyperconjugation in alkenes and alkynes
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(based on the assumption that no protobranching corrections are needed for propyne and propene).
Furthermore, Frenking and coworkers141 provided EDA-based evaluation of delocalizing interactions in alkenes and alkynes and reported that hyperconjugation is roughly half as strong as π -conjugation
between two multiple bonds. The calculated values
for the hyperconjugation in propene and its trimethylsubstituted derivative H2 C CHCMe3 (Eπ = −9.3–
9.5 kcal/mol) suggests that the hyperconjugative stabilization of C H and C C bonds with olefinic double bonds is half as strong as that of alkyne triple
bonds. As a result, hyperconjugative stabilization of
the degenerate π -systems in alkyl substituted alkynes
(Eπ = −20.1 kcal/mol) such as 1-propyne and 4,4dimethyl-1-butyne is as strong as the conjugative stabilization in 1,3-butadiene (−19.5 kcal/mol).141
Considering these findings, it is not surprising that hyperconjugation is capable of rationalizing the well-known thermodynamic preferences for
the formation of more substituted alkenes (Saytzeff
rule). BLW estimates by Hiberty and coworkers204
suggest that for both C4 H8 and C5 H10 , hyperconjugation effects stabilize the most substituted product by ∼6 kcal/mol This contribution is larger than
the actual thermodynamic preference expressed by
Saytzeff’s rule.

Conformational Equilibrium
Another illustration of the importance of neutral hyperconjugation in propene is provided by its conformational profile. The stable propene conformation is called ‘eclipsed’ because one methyl C–H
bond eclipses the vicinal σ C C bond. The ‘staggered’ conformation, in which one methyl C–H bond
eclipses the adjacent vinyl C–H bond, is less stable by
∼2 kcal/mol.205 These names are misnomers because
the ‘eclipsed’ conformation of propene is stereoelectronically analogous to the staggered conformation of
ethane (Figure 13) and vice versa.
NBO analyses by Lin et al.206 confirmed that
the hyperconjugation interaction is the main reason
for the greater stability of the eclipsed structure of
propene. The most important hyperconjugation interaction observed between the methyl and vinyl groups
is divided into three components: the π CH3 → π ∗ C C
interaction, the π ∗ CH3 → π C C interaction, and the
vicinal interaction between the in-plane σ C H orbitals
of the methyl group and the σ ∗ -orbital of the antiperiplanar vinyl C–H bond (Figure 30). A similar explanation has been offered for the origin of conformational preferences in carbonyl compounds by Basso
and coworkers.207

c 2011 John Wiley & Sons, Ltd.
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potential energy surface without certain hyperconjugation interactions
(reprinted with permission from Ref 206).

Hyperconjugation in Cyclohexane and
Cyclohexyl Cation: Hyperconjomers
Because of their well-defined geometries, cyclic systems lend themselves for studies of hyperconjugative
interactions. Hyperconjugation has been proposed to
explain why the axial C H bonds are longer and
weaker than the equatorial bonds,139 as well as the
rationale for the lower energy of the equatorial conformer of methyl cyclohexane (Figure 31), its 4-oxa,
4-aza, 4-thia analogues,208 as well as other substituted
cyclohexanes209,210 and cyclohexenes.211,212
The role of hyperconjugation increases dramatically in cyclohexyl cations where it has a profound
effect on structure and stability. An elegant study of
Rauk and coworkers213,214 reported that the different hyperconjugation stabilization patterns lead to

128

the formation of two chair conformers of 1-Me-1cyclohexyl cation where the carbocation p-orbital is
oriented either ‘axially’ or ‘equatorially.’ These conformers, called ‘hyperconjomers’, have distinctly different modes of hyperconjugative stabilization. The
axial cationic orbital in the first hyperconjomer interacts strongly with the adjacent axial C H bonds,
whereas the equatorial vacant p-orbital in the second
cation interacts most strongly with the antiperiplanar
C C bonds (Figure 32).
A detailed NBO analysis of the electronic structures of these species is summarized in Figure 33.
As suggested earlier by Rauk et al.213,214 for 1-Mecyclohexyl cations, the σ C C → n(Cl) and σ C Hax →
n(Cl) interactions play the dominant roles in stabilizing the equatorial and axial ‘hyperconjomers’. Interestingly, the σ C C → n(Cl) interaction is larger than
the σ C Hax → n(Cl) effect in contrast to the σ C Hax
→ σ ∗ C Hax > σ C Heq → σ ∗ C C order in neutral
cyclohexane.139 This observation does not indicate
inversion of the relative donor ability of C H/C C
bonds. Instead, its origin is in a nonperfect overlap
of the vacant orbital with the ‘axial’ C2 H bond as
a result of planarization at C1. On the other hand,
planarization also increases the overlap of the positive center with the ‘equatorial’ C2 H bond, thus
allowing the cation to benefit from the hyperconjugative interaction with two donors at the same time.
Although the energy of combined σ C Hax → n(Cl)
and σ C Heq → n(Cl) interactions in the ‘axial’ conformer is greater than that of σ C C → n(Cl) interactions in the ‘equatorial’ conformer, 31.5 versus
27.2 kcal/mol1 , the balance of hyperconjugative effects is tipped in favor of the ‘equatorial’ conformer

c 2011 John Wiley & Sons, Ltd.
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by subtle effects involving remote donor moieties: γ σ C Heq → nC1 homohyperconjugation with throughspace participation of γ C H bonds and an increased
double hyperconjugation manifested in the δ-σ C Heq
→ σ ∗ C C interaction.
These observations underscore the importance
of double hyperconjugation in hyperconjomers which
renders these species useful tools for the analysis of
the relative donor ability of σ -bonds (Donor ability
of sigma bonds)

Endo-anomeric effect
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Exo-anomeric effect

Anomeric and Homoanomeric Effects
The anomeric effect is one of best documented
and the well-studied of the hyperconjugative
effects.8–16,215–217 This effect was originally defined
as the preference for an electronegative substituent
positioned next to an oxygen atom in a tetrahydropyran ring (or at the anomeric carbon of pyranoses)
for occupying an axial rather than an equatorial
position.8–16,218 It was subsequently recognized that
this preference is a consequence of a more general effect, which requires that a lone pair nX at heteroatom
X and C Y bond in a YCH2 X moiety are aligned
in an antiperiplanar geometry219–221 that maximizes
the hyperconjugative n(X) → σ ∗ C Y interaction
(Figure 34). Similar stereoelectronic requirements for
the relative positions of donor and acceptor orbitals
are also manifested in conformational equilibria of
substituted cyclohexanes.209 Although there are several components of the anomeric effect, such as an
electrostatic component (e.g., dipole–dipole interactions and steric effects), the above hyperconjugative
interaction of the antiperiplanar orbitals plays a particularly important role. This is reflected in structural changes (C Y bond elongation and C X bond
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shortening), in the distribution of electron density (increased negative charge on Y), and in reactivity (C Y
bond weakening). An analogous interaction with the
lone pair of an exocyclic heteroatom Y and σ ∗ C X of
the ring provides a stereoelectronic basis for the socalled exo-anomeric effect—preference for the synclinal (gauche) arrangement of the Y C and C X
bonds. The same preference is observed for the acyclic

c 2011 John Wiley & Sons, Ltd.
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X–C–Y–C systems where X and Y are heteroatoms
with at least one lone pair, commonly oxygen, nitrogen, and fluorine.222 The latter is sometimes called the
gauche effect (vide infra) and is important for determining the conformational energy profiles for important classes of organic molecules such as acetals and
esters.
The relative roles of the W- and the Plough
homoanomeric effects in aza-, oxa-, thio-, and selenaheterocycles were investigated with NMR experiments and NBO analyses (Table 1).223–225 These effects play an important role in the relative trends in
one-bond1 JCH coupling constants, needed for the understanding of conformational properties of carbohydrates, azacarbohydrates, and other substrates of
biological interest.7, 226–232
Although the homoanomeric effects are considerably weaker than the classic vicinal anomeric n(X)ax
→ α-σ ∗ C Yax interactions, their importance increases
significantly when the acceptor ability of σ ∗ -orbitals
increases as a result of bond stretching and/or polarization. For example, solvolysis of piperidines and
pyrrolidines with a leaving group at the β-carbon
proceeds through the formation of cyclic aziridinium
cations, due to anchimeric assistance from the nitrogen lone pair.233–235 The presence of such intermediates leads to retention of configuration and efficient
transfer of chirality in their respective ring contraction or expansion reactions.236 Topologically similar transformations are the key mechanistic steps of
Payne and aza-Payne rearrangements.237–239
In addition to the anchimeric assistance in the
formation of bridged cationic intermediates, there
is clear structural and spectroscopic evidence for
homoanomeric interactions in neutral ground state
molecules at their energy minimum conformations.
For example, the C5 H equatorial bond in 1,3dioxane is longer than the C5 H axial bond, and
the respective direct NMR13 C 1 H coupling constant is smaller than that for the axial bond (1 JCHeq
<1 JCHax ).240–242 This phenomenon (the reverse Perlin
effect) contrasts with the ‘normal’ situation, for example, in cyclohexane, where the axial C H bond is
longer and the corresponding1 JCH constant is smaller
(the normal Perlin effect). The key hyperconjugative
interaction leading to the reverse Perlin effect in 1,3dioxane is that of the equatorial C5 H bond with
the pseudoaxial lone electron pair on the β-oxygen
(the Plough effect) and that the neq → σ ∗ eq (the Weffect) was unimportant in 1,3-dioxane, 1,3-dithiane,
and 1,3-oxathiane.114 The situation changes in azacyclohexanes, where the W-effect is greater than the
Plough effect due to more favorable hybridization of
nitrogen lone pairs.114
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Hydrogen Bonding
Although hydrogen bonding is a complex phenomenon and many subtle factors may be involved
in the formation of X H · · · Y hydrogen bonded
complexes,243–250 n(Y) → σ ∗ X H negative hyperconjugation (which is often called ‘covalent component’
or ‘charge transfer component’, Figure 1) is one of
the two largest H-bond stabilizing effects, along with
the electrostatic interaction between inherent and induced dipoles.
The importance of hyperconjugative interactions from a lone pair of the H-bond acceptor to
the σ ∗ X H orbital of the H-bond donor is welldocumented by NBO energetic analysis.2 Because
such interactions lead to an increase in the population of an antibonding X H orbital, they elongate the X H bond. Only when the hyperconjugative component of H-bonding is weak, can the above
bond-lengthening effect can be compensated by bond
repolarization and rehybridization, and the formations of the so-called blue-shifting H-bonds occur
(Figure 35).190

The Gauche Effect
The gauche effect is the preference for the gauche conformation in X C C Y systems (1,2-disubstituted
ethanes) in the case of two acceptor substituents X
and Y (Figure 36).251,252 Although X and Y are usually F or O, the choice of the second substituent Y is
quite broad in fluoroethanes, X = F.253 The gauche
effect is useful for control of chemical structure and
reactivity.254–257 For example, the gauche effect has
been utilized to achieve efficient and ‘strain-free’ conformational control in the elusive 5-endo-dig cyclization of carbon-centered radicals.258
The dominating role of antiperiplanar hyperconjugative σ C H → σ ∗ C X and σ C H → σ ∗ C Y
interactions in this effect has been shown with the
NBO analysis.259 For X = Cl, Br, and I, the anticonformation is more stable than the gauche due
to the fact that bonds to heavier halogens are not
only good acceptors but good donors as well and the
σ C Y → σ ∗ C X interactions become sufficiently large
to compete with the σ C H → σ ∗ C X interactions.
A stereoelectronic preference for the synclinal conformation in acyclic X–C–Y–C systems is often also
called the gauche effect but is, in fact, an example of
anomeric effect (See Anomeric and Homoanomeric
Effects) dominated by n → σ ∗ interactions
(Figure 34).
In a similar way, cis isomers of 1,2difluoroethene and 1,2-dichloroethene are experimentally more stable than the trans-isomers (0.9

c 2011 John Wiley & Sons, Ltd.
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and 0.43 kcal/mol) whereas the two isomers of 1,2dibromoethene have equal stability, within the experimental error. This extensively analyzed phenomenon
is called the ‘cis’ effect,260–274 and bears similarity to
the gauche effect shown in Figure 36.
Most recently, Yamamoto et al.275 have estimated the contributions of electron delocalizations
and steric exchange repulsions using NBO theory
at MP2/6–311++G(3df,3pd) level, capable of reproducing the experimental energy differences between
the geometric isomers. Two delocalization mechanisms, periplanar hyperconjugations (synperiplanar
and antiperiplanar effects) and halogen lone pair delocalizations into the C C bond antibonding orbitals
(lone pair delocalization effect, Figure 37, left), were
found to be the cis stabilizing forces.
Although the common stereoelectronic preference for the anti- arrangement of the best donor and
the best acceptor dominated for X = F (Figure 37,
right), the difference in the energies of the antiperiplanar interactions decreased for the two isomers of
the heavier halogens where the σ C X → σ ∗ C X interactions increase in relative importance due to the
greater donor ability of the σ C Cl and σ C Br bonds.
Interestingly, although hyperconjugative interactions of σ -orbitals clearly favored the cis-

-LP effect

X
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hyperconjugation effect (the SP effect) within the natural bond orbital
framework for cis-1,2-dihaloethenes (X = F, Cl, or Br). Bottom:
Comparison of hyperconjugative interactions involving C F bonds in
(a) cis- and (b) trans-1,2-difluoroethenes. (B) The interaction is greater
for the antiperiplanar interaction in the cis isomer (Reprinted with
permission from Ref 275).

isomer, the interactions of the lone pairs with the
π - and σ -orbitals of the bridge were found to
have an even larger effect. The authors explained
this observation as a favorable symmetry-enforced

c 2011 John Wiley & Sons, Ltd.
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through-space interaction of the lone pairs (analogous
to that discussed in Cooperativity of Hyperconjugative Interactions).190

CONCLUSION
It is difficult to describe the rich and complex role of
hyperconjugation in chemical structures and reactivity within a short review. We apologize to those whose
important contributions we could not discuss in detail

but hope that this summary will contribute to further
research in this important area. The ubiquitous nature of hyperconjugation in chemistry is illustrated
by the key role it plays in numerous stereoelectronic
effects on structure and reactivity. With the arrival
of powerful computational techniques which can assist future experimental studies in disentangling the
relative importance of hyperconjugation in comparison to other electronic and steric effects, the true role
of hyperconjugation will continue to reveal itself in
many chemical phenomena.
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