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Graphical abstract 

This review outlines the role of hyperconjugative interactions 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 polarizability.  The danger of underestimating the 
contribution of hyperconjugative interactions are illustrated by a number of spectroscopic, 
conformational, and structural effects.  The stereoelectronic nature of hyperconjugation offers 
useful ways for control of molecular stability and reactivity. New manifestations of 
hyperconjugative effects continue to be uncovered by theory and experiments.  
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Hyperconjugation, conjugation and σ-conjugation:  

The classic picture of covalent chemical bonding starts by creating the framework of two-
center/two-electron bonds. These bonds are formed by sharing of electron pairs which is a 
quantum mechanical phenomenon based on the constructive interference of atomic 
wavefunctions.  Although the introductory chemical courses describe the result by using the 
familiar lines and dots adding up the Lewis structure of a molecule,  this simple picture is 
incomplete because the underlying quantum nature of molecules does not disappear once the 
“first-order” two-center bonding interactions are formed.1   

Because molecules are intrinsically delocalized quantum objects, their accurate description has 
to transcend a single Lewis structure where delocalization is limited to the formation of two-
center chemical bonds. The concept of electronic delocalization provides a way to incorporate 
the quantum nature of matter as a “second order correction” to the Lewis structure description. 
Of course, such correction is only needed when one starts from a localized point. Delocalization 
is the natural part of Molecular Orbital (MO) description of chemical systems where the concept 
of localized Lewis structure loses its foundational value.  

The delocalizing deviations from the localized Lewis-structure description are mediated by the 
“2nd order” interactions between the electronic orbitals. Such interactions can be generally 
classified as one of three ubiquitous effects: conjugation, hyperconjugation and σ-conjugation. 
This classification is based on the type of orbitals involved in the interactions. Although the word 
“conjugation” is sometimes used to describe all types of delocalization, it refers, more 
specifically, to interactions either between π-bonds or between π-bonds and p-orbitals. IUPAC 
defines interaction between σ- and π-orbitals as hyperconjugation. Interaction of σ-orbitals is 
sometimes referred to as sigma conjugation but, more often, it is also called hyperconjugation. 

The diversity of delocalizing effects is summarized in Figure 1, which provides the nine patterns 
corresponding to the different types of participating orbitals, i.e., lone pairs, σ- and π-orbitals. 
Note that five of the nine patterns involve at least one σ-bond.  
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Figure 1. Types and examples of delocalizing interactions (hyperconjugative interactions are 
shown on the grey background).  

Although these examples are based on two-electron interactions, many of such patterns can be 
readily extended to systems with a different number of electrons (radicals, radical-cations, and 
radical-anions).  

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. Delocalization decreases the electronic energy by allowing “parts” of the 
molecules (e.g., different functional groups or group orbitals) to interact. 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-bonds2,3 has 
not been equally recognized.   

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. Because the 
separation is artificial, the lines between the three effects are often blurred. For example, the 
term conjugation is also extended to the analogous interaction involving a double bond and a 
non-bonding p-orbital.  Note that the interactions of π-bonds with lone pairs starts to blur the 
line between hyperconjugation and conjugation because lone pairs are often hybridized and 
possess significant s-character.4 Analogously, in the process of an allylic sigma C-Cl bond 
stretching and breaking in allyl chloride, hyperconjugation with the sigma-bond is smoothly 
transformed into conjugation with the non-bonding orbital (the cationic or radical center). This 
absence of a well-defined border further indicates that distinction between hyperconjugation 
and conjugation is artificial (Figure 2) and separation of these two effects has mostly historic 
value. Hyperconjugation and conjugation describe the same fundamental phenomenon and are 
different only within the σ,π-model. 

 

Figure 2. Transition from hyperconjugation to conjugation proceeds without a well-defined 
border. 

Interestingly, R. Mulliken in his seminal 1941 paper titled “Hyperconjugation”5 emphasized that 
“differences in conjugating power” among saturated and unsaturated groups are “quantitative 
rather than qualitative”.5,6 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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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”.   

Descriptions of hyperconjugation:  

In VB theory, hyperconjugation arises from the presence of additional resonance structures (the 
double bond/no bond resonance in Figure 3a). 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 (0 or 1 electrons), and the lower energy orbital has to be at least partially filled. The most 
common scenario, illustrated in Figure 3, 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/one-electron and two-center/three-electron 
hyperconjugation patterns are also possible and play important roles in odd-electron species 
such as radicals, radical-ions and excited states.7,8 

E

C-H

C-X

Stabilization Energy 

                 

     a)                 b)   c) 

Figure 3. a) Description of the vicinal σC-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 σC-H and σ*C-X orbitals.  c) NBO plots illustrating overlap of vicinal σC-H and 
σ*C-H orbitals in ethane.  

 

Theoretical approaches to analysis of hyperconjugation.  

Conformational energy profiles.  

An “ideal” reaction for the analysis of an electronic effect would involve no changes in 
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 often is controlled by a complex mixture of factors, of which 
hyperconjugation is only a single contributor. Furthermore, switching one effect off frequently 
activates a different effect.  

Isodesmic reactions. 
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Very often delocalization is estimated through thermochemical data and application of 
hypothetic reactions (isogyric, isodesmic, hypohomodesmotic, homodesmotic, or 
hyperhomodesmotic)9 which are designed to isolated the desired effect. For example, the 
equation in Figure 4can be used to evaluate the hyperconjugative stabilization of an alkene by a 
methyl group.10  

 

Figure 4. A possible way to estimate hyperconjugation in propene through a bond separation 
reaction. 

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. It is important to note that, of course, the total energy of this equation is NOT the 
energy of hyperconjugation but rather a difference between hyperconjugation and sigma 
conjugation (i.e., the interaction of an alkyl substituent with a methyl group).  

An “ideal” reaction for the analysis of a delocalizing electronic effect would involve no changes 
in hybridization and the bond types. In addition, it should also have negligible changes in steric 
and electrostatic factors. Although meeting all of these requirements is often a challenge, such 
equations can provide useful information.   

For example, the calculated energy for the transformation of 1,4-dioxane into 1,3-dioxane (ΔG = 
-5.4 kcal/mol, Figure 5) indicates the presence of a stabilizing effect, inherent to 1,3-dioxane, 
i.e., the generalized anomeric effect that will be discussed later in this review). The 2nd equation 
shows that ether and peroxide can stabilize each other as well, albeit to a smaller extent. Finally, 
the last equation provides an explanation to the paradoxic stability of bis-peroxides connected 
via a one-carbon link. It shows that the presence of two such peroxide moieties in a six-
membered cycle leads to ~4 kcal/mol increase in stability relative to the mono-peroxide.11 We 
will discuss later how this observation indicates the reemergence of anomeric effect in 
peroxides. Due to the presence of the two 1,3-dioxa fragments, bis-peroxides are 
stereoelectronically analogous to bis-acetals (vide infra). 
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Figure 5. Increases stability of acetals and the resurgence of anomeric effect in bis-peroxides 

 

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),12 and Block-Localized Wavefunction method (BLW).13  

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 basis set of orbitals used to describe delocalization. Whereas NBO utilizes 
orthogonal orbitals to describe the localized reference, the other methods start with non-
orthogonal orbitals.14 This difference leads to significant variations in the magnitude of 
delocalizing interactions obtained and exaggerates the role of steric effects in those methods 
based on non-orthogonal orbitals. 

From the conceptual perspective, the non-orthogonal 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 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 non-orthogonal orbitals.15  
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The observed differences between alternative computational dissections are due to the 
ambiguity about which non-orthogonal subunits receives 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. 

 

a)        b)     c) 

Figure 6. a) Four-electron destabilizing interaction expressed in terms of nonorthogonal 
“unperturbed” orbitals (for which there is no imaginable Hermitian perturbation theory). b) 
Four-electron nonstabilizing interaction expressed in terms of orthogonalized unperturbed 
orbitals (for which there exists a valid Hermitian). c) Four-electron stabilizing interaction for a 
proper three-term description of orbital energies in terms of Löwdin-orthogonalized basis 
orbitals [Reprinted with permission from ref.16]. 

Figure 6a 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 non-orthogonality 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 6b).  When at least one unoccupied orbital is added 
to the system, the overall interaction becomes stabilizing (Figure 6c).16 

The general concept outlined above has been implemented in several popular approaches 
discussed below. 

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 (NAOs), 
hybrid orbitals (NHOs) and bond orbital (NBOs). Importantly, each of these localized basis sets is 
complete and orthonormal and describes the wavefunction with the minimal number of filled 
orbitals in the most rapidly convergent fashion. Filled NBOs describe the hypothetical, strictly 
localized Lewis structure.  NPA charge assignments based on NBO analysis correlate well with 
empirical charge measures.17 
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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 delocalizations. Since 
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)18,19 where <σ/F/σ*>, or Fij is the Fock matrix element between the orbitals 
(NBOs) i and j, εσ and εσ* are the energies of the σ and σ* NBO’s, and nσ is the population of the 
donor σ orbital.3  Usually, there is a good linear correlation between the deletion (Edel) and 
perturbation (E(2)) energies.20 One can also delete some or all of the virtual localized natural 
bond orbitals, thus eliminating all interactions involving these orbitals.   

                             
ΔE
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It is important to mention a few caveats in using NBO method for quantifying delocalization. 
First, the accuracy of the perturbative estimation decreases strongly as the interactions grow 
stronger. Furthermore, the results of the global NBO deletions which deactivate all antibonding 
orbitals in a large molecule or in a significant part of the orbital space should be also used with 
caution. Such energies can be very large and only useful for general evaluations. These problems 
can be exacerbated for calculations with large basis sets which add a larger number of Rydberg 
orbitals to the NBO expansions.21  

Natural Steric Analysis22 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.23  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:24 

This analysis starts with “a zeroth-order” wavefunction from the overlapping orbitals of the 
isolated molecular fragments. 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 ΔEelstat. In the second step the product wave function becomes 
antisymmetrized and renormalized, which gives the repulsive term ΔEPauli, termed Pauli 
repulsion. In the third step the molecular orbitals relax to their final form to yield the stabilizing 
orbital interaction ΔEorb. The latter term can be divided into contributions of orbitals having 
different symmetry which is useful for separation of σ- and π-effects. The sum of the three 
terms ΔEelstat+ΔEPauli+ΔEorb gives the total interaction energy ΔEint.  

Block localized wavefunction (BLW) method:25 

Mo and coworkers 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 
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space of molecular orbitals. 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 block localized wavefunction (BLW) method.13,26,27  

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 atomic 
orbitals, 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(σ1a”22a”2) and (loc) = Â(σπ2
c=cπ2

CH3), where πC=C and πCH3 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 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. 

NBO stereoelectronic map for a common functional group  

In order to illustrate the utility of such theoretical approaches, we apply NBO analysis of ethanal 
to show that even simple molecules may contain multiple “layers” of conjugative interactions. 
The computational methods can provide a quantitative insight into the interplay between 
different electronic effects.28 The carbonyl group provides a combination of five orbitals that can 
readily interact with the adjacent C-C and C-H bonds (Figure 7). From the stereoelectronic 
perspective, the carbonyl group is a “stereoelectronic chameleon”. Depending on the relative 
geometries, its interaction with the neighbors can be either controlled by two powerful acceptor 
orbitals (σ*CO and π*CO) or by a strong donor p-type lone pair on oxygen. Figure 7 illustrates how 
these interactions change for the eclipsed and bisected conformations of ethanal.  

First, interactions of C-H bonds with πC=O increase when C-H bonds are anti to carbonyl (i.e., in 
the eclipsed conformation). The respective combined NBO energies for the donation to and 
from the carbonyl increase from 13.2 vs. 14.9 kcal/mol (Figure 7, top). 

The “2nd level” of interactions includes the vicinal interactions between anti- and syn-periplanar 
σ-bonds. Each of these interactions changes dramatically between the conformers. For example, 
the 0.9 kcal/mol interaction between the synperiplanar the in-plane C-H bond with the σ*C-O 
orbital increases to 4.8 kcal/mol for the anti-periplanar arrangement between these orbitals. 
However, the energy of σC-H σ*C-H interactions between the two vicinal in-plane C-H bonds 
changes in the opposite direction and compensates for the difference in C-H/C-O interactions. 

The 3rd level involves smaller interactions between the imperfectly aligned syn- and anticlinal 
vicinal σ-bonds. In particular, the σC-H σ*C-H interactions favor the bisected conformation 
where these orbitals are anticlinal. However, this effect is smaller than the “Level 1” π-effects 
that favor the eclipsed conformation.  
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Figure 7. NBO analysis of hyperconjugative interactions involved in the conformational profile of 
ethanal. The combined energies are approximate because interaction with energies below the 
default NBO threshold of 0.5 kcal/mol were not used in determining the overall balance 
(reprinted with permission from ref. 1) 

Finally, the strongest hyperconjugative effect in this system, the nO σ*C-H delocalization (23-26 
kcal/mol) changes only slightly upon the conformational switch. Although this “bystander” 
interaction appears to have no influence on the conformational tug-of-war, it plays important 
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role in the overall stability and specific reactivity features of carbonyl compounds. For example, 
these, “invisible” for conformational equilibria, interactions evolve into a 2c,3e-bond of the acyl 
radical in the process of C-H bond scission. This hyperconjugative effect is the source of dramatic 
lowering of the aldehyde C-H bond dissociation energy (~88 kcal/mol) relative to the BDE for C-H 
bond in ethene (~111 kcal/mol).29 Remarkably, the “sp2 hybridized” C(O)-H bond in aldehydes is 
even weaker than a typical C-H bond in alkanes.  The C-H weakening effect is also manifested in 
the spectroscopic properties of aldehydes - the sp2 C-H IR stretching frequency for ethanal is 
>200 cm-1 lower than the C-H IR stretching frequency of ethene. 

NBO analysis shows how each of the multiple layers of conjugative interactions can relate to a 
different aspect of molecular stability and reactivity. It also shows that choosing a single 
stereoelectronic effect from this complex mixture of interrelated orbital interactions is always 
an approximation that needs to be reevaluated carefully for each new functionality. 

Types of Hyperconjugation: 

Isovalent vs. 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” (commonly referred to as “sacrificial”), or “isovalent” hyperconjugation. This 
classification dates back to Mulliken30 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 two-electron bond less 
than the main 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 8). 

 

Figure 8. Comparison of contributing resonance structures in sacrificial and isovalent 
hyperconjugation 

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.  
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Another historically common classification of hyperconjugative interactions is based on their 
separation into neutral, negative, and positive 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 two-electron stabilizing interactions which 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 interaction of this unusual orbital with the rest of 
the molecule 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.31 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 which blends 
together the negative and positive hyperconjugation. For example, the delocalizing interaction 
between a π-bond and an adjacent σC-X bond in Figure 9 is displayed as a pair of donor-acceptor 
π  σ*C-X and σC-X  π* interactions. In this case, the interaction is bidirectional and the same C-
X moiety serves as both a σ-donor and a σ-acceptor.  

 

Figure 9. Contributing resonance structures for positive, negative and neutral hyperconjugation.  

 

Negative 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 anomeric effect and its spectroscopic counterparts (i.e., the 
Bohlmann32 and the Perlin effects33) Negative hyperconjugation which involves non-bonding 
orbitals is isovalent, negative hyperconjugation which involves π-orbitals is sacrificial (Figure 10). 
Negative hyperconjugation plays an important role in intermolecular interactions: For example, 
it serves as a provider of covalent character and directionality of H-bonding and a force that is 
accountable for the occurrence of SN2 reactions.34   
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Figure 10. Selected patterns of intra- and intermolecular negative hyperconjugation  

A more detailed description of chemical and spectroscopic manifestations of negative 
hyperconjugation will be given in the last section of this review.  

Positive hyperconjugation. 

This conjugation pattern dominates when a very strong p- or π-acceptor or a very strong σ-
donor present in a molecule. In particular, positive hyperconjugation is very important in 
carbenium ions and boranes.35 Structural and electronic effects of hyperconjugation lead to 
elongation and weakening of one of the C-H bonds and may assist in the evolution of carbenium 
ions into hypervalent non-classical structures (Figure 11).  

  

Figure 11. Positive hyperconjugation in a carbenium cation and its evolution in a non-classic 
structure 



  14 

The effect of alkyl substituents on the stabilities of carbenium ions provides the electronic basis 
of the textbook Markovnikov’s rule.36 For a carbenium ion, the more alkyl groups that are 
connected to the cationic center, the more stable the carbocation is.37  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 12. In these gas phase data, the stabilizing 
potential of 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 12). 

 

Figure 12. Absolute (data below the structures) and relative (data near the arrows) gas phase 
hydride ion affinities for selected carbocations. All energies are in kcal/mol and taken from ref. 
38.  

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) < CH3CH2
+ (36 

kcal/mol) < (CH3)2CH+ (55 kcal/mol) < (CH3)3C+ (69 kcal/mol).37 Hyperconjugation energies from 
ODP computations are noticeably smaller CH3CH2

+ - 13 kcal/mol, (CH3)2CH+ - 21 kcal/mol and 
(CH3)3C+ - 26 kcal/mol).25 This discrepancy can be attributed to the structural relaxation, e.g., 
from pyramidal structure to planar structure.  

The stabilizing effect of positive hyperconjugation increases for stronger σ-donors. For example, 
the stabilizing effect of a silyl substituent in β-silylethyl cation is calculated to be ca. 38 kcal/mol 
in the gas phase.39 Effects of Ge, Sn and Hg are also substantial;40 for example, hyperconjugative 
activation by a Sn–C bond can accelerate a reaction by a factor of >10.14,39,41 

Neutral hyperconjugation. 

In this type of hyperconjugation, donor and acceptor interactions are balanced and often there 
is no dominating effect. As the result, although effects of hyperconjugation are documented for 
X-ray geometries of neutral molecules42 and although neutral hyperconjugation was suggested 
to define conformational profiles of ethane, methylcyclohexane, propene, toluene and other 
hydrocarbons, the importance of sacrificial hyperconjugation in neutral hydrocarbons has been 
controversial (vide infra). 



  15 

Part of the challenge is that structural effects of neutral hyperconjugation are often small and 
indirect experimental approaches can be complicated.43 However, 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 section “Neutral hyperconjugation in alkenes and alkynes”). We will 
further illustrate the importance of this ubiquitous phenomenon in the section 
“Examples/Stereoelectronic effects”. 

Comparing the magnitude of negative, positive and neutral hyperconjugation. 

To calibrate ourselves, it is instructive to compare the relative magnitudes for the three types of 
hyperconjugation using the same group (Me) as a reference point (Figure 13). In order to avoid 
the effects of charge, we will choose three neutral molecules: methyl amine, ethane and methyl 
borane. 

The importance of positive hyperconjugative is the greatest (~14 kcal/mol) in agreement with 
the electron deficient nature of methyl borane. This molecule, isoelectronic to ethyl cation, 
cannot satisfy the octet rule and has to rely on the non-Lewis contributions as a supplementary 
source of stability. Negative hyperconjugation between the aligned C-H and the lone pair of 
nitrogen is smaller. However, this effect is still significant (~9 kcal/mol) because it provides a way 
to involve the non-bonding orbital into chemical bonding. The neutral C-H/C-H delocalization 
between the σC-H bonds and the associated σ* orbitals is the weakest from the three types. Even 
though it is manifested as a pair of symmetry-related interactions, their NBO total energy is only 
~6 kcal/mol. 

 

Figure 13. Neutral molecules with negative, neutral and positive hyperconjugation. Note that 
the NBO interaction energies for neutral hyperconjugation needs to be multiplied by two since it 
is bidirectional. 

Patterns of hyperconjugation.  

So far, we have classified delocalizing interactions by the type of orbitals and by directionality 
(or lack of thereof) of the overall electron density transfer. Topologically, it is often helpful to 
separate orbital interactions into three classes: vicinal, geminal and remote interactions. These 
three patterns correspond, respectively, to the interaction of orbitals at the same atom 
(geminal), adjacent atoms (vicinal) and atoms that are not directly bonded (remote) (Figure 14). 
Each of these patterns has its own unique features that we will discuss below.   
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Figure 14. Geminal and vicinal hyperconjugative interactions  

 

Geminal 

Geminal interactions correspond to interactions of orbitals at the same atom (Figure 14). From 
the resonance point of view, geminal hyperconjugation is associated with the increased 
contribution of the carbenoid resonance structure. In general, its importance increases when 
the two substituents at the same carbon have drastically different electronegativity or when the 
carbene fragment is especially stabilized otherwise. Although such interactions are ubiquitous 
and provide important contribution to the overall molecular stability, 44,45 they are not readily 
“switchable” by conformational changes and remain “invisible” in the conformational analysis, 
For the above reasons, the geminal effects are discussed relatively rarely. However, there is an 
accumulating evidence that this delocalization pattern plays an important, albeit often 
underappreciated, role in molecular stability.  

In particular, geminal hyperconjugation was suggested to play an important role in the “alkane 
branching effect”, a fundamentally important fact that simple alkanes with branched carbon 
skeletons, for example, isobutane, are more stable than their linear isomers, for example, n-
butane. In a similar way, the “kinks” (or “protobranches”) in the chains of linear alkanes were 
suggested to explain their greater stability relative to methane or ethane.46 NBO analysis by 
Kemnitz and coworkers suggested that a significant part of this stabilization comes from the 
σ/σ* geminal interactions.47  

Vicinal 

Vicinal interactions are very common because they correspond to the interactions of orbitals at 
two directly connected atoms. The stereoelectronic aspects of such interactions are immediately 
obvious when stability and reactivity change as a function of relative arrangement of the 
interacting bonds in space (i.e., via rotation around the bridging bond). Vicinal interactions are 
responsible for the majority of stereoelectronic effects. Because these interactions involve 
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orbitals at atoms that are already connected with a sigma bond, vicinal hyperconjugation is 
generally mediated by a π-type overlap of the donor and acceptor orbitals. We will provide 
numerous examples of vicinal hyperconjugations in this review. 

Extended 

Long range delocalization can follow a variety of patterns that are mediated by through bond 
(TB) and through space (TS) interactions. At the larger separations between the donor and the 
acceptor, remote interactions evolve into supramolecular contacts responsible for the presence 
of intermolecular interactions (e.g., H-bonding, vide infra). However, at the shorter separations, 
the delocalization patterns have distinct features. In this section, we will concentrate on such 
features for the donor/acceptor pairs separated by one or two atoms. When σ-orbitals are 
involved, these patterns are generally referred to as homohyperconjugation and double 
hyperconjugation.   

 

Figure 15. Remote hyperconjugative interactions  

Homoconjugation and homohyperconjugation are observed when a saturated center intervenes 
between donor and acceptor orbitals. Homoconjugation is ubiquitous because π-bonds or lone 
pairs can serve as excellent donors. Interactions of donor and acceptor orbitals, that are not 
directly connected, serve as the electronic basis of such interesting phenomena as anchimeric 
assistance, neighboring group participation, transannular interactions etc.  As the interactions 
grow stronger, they can transform into chemical bond formation in a cyclization reaction. Due to 
the immensity of the topic and the broad variations in geometries that allow such interactions, 
we will limit our discussion of such effects to several fundamentally important basic patterns. 

The chemical community is accustomed to the idea that conjugation through π-arrays can 
provide long-range 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.48 Some of 
these patterns are provided in Figure 16 which follows the lucid classification of Lambert and 
Ciro.49  
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Figure 16. Comparison of normal and extended positive hyperconjugation.  

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.50  When the acceptor is a σ*-orbital and donor is a lone pair, this effect is referred to as 
homoanomeric effect.51 Both the γ-effect 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 chemistry of cations, this interaction has been called the δ-
effect and found experimentally to be significant for silicon and tin.52 Expansion of these studies 
to a larger set of cations53 found 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. These stabilization effects were used for the development of a new 
scale hyperconjugative donor ability of σ-bonds (see section “Hyperconjugation in acyclic and 
cyclic carbocations. Hyperconjomers” for additional details). 

 

Figure 17.  The significant stabilization of a δ-cyclohexyl cation by a series of equatorial 
substituents via double hyperconjugation. 

The more extended versions of hyperconjugation where the donor and acceptor orbitals are 
separated by the larger number of bonds, the importance of intramolecular constraints 
decreases and the boundary between inter- and intramolecular interaction patterns starts to 
blur. For the larger separations, the favorable scenarios closely follow the general rules of 
supramolecular chemistry and, in the case of stronger interactions, evolve into the orbital 
preferences for the formation of new chemical bonds.54  
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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 observed for the interaction 
of vicinal orbitals is the general preference of anti-periplanar arrangement over syn-periplanar 
geometry (Figure 18). This preference leads to a particularly simple, yet surprisingly powerful 
generalization, often referred to as the “main stereoelectronic rule”. The rule can be expressed 
as follows: “There is a stereoelectronic preference for conformations in which the best donor 
lone pair or bond is antiperiplanar to the best acceptor bond”. 55 

 

Figure 18. Newman projections showing the possible conformations in a donor/acceptor 
substituted ethane molecule. The “main stereoelectronic rule” favors the antiperiplanar 
conformation. 

The general preference of the antiperiplanar arrangement over synperiplanar geometry is 
displayed in the higher stability of the staggered conformation of ethane, s-trans conformation 
of butadiene, eclipsed (an obvious misnomer, as we will show later!) conformation of propene 
(Figure 19), and a number of other stereoelectronic effects.  

The origin of this preference, for the case of ethane, is illustrated in the bottom part of Figure 

19,  which clearly displays the unfavorable overlap between the σC-H orbital and a node of the 
σ*-orbital for the syn-periplanar arrangement in the eclipsed conformation.56,57 
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Figure 19.  Top: The antiperiplanar stereoelectronic preference for vicinal conjugation and 
hyperconjugation. Bottom: Key hyperconjugative interactions between σC-H and σ*C-H orbitals. 
[Reprinted with permission from ref. 16] 

Since 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 section 
“Examples/Stereoelectronic effects” for the illustrative examples).1  

A few caveats are worth keeping in mind. Of course, this preference cannot apply to systems 
where the notion of antiperiplanarity itself disappear, e.g., the case when the acceptor center is 
a pure p-orbital.1 The antiperiplanar preference can be further masked by the effects of sterics 
and electrostatics. In addition, it is only applicable to intramolecular vicinal interactions. 
Intermolecular preferences are different. 

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 SN2 
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 X-Y bond,3,58 leading to the bond 
cleavage (for the SN2 reaction) or the well-known red-shift in the IR-stretching frequency widely 
regarded as the “signature of H-bonding”.59 The stereoelectronic covalent component of H-
bonding is also responsible for the well-defined structural requirements such as the collinear 
Y…H-X arrangement which plays a key role in H-bonded supramolecular assemblies.  H-bonding 
and SN2-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.60 
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Figure 20.  a) Hyperconjugative stabilization of H-bonded complexes. b) The analogy of F-…He…H-
Y+ fragmentation of FHeH…Y complexes with an SN2 reaction. 

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 SE2 bond-cleavage event (Figure 21).61 

 

Figure 21. Intermolecular positive hyperconjugation in the TS for an SE2 process with retention 
of configuration. M is an electrofuge, R is an alkyl group, and E is the electrophilic site in the 
reagent EX.  

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-effect) is important 
in azacyclohexanes51,62  but not in oxa- and thiacyclohexanes, where an alternative pattern (the 
Plough effect, Figure 22b) plays a more important role.  The “mirror image” of the Plough effect, 
illustrated in Figure 22c, provides no hyperconjugative stabilization to the molecule (due to the 
same stereoelectronic reasons which disfavor a front lobe attack in an SN2 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.63 It shows that even when 
hyperconjugative interactions cannot lead to stabilization it may, when imposed by structural 
constraints, still change electronic distribution and geometries. Note the analogy between such 
effects and the known differences between the backside (favorable) and frontside (unfavorable) 
trajectories for an SN2 attack. 
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Figure 22. The comparison of possible homoanomeric interaction patterns in six-membered 
saturated heterocycles illustrates the connection between stabilizing to non-stabilizing 
hyperconjugative interactions. The bottom part of the figure shows how hybridization of the 
lone pair can change the efficiency of through-space interactions. 

 

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, where X is a main group element from groups IVa - VIIa 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 (Figure 23). 

 

Figure 23. Correlation of energy of vicinal NBO σC-H  σ*C-X interaction, Edel with 
electronegativity of element X in substituted ethanes, CH3CH2X. 

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 (Figure 24, Figure 
25). 20,64  
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Figure 24. Correlation of polarization of σ*C-X orbitals with electronegativity of element X in 
substituted ethanes, CH3CH2X. Adopted with permission from ref. 20. 

On the other hand, augmentation of acceptor ability in these groups is opposite to the changes 
in electronegativity of X and in 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 (Figure 25). 
Even when polarity of C-X bonds decreases, the C-X bond can still function as a good acceptor as 
long as the σ*C-X has low energy. These trends can be readily understood based on the Eq. 1 
given in section “Wavefunction analysis”.  

 

 

Figure 25. Correlation of energy of σ*C-X orbitals with electronegativity of element X in 
substituted ethanes, CH3CH2X. 

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 σC-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.  
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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. As a result, the acceptor ability of the σ-bonds in monosubstituted ethenes 
changes in a more complex fashion. Overall the acceptor ability of σ-bonds can be significantly 
modified by substitution and is conformer-dependent.  

Polarization of σ*bonds leads to the larger coefficient at the less electronegative of the two 
connected atoms. This trend accounts for anisotropy of intramolecular orbital interactions. For 
example, it explains why C-O bonds are stronger acceptors than O-C bonds. Interestingly, 
stereoelectronic effects displayed by C-X bonds with X from second and third periods are highly 
anisotropic (Figure 26). For example, C-chalcogen bonds are excellent σ-acceptors at the carbon 
end but poor σ-acceptors at the chalcogen end.20

 The later effect is mostly geometric and stems 
from the greater lengths of the C-S and C-Se bonds.  

 

Figure 26.  Comparison of acceptor ability (NBO Edel energies in kcal/mol) of C-X bonds in 
different directions.  

Donor properties of lone pairs.  

The relatively subtle differences in the hyperconjugative energies given in Figure 25 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 indicates that both 
the high energy of the non-bonding orbital (decreasing the ΔE term) and its higher polarizability 
(increasing the Fij term) account for the increased interaction energy.20  Selected properties of 



  25 

nonbonding electronic orbitals (lone pairs) of O, S, Se, and N are presented below and 
summarized in  

Table 1 and Figure 27.51 

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 the valence angles and the direction in which non-bonding 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 27).  An 
increase in the p-character leads to an increase in orbital energy which 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. 

Oxygen 

In tetrahydropyran, the presence of a higher energy p-orbital (instead of a 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 hybridization in tetrahydropyran: a purely p-orbital and a sp1.3 hybrid. The deviation 
from sp hybridization predicted by the idealized model is readily explained by Bent’s rule.65 

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 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 to 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.51 
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Table 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.  
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aFor X=O, S, Se, the data for the equatorial lone pairs are given in parentheses. bs-Character in 
hybrid orbitals forming C-X (X = N, O, S, Se) bonds. 

Energies of lone pairs 

The orbital interaction energy is inversely proportional to the energy gap, ΔE 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 s-character) and the 
electronegativity of X. An increase in electronegativity and decrease in the p-character lowest 
the orbital energies of the lone pairs (Figure 22).  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 when going from oxygen to selenium (O < S < Se), whereas the energies 
and donor ability of equatorial lone pairs fall in the opposite direction (O > S > Se). The first 
trend is explained by the difference in electronegativity and the period number, 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 
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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. 

E, a.u

-0.7

0.0

-0.2

-0.4

-0.6

N

eq/ax

eq

ax

O S Se

eq

ax

eq

ax

 

Figure 27. NBO 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. 

Due to 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.  

The differences in hybridization of O and S lone pairs are also clearly manifested in the 
directionality of hydrogen bonds to carbonyls and thiocarbonyls (Figure 28). For sulfur, the spn-
lone pair has so much s-character that it is hardly available for H-bonding and the preferred 
H…SC trajectories of H-bonding are much closer to 90 degrees.  

 

Figure 28. Acceptor directionality of C=S (left) and C=O (right) groups in N/O-H…O/S=C hydrogen 
bonds. Note that the directionality is much closer to the perpendicular approach (coordination 
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with the p-type lone pair) for C=S. (Reprinted with permission from ref. 66. Reproduced with 
permission of the International Union of Crystallography) 

Contrasting effects of α-heteroatoms on the lone pair energies: 

An important question at the heart of the so-called α-effect67 is whether the lone pairs of two 
directly connected heteroatoms combine into a more powerful donor than each of the lone 
pairs taken separately. Simple MO arguments suggest that mixing of the two lone pairs should 
lead to formation of a higher energy antibonding MO (Figure 29A). However, the overall MO 
energy increase can be counterbalanced by the inductive and hybridization effects of the 
acceptor neighbor. According to Bent’s rule, presence of electronegative group Y at atom X, 
increases the allocation of p-character of X in the X-Y orbital, thus making the lone pair of X have 
more s-character and be less donating. 

 

Figure 29. A. The simplified MO description of α-effect; B. Formation of X-X bond can lower the 
lone pair energy and compensate for the expected increase in the donor ability of 
stereoelectronically coupled lone pairs. Reprinted with permission from ref. 67. 

The effect of α-heteroatoms on the lone pair energies can be understood by combining NBO 
analysis with the examination of highest occupied MOs (HOMOs) in ammonia, water and two 
conformers of hydrazine and hydrogen peroxide. Natural Bond Orbital (NBO) analysis provided 
energies and hybridizations for the individual lone pairs whereas the canonical MO analysis 
described the energetic consequences of the lone pairs’ mixing with each other and/or other 
parts of the molecules. This analysis reveals differences between oxygen and nitrogen that 
originated from a shifting balance in the interplay between hybridization and electronegativity 
(Figure 30). 

The addition of an α-heteroatom decreases the NBO lone pair energy in the most stable 
conformers of N2H4 and H2O2 relative to the lone pairs of NH3 and H2O, respectively. The 
observed energy lowering is greater for the introduction of oxygen, a more electronegative 
neighbor. When rotation around the N-N and O-O bond aligns the lone pairs at the two adjacent 
heteroatoms, an additional large effect on the lone pair energy in hydrazine is observed. The 
orbital alignment effect on the lone pair energies in H2O2 is much smaller. The much larger effect 
in the nitrogen case may indicated the greater importance of rehybridization4 where increase in 
pyramidalization and s-character in the lone pair are coupled to each other. For oxygen, 
rehybridization at the s-type lone pair and the associated energy decrease are much smaller. 
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The oxygen’s p-type lone pair retains its original 100% p-character and shows a much smaller 
change in energy.  

 

Figure 30. A: Hybridization for RNH2 and ROH species. B: Energies of NBOs corresponding to 
individual lone pairs of O- and N-lone pairs. Grey values for the O-containing molecules 
correspond to the high energy p-lone pair, black values describe σ-type spn hybrid lone pair.  C: 
The anti-symmetric lone-pair combination MOs in the representative conformations of 
hydrazine and hydrogen peroxide. Reprinted with permission from ref. 67 

When the localized non-bonding orbitals at the heteroatoms mix to form the MOs of N2H4 and 
H2O2, the resulting HOMOs are raised. For the most stable conformation of hydrazine, the 
HOMO is raised only moderately relative to that of NH3. In contrast, the HOMO of the most 
stable H2O2 conformation was much higher than the HOMO of H2O. One can attribute these 
differences to hyperconjugative mixing with the σ*NH of the adjacent NH2 moiety that can 
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stabilize the hydrazine HOMO. On the other hand, each of the oxygen atoms has two lone pairs 
and mixing of the non-bonding orbitals in the peroxide moeity is unavoidable. When the 
nitrogen lone pairs were aligned in the eclipsed conformations of hydrazine and H2O2, the 
antisymmetric combination of the two lone pairs is significantly destabilized, as expected from 
the ground state destabilization model of the α-effect.  

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.39,68  For example, Lambert and 
coworkers reported that axial trimethylsilyl substitution can lead 1012 rate enhancements upon 
in the elimination of axial leaving groups (Figure 31).68b The hyperconjugative interaction with 
the antiperiplanar TMS group was suggested to be responsible for ~1010 acceleration, with the 
rest (102) originating from inductive interactions.  The lower reactivity of the cis isomer stems 
from the less favorable (gauche) arrangement of the departing group relative to the C-Si donor.  

 

Figure 31. Conformational effects on the rate of cationic eliminations reflect stereoelectronics of 
the developing cation stabilization by C-Si σ-donors. 

However, the relative ability of many common sigma donors, including the most ubiquitous case 
of C-H vs. C-C bonds, has been widely debated. The difference between these two bonds is small 
in ground state neutral molecules.69 For example, a low temperature X-ray structural study by 
Spinello and White found that the differences in the donor abilities of C-C and C-H bonds 
towards σC-O acceptors of variable electronic demand are comparable to the experimental 
uncertainty of measurements.72 Recent computational studies also found that these differences 
are small. Natural Bond Orbital (NBO) analysis indicates that C-H bonds are slightly better 
donors than sigma C-C bonds in cyclohexane and related molecules.70 A similar conclusion was 
made by Rablen and coworkers in a theoretical study on the origin of gauche effect in 
substituted fluoroethanes.71  In contrast, EDA computations of Frenking and coworkers 
suggested a slight preference in the opposite direction.72 

Hyperconjugative effects are expected to be stronger in cations.  Nathan and Baker reported 
that a Me group provides more stabilization to the developing positive charge at the p-benzylic 
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position than Et, i-Pr and t-Bu groups in the solvolysis of p-alkyl substituted benzyl bromides73  
and attributed this order of reactivity to the greater donating ability of C-H bonds compared to 
that of C-C bonds. Although these results are consistent with the trends in 13C NMR chemical 
shifts of the β-carbon in β-substituted styrenes in solvents of different polarity,74  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.75   

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: (a) relative total energies and geometries of two conformers (“hyperconjomers”) of δ-
substituted cyclohexyl cations (b) and Natural Bond Orbital (NBO) analysis of electronic structure 
and orbital interactions in these molecules.53

 

 

Figure 32. Three isodesmic equations used to calculate substituent stabilization energies 
(SEax(top), SEeq(middle), ΔSeq-ax(bottom)) in the equatorial and axial cyclohexyl cations.   

These effects are estimated by the three isodesmic reactions given in Figure 32. 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 32, include a 
complicated interplay of many 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 32, middle). Such effects can be rather large indicating that   
δC-X bonds are capable of efficient interaction with the cation p-orbital as long as all orbitals 
participating in the double hyperconjugation interaction relay overlap efficiently. For the same 
reason, the destabilizing effects of sigma acceptors such as C-halogen bonds are also more 
pronounced in equatorial cations. Thus, the above “equatorial” stabilization energies (SEeq) 
include stabilization or destabilization provided by σC-X donors through the double 
hyperconjugation mechanism. They also include other effects, such as those mentioned in the 
previous paragraph.  

Subtraction of axial (SEax) from equatorial (SEeq) stabilization energies provides the bottom 
equation of Figure 32 where the contributions of the above non-hyperconjugative (inductive, 
field etc) effects are partially compensated. Although this compensation is not perfect, the 
ΔSEeq-ax values give an improved estimate of the hyperconjugative stabilization of “equatorial” 
cations which has its source predominantly in double hyperconjugative stabilization. 
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Figure 33. The correlations between the differences in stabilization energies of δ-XHn 
substituents in the equatorial and axial cyclohexyl cations (Figure 17) and electronegativity of the 
X.  Separate correlations are shown for each row. Calculations were performed at the B3LYP/6-
31G** (B3LYP/6-311++G**) level (Reprinted with permission from ref. 53) 

Although the ΔSEeq-ax values from all periods are reasonably well described by a single 
correlation (Figure 33a), suggesting that the ΔSEeq-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 33a, the first group displays positive ΔSEeq-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 C-R bonds with donor abilities close to that of C-H bonds. The final group includes 
relatively electropositive substituents with negative ΔSEeq-ax values. In this group, the ΔSEeq-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 polarizabilities76 of C-R bonds in 
the different periods, as shown in Figure 33b. 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 which is reversed according to ΔSEeq-ax values 
(“apparent hyperconjugative donor ability” of σC-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 (ΔSEeq-ax) gives an 
estimate of sigma donor ability that follow the order of (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 
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completely from the other components, these stabilization energies are chemically meaningful 
and can be verified experimentally.  

The hyperconjugative origin of these substituent effects has been confirmed with NBO 
dissection, 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 to that of C-C bonds can be overshadowed by cooperative double hyperconjugation 
with participation of remote substituents. As the 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 depending 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.  

The stretched bonds and distorted geometries are good partners in hyperconjugative 
interactions because such bonds create opportunities for amplification of stereoelectronic 
effects. In general, C-X bond deformation decreases the σC-X/σ*C-X energy separation via 
simultaneous (albeit sometimes asynchronous) destabilization of σC-X and stabilization of σ*C-X 
orbitals as they are transformed into the non-bonding orbitals. 

Stretched bonds are good donor and acceptor partners in hyperconjugative interactions because 
the bond stretching/weakening decreases the σ/σ* or π/π* energy separation via simultaneous 
destabilization of bonding orbitals and stabilization of antibonding orbitals (Figure 34).77 As a 
consequence, the importance of hyperconjugation can increase significantly in the transition 
state geometries.  

 

Figure 34. Changes in HOMO and LUMO energies can amplify stereoelectronic interactions 
associated with bond breaking in transition states. 

 

Accentuation of homoanomeric interactions by stretching of acceptor bonds 
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In particular, the relatively small orbital interactions can be amplified dramatically when 
acceptor bonds are further stretched and polarized such as, for example, in the process of 
heterolytic bond cleavage as demonstrated in Figure 35.  

Homoconjugative assistance by the lone pair of nitrogen plays a key role in the heterolytic C-Cl 

bond cleavage in β-chloropiperidine.51 As the C-Cl bond stretches, the energy of the nN  σ*C-Cl 
interaction increases significantly even at β-C-N distances which are well above that for C-N 
covalent bond formation. Figure 35 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 SN2 reaction, as the line 
between hyperconjugation and chemical reaction fades. 
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Figure 35. Correlation of C-Cl distance with the NBO energies of nN σ*C-Cl interaction and the 
NBO charge at Cl during the process of C-Cl bond stretching in 3-chloropiperidine.   

Hyperconjugative assistance to alkyne bending 

As the alkyne bends to attain the TS geometry, it becomes a better donor, making 
hyperconjugative interactions with the appropriately positioned substituents stronger. This 
strengthening is illustrated by the lower cost of bending of fluoro-2-butyne relative to 2-butyne 
(Figure 36), with a decreasing energy cost of bending in the following order: 2-butyne > 1-fluoro-
2-butyne (gauche) > 1-fluoro-2-butyne (synperiplanar) > 1-fluoro-2-butyne (antiperiplanar).  
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Figure 36. A: Stereoelectronic basis for assistance to alkyne bending utilized in TS stabilization in 
azide-alkyne cycloadditions. B: Symmetric bending scan of butyne and 2-fluorobutyne in the 
gauche, synperiplanar, and antiperiplanar conformations (reprinted with permission from ref. 
1). 

Cooperativity of hyperconjugative interactions:  

Molecular symmetry can lead to an enhancement (or cancellation) of hyperconjugative 
hyperfine coupling in the EPR spectroscopy of cyclic π-conjugated organic radicals (Figure 37).78 
Davies suggested that this observation can be readily extended to hyperconjugation in spin-
paired molecules as well.79 For example, the cyclopentadienylmetal compound in Figure 37 has 
a symmetrical LUMO and should show symmetry-enhanced hyperconjugation. In contrast, 
triphenylstannylcycloheptatriene has an antisymmetric LUMO which renders the positive σC-Sn 
 π* interaction less favorable. 

 

Figure 37. MO symmetry effects on hyperconjugation efficiency in cyclic systems 

This effect has consequences for the relative isomer stabilities, bond lengths and 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.79 

Even within the same overlap topology, one can change symmetry properties by populating 
additional molecular orbitals. 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 is cooperative (a 2-electron pattern) whereas 
donation from two lone pairs to the same σ*C-H orbital (a 4-electron pattern) is anticooperative 
(Figure 38).51  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 2 σ*+nX interaction into the classic σ-homoaromatic 
array.80  
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Figure 38. σ-Homoaromaticity (the two-electron system) and antiaromaticity (the four-electron 
system) in six-membered heterocycles.  

Hyperconjugation with σ* bridge orbitals can also provide an efficient coupling pathway (usually 
referred to as through bond (TB) coupling) for non-bonding 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.81  

Spectroscopic signatures of hyperconjugation 

We continue with a brief discussion of IR and NMR methods that can provide additional insights 
into the structural effects of hyperconjugation. 

IR analysis 

When extracting structural information from IR spectra, one has to keep in mind that not all 
bands correspond to simple bond stretching or bending. The presence of overtones, 
combination bands, and Fermi resonances can shift the absorption from the expected positions. 
An elegant experimental technique for overcoming this problem and extracting structural 
information from IR spectra involves the deuterating all of the hydrogens except for the one 
under investigation. For example, the CHD2 “isotopomer” can be used instead of a methyl group. 
McKean and coworkers, who used this technique in a number of comprehensive studies, 
referred to such frequencies as ‘isolated’ frequencies, vC-H

is. 82
 

The consequences of σC-Hσ*C-H hyperconjugation are made apparent via the use of vC-H
is 

method.160 For example, C-H frequencies in ethane are 42 cm-1 red-shifted in comparison to 
those in methane (Figure 39). The C-H bonds at the secondary carbon of propane (potentially 
antiperiplanar to two C-H bonds from the Me groups) display additional 30 cm-1 red shift 
whereas the tertiary C-H of isobutane (potentially antiperiplanar to three C-H bonds from the 
Me groups) is red-shifted by 30 cm-1 more.  
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Figure 39. Selected effects of CH/CH hyperconjugation on C-H IR-stretching frequencies 
(app=antiperiplanar.)160 

In monosubstituted ethanes, β-substituents impose a larger effect on the antiperiplanar C-H 
bonds than on the gauche C-H bonds (Figure 40).160 The observed F<Cl< Br<I trend is consistent 
with the relative acceptor abilities of the respective σ*C-X orbitals (F<Cl< Br<I). 

 

Figure 40. Selected effects of CH/CX hyperconjugation on C-H IR-stretching frequencies 
(app=antiperiplanar.)160 Red-shifted H-bonds are shown in red. 

Bohlmann Effect 

The connection between the bond length, bond strength and IR-stretching frequencies is the 
basis of the Bohlmann effect, a historically important manifestation of negative 
hyperconjugation.83 In the 1957 work of Bohlmann32a noted that characteristic red-shifted bands 
appeared in conformationally confined amines (~2800–2700 cm–1). An analogous effect was 
observed in methylamine where the lower 2880 cm–1 stretching frequency is observed for the C-
H bonds that is antiperiplanar to the lone pair of nitrogen and, thus, is lengthened and 
weakened by the nNσ*CH hyperconjugative interaction (Figure 41).160 This spectroscopic 
feature can be observed for C-H bonds located near the oxygen atom of alcohols and ethers.   
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Figure 41. Bohlmann effect reflects stereoelectronic effects in amines, alcohols, and ethers. C-H 
bonds with the red-shifted IR stretching frequencies are shown in red. Bond lengths calculated 
at the B3LYP/6-311G++(d,2p) level of theory. vC-H

is values from reference 160. 

There is evidence of similar hyperconjugative interaction in F-substituted compounds. In 
particular, the vC-H

is for methyl fluoride is 16 cm-1 red-shifted relative to methane (2976 vs. 2992 
cm-1).160 Because hybridization effects imposed by Bent’s rule, should increase s-character in the 
C-H bonds and lead to the blue shift,164 the experimentally observed red-shift confirms the 
importance of nFσ*C-H interactions. 

The Bohlmann effect is also observed in C-H bonds antiperiplanar to lone pairs in systems where 
the lone pair containing heteroatom is doubly bound to the C-H carbon (i.e., aldehydes, imines, 
etc). The additional stereoelectronic feature of imines is the presence of geometric isomers that 
allow clear distinction between syn- and anti-periplanarity effects (Figure 42).84 The stretching IR 
frequencies for the C-H bonds antiperiplanar to the nitrogen lone pair are noticeably red-shifted. 
Similar effects were observed for the N-H bonds in amides and hydrazides.85  

 

 Figure 42. Bohlmann effect observed for the vC-H
is “isolated” frequencies in imines 

 

The stretching frequencies for C-H bonds at the sp2 carbons in aldehydes and formic acid 
derivatives are significantly red-shifted in comparison to the C-H bonds of ethylene. σ-Acceptors 
aligned with the in-plane p-type lone pair of the carbonyl oxygen weaken the Bohlmann effect 
by attenuating the nO σ*C-H interactions and lead to higher C-H stretching frequencies. This 
behavior is observed for acyl halides, esters, and amides. The order of C-H blue-shift parallels 
the σ-acceptor ability of X (F>O>N). An extreme version of this effect is observed upon Lewis 
acid coordination at the carbonyl. Such coordination shifts the C-H stretch back to higher 
frequencies, as the lone pair cannot participate in the nO σ* interactions anymore.160 
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 Figure 43. Bohlmann effect observed in C-H IR-stretching frequencies reflect stereoelectronic 
effects in the carbonyl containing compounds. Bond lengths calculated at B3LYP/6-
311G++(d,2p). Values from reference 160. Insert at the bottom: Deactivation of nOσ*C-H 

interactions by coordination of a Lewis acid at the carbonyl. 

σcations 

The “umpolung” of the classical negative hyperconjugation pattern of the Bohlman effect is 
provided by the effects of positive hyperconjugation on the IR-frequencies associated with α-C-H 
bonds in a cation. Those C-H bonds that are aligned with the empty p-orbital are significantly 
weakened. For example, the t-butyl cation shows a significantly red-shifted C-H stretching 
frequency in both the gas phase (~2800 cm-1)86 and in the solid state (~2900 cm-1)87 relative to 
neutral hydrocarbons (methane vC-H ~3000 cm-1). Interestingly, the C-H bonds that are 
misaligned with the cationic p-orbital have more s-character than the sp3 bonds of methane and 
sp3.3 C-H bonds of 2,2-dimethylpropane.88  These rehybridization trends should lead to 
noticeable blue-shifts for the misaligned C-H bonds relative to that for the C-H bonds aligned 
with the cationic center.89 

C-H Bonds adjacent to π-bonds 

When a vicinal π-system is present, allylic C-H bonds are weakened and elongated by σC-Hπ*C-X 
and πC-X σ*C-H interactions. As a result, C-H stretching frequencies in allylic, propargylic, and α-
C-H bonds relative to carbonyls, cyanides, and isocyanides, are often red-shifted (Figure 44).160 In 
allylic and heteroallylic positions, the out-of-plane C-H bonds display lower frequency stretches 
than the in-plane C-H bonds, whereas all three C-H bonds adjacent to a triple bond are 
equivalent.  
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 Figure 44. C-H Bonds adjacent to π-bonds displaying red-shifted IR frequencies. 

 

Red-shifting hydrogen bonds - an intermolecular version of the Bohlman effect. 

The intermolecular version of the Bohlmann effect is the well-known spectroscopic signature of 
H-bonding (the red shift of X-H frequency in the X-H…Y complex). The commonly observed 
weakening of X-H bonds in X-H…Y complexes, a consequence of nYσ*X-H negative 
hyperconjugation (Figure 45),3 is generally detected via the concomitant red shift in the IR X-H 
stretching frequencies. This structural and spectroscopic effect can be readily understood as a 
consequence of increased population of the antibonding σ*X-H orbital. 

 

Figure 45. Intermolecular hyperconjugation in H-bonding usually leads to a red-shift in the H-X 
frequency analogous to that observed in the Bohlmann effect  

Factors responsible for H-bonding have been debated for some time, with a consensus that a 
balance of electrostatics, polarization, charge transfer, and dispersion is responsible for the 
formation of H-bonds and for the structural consequences of these interactions.90  

Red-shifted H-bonds 

These are the most common and well documented type of H-bonds. The hyperconjugative 
factor (nσ*), responsible for H-bonding, also results in bond weakening and the observed red-
shift and broadening in the IR spectrum.59 When H-bonds are disfavored, i.e. upon heating or 
dilution, the “associated” broad O-H stretching bands of an alcohol or an acid disappear, and 
sharp, high-energy “nonassociated” bands reappear.91  

As early as 1937, it was found that a linear relationship exists between H-bond strength and the 
shift in the IR H-X stretching frequency, termed the Badger-Bauer rule (Figure 46).92 The 
qualitative correlation between H-bond strengths and stretching frequencies has been observed 
in many chemical systems.93 Although a single linear relationship does not hold throughout the 
many diverse types of H-bonding,94 satisfactory linear correlations between enthalpy of H-bond 
formation, the the IR stretching frequency shift, and the X-H bond elongation were found for 
structurally related compounds.95 

Blue-Shifted H-bonds 

The reversal of the trademark behavior of H-bonds is the seemingly paradoxical C-H bond 
shortening and the blue shift in the respective IR stretching frequency observed in the so-called 
“improper” or blue-shifting H-bonds.96  This behavior reflects rehybridization as the second 
structural force controlling the evolution of X-H bond length in the process of X-H...Y bond 
formation (Figure 46).58 Blue-shifting is observed when the hyperconjugative component is 
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relatively weak, allowing rehybridization effects to dominate. Importantly, there is no 
fundamental difference between the two types of H-bonds, as all structural changes associated 
with H-bond formation stem from a balance of both effects. 

 

Figure 46. Factors responsible for structural and spectroscopic consequences of H-bond 
formation. Different dominating effects give “normal” red-shifted H-bonds and “improper” blue-
shifted H-bonds. 

The most commonly used NMR parameter that is used to study hyperconjugation is the direct 
one-bond coupling constant 

Perlin Effect 

In cyclohexane, the direct 1H-13C coupling constants are smaller for axial hydrogens.97 This 
phenomenon, commonly referred to as the normal Perlin effect,98 reflects the greater length of 
the axial C-H bonds. Because bond lengthening in the axial position occurs as a result of 
hyperconjugative σC-Hσ*C-H interactions of antiperiplanar C-H bonds in the axial position 
(Figure 47), the normal Perlin effect provides a connection between NMR spectroscopy and 
stereoelectronic effects.99  

 

Figure 47. The Perlin effect, where smaller 1JCH values are observed experimentally for axial 
protons in cyclohexane, results from σCH  σCH* interactions. The longer and weaker bonds are 
shown in bold. All data from 63. 
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Such connections are easier to detect in molecules with stronger stereoelectronic interactions.  
The sensitivity of the direct H-C coupling constants to the stereoelectronic factors is widely used 
for stereochemical assignments, especially in carbohydrate chemistry.100 The differences in the 
direct coupling constants are manifestations of elongation and weakening of C-H bonds 
participating in hyperconjugative interactions. All three previously discussed types of negative 
and neutral hyperconjugation (nσ*, pσ*, and σσ* interactions) have been implicated in 
spectroscopic consequences of the Perlin effect.  

Anomeric Effects on C-H and C-C coupling 

The effects of negative hyperconjugation on the C-H coupling in six-membered saturated 
heterocycles was systematically investigated by Juaristi and coworkers (Figure 48).97a The axial 
lone pairs of O and N-atoms increase the magnitude of Perlin effect by selectively weakening the 
axial C-H bond. The effect is clearly stereoelectronic because, once the lone pair of 
azacyclohexane is oriented equatorially, the difference between axial and equatorial 1JC-H values 
decreases to its value in cyclohexane.  Interestingly, the lone pair of S atom does not impose a 
similar effect, suggesting either the weakness of sulfur anomeric effect or presence of 
alternative delocalizing interactions that selectively weaken and elongate the equatorial C-H 
bond (vide infra).  

 

Figure 48. Selected direct C-H coupling constants calculated at B3LYP/6-31G(d,p) levelError! Bookmark 

not defined. 

Analogous effects were reported for N-containing saturated heterocycles (Figure 49) where a 
similar ~10 Hz decrease in the 1JCH value was observed for the axial C-H bond.Error! Bookmark not defined. 

In rigid tricyclic orthoamides, 1JCH for the C−H bonds antiperiplanar to three nitrogen lone pairs 
was much smaller (141 Hz) in comparison to C-H bonds syn to the lone pairs (184 Hz), suggesting 
a ~18 Hz per interaction decrease in the 1JCH value (Figure 49).101 
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Figure 49. The effect of the adjacent lone pairs on the axial and equatorial 1JCH values in 1,3-di-
tert-butyl-5-methyl-1,3-diazacyclohexane and on the 1JCH value for the central C-H bond in rigid 
tricyclic ortho amides.101 

The stereoelectronic nature of the observed trends in the 1JC-H values is consistent with the 
conformational dependence of this NMR parameter in formate esters. For seven alkyl formates, 
the more abundant s-cis rotamer had 1JC-H ~7 Hz greater relative to that in the minor s-trans 
conformer. In the s-trans geometry, the nOσ*C-H interaction weakens the C-H bond and 
decreases the magnitude of C-H spin coupling (Figure 50).102  

 

 Figure 50. Conformational effects on direct C-H coupling in esters 

However, the seemingly perfect unison of hyperconjugation and direct C-H coupling constants is 
not general. More recently, however, Cuevas, Perrin, Juaristi and coworkers showed the simple 
picture suggested by the above data needs to be reconsidered. Computational analysis of 
structures with systematic variations in the HCOC dihedral angle τ in ethers revealed that, 
although the maximum nOσ*CH delocalization and minimum 1JCH ought to be at τ = 90o, there is 
no minimum at this geometry (1JCH = ~135 Hz). Instead the 1JCH values monotonously decrease 
from τ = 180 to 0o (138.6 to 129.3 Hz).63 Similar analysis based on experimental data suggested 
that direct C-C coupling constant at the anomeric carbons of ethers also cannot be primarily 
derived from nOσ*CC delocalization.103 Although the contribution of negative hyperconjugation 
is not negilible, the electronic origin of these intriguing observations seems to be mostly based 
on polarization effects associated with the local dipole-dipole interactions. Such caveats are 
important to keep in mind when proceeding to the further discussion of the stereoelectronic 
features in NMR analysis.  

Reverse Perlin Effect 

In contrast to cyclohexane, axial protons in at the β-carbons of heterosubstituted cyclohexanes 
may have coupling constants larger than those of the equatorial protons (i.e., the reverse Perlin 
effect).70,104 In 1,3-dioxanes and 1,3-dithianes, equatorial C-H bonds at the 5-position have been 
shown to display this behavior (Figure 51a). 

The term “reverse” can be misleading for these systems, because the normal and the reverse 
Perlin effects share the same structural origin – the shorter C-H bond has a greater C-H coupling 
constant. In this sense, the “reverse” Perlin effect is perfectly normal! 
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 Figure 51. Experimental (A) and theoretical (B, calculated at B3LYP/6-31G(d,p) level)Error! 
Bookmark not defined. data illustrating the differences between axial and equatorial C-H 
couplings constants in cyclohexane and its heteroatomic analogues.   

The discovery of reverse Perlin effect led to subsequent refinement of the general picture for 
homoanomeric effects. For example, the C(5)-H equatorial bond in 1,3-dioxane is longer than 
the C(5)-H axial bond and the respective direct NMR 13C-1H coupling constant is smaller than 
that for the axial bond (1JCHeq < 1JCHax).104 This phenomenon (the reverse Perlin effect) contrasts 
with the “normal” situation, e.g. in cyclohexane, where the axial C-H bond is longer and the 
corresponding 1JCH constant is smaller (the normal Perlin effect). The key hyperconjugative 
interaction leading to the reverse Perlin effect in 1,3-dioxane is that of the equatorial C(5)-H 
bond with the pseudoaxial lone electron pair on the β-oxygen (the Plough effect) and that the 

neq σ*eq (the W-effect) was unimportant in 1,3-dioxane, 1,3-dithiane and 1,3-oxathiane.51 The 
situation changes in azacyclohexanes, where the W-effect is greater than the Plough effect due 
to more favorable hybridization of nitrogen lone pairs. 

Anomeric Effects on C-C coupling 

Although the probability of two 13C atoms to be directly connected at the natural abundance is 
exceedingly low (i.e. ~0.01%, or one molecule out of 10 000!), methods based on the the 
observation of 13C satellites in the 13C NMR spectra with the concomitant "suppression" of the 
signals of the principal isotopomers (i.e., the INADEQUATE technique) greatly facilitated the 
measurement of C-C coupling constants in samples with a natural isotopic content.105  Such 
constants provide valuable information about the nature of carbon hybridization, overlap, bond 
strength etc. 106  In this section, we will provide a short selection of examples that describe how 
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the direct C-C constants respond to changes in the orientation of the substituents at the 
respective C-C bond.  

For example, significant effects are observed in the heteroanalogues of cyclohexane. In such 
systems, C-C coupling is noticeably decreased for the axial C-C bonds adjacent to heteroatoms. 
The effect can be cumulative, e.g., at the C2 of 1,3-dioxane where lone pairs of the two oxygen 
atoms can interact with the axial substituent (Figure 52).107  

 

 Figure 52. Effects of negative hyperconjugation at the direct C-C coupling at anomeric positions 

 

Even though we have just scratched the surface for the possible applications of spectroscopic 
techniques in studies of stereoelectronic effects, we hope that we have illustrated the diversity 
of possible outcomes and the value of such analysis. The correlation between stereoelectronic 
effects and spectroscopy is sometimes indirect but often reliable. In particular, IR-stretching 
frequencies and direct coupling constants for X-Y bonds can be useful in detecting 
stereoelectronic effects that are associated with the X-Y bond weakening with the caveat that 
the masking effects of hybridization, usually via the connection of the latter with 
electronegativity, should be taken into account. The tug-of-war between hybridization and 
delocalization is a common scenario that can mask stereoelectronic trends.  

 

Examples/Stereoelectronic effects 

Due to the prevalence of σ-bonds in chemical structures, hyperconjugation displays itself in 
numerous effects on structure, conformations and reactivity.1 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.   

Neutral hyperconjugation in ethane and other hydrocarbons 

Rotational barriers 

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.108 Alternatively, rotation-induced weakening of the central C–C bond109 and 
hyperconjugation30,110,111 has been considered to be the reasons for the higher stability of the 
staggered conformation. Mulliken himself, as early as 1939, conjectured that hyperconjugation 
plays an important role in the internal rotation potential of ethane-like molecules.6  
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Pophristic and Goodman used NBO analysis to dissect the contributions of the three principal 
contributors to the ethane's structural preferences and separate steric and hyperconjugative 
interactions.56 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 19. 

Subsequent studies by Bickelhaupt and Baerends12 and by Mo et al.13 resurrected the steric 
repulsion explanation as the dominant contribution in the overall barrier. Bickelhaupt’s and 
Baerends’s EDA-based study found hyperconjugative stabilization in the staggered conformation 
to be about 0.4 kcal/mol. BLW-based analysis by Mo and coworkers suggests that 
hyperconjugation interaction does favor the staggered conformation but provides only 1/3rd of 
the total barrier. These discrepancies are based on the conceptual differences between the EDA, 
BLW and NBO models discussed in section “Wavefunction analysis”, such as on the non-
orthogonality of initial orbitals in the former two procedures and the conceptual differences in 
the treatment of steric effects.  

C-C bond length in ethane and its isoelectronic cousin 

The heated discussions presented in the previous section often surround neutral 
hyperconjugation, where the effects of electrostatics, sterics, and conjugation may be of similar 
magnitude and where their relative importance depends strongly on the type of theoretical 
approach utilized for their dissection. In the following section, we show how hyperconjugation, 
in an interplay with hybridization, is essential for understanding the dramatic differences in the 
geometry of ethane and its isoelectronic cousin, ammonia borane.  

Ethane is a surprising molecule if one thinks deeper about its geometry. This geometry deviates 
from the ideal tetrahedral arrangement of the textbook sp3 hybridization. The 107.5⁰ HCH 
valence angle of ethane is much smaller than the 111⁰ HCC angle. These geometric parameters 
are fully consistent with the calculated NBO hybridization values. Unlike methane, where every 
C-H bond is made with sp3 hybrids, ethane has C-H NBOs made from sp3.25 hybrids (Figure 53).  
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Figure 53. Top: Comparison of hybridization, polarization and HXH bond angles in ethane and 
ammonia borane (%s in: C-H bonds 23, N-H bonds 21, B-H bonds 28). Calculations are at the 
B3LYP/6-311++G(d,p) level. Bottom: Comparison of vicinal hyperconjugation in ethane and 
ammonia borane according to NBO analysis at B3LYP/6-311++G(d,p) level. The σN-H σ*B-H 
interactions are even smaller (< 0.5 kcal/mol). The s-character (larger font, bold) and the 
polarization (smaller font) of C-H and B-H bonds are indicated. 

Not only is the relatively large magnitude of the difference deviation of ethane from the “ideal” 
hybridization quite intriguing but these observations also indicate that ethane violates Bent’s 
rule, one of the venerable rules of structural chemistry.65 Bent’s rule states that atom directs 
hybrid orbitals with increased p-character towards a more electronegative element. In the case 
of ethane, this is not the case: carbon directs more p-character towards hydrogen – a less 
electronegative element. NBO analysis clearly shows that the C-H bonds are polarized towards 
carbon (62% at carbon, 38% at hydrogen). Why then does not hybridization follow the expected 
and generally reliable trend?  

The reason for this “anti-Bent” behavior in one of the simplest organic molecules is that the tug-
of-war between hybridization and hyperconjugation is won by hyperconjgation.88  When ethane 
geometry is recalculated with the hyperconjugative NBO interactions removed, the C-C bond 
lengthens from 1.530 Å to 1.686 Å and the HCH angle opens from rom 107.5⁰ to 110.3⁰. Both 
changes suggest the need for higher p-character in C-H hybrids for assisting hyperconjugative 
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effects in reaching their full stabilizing power. In return, hyperconjugation imparts the partial 
double bond character to ethane and shortens the CC distance.   

The 1.69 Å CC bond lengths in the hypothetical “hyperconjugation-free” ethane is very close to 
the 1.66 Å B-N distance in NH3BH3. Interestingly, although CH3-CH3 and BH3-NH3 are 
isoelectronic, the importance of vicinal hyperconjugation in ammonia borane is drastically lower 
(Fig. xx). The decreased importance of vicinal hyperconjugation in ammonia borane explains why 
its polar B-N bond is noticeable longer (1.66 Å at B3LYP/6-311++G(d,p) level) than the non-polar 
C-C bond in ethane (1.53 Å).  

Hyperconjugation in ethane is responsible for the partial C=C bond character and C-C distance 
shortening. In ammonia borane, the structure effects of hyperconjugation are weakened by the 
rehybridization effects on molecular geometry at boron and nitrogen.  

Since the B-N bond is strongly polarized towards nitrogen, boron uses hybrids with lower s-
character than carbon in C2H6 whereas nitrogen uses hybrids with higher s-character than 
carbon in C2H6. Both trends are fully consistent with the Bent’s rule. The drastically different 
hybridization patterns lead to different valence angles at N and B - the HBH angle opens up 
whereas the HNH angle contracts. This change renders the perfect parallel alignment of the NH 
and BH bonds impossible. Rehybridization in ammonia borane imposes changes in orbital 
alignment, orbital shape and bond length which move the interacting σ/σ* pair from the 
favorable π-type overlap. NBO analysis readily illustrates, that because the suboptimal orbital 
overlap (reflected in the lowered resonance integral) weakens the stabilizing hyperconjugative 
interaction, ammonia borane finds a compromise where hybridization-imposed molecular 
distortions are not fully developed.  

Axial-equatorial conformers of methyl cyclohexane 

Due to 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 bonds70 as well as the rationale for the lower 
energy of the equatorial conformer of methyl cyclohexane, its 4-oxa, 4-aza, 4-thia analogues,112 
as well as other substituted cyclohexanes113 and cyclohexenes.114 

 

Figure 54. Bonds involved in the main hyperconjugative interactions which influence the 
conformational equilibrium of methylcyclohexane. (Reprinted with permission from ref. 112). 

 

Hyperconjugation in alkyl fluorides: from gauche and cis effects to counterintuitive BDE trends  
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CH/CF hyperconjugation is one of most imbalanced examples of hyperconjugation in neutral 
moelcules. It has multiple consequences closely connected to many “anomalies” of 
fluoroorganics.115 We will illustrate the role of such effects on stability, geometry, and reactivity.  

The stabilizing effect of C-H/C-F hyperconjugation is clearly illustrated by the following isodesmic 
equations (Figure 55).116 Addition of a vicinal methyl group next to a C-F bond leads to ~3-6 
kcal/mol stabilization. Although each additional donor has a slightly weaker effect, their 
contributions are cumulative.    

 

Figure 55.  Stabilizing consequences of fluorine introduction to hydrocarbons  

The importance of σC-H  σ*C-F interactions is also reflected in geometric parameters, such as 
the the C-C bond shortening upon progressive fluorination of one of the ethane carbons (Table 
2).117 The increased C=C double bond character is further illustrated by the concomitant increase 
in the C-C BDE (Bond Dissociation Energy).  

Table 2. Carbon–carbon bond lengths and strengths in fluoroethanes 

Compound C-C distance, Å BDE(C-C), kcal/mol 

CH3-CH3 1.532 90.4 

CH3-CH2F 1.502 91.2 

CH3-CHF2 1.498 95.6 

CH3- CF3 1.494 101.2 

 

The conformational consequences of CH/CF hyperconjugation are illustrated by the gauche 
effect, i.e., the preference for the gauche conformation in X-C-C-Y systems (1,2-disubstituted 
ethanes) with two acceptor substituents X and Y.118 Although X and Y are usually fluorine or 
oxygen, the choice of the second substituent Y is quite broad in fluoroethanes of general 
formula FCH2CH2Y, where Y=F, NO2, OCOH, NHCOH, N3, NCO.119 A similar preference was 
observed for 1,2-difuorocyclohexane.120 The gauche effect has been studied both 
experimentally121,122 and computationally (Figure 56).118,119,123   The importance of the 
antiperiplanar hyperconjugative σC-H σ*C-X and σC-H σ*C-Y interactions in the gauche effect in 
1,2-difluoroethane has been shown using NBO analysis.123  EDA-based estimates suggest that 
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both delocalization and electrostatic interactions contribute to stabilizing the gauche 
conformer.124   

The magnitude of this preference is very sensitive to solvent effects, due to the large difference 
in polarity of the two conformers. Electrostatics is an important contributor to the 
conformational effect because of the differences in dipole moment of the two conformers. 
Electrostatic contributions are considered to be the dominant cause of the gauche effect in the 
charged β-ammonium system.125,126  

 

Figure 56. A: The gauche effect for 1,2-difluoroethane. B: The overlap of σC-H and σ*C-F bonds in 
the anti geometry. C: Expanded list of substituents that prefer gauche conformation relative to a 
σC-F bond (gas phase energies at B3LYP/ 6-311+G(d,p) level. D: solvent effects on the gauche/anti 
equilibrium in 1,2-difluorocyclohexane. E: the strong gauche preference in fluoro compounds 
with positively charged γ-substituents. 

Cis-effect 
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The 1,1-difluoroethene is the most stable of the three difluoethene isomers (>9 kcal/mol) due to 
the presence of strong “anomeric” nFσ*C-F interactions (vide infra). For 1,2-difluoroethene, 
the cis isomer is experimentally more stable than the trans isomer (0.9 kcal/mol and 0.43 
kcal/mol). A similar trend is observed for the two 1,2-dichloroethenes whereas the two isomers 
of 1,2-dibromoethene have equal stability, within the experimental error. This conformational 
phenomenon is called the ‘‘cis effect’’127 and bears similarity to the gauche effect shown in 
Figure 56.  

Yamamoto et al. have estimated the contributions of electron delocalization and steric exchange 
repulsions using NBO analysis at MP2/6-311++G(3df,3pd) level capable of reproducing the 
experimental energy differences between the geometric isomers.128 Two delocalization 
mechanisms were found to be the cis stabilizing forces - periplanar hyperconjugations 
(synperiplanar and antiperiplanar effects) and halogen lone pair delocalizations into the C=C 
bond antibonding orbitals (LP effect, Figure 57 right).  

 

Figure 57. Top: Relative energies of the three difluoroethenes. Bottom: The antiperiplanar 
hyperconjugation effect (the AP effect), the synperiplanar hyperconjugation effect (the SP 
effect) and the lone pair delocalization effects (σ- or π-LP effect) coexist in 1,2-dihaloethenes (X 
= halogen). 

Although the common stereoelectronic preference for the anti- arrangement of the best donor 
and the best acceptor dominated for X=F, the difference in the energies of the antiperiplanar 
interactions decreased for the two isomers for the heavier halogens where the σC-X  σ*C-X 

interactions increase in relative importance due to the greater donor ability of the σC-Cl and σC-Br 
bonds. 

The opposite trends BDE of primary vs. tertiary C-H and C-F bonds 

Strong σC-Hσ*C-F interactions explain the seemingly anomalous trends in the C-F BDEs of alkyl 
fluorides (Me-F<Et-F<i-Pr-F<t-Bu-F, Figure 58. ). The greater C-F bond strength in t-butyl fluoride 
is in odds with the expectations based on the relative stability of alkyl radicals and the BDE 
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trends for the analogous C-H bonds.129 Because σC-Hσ*C-F hyperconjugative stabilization of alkyl 
fluorides is greater than the analogous interactions of radical the center with the C-H bonds of 
alkyl substituents, additional substitution stabilizes alkyl fluorides more than alkyl radicals, thus 
increasing the BDEs.  These observations can be expanded to differentiate π-donors from σ-
acceptors. For example, alkyl groups decrease BDEs for non-polar C-C bonds whereas they 
increase BDEs for polar C-O bonds. 

  

Figure 58. Contrasting effects of alkyl substitution on BDEs for C-H, C-C, C-O and C-F bonds 
(Reprinted with permission from ref. 129. Copyright 2005 American Chemical Society.). The 
BDEs (in kJ/mol) increase in the more substituted alkyl fluorides, alcohols and ethers but 
decrease in respective alkanes. Reprinted with permission from ref. 1 

The CH/CF hyperconjugation provides insights into a number of seemingly confusing paradoxes, 
such is why is CF3 one of a few anomalous substituents with a negative Radical Stabilization 
Energy (RSE = -8 kJ/mol);130  or why the C−H bond in H−C6F5 is stronger than that the C-H bond in 
benzene whereas the C−F bond in F−C6F5 is weaker than that in F−C6H5.131  

Neutral hyperconjugation in alkenes and alkynes 

Thermochemistry 

Not only has neutral hyperconjugation in closed-shell species been controversial, but even the 
importance of classic π-conjugation came under scrutiny. In a provocative series of papers, 
Rogers et al.132 disclosed that “conjugation stabilization of 1,3-butadiyne is zero” when 
estimated through the classic approach of Kistiakowsky et al.133  Kistiakowsky suggested that 
conjugative stabilization in butadiene can be assessed by stepwise hydrogenation first to 1-
butene and then to butane (Figure 59). 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 
1,3-butadiene. Although one would expect 1,3-butadiyne, which has two pairs of conjugating 
double bonds, to have stronger conjugative stabilization than 1,3-butadiene, the two steps in 
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hydrogenation of 1,3-butadiyne yields are equally exothermic, suggesting that the conjugation 
in the former compound is zero! Why would conjugation disappear in alkynes? 

 

Figure 59. Comparison of the G3(MP2) calculated enthalpies of formation ΔHf
298 (italic) and 

hydrogenation ΔHhyd (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.  

Interpretation of the above results clearly underscores the importance of neutral 
hyperconjugation for the stability of unsaturated compounds.  Jarowski et al.134  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 expt) 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 60a that 
produces data consistent with the above evaluation: 

 

Figure 60. a) Conventional equations for the evaluation of hyperconjugation.134 b) Revised bond 
separation energy (BSE) values for alkene and alkyne hyperconjugation, corrected for 
protobranching.  

Determined by the modified method, the conjugative stabilization of butadiyne and butadiene 
were found to be both significant.135 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 
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in Kistiakowsky’s scheme is partially compensated by the hyperconjugative stabilization of 1-
butene and 1-butyne. These hyperconjugative interactions are large enough to fully obscure the 
conjugative stabilization in 1,3-butadiyne!  Later, it has been suggested that hyperconjugative 
values from Figure 60a are too low since the reference136 compound in both these equations, 
propane, is stabilized by protobranching. Equations in Figure 60b give new estimates for 
hyperconjugation in alkenes and alkynes (based on the assumption that no protobranching 
corrections are needed for propyne and propene).  

Furthermore, Frenking et al. provided EDA-based evaluation of delocalizing interactions in 
alkenes and alkynes72 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 trimethyl-substituted derivative H2C=CHCMe3 (ΔEπ = -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 the result, hyperconjugative stabilization of the 
degenerate π-systems in alkyl substituted alkynes (ΔEπ = -20.1 kcal/mol) such as 1-propyne and 
4,4-dimethyl-1-butyne is as strong as the conjugative stabilization in 1,3-butadiene (-19.5 
kcal/mol).72  

Stability of alkenes, ketones and aldehydes 

Considering the above 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 coworkers suggest that for both C4H8 and 
C5H10, hyperconjugation effects stabilize the most substituted product by about 6 kcal/mol.137 

Although BLW usually gives relatively low hyperconjugation energies, this contribution is still 
larger than the experimental increase in heats of hydrogenation in Figure 61 that also reflects 
the thermodynamic stabilization of substituted alkenes (~2-3 kcal/mol per substituent). As 
expected from the greater acceptor ability of the carbonyl π*CO relative to that of the alkene 
π*CC, the differences in the experimental heats of formation for ketones vs. aldehydes vs. 
formaldehyde are noticeably larger (3-5 kcal/mol) 
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Figure 61. Experimental heats of hydrogenation for selected carbonyl compounds and 
alkenes.138  

Conformational equilibria 

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 σC-C bond. The “staggered” conformation, in which one 
methyl C–H bond eclipses the adjacent vinyl C–H bond, is less stable by about 2 kcal/mol.139 In a 
similar fashion, the eclipsed conformation is favored over the bisected in sterically 
unencumbered aldehydes and ketones.140 These names are misnomers because the “eclipsed” 
conformation of propene is stereoelectronically analogous to the staggered conformation of 
ethane (Figure 62) and vice versa.  

 

Figure 62. The difference between eclipsed and staggered conformers of propene and NBO 
energies for the hyperconjugative interactions between the alkene and the CH2 group. Reprinted 
with permission from ref. 1. 

NBO analyses by Lin et al. confirmed that the hyperconjugation interaction is the main reason 
for the greater stability of the eclipsed structure of propene.141 The most important 
hyperconjugation interaction observed between the methyl and vinyl groups is divided into 
three components: the πCH3π*C=C interaction, the π*CH3πC=C interaction, and the vicinal 
interaction between the in-plane σC-H orbitals of the methyl group and the σ*-orbital of the 
antiperiplanar vinyl C–H bond. A similar explanation has been offered for the origin of 
conformational preferences in carbonyl compounds by Basso and coworkers.142 

The importance of different eclipsed conformations in substituted propenes can be controlled 
stereoelectronically by variations in the donor and acceptor properties of allylic C-X bonds and 
the alkene (Figure 63. ). For example, the difference between the two conformations of allyl 
fluoride is small (the ~0.2 - 0.8 kcal/mol gas phase preference for the conformation with the C-F 
eclipsed bond). This is an apparent violation of the main stereoelectronic rule (the best 
acceptor, σ*C-F, is orthogonal to the best donor πC=C in this conformation). Attractive H…F 
interaction143 is a possible reason for this seeming anomaly. If an electron acceptor (nitro group) 
is introduced at the alkene, the preference for keeping C-F bond orthogonal to the π-system 
increases (from 0.7 kcal/mol for Y=H to 2.0 kcal/mol for Y=NO2). If a donor is introduced (Y=OH), 
the conformational preference is reversed - the C-F bond in the more stable conformer aligns 
with the π-system (-1.5 kcal). 144  
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Figure 63. The relative importance of different eclipsed conformations in substituted allyl 
fluorides at B3P86/6-311G(3d,2p) level. (Reprinted with permission from ref144. Copyright 2010 
John Wiley & Sons, Ltd.) 

When the complexity of stereoelectronic effects in this system was analyzed by comparing the 
NBO energies of all vicinal interactions involved in electronic communication between the vinyl 
moiety and the substituted allyl group, the total hyperconjugative energies were found to follow 
the overall conformational profiles.   

Similar hyperconjugative interactions were suggested to explain the preferred perpendicular 
orientation of benzylic C-X bonds relative to the plane of the benzene ring (X = S(O)Me, SO2Me, 
SH, SMe, Cl) in ArCH2X compounds.145  With the exception of X = F, these compounds have a low 
energy conformation in which the C-X bond is aligned with the benzene π-system (Figure 64). 
The magnitude of this effect is a function of X:  S(O)Me, SO2Me > Cl > SH, SMe > F. The unusual 
conformation of X = F stems from an electrostatic attraction between the heteroatom and a syn-
periplanar ortho-hydrogen. For X = Cl, π σ*C-Cl interaction was suggested to play a dominant 
role. For X = SH, the interaction between C-X bond and the aromatic π-system is not 
unidirectional and both σC-S π* and π σ*C-S interactions were implicated as the possible 
sources for the observed conformational preference. 

 

Figure 64.  The interplay of hyperconjugative and electrostatic interactions determines 
orientation of benzylic C-X bonds relative to the adjacent aromatic system. 

Hyperconjugation in acyclic and cyclic carbocations. Hyperconjomers. 
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Positive hyperconjugation from neighboring C-H bonds stabilizes carbocations, as can be seen by 
the following decreasing order of hydride affinities: methyl > primary > secondary > tertiary 
carbocations (Figure 65).146 

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 coworkers147 reported 
the different hyperconjugation stabilization patterns lead to the formation of two chair 
conformers of 1-Me-1-cyclohexyl 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 65). 

 

Figure 65. Axial and equatorial “hyperconjomers” of cyclohexyl cations. 

A detailed NBO analysis of the electronic structures of these species is summarized in Figure 66. 

As suggested earlier by Rauk et al. for 1-Me-cyclohexyl cations, the σC-CnCl and σC-HaxnCl 
interactions play the dominant roles in stabilizing the equatorial and axial “hyperconjomers”. 

Interestingly, the σC-CnCl interaction is larger than the σC-HaxnCl effect in contrast to the σC-

Hax σ*C-H’ax > σC-Heq σ*C-C order in neutral cyclohexane.70 This observation does not indicate 
inversion of the relative donor ability of C-H/C-C bonds. Instead, its origin is in a non-perfect 
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 σC-HaxnCl and σC-HeqnCl 

interactions in the “axial” conformer is greater than that of σC-CnCl interactions in the 
“equatorial conformer 31.5 vs. 27.2 kcal mol-1, the balance of hyperconjugative effects is tipped 
in favor of the “equatorial” conformer by subtle effects involving remote donor moieties: γ-σC-

HeqnC1 homohyperconjugation with through space participation of γC-H bonds  and an increase 

double hyperconjugation manifested in the δ-σC-Heq σ*C-C interaction. 
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Figure 66. Second order perturbation NBO energies in kcal/mol for important hyperconjugative 
interactions in axial and equatorial cyclohexyl cations (B3LYP/6-31G**). 

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 
(section “Patterns of hyperconjugation”) 

Anomeric effects.  

The anomeric effect is one of the best documented and the well-studied of hyperconjugative 
effects.1,Error! Bookmark not defined.a,c,d,148 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.149,150  

A convenient way to evaluate anomeric stabilization is to compare energy associated with the 
change from axial to equatorial position in oxacyclohexane and cyclohexane (Figure 67A).Error! 

Bookmark not defined. 
 In order to correct for the fact that C-O bonds are shorter and axial substituents 

in oxacyclohexane may suffer from greater 1,3-diaxial repulsions with the axial hydrogens, 
Franck suggested the following equation to correct for this difference: ∆∆G(AE) = ∆G 
(heterocycle) - 1.53*∆G ° steric(cyclohexane)  - 0.08.151  

Some of the classic examples where the anomeric effect was first recognized are, in fact, quite 
complicated. The true importance of anomeric effect can be masked when other steric or 
stereoelectronic interactions exert their own influence. In such cases, it is the balance of 
multiple effects that defines the overall conformational preferences. In particular, the gauche 
effect (preference for conformations with fewer anti CX/CY interactions between vicinal bonds 
with acceptor elements X and Y) may be either enforce or oppose the anomeric effect (Figure 
67B). 
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Figure 67.  A: Axial preference for acceptor groups at the anomeric positions.152 B: Combination 
of gauche and anomeric effects in control of sugar conformations.Error! Bookmark not defined.c  

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 YCH2X moiety are aligned in 

an antiperiplanar geometry118,153,154 that maximizes the hyperconjugative nX σ*C-Y interaction 
(Figure 69). Similar stereoelectronic requirements for the relative positions of donor and 
acceptor orbitals are also manifested in conformational equilibria of substituted 
cyclohexanes.155   
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Figure 68.   Top: Conformational preferences illustrate the generalized anomeric effect in cyclic 
and acyclic systems in the gas phase (M06-2X/6-311G++(d,p) data in kcal/mol)11  Bottom: 
hyperconjugational contribution to the generalized anomeric effect. 

Although there are several components of the anomeric effect, such as an electrostatic 
component, (e.g. electrostatic 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 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 so-called 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 
X–C–Y–C systems where X and Y are heteroatoms with at least one lone pair, commonly oxygen, 
nitrogen and fluorine.156  The latter is important for determining the conformational energy 
profiles of acetals and esters.  

 

Figure 69. Antiperiplanar negative hyperconjugative interaction in the endo- and exo-anomeric 
effects. 

In addition to the hyperconjugative model, alternative explanations have been proposed to 
rationalize the anomeric effect.  In particular, the electrostatic model149 is based on favorable 
local dipole-dipole interactions and a smaller net dipole in the axial conformation relative to the 
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equatorial conformation. BLW, NBO and EDA analyses give slightly different weights to the 
importance of electrostatic and conjugative effects. For example, a computational study by Y. 
Mo based on the block-localized wavefunction (BLW) method suggested the hyperconjugative 
delocalization plays a much smaller factor in the anomeric effect than sterics (electrostatic 
interactions + Pauli repulsion).157 A more recent NBO study by Freitas suggested that there are 
examples where each model plays the major role.158 Yet another recent study utilizing EDA 
suggests that the anomeric effect is dominated by exchange energies and electrostatics have 
minor contribution.159 

An advantage of the hyperconjugative model is that it readily explains the structural changes 
associated with the anomeric effect. In particular, preference for axial position is accompanied 
by a characteristic combination of structural changes that can be attributed to the increased 
contribution of nO σ*C-X interactions.1 Shortening the O-C2 distance in the axial conformer is 
consistent with the increased O-C2 double bond character whereas C-X bond elongation reflects 
the transfer of additional electron density to the antibonding σ*C-X orbital.1  

 

Figure 70. Structural consequences of anomeric effect. A: Selected bond lengths in cis-2,3-
dichloro-2,4-dioxane. B: The opposing effects of endo- and exo-anomeric effects on geometries. 
C: Selected structural consequences of anomeric effect in OCF moiety. (Reprinted with 
permission from ref. 1) 

Electron density changes at the exocyclic atoms is also consistent the hyperconjugative model: 
both hydrogen and fluorine gain additional electron density when they move from an equatorial 
to an axial position. The observation that both H and F gain similar amount of electron density 
when moving from the equatorial to the axial position may seem surprising in view of the 
different acceptor abilities of the C-H and C-F antibonding orbitals.160  However this is not 
unexpected once the interplay of different electronic effects is analyzed in more detail.  For 
example, NBO analysis shows that the mechanisms by which the electron density is increased at 
the axial H and F are different. Most of gained electron density at the axial F is due to the σ*CF 
population increase as a consequence of nF σ*CF interaction. In contrast, the density increase 
at the axial H comes from two sources: increase in the σ*CH population and increase in the σCH 

population (back to ~2.0 electrons). The latter change is not surprising because the axial C-H 
bond has no vicinal hyperconjugative acceptors (only the three lone pairs at the three 
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heteroatoms), so all vicinal σCHeq  σ* interactions, depleting electrons CH bond from its 
electron density, are deactivated by the conformational change.  

 

Figure 71. Changes in the charge distribution in the axial and equatorial conformers of 2-fluoro-
1,3-dioxane. 

The generalized anomeric effect is manifested broadly. For example, the anomeric effect 
contributes to the inertness of CF2 moieties incorporated in many pharmaceutics. It also plays 
important role in stabilization of fluorinated ethers, sulfides, and amines It also operates in 
many common systems such as hydrogen peroxide, phosphates, boronates, freons, and 
hydrazines. However, the anisotropic properties of nOσ*X-Y interactions greatly diminish the 
importance of anomeric effect is in alkyl peroxides. As we discussed earlier, the nOσ*O-C 

interactions are weak, and the situation is made worse in bis-alkyl peroxide by hybridization 
effects that make the OOC angle smaller and add an additional antibonding interaction (Figure 
72). 

   

Figure 72. Electronic and structural differences that account for the extreme weakness of 
anomeric effect in peroxides  

 A “comeback” of the anomeric effect in peroxides was identified as the source of unusual 
stability of bis- and tris-peroxides.11 The anomalous stability of these molecules contradicts the 
conventional wisdom - such bis-peroxides can even melt without decomposition at 
temperatures exceeding 100oC. This surprising behavior is associated with the stereoelectronic 
stabilizing effect that two peroxide groups can exert on each other.  This stabilization originates 
from strong anomeric nO→σ*CO interactions that are absent in mono-peroxides but appear when 
the additional peroxide moiety is introduced and separated by a one-atom bridge. From the 
stereoelectronic perspective, such bis-peroxides are analogous to bis-acetals.  
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Figure 73. Activation of anomeric effect explains why bis-peroxides can be more 
thermodynamically stable than mono-peroxides 

Understanding of anomeric effects in peroxides led to the recent discovery of ozone-free 
synthesis of ozonides161 and to stereoelectronic interruption of the Baeyer-Villiger reaction that 
allowed the isolation of stable Criegee intermediates (vide infra).162 

Extended hyperconjugation  

Homoanomeric effects 

The patterns of homoanomeric effects were presented in Figure 22.The relative role of the W- 
and the Plough homoanomeric effects in aza-, oxa-, thio- and selenaheterocycles was 
investigated with NMR experiments and NBO analysis ( 

Table 1).62,163 These effects play an important role in the relative trends in one-bond 1JCH coupling 
constants, needed for the understanding of conformational properties of carbohydrates, 
azacarbohydrates and other substrates of biological interest.100b,c,d 

Although the homoanomeric effects are considerably weaker than the classic vicinal anomeric 

nXax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.164 The presence of such intermediates leads to retention of configuration and efficient 
transfer of chirality in their respective ring contraction or expansion reactions.165 Topologically 
similar transformations are the key mechanistic steps of Payne and aza-Payne 
rearrangements.166   
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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.51   

Homohyperconjugation 

The importance of homohyperconjugation can be glimpsed from significant stabilization of 
meta-X-substituted aryl anions (X = F, Cl, Br) relative to phenyl anion. The larger effect of Cl and 
Br in comparison to F suggests that this stabilization does not result from the inductive effect 
but rather represents an orbital phenomenon (Figure 74). The reasons of increased acceptor 
ability of bonds to heavier halogens20 will be explained in the following section. 

 

Figure 74.  Effect of negative homohyperconjugation on the stability of aryl anions  

Double hyperconjugation 

The stabilizing effect of negative double hyperconjugation is illustrated by increased stability of 
para halosubstituted aryl cations. The greater stabilization by the heavier halogens, F<Cl<Br 
(2.1<7.3<8.9 kcal/mol), suggests that inductive and field effects are of secondary importance 
relative to the donor acceptor interaction between carbanion and σ*C-X orbital mediated by the 
C-C bridge. An example of negative double hyperconjugation in a neutral system is provided the 
by the large effect of C4 fluorine substitution on the basicity of piperidines.167 Although the 
fluorine effect has inductive and electrostatic components, the importance of stereoelectronic 
hyperconjugative contribution is supported by the much smaller pKa change for the axial 
fluorine introduction (Figure 75B). 
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Figure 75.  Effect of negative double hyperconjugation on the stability of aryl anions (A) and on 
basicity of 4-substituted piperidines (B).   

Double hyperconjugation plays important role in chemistry of 1,4-diradicals where it is usually 
referred to as Through-Bond (TB) coupling between the two radical centers. This interaction 
renders the Bergman cyclization a symmetry allowed process168 and provides an additional 3-5 
kcal/mol of stabilization energy to the p-benzyne-type diradical which is not available in related 
monoradicals.169,170 Because this stabilizing effect is lost in the first H-abstraction by p-benzyne, 
it renders this species less reactive and more selective in H-abstraction reactions in comparison 
to the phenyl radical. The energetic consequence of this interaction is evaluated by the Biradical 
Stabilization Energy (Figure 76).  

Through-Bond coupling plays an even larger role in similar systems with increased polarization. 
For example, it is responsible for stabilization provided by the Au-moiety provides in the product 
of Au-catalyzed Bergman cyclization to the cationic center. This stabilization leads to 
delocalization of positive charge in the Au-Bergman product in comparison to the parent phenyl 
cation. Remarkably, the latter stabilizing effect is much larger (20 kcal/mol) than the mutual 
stabilization due to the coupling of two radical centers of p-benzyne. 171 Interestingly, coupling 
between the non-bonding orbitals is dramatically enhanced upon one-electron reduction.172  
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Figure 76 A. top: stabilization in p-benzyne stems from the through-bond coupling between the 
two radical centers; bottom: stabilization in the product of Au-catalyzed Bergman cyclization is 
dramatically increased. Energies in kcal/mol. B. Selected NBO interactions (in kcal/mol) 
stabilizing the positive charge in the product. PR3 group omitted for clarity. 

Stretched and breaking bonds as partners in hyperconjugative interactions: new patterns of 
selective TS stabilization  

Below we will provide a few examples that illustrate the diversity of hyperconjugative patterns 
that are involved in transition state stabilization. At the top of each section, we will list the 
dominant hyperconjugative interaction that involves a breaking σ- or π-bond.  

Torquoselectivity: Lone pair  breaking σ*-orbital or breaking σ-orbital  π*-orbital. 

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.173 Although the opening can proceed through 
two symmetry-allowed conrotatory pathways, Dolbier, Burton, Koroniak, and co-workers 
observed a dramatic kinetic preference for the inward vs. outward rotation for different 
substituents (Figure 77a).174 Another illustrative example in Figure 77b is provided by elegant 
work of Shindo and coworkers who efficiently used hyperconjugation to obtain stereodefined 
products from oxacyclobutenes.175 Similarly, Murakami et al. 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.176 In all examples, electron donors rotate outward whereas the 
acceptors prefer an inward rotation.  
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Figure 77. Examples of of torquoselectivity in stereoselective cyclobutene and oxacyclobutene 
ring-openings. 

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 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 the σ*-orbital is lowered and, in the TS, they become the 
HOMO and the LUMO respectively.  

Antiperiplanar orbital arrangement in the outward rotation maximizes interaction between the 
donor orbital of the substituent and σ*-orbital of the stretched cyclobutene bond (the LUMO of 
the transition state).  On the other hand, acceptor substituents with a low-lying vacant orbital 
prefer an inward conrotation, where this orbital overlaps directly with the σ*-orbital of the 
stretched bond (the HOMO of the transition state). Both of these effects correspond to a two-
electron interaction and stabilize the transition state.  
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Figure 78. A: Changes in HOMO and LUMO upon stretching and twisting of the central σ-bond. 
B: Dominant hyperconjugative interactions which 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 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 
transition state 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).  

 

Oxyanionic assistance: Lone pair  breaking σ*-orbital 

Torquoselectivity is not the only example of hyperconjugative effects in pericyclic reactivity. For 
example, the oxy-Cope rearrangement is dramatically (1017!) accelerated by deprotonation of 
the OH group at the central C-C bond (Figure 79).177  Even when significant electron assistance is 
available in the neutral state (e.g., an OR group is present at the other carbon of the breaking C-
C bond), the effect weakens but does not disappear – the deprotonation still leads to 1012-fold 
acceleration.  The electronic origin of this effect is in the dramatic increase of the donor ability 
of the lone pairs of oxygen upon its deprotonation.  
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Figure 79. Large rate enhancements of the oxy-Cope rearrangement provided by anionic TS 
stabilization.  

The bis-anionic oxy-Cope178 rearrangement of bis-alkynes produced by the reaction of acetylides 
with benzil occurs below room temperature (Figure 80).179   Computational studies the 
cumulative effect of the four radical stabilizing groups (Ph and O-) on the central C-C bond 
weakening. Interestingly, the two deprotonations decrease the activation energy even more (15-
16 kcal/mol) than the two Ph groups (~12 kcal/mol). As a result, the calculated Cope 
rearrangement barrier falls from >30 to ~5 kcal/mol. The central C-C bond weakened so much 
that the anionic Cope rearrangement can be diverted into a dissociative process180 in the 
presence of bulky TIPS substituents at the alkyne termini. 

 

Figure 80. Lone pair/radical stabilization dramatically accelerates the anionic oxy-Cope 
rearrangement. 
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Anchimeric assistance by alkene: π-Orbital  breaking σ*-orbital 

Both lone pairs (as illustrated by the textbook formation of bromonium and sulfonium ions) and 
π-bonds participate can assist in heterolytic σ-bond scission.  Although such effects are usually 
described in the context of carbocation stabilization, the effects are kinetic in nature and thus 
has to apply to systems where the C-X bond is only partially broken, hence straddling the line 
between hyperconjugation and conjugation (Figure 2). 

The measured kinetic consequences of such through space delocalization are enormous. For 
example, a properly positioned alkene provides dramatic acceleration (1011) of ionization of anti 
C-X bonds with perfect stereospecificity of substitution.181  

An interesting feature of this effect is that it is provided “on demand” and utilized fully only 
when additional stabilization of the cationic center is needed. The accelerating effect is not 
activated in the presence of a directly attached cation-stabilizing group. For example, the p-
anisyl group at C7 (Figure 81) can stabilize the developing carbonium ion center to the extent 
where the difference in reactivity between the two classes of compounds almost disappears (a 
factor of 3) along with the stereospecificity of substitution.182   

 

Figure 81.  Solvolysis assisted by homoconjugation 

 

Anchimeric assistance by cyclopropane: Strained σ-orbital  breaking σ*-orbital 

The ability of the cyclopropyl ring to assist in the C-X bond ionization via homohyperconjugation 
is even higher, leading to the impressive 1014 acceleration relative to the respective 7-X-
substituted norbornane and 103 acceleration relative to the already highly activated 7-X-
substituted norbornene (Figure 82).183 

 

Figure 82. Comparison of homoconjugative and homohyperconjugative effects 

 

Alkyne-azide cycloaddition reactions: π-Orbital  breaking σ*-orbital 

Interaction of substituents with distorted π-bonds can provide TS stabilization similar to what 
we have discussed above for the stretched σ-bonds. Such effects can include both intra- and 
intermolecular contributions. The intramolecular contributions can compensate for distortion 
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and bond breaking whereas intermolecular contributions can facilitate bond formation. Below 
we will show how intra- and intermolecular effects work in synergy in non-catalyzed alkyne-
azide cycloadditions.  In this case, both effects originate from the presence of the same σ-
acceptor at the propargylic carbon.   

The >50-fold acceleration of the azide-alkyne cycloaddition by the propargylic fluorine 
substituent in α,α-difluorocyclooctyne (DIFO) was reported by Bertozzi and coworkers.184 

Subsequently, it was shown that the effect has a stereoelectronic component - it is maximized 
once the optimal orbital overlap between the σC-F bond and the in-plane alkyne π-system is 
achieved.143 

NBO analysis found that the accelerating effect originates from two sources. The first of them, is 
assistance to alkyne distortion by propargylic C-F bonds and other sigma acceptors. It originates 
from the higher donor ability of distorted π-bonds discussed previously (section “Decreasing the 
energy gap: Stretched bonds as donors and acceptors in hyperconjugative interactions.”).  

The stabilizing effect increases even further in the full TS, where azide is brought to the close 
proximity to the bent alkyne. This increase indicates that the propargylic acceptor facilitates 
bond formation in the transition state (Figure 83) as the alkyne LUMO (the in-plane π* orbital) 
gains electron density as the azide approaches.  

 

Figure 83. Hyperconjugative assistance to bond formation provided by σ-acceptors in azide-
alkyne cycloadditions. This example illustrates how intermolecular transfer of electron density 
can benefit from hyperconjugation. Reprinted with permission from ref. 1. 

 

While exocyclic fluorine substituents in DIFO cannot achieve the antiperiplanar orbital 
arrangement, cyclooctynes bearing endocyclic acceptors allow for much stronger interactions 
and enhanced reactivity.185,186  In addition to assisting in bending linear alkynes to the TS 
geometry, when acceptors are contained within a cycle, they alleviate strain in bent alkynes. 
Although the premature activation of this interaction is a, potentially decelerating, reactant-
stabilizing effect, the calculated TS energies suggests that alkynes with endocyclic acceptors are 
still more reactive than the parent cyclooctyne (Figure 84). Such increase in reactivity is possible 
because the stabilizing interactions grow even stronger in the TS. This increase illustrates the 
power of hyperconjugativeTS stabilization as an element of reaction control.   
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Figure 84. Simultaneous hyperconjugative alleviation of strain and enhancement of reactivity in 
cyclooctynes and twisted cyclodecynes for metal-free click chemistry. 

 

Stabilization of bent alkynes is not limited to cycloadditions – it can be applied to other alkyne-
forming and “alkyne-consuming” reactions, such as formation and reactivity of o-benzynes.187  

Stretched bonds as efficient partners in Through-Bond interactions: Lone pair+radical  
breaking σ*-orbital 

More complex patterns of hyperconjugation interactions can emerge in multifunctional 
transformations where multiple bonds are formed and broken at the same time.  

A new stereoelectronic interaction was found in fragmentations that complete radical cascades 
which convert aromatic enynes into a-Sn-substituted naphthalenes (Figure 85a). After a 
sequence of reactions that provide the formal 6-endo-trig product, the penultimate species of 
this cascade, the final step involves a C-C bond scission. The efficiency of fragmentation can be 
enhanced by stabilizing the rational design of radical leaving groups.188  

Comparison of fragmentations leading to the α-oxy radical (.CH2OMe) vs. the propyl radical, 
suggested the presence of a selective reactant stabilization for the O-containing fragmentation 
precursor via through-bond (TB) interaction between benzylic radical and the lone pair at the δ-
position. Such TB coupling involves two non-bonding orbitals populated with three electrons 
(the lone pair of X and the radical center). Although such reactant stabilization is a potentially 
deactivating effect, the odd-electron TB communication between the radical and the lone pair 
through the σ-bridge increases even further at the transition state. 

The increase in TB interaction through stretched bonds is documented by NBO orbital 
interaction energies. In the fragmentation process, the energy of the σ*-antibonding bridge 
orbital is lowered, decreasing the ΔEij term for the stabilizing interaction that couples the non-
bonding orbitals (i.e., the radical and lone pair). In addition, as the fragmentation progresses, 
the ~sp3 σ-bond is transformed into two p-orbitals (one π-bonded in naphthalene and the other 
in a 2c-3e “half-bond”), increasing overlap between interacting orbitals in (Figure 85b). Together 
these interactions are responsible for selective TS stabilization for the fragmentation process. 
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Figure 85. A: Increase in efficiency of fragmentation by substituent modification at the alkene 
terminus. B. Electronic coupling between non-bonding orbitals in 1,4-diradicals and β-
heteroatom substituted radicals strengthens in the TS, facilitating C-C bond fragmentation. 
Additional stabilization due to TB coupling through abreaking bridging bond is shown as ΔE 
(red). σ and σ* energies in the starting radical are shown in grey. 

Deactivation of hyperconjugation as an approach to stabilizing reactive intermediates by 
raising transition state energies 

Deeper understanding of hyperconjugative effect in transition states can be also used for raising 
transition state energies. Recently, selective deactivation of stereoelectronic effects was used to 
build a stereoelectronic trap for the Criegee intermediate of the Baeyer-Villiger rearrangement, 
a valuable synthetic route for converting ketones into esters.162 

It is now accepted that the mechanism of Baeyer-Villiger rearrangement involves a tetrahedral 
intermediate formed by the addition of a peroxyacid to the carbonyl group of an ester. This high-
energy oxygen-rich intermediate rearranges via an 1,2-alkyl shift that is assisted by two 
stereoelectronic effects that invovle the p-type lone pair of O1, the breaking C2-Rm bond and the 
O3-O4 acceptor (Figure 86).189 The “primary stereoelectronic effect” requires antiperiplanarity of 
the breaking O-O bond and the migrating C-Rm bond. The “secondary effect” is switched on 
when the lone pair of the O1H group aligns with the breaking C-Rm bond The perfect synergy 
between the two effects assures an uninterrupted electron flow from the donor to acceptor: 
donation from the lone pair assists in breaking the C-Rm bond and stabilizing the incipient 
cationic center as the Rm group moves to O3 and the O3O4 bond breaks.  
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Figure 86. Left: Alternative representations of the two stereoelectronic effects for the 1,2-shift 
in the Criegee intermediate of the Baeyer-Villiger rearrangement. Right: strategies for 
weakening the primary and secondary stereoelectronic effects in the 1,2-alkyl shift. Reprinted 
with permission from ref. 162. 

Considering the connection between the two effects, one can weaken the two effects and, by 
destabilizing the 1,2-shift transition state,  kinetically trap the Criegee intermediate. In 
particular, assistance provided by the “primary” effect is partially deactivated in  the cyclic five-
membered peroxylactones where the RCOO dihedral is distorted from antiperiplanarity (161 
degrees). Diverting the “migrating” bond from the stereoelectronically favorable alignment with 
the O-O moiety imposes ~8 kcal/mol penalty on non-catalyzed BV rearrangement with the 
migration of a methyl (~700 thousand-fold decrease in the reaction rate). Furthermore, the 
change from the OH to OOH group imposes an additional protecting effect on the CI by adding 
an extra 4.4 kcal/mol penalty to the 1,2-shift free energy barrier.  

The Criegee intermediate is stabilized by a strong exo-anomeric interaction (Figure 87). In the 
1,2-shift TS, departure of the migrating group develops a positive charge, which induces the p-
type lone pair of the external HO-group to change its orientation and align with the breaking C-C 
bond (as the latter becomes the best acceptor). This selective TS-stabilization can be significantly 
weakened by introduction of an α-heteroatom, as another example of the negative α-effect.67 
By swapping the external HO-group by an HOO-moiety, the activation energy for the 1,2-shift is 
raised by >4 kcal/mol. 
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Figure 87. Weakening of the 2nd stereoelectronic effect of 1,2-Me shift of OOH versions of the 
trapped CIs. Energies in kcal/mol. Reprinted with permission from ref. 162. 

The new strategies for stereoelectronic trapping of the elusive Criegee intermediate should 
allow interruption and restarting of the Bayer-Villiger cascade. This finding should facilitate 
future mechanistic analysis of the key migration step that determines the regio- and 
stereoselectivity of the overall process. 

Hydrogen bonding  

In the absence of intramolecular constraints, the donor acceptor orbital interaction returns to 
the preferred sigma symmetry of overlaps. This is well-illustrated by directionality of H-
bonding.1 Although hydrogen bonding is a complex phenomenon and many factors are involved 
in the formation of X-H…Y hydrogen bonded complexes,96a,190,,191,192 nYσ*X-H negative 
hyperconjugation (which is often called “covalent component”, or “charge transfer (CT) 
component”, Figure 88) 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 well-documented by NBO energetic analysis.3  Because such 
interactions lead to an increase in the population of an antibonding X-H orbital, they elongate 
the X-H bond and explain the classic spectroscopic signature of H-bonding, the red-shift in the IR 
X-H stretching frequency.  Only when the hyperconjugative component of H-bonding is weak, 
the above bond-lengthening effect can be compensated by bond repolarization and 
rehybridization, can the formation of the so-called blue-shifting H-bonds occur.172  

  

Figure 88. a) Energy lowering due to hyperconjugative interaction between nY and σ*X-H orbitals 
in X-H…Y complex. b) NBO plots illustrating the overlap of the σ*C-H of fluoroform and the nO 
orbital of the oxygen atom in water in the fluoroform/ water complex and c) description of the 
hyperconjugative nO  σ*C-H interaction in this complex in terms of resonance theory illustrating 
effective charge transfer from H-bond acceptor (water) to H-bond donor (fluoroform). 

 

Conclusion 

Hyperconjugation is a manifestation of the quantum nature of molecules. It illustrates that 
delocalization does not become inactive after the formation of two-center two-electron bonds 
that constitute molecular skeletons. Although the rich and complex role of hyperconjugation in 
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chemical structure and reactivity is impossible to describe within a short review, we 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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