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Energy Decomposition Analysis (EDA)

intermolecular interaction reaction intramolecular interaction

Interaction = Electrostatic +
Polarization (Induced electrostatic = orbital relaxation) +

Pauli (Exchange & Repulsion) +

Orbital (Charge Transfer, Delocalisation) +

Dispersion +

Mix 

Kitaura-Morokuma
Ziegler-Rauk

Natural Bond Orbital
Localized Molecular Orbital

Pair Interaction
Block Localized Wavefunction

Symmetry-Adapted Perturbation Theory
etc.

QUANTUM MECHANICAL DESCRIPTION OF A HYDROGEN BOND 217

 Normally, we want to know the hydrogen bond energy at the specifi c geometry that 
corresponds to the energy minimum. But we can calculate this energy as a function of 
distance (or other geometric variables). In Figure  9.1   3b   is shown a decomposition of an 
ab initio molecular orbital calculation for the water dimer. The major part of the energy 
here comes from the repulsion between electron clouds at very short distances, and 
is best represented by an exponential. This repulsion is largely Pauli repulsion. There 
is also a Coulomb term, which is proportional to  r   − 1 , and dominating at long distances. 
There are also attractive polarization and dispersion terms ( r   − 4  and  r   − 6 ) and importantly, 
a charge transfer term,  e   −    Ar  . These terms are negligible at long distances but become 
signifi cant attractions once the oxygen – oxygen distance gets below about 3.5    Å .   

 Note that electrostatics in quantum mechanics tends to be exaggerated with calcula-
tions that are in current wide use, and even more so for earlier calculations. For 
example, amines  27   and alkyl fl uorides  28   (which have both been studied in detail) are 
calculated by MP2/B to have dipole moments that are rather uniformly too large (by 
about 15%), as compared with experiment and MM4. (For a defi nition of MP2/B, see 
under Jargon in the Appendix.) This is a basis set/correlation truncation problem and 
can be rather accurately corrected for in simple cases.  

WATER DIMER LINEAR CONFIGURATION (0…0)
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     Figure 9.1.     Morokuma decomposition of an ab initio molecular orbital calculation for the 
water dimer.  3b    (From Jeffrey and Saenger.  4   Copyright 1991 by Springer. Reprinted by permis-
sion of Springer.)   
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What makes a molecule stable or reactive?

Effect – it’s the reason behind an observation that is not 
in accord with reasonable expectation of the time

StericPolar / Electrostatic Resonance / Conjugation

All three are always present and combined!
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Electrostatic (Polar) effects

Field Inductive

due to Coulombic forces
stereospecific

due to electronegativity
conformationally independent

Cl H

Cl H

COOH

H Cl

H Cl

COOH

pKa = 6.07

COO

Cl
δ−

pKa = 5.67
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Electronegativity
tendency to attract electron density

Pauling: R-X bond strength increases with increasing differences in 
the electronegativity of the R and X in the bond

Bond strength = stabilities of both the R–X and the R• + •X!

Izgorodina, Coote, Radom, J. Phys. Chem. A 2005, 109, 7558.

H3C OH CH3 OH+

H3C OH

C2H5 OH C2H5 OH+

C2H5 OH

385 400
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Electronegativity
tendency to attract electron density

X is more 
electronegative than R

R X R X+
BDE

R = alkyl
X = NH2, OH, F

R XH R XH+ R X(-H) R X(-H)+
Protonation Deprotonation

Higher BDE Lower&BDE&

X becomes even more 
electronegative than R

Electronegativities of R and X 
become closer

Boyd, Boyd, Bessonette, Kerdraon, Aucoin, J. Am. Chem. Soc. 1995, 117, 8816.

Pauling: R-X bond strength increases with increasing differences in 
the electronegativity of the R and X in the bond
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Electronegativity
tendency to attract electron density

R X R X+
BDE

R = alkyl
X = NH2, OH, F

R XH R XH+ R X(-H) R X(-H)+
Protonation Deprotonation

Higher BDE Lower&BDE&

C2H5 OH C2H5 OH+

C2H5 OH2 C2H5 OH2+

C2H5 O C2H5 O+

OH OH+H2C CH

OH2 OH2+H2C CH

O O+H2C CH

H3C OH CH3 OH+

H3C OH2 CH3 OH2+

H3C O CH3 O+

Boyd, Boyd, Bessonette, Kerdraon, Aucoin, J. Am. Chem. Soc. 1995, 117, 8816.

552

385

381

584

400

412

615

485

596

Pauling: R-X bond strength increases with increasing differences in 
the electronegativity of the R and X in the bond
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Electronegativity
tendency to attract electron density

R X R X+
BDE

R = alkyl
X = NH2, OH, F

R XH R XH+ R X(-H) R X(-H)+
Protonation Deprotonation

Higher BDE Lower&BDE&

C2H5 OH C2H5 OH+

C2H5 OH2 C2H5 OH2+

Boyd, Boyd, Bessonette, Kerdraon, Aucoin, J. Am. Chem. Soc. 1995, 117, 8816.

C2H5 OH C2H5 OH+

C2H5 OH2 C2H5 H2O+
584

400

147

998

Pauling: R-X bond strength increases with increasing differences in 
the electronegativity of the R and X in the bond
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Resonance / Conjugation
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Hodgson, Lin, Coote, Marque, Matyjaszewski, Macromolecules 2010, 43, 3728.
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with single and double bonds

which the G3(MP2)-RAD enthalpies are calculated for
the simplest Z ) CH3 case, and then the enthalpies for
the larger Z-substituted systems are obtained at an
approximate G3(MP2)-RAD level of theory. These latter
values could be calculated by correcting the (exact) G3-
(MP2)-RAD enthalpy in the Z ) CH3 case for the
Z-group effect, using calculations on both systems at the
RMP2/6-311+G(3df,2p) level of theory, as shown in eq
4.

Effect of Z. Examining first the RSEs in Table 1 we
note that, not unexpectedly, the unsaturated π-accept-
ing Z-substituents (i.e., naphthyl, phenyl, CHdCH2, Ct
CH, and CtN) greatly increase the stability of the
RAFT-adduct radical as compared to Z ) H. The
strongest lone-pair donor substituent, NH2, also stabi-
lizes the RAFT-adduct radical, although not as signifi-
cantly as the π-accepting Z-substituents. However, with
these exceptions, the RSEs for the other CH3SC•(Z)SCH3
radicals fall into a surprisingly narrow range (55-62
kJ mol-1). In contrast, the same substituents exert a
much wider range of effects on the RSEs of ZCH2

•

radicals, the ZCH2
• RSEs ranging from -7.7 kJ mol-1

(Z ) CF3) and 0 (Z ) H) to 21.1 kJ mol-1 (Z ) Cl) and
31.0 kJ mol-1 (Z ) OCH3).37 It appears that the two
SCH3 substituents (which are strong radical stabilizing
substituents through lone pair donation to the electron
deficient center) are saturating the potential stabiliza-
tion of the radical center and dominating the effect of
the Z-substituent. Indeed, if we consider the simplest
case, the CH3SC•(H)SCH3 radical, the RSE is 61.1 kJ
mol-1. In contrast, the radical stabilization effect of a
single SCH3 substituent on a carbon-centered radical
(as measured via the RSE of the •CH2SCH3 radical17)
is 40.7 kJ mol-1. In other words, the second SCH3
substituent effectively contributes only half of the
stabilization effect that it would contribute in isolation.

To explain these results, it is helpful to consider the
molecular orbital diagram in Figure 5,37,53 which depicts
the interaction between the formally singly occupied
orbital corresponding to the unpaired electron at the
radical center (2p(C•)) and the lone pair of the hetero-
atom. Although a lone pair donor substituent, such as
SCH3, has a net stabilization effect on the radical center,
the interaction results in the unpaired electron populat-
ing an antibonding orbital, higher in energy than 2p-
(C•). As a result, the energy gap between the unpaired
electron and a second lone pair donor is greater, and
the stabilization effect of the second group is less.
Furthermore, as a result of this second interaction, the
unpaired electron is expected to reside in an orbital of
even higher energy, and as a result, the interaction with
a third donor would be expected to be even weaker (and
possibly nonexistent). Applying these ideas to the RSEs

Figure 4. B3-LYP/6-31G(d) optimized geometries of the RAFT-adduct radicals in Table 4.

Figure 5. Orbital interaction diagram showing the three-
electron interaction between the lone pair of a heteroatom and
the unpaired electron at a carbon radical center.

∆H(Z * CH3) ) ∆HG3(MP2)-RAD(Z ) CH3) +
∆HRMP2(Z * CH3) - ∆HRMP2(Z ) CH3) (4)

1422 Coote and Henry Macromolecules, Vol. 38, No. 4, 2005

in Table 1, we note that the only lone pair donor
Z-substituent that exerts a large additional effect on the
stability of the RAFT-adduct radicals in Table 1 is the
NH2 group. As seen from the corresponding •CH2Z
RSEs, this substituent is a stronger radical stabilizing
substituent than SCH3; hence, it will form the principle
interaction with the radical center. For this radical, the
RSE is slightly less (by 6 kJ mol-1) than the sum of the
stabilization effect of an NH2 substituent in isolation
and a SCH3 substituent in isolation, and this suggests
that the third lone-pair-donor group (in this case SCH3)
makes a negligible contribution to the stability of the
radical.

The radicals bearing the lone pair donor Z-substitu-
ents that are weaker radical stabilizers than SCH3 (i.e.,
Cl and the O-alkyl series) generally have RSEs within
(3 kJ mol-1 of that of the CH3SC•(H)SCH3 radical,
indicating that the third lone pair donor substituent (in
this case Z ) Cl or O-alkyl) has only a small additional
effect on the radical stability. In this regard, it is worth
noting that the variation in radical stabilities within the
O-alkyl series is relatively small. As explained in the
Introduction, the fragmentation enthalpies within this
series increase from Z ) O-Me to O-tBu, despite the fact
that the increasing electron donation ability of the
alkoxy group should have been expected to stabilize the
thiocarbonyl product of fragmentation. It was suggested
previously that this counterintuitive trend could be
attributed to the concurrent increasing radical stabiliza-
tion ability of the alkoxy group with its increasing
electron donation ability.18 However, the RSEs in Table
1 suggest that this is only partially correct. There is a
small increase in radical stability from O-Me to O-iPr,
a trend that is mirrored in the •CH2Z RSEs (and the
fragmentation enthalpies) and can be attributed to the
increasing electron donation ability of the alkoxy group.
However, unlike the •CH2Z radicals, there is a decrease
in radical stability from O-iPr to O-tBu, as the bulkier
t-Bu group forces the RAFT-adduct radical out of its
preferred conformation (see Figure 1). As will be seen
next, it is these steric factors, which serve to destabilize
the thiocarbonyl compound more than the RAFT-adduct
radical, that lead to the increased fragmentation en-
thalpy for the Z ) O-tBu system.

The remaining Z-substituents stabilize a radical
through the interaction between the unpaired electron
and the π*-orbital (on the unsaturated π-accepting
substituents, phenyl, naphthyl, CHdCH2, CtCH, and
CtN) or pseudo π*-orbital (on the substituents that
stabilize a radical by hyperconjugation: CH3, Bz, CF3).
A molecular orbital diagram illustrating this stabilizing
interaction for the unsaturated π-acceptor substituents
is provided in Figure 6.37,53 Before discussing the effects
of these substituents on the stability of the RAFT-
adduct radicals, it is worth noting a key geometric
difference between these stabilizing interactions and
those involving the lone pair donor substituents. When
the RAFT-adduct radical is stabilized only by lone pair
donor substituents, there is a significant puckering of
the radical center. For instance, in the CH3SC•(H)SCH3
radical, the pyramidalization angle is 22.3°. Pyrami-
dalization occurs because this lowers the energy of the
2p(C•) orbital, thereby decreasing the energy gap be-
tween this orbital and that of the lone pair and thus
facilitating a greater stabilizing interaction.37,53 It is true
that the puckering of the radical center also decreases
the overlap between 2p(C•) and the lone pair, which

would serve to reduce the stabilizing interaction. None-
theless, the large degree of pyramidalization that is
observed is an optimum value that provides a compro-
mise between these two competing effects.37,53 In con-
trast, when unsaturated π-accepting substituents sta-
bilize a radical, the preferred geometry at the radical
center is planar because this maximizes the overlap
between the 2p(C•) orbital and the vacant π*-orbital on
the substituent.37,53 Indeed, the RAFT-adduct radicals
bearing the phenyl, CHdCH2, CtCH, and CtN sub-
stituents are planar (or virtually planar), despite the
presence of the two SCH3 groups. The radical bearing
the naphthyl group also has a small pyramidalization
angle (7.4°) but is not completely planar, due largely to
steric crowding.

Applying these ideas to the RSEs in Table 1, we first
note that the radicals bearing the unsaturated π-ac-
cepting substituents have large RSEs, but the RSEs are
typically less than one would expect by considering the
individual effects of the Z- and CH3S-substituents. With
the exception of the radical bearing the electron-
withdrawing CN-substituent (for which captodative
effects may be playing a role), the RSEs of the CH3SC•-
(Z)SCH3 radicals are less than the sum of the RSEs of
the •CH2Z and CH3SC•(H)SCH3 radicals. As noted
previously, the stabilizing effect of these π-accepting
substituents is maximized when the radical center is
planar; however, this planarization of the radical center
reduces the stabilizing effect of the SCH3 substituents
(which is maximized for a pyramidal radical center).
Indeed, the CH3SC•(Ph)SCH3 and CH3SC•(CHdCH2)-
SCH3 radicals have RSEs that are slightly less than the
sum of the stabilizing effect of the Z-substituent and a
single SCH3 substituent; the CH3SC•(CtCH)SCH3 radi-
cal is 12.4 kJ mol-1 more but still less than the sum of
the •CH2Z and CH3SC•(H)SCH3 radicals. The lower
relative stabilization in the phenyl and ethylene sub-
stituted RAFT-adduct radicals, as compared with the
ethynyl- and cyano-substituted species, is likely to be
the result of steric factors. The CHtC- and NtC-
substituents are both compact and linear and thus offer
negligible steric hindrance to the two SCH3 substitu-
ents, thereby allowing them to adopt the preferred
conformation for interaction of the lone pairs with the

Figure 6. Orbital interaction diagram showing the three-
electron interaction between the orbitals of the π acceptor
group and the unpaired electron at a carbon radical center.

Macromolecules, Vol. 38, No. 4, 2005 Radical Stability in RAFT Polymerization 1423

Coote, Henry, Macromolecules 2005, 38, 1415.

Resonance / Conjugation

with π-orbitals on adjacent atom
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Se

COO

Resonance / Conjugation

Orbital energies & sizes

Gryn’ova, Coote, J. Am. Chem. Soc. 2013, 135, 15392.
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Captodative, or push-pull
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Bordwell, Lynch, J. Am. Chem. Soc. 1989, 111, 7558.
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Steric effects

HindranceShielding Chain crossing

Amine basicity

NH3 > NR3 > NH2R > NHR2

SN2 reaction kinetics

pretzelanes

Mechanically-interlocked 
molecular architectures 
(rotaxanes, catenanes)

Amabilino, Ashton, Reder, Spencer, Stoddart, Angew. Chem. Int. Ed. 1994, 33, 1286.

Olympiadane
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Steric effects
Repulsion

H H

H H

Torsional barrier for 
0° and 90° are 8.0 and 
8.3 kJ/mol, respectively

J. Jia, H.-S. Wu, Z. Chen, Y. MoFULL PAPER

Figure 1. Electron density difference (EDD) maps showing the elec-
tron delocalization between two phenyl rings, which strengthens
the central C–C bond in (a) the planar and (b) the perpendicular
structures (with isodensity value 0.001 a.u.).

So far we have assumed that there are three interactions,
namely the stabilizing π–π conjugation and σ–π* hypercon-
jugation and the destabilizing steric repulsion, between the
two phenyl rings. However, the recent controversy over the
role of the hyperconjugation effect in the ethane rotational
barrier[24] reminds us that there should be additional weak
σ–σ hyperconjugative interactions across the linking bond
in the planar structure as well. In addition, we intend to
explore the evolution of all the forces as a function of the
twist angle and elucidate the origin of the preference for
the twisted conformation. The σ–σ hyperconjugation would
gradually diminish as the structure evolves from the planar
to the perpendicular conformation. As a result of the tech-
nological limit of the BLW code in GAMESS, however, cur-
rently we are unable to define electron-localized states by
the BLW method at any twist angle except φ = 0 and 90°
at the B3LYP/TZVPP level of theory as it concerns the par-
ticipation of the same basis functions in more than one
block. As such, we employed the Xiamen valence bond
(XMVB) program[25] to perform these kinds of generalized
BLW calculations at the HF/6-31G(d) level of theory.[21,26]

In these computations, three blocks were defined. Two
blocks correspond to two individual phenyl rings, including
both σ and π orbitals/electrons [i.e., 100 basis functions and
40 electrons for each block with the 6-31G(d) basis set],
and the third is defined for the linking C–C bond with two
electrons and 30 basis functions. The difference between the
HF and BLW energies refers to the total electron delocal-
ization stabilization including the conjugation and hyper-
conjugation between two phenyl rings. We note that al-
though electron correlation is important for the energy pro-
files, it has an insignificant impact on the electron-delocali-
zation energy as the electron correlation occurs in both elec-
tron-delocalized and -localized states and thus is largely
self-cancelled. This is evidenced by the generalized BLW
calculation of the perpendicular structure at the HF/6-
31G(d) level of theory, which gives a delocalization energy
of 35.9 kJ/mol, in excellent agreement with the value of

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 611–616614

36.4 kJ/mol obtained at the B3LYP/TZVPP level of theory.
For the planar structure, the generalized BLW calculation
yields a delocalization energy of 53.0 kJ/mol, which com-
pares with the value of 46.4 kJ/mol for the π-conjugation
energy derived previously. The difference (6.6 kJ/mol) corre-
sponds to the σ–σ* hyperconjugation effect.

Here, we assume that the rotational energy profile (E) is
the sum of the stabilizing delocalization energy (–DE, as by
definition we use positive values for electron-delocalization
energy) and the steric repulsion energy [SRE, which is also
a positive value; Equation (2)].

E = –DE + SRE (2)

The energy curve E is derived from the B3LYP/TZVPP
computations, whereas the DE was computed by using the
generalized BLW method at the HF/6-31G(d) level of
theory. Figure 2 shows the changes in these energy terms
with the twist angle in the range 0–90°. Note that we shifted
the curves of –DE (up-shifted by 61.60 kJ/mol) and SRE
(down-shifted by 36.43 kJ/mol) to make their starting and
ending points overlap with the total energy curve.

Figure 2. Variations in the energy components and the total energy
with rotation around the central C1–C1! bond in biphenyl.

Figure 2 shows that both delocalization stabilization and
steric repulsion decrease with the twist angle changing from
0 to 90°, and by a similar magnitude. The former increases
the total energy, whereas the latter reduces the total energy.
The variations in –DE and SRE can be simulated by sine
and cosine functions, respectively, and the combination of
both terms leads to a minimum for the total energy at
around 40°.

Conclusions

By using the block-localized wavefunction (BLW)
method, we analyzed the roles of two competing forces,
namely the electron-delocalization effect, which includes π
conjugation as well as σ!π* and σ !σ* hyperconjuga-
tion, and steric repulsion, in determining the conforma-
tional preference of biphenyl. For the planar biphenyl, the
π conjugation stabilizes the structure by 46.4 kJ/mol and by
an additional 6.6 kJ/mol due to weak σ! σ* hyperconjuga-

Jia, Wu, Chen, Mo, Eur. J. Org. Chem. 2013, 611.

44.4°

Johansson, Olsen, J. Chem. Theory 
Comput. 2008, 4, 1460.

Biphenyl

BLW EDA
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Steric effects
Repulsion Why is •CH3 planar?

H M
H

H M
H

H
H

α

minimised 
steric repulsion

maximised 
orbital overlap

M = C, Si, Ge, Sn

M–Cl BDE: 81.7, 105.6, 96.2, 93,6
C to Si – increased electronegativity 

difference (Cl 3.16, C 2.55, Si 1.90, Ge 

2.01, Sn 1.96)

Si-Ge-Sn – increased bond length related 

to orbital overlap and vdW radii

α = 120.00, 112.66, 112.44, 110.56

& Quantum Chemical Calculations

Dispersion Interaction Stabilizes Sterically Hindered Double
Fullerenes
Jun Zhang* and Michael Dolg*[a]

Abstract: By state-of-the-art quantum chemical methods,
we show that for bulky functional groups like cyclohex-
ane, [20]fullerene, dodecahedrane, and C60, the attractive
dispersion interaction can have a greater impact on ste-
reochemistry than the repulsive steric effect, making the
compact isomer the more stable one. In particular, for the
double C60 adduct of pentacene 1, the syn isomer should
be the main product instead of the anti one inferred in
the original synthesis experiment (Y. Murata et al. , J. Org.
Chem. 1999, 64, 3483). With and without dispersion inter-
actions taken into account, the Gibbs energy difference
DG(syn!anti) is !6.36 and + 1.15 kcal mol!1, respectively.
This study reminds us that dispersion interactions as well
as electrostatic or hyperconjugation effects, etc. can lead
to some unusual stereochemical phenomena.

Steric effects are generally accepted as a key factor that deter-
mines the stability of a chemical system. A molecule with
a too crowded arrangement of functional groups cannot exist,
for example, hexaphenylethane.[1] Steric effects can also control
a reaction by the preference of a sterically less crowded transi-
tion state, for example, as observed for some pericyclic reac-
tions[2a, b] and reactions of fullerenes and nanotubes.[2c] The ro-
tation barriers of the C–C s-bond of ethane[3b] and biphenyl[4a]

are also believed to involve steric effects, although there are
many debates.[3, 4] The steric effect originates from Pauli’s prin-
ciple: as two molecular fragments approach, their electron
clouds will repel each other to decrease the overlapping. Thus,
a molecule with compact distribution of nonpolar functional
groups (i.e. excluding hydroxyl groups or halogens, etc. , in
which electrostatic or hyperconjugation interactions could play
a significant role) is usually thought to be less stable than one
with a more extensive distribution. A textbook example is that
cis-2-butene and cis-dimethylcyclopropane are less stable than
their trans isomers. A seeming exception is that cis-1,3-dime-
thylcyclobutane is more stable than the trans isomer. The
reason is that in the cis isomer both methyl groups can occupy

the equatorial position to stay far away from the neighbor C!
H bonds, while in the trans isomer one methyl group has to
be in the axial position, experiencing a larger steric congestion
with the neighbor C!H bonds. Thus, the stability order is es-
sentially still determined by the steric effect. Knowing these ex-
amples, it is not surprising that for the double C60 adduct of
pentacene 1 (Scheme 1)[5] the sterically less crowded anti-
1 form was assumed to be the most stable isomer.

From a theoretical point of view, steric effects are included
already at the Hartree–Fock (HF) level to a large extent, that is,
the Pauli principle is accounted for by using a wave function
in the form of a Slater determinant built from the molecular or-
bitals. In Table S1 (see the Supporting Information), we observe
that by HF one can correctly predict the stability order of iso-
mers of the 2-butene, dimethylcyclopropane, and 1,3-dimethyl-
cyclobutane. DFT and ab initio correlation methods do not
change the conclusions. As expected, HF predicts that syn-1 is
less stable than anti-1 by 9.39 kcal mol!1, see Table 3.

However, one must keep in mind that the “steric effect” is
only the repulsive part of the van der Waals (vdW) interaction
between molecules; there is another attractive part: dispersion
interaction. According to London’s formula, molecular frag-
ments with a larger number of electrons and a concomitant
higher polarizability will exhibit stronger dispersion interac-
tion.[6] Therefore, for bulky functional groups dispersion inter-
actions could have a great effect and result in many unusual
chemical phenomena, like the existence of all-meta-tert-butyl-
hexaphenylethane[7a] and some very long alkane C!C bonds.[7b]

For linear alkanes with more than 17 carbon atoms, the hairpin
rather than the all-trans conformation becomes the global min-

Scheme 1. Double C60 adducts of pentacene.[5]

[a] J. Zhang, Prof. Dr. M. Dolg
Institute for Theoretical Chemistry
University of Cologne
Address Greinstr. 4, 50939 Cologne
E-mail : zhangjunqcc@gmail.com

m.dolg@uni-koeln.de

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201404106.

Chem. Eur. J. 2014, 20, 13909 – 13912 ! 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13909

CommunicationDOI: 10.1002/chem.201404106

Zhang, Dolg, Chem. Eur. J. 2014, 20, 13909.

�G(syn-anti) = +1.15 kJ/mol 
using TPSS (no dispersion)

�G(syn-anti) = -26.6 kJ/mol using 

TPSS-D3 (dispersion corrected)

Bickelhaupt, Ziegler, Schleyer, Organometallics 1996, 15, 1477.

vs Dispersion
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Persistent Radicals
Carbon-centered

2R dimer
kd

!! !
= 1
!! !

Persistent radical – log(t1/2) is > –3

O2N NO2

NO2

Gomberg’s 
radical – 

first!
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Persistent Radicals
Carbon-centered

2R dimer
kd

!! !
= 1
!! !

Persistent radical – log(t1/2) is > –3

O

O

O

R R

R
R

RR

R = OMe

does not dimerize
mostly a dimer 

in solution

Persistence arises largely in 
steric hindrance, not so 

much in electronic effects 
(resonance)

Triphenylmethyl
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14 Griller and Ingold 

definition4 Vinyl and phenyl are transient and desta- 
bilized because E ,  is negative. Allyl, benzyl, l-phen- 
ylethyl, cyclohexadienyl, and cumyl are transient, 
stabilized radicals, while triphenylmethyl is persis- 
tent and stabilized. Why is triphenylmethyl unique? 

The persistence of triphenylmethyl cannot be at- 
tributed to electronic effects since delocalization of 
the unpaired electron produces a stabilized radical, 
not a persistent radical. Thus, the transient cyclo- 
hexadienyl radical, for example, is more stabilized 
than the persistent triphenylmethyl radical (Le,, 
EsCsH7 > E,Ph3C). It therefore seems most reasonable 
to attribute the persistance of triphenylmethyl to ste- 
ric factors. This was, in fact suggested by Gomberg in 
1900,516 but generalization of this concept to other 
types of carbon-centered radicals did not occur for 73 
years.ll However, once it was appreciated that per- 
sistent carbon-centered radicals were produced pri- 
marily by steric and not by electronic factors, the 
number and variety of such radicals underwent ex- 
plosive growth.12 

In this Account we present a systematic discussion 
of carbon-centered radicals (other than those of the 
triphenylmethyl type) which have been made persis- 
tent by suitable arrangement of bulky groups around 
the radical center. These radicals range from alkyls 
which have no stabilization energy, through the de- 
stabilized ( E ,  negative) phenyls and vinyls, to the 
stabilized ( E ,  positive) benzyls, allyls, and cyclohexa- 
dienyls. 

The radicals have been studied in solution at  room 
temperature by electron paramagnetic resonance 
(EPR) spectroscopy. They have been generated by 
atom abstraction from a parent molecule, by photo- 
lytic decomposition of suitable precursors, and by 
radical addition to molecules containing multiple 
bonds. The persistent radicals have half-lives varying 
from seconds to years whereas, under similar condi- 
tions, transient radicals would have half-lives of less 
than sec. Since the persistent radicals can easily 
be prepared in relatively high concentrations, their 
structural and chemical properties can be examined 
with an ease and accuracy impossible to attain with 
transient radicals. However, it must be emphasized 
that just because a persistent radical can be prepared 
in fairly high concentration in a deoxygenated solu- 

( 5 )  M. Gomherg, J .  Am. Chem. Soc., 22,757 (1900). 
(6) The fact that the triphenylmethyl dimer is a “head-to-tail” dimer7 

rather than the long-postulated “head-to-head” hexaphenylethanes serves 
to show just how strongly the simple coupling is hindered. If the para posi- 
tions on the three rings are blocked by suitahle substituents the radicals do 
not dimerize.SJo 

(7) W. Lankamp, W. Th.  Nauta, and C. MacLean, Tetrahedron Lett., 249 
(1968); H .  A. Staah, H. Brettschneider, and H. Brunner, Chem. Ber., 103, 
1101 (1970). 

(8) For an enlightening history of “hexaphenylethane”, see J. M. 
McBride, Tetrahedron, 30,2009 (1974). 

(9) See, e.g., K. Ziegler and E. Boye, Justus Liebigs Ann. Chem., 458, 248 
(1927); P. W. Selwood and R. M. Dohres, J.  Am. Chem. Soc., 72, 3860 
(1950). 

(IO) For a recent review of radicals of the triphenylmethyl type, see V. D. 
Sholle and E. G. Rozantsev, Russ. Chem. Reu., 42,1011 (1973). 

(11) G. D. Mendenhall and K. U. Ingold, J .  Am. Chem. Soc., 95, 3422 
(1973). 

(12) It should he noted that steric factors not only influence the persis- 
tence of radicals but frequently also influence the rate of their formation.‘ 
See, e.g., C. Ruchardt et  al, “XXIII I.U.P.A.C. Congress, Special Lectures”, 
Val. 4, Butterworths, London, 1971, p 233 ff; H. D. Beckhaus and C. Ru- 
chardt, Tetrahedron Lett., 1971 (1973); W. Duismann and C. Ruchardt, 
ibid., 4517 (1974). 
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Figure 1. Some representative carbon-centered radicals ranked in 
terms of their stabilization energy and type. Destabilized radicals 
are of the u type and have their unpaired electron in a localized or- 
bital with considerable s character. Radicals that are not stabilized 
are of the x type and have their unpaired electron in a localized p 
orbital. Stabilized radicals are also of the x type, but the unpaired 
electron can be delocalized into adjacent systems of T bonds. 

tion, this does not imply that the radical could be iso- 
lated and “’put in a bottle” on display. 
Persistent Alkyl 

The simplest test of the “steric” hypothesis is to 
begin with the transient methyl radical and monitor 
the effect of successive substitutions of hydrogen by 
bulky groups such as tert-butyl and trimethylsilyl. 
The result can be seen in Table I which lists half- 
lives, 7112, for a variety of alkyl radicals under stan- 
dard conditions ( 2 5 O ,  [rad a13 = 10-5 M ) .  A single 
substitution by tert- butyl, or trimethylsilyl, 3, does 
not confer persistenee,l3 r do two trimethylsilyl 
groups, 5.11 However, substitution by two tert- butyls, 
4, does produce a persistent radical,11J4 as does sub- 

ree tert-butyls, 9911J4 and three tri- 
.l1J4>I5 Attempts to prepare other pri- 

mary, secondary, and tertiary alkyl radicals and the 
information that they can yield once produced are 

ylse There is, a t  present, no known 
persistent primary alkyl, pr mably because it is too 
difficult to protect the -C moiety with a single 
group. For example,13 radic 2 and 3 are not signifi- 
cantly longer lived than methyl. Even the stabilized 
2,4,6-tri-tert- b u t y ~ b e ~ z ~ l  radical, 22, is not persistent 
but dimerizes to the bibenzyl at  a rate approaching 
the diffusio ecl limit.16 

e A few representative examples, 
4 ,6 ,  and 7 (Table I), have been prepared by hydrogen 
abstraction with tert- butoxy from the parent hydro- 
carbon. The 2,2,4,4,6,6-kexamethylcyclohexyl radical, 
7,14J7 is significantly more persistent than 2,2,4,6,6- 

Secondla 

(13) G. B. Watts and K. U. Ingold, 9. Am. Chem. Soc., 94,491 (1972). 
(14) G. D. Mendenhall, D. Griller, D. Lindsay, T. T. Tidwell, and K. U. 

(15) A. R. Bassindale, A. J. Bowles, M. A. Cook, C. Eaborn, A. Hudson, R. 

(16) D. Griller, L. R. C. Barclay, and K. U. Ingold, J .  Am. Chem. Soc., 97, 

Ingold, J ,  Am. Chem. Soc., 96,2441 (1974). 

A. Jackson, and A. E. Jukes, Chem. Commun., 559 (1970). 

6151 (1975). 

Griller, Ingold, Acc. Chem. Res. 1976, 9, 13.

Persistent Radicals
Carbon-centered

Persistence arises largely in 
steric hindrance, not so 

much in electronic effects 
(resonance)

log(t1/2) = 2.4

perchlorobenzyl
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Sigma radicals

tBu

tBu tBu tBu tBu
dimer

2

log(τ1/2)&=&/2.2&

H

H H vinyl radical

phenyl

SiMe3
Me3Si

Me3Si

Persistent Radicals

Griller, Ingold, Acc. Chem. Res. 1976, 9, 13.

persistent
transient

persistent

transient
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HO O

a-tocopherol (Vitamin E)

Antioxidant:

OH

X

R RH O

X

O

X

ROO
O

ROO X

RH

ROOH
ROO

R

O2

Persistent Radicals
Non carbon-centered

Autooxidation:

Gryn’ova, Hodgson, Coote, Org. Biomol. Chem., 2011, 9, 480.
Gryn’ova, Ingold, Coote, J. Am. Chem. Soc., 2012, 134, 12979.
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OO

N N

O2N

O2N

NO2

Galvinoxyl

Diphenylpicrylhydrazyl
(DPPH)

N
O

SO3O3S
K 2

Frémy's salt

Monitor of chemical reactions involving 
radicals, most notably it is a common 

antioxidant assay;
Standard of the position and intensity of 
electron paramagnetic resonance signals.

Free radical inhibitor

Strong oxidizing agent

R O O

Peroxyl

Persistent Radicals
Non carbon-centered

Radical damage
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TEMPO

Neiman, Rozantzev, Mamedova, 
Free radical reactions involving no unpaired electrons, 

Nature, 1962, 196, 472.

Persistent Radicals
Nitroxides

N
O

N
O

O
23



N

O
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N
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Pharmacokinetic 
reagents

Radical 
scavengers in 

ESR

‘Molecular 

rulers’

Stable
(Persistent)

RedOx probes& mediators

Nitroxide 
Radicals

Edeleva, M. V. Kirilyuk, I.A., Zhurko, I. F., Parkhomenko, D.A. Tsentalovich, Y.P. and Bagryanskaya, E. G. J. Org. Chem. 76, 5558 (2011) 
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R2
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Radical Polymerizations

R =

...

...

• Desired length and structure 
of the polymer chains

• High conversion and low 

polidispersity 

• Complex polymer 

architectures and 
customizable end groups 

• Mild polymerization 
conditions

Georges, Veregin, Kazmaier, Hamer, Macromolecules, 1993, 26, 2987.
Moad, Anderson, Ercole, Johnson, Krstina, Moad, Rizzardo, Spurling, Thang, ACS Symp. Ser. 1998, 685, 332.

Hawker, Bosman, Harth, Chem. Rev. 2001, 101, 3661.

Persistent Radicals 25



Spin multiplicity

Multiplicity is the number of possible 
orientations of spin angular momenta

Multiplicity = 2S +1
where S = ±½

!! !"#$% = (!! − !!2 )(!! − !!2 + 1)!

Spin contamination
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Spin multiplicity

Multiplicity is the number of possible 
orientations of spin angular momenta

Multiplicity = 2S +1
where S = ±½

!! !"#$% = (!! − !!2 )(!! − !!2 + 1)!

Spin contamination

Closed-shell vs Open-shell 
Even-electron vs Odd-electron

Singlet vs Doublet vs Triplet vs …
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aufbau principle

...

violation!
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aufbau principle

...

violation!

1-electron oxidation

29



HOMOD
SOMOR

HOMOR

S

S
NO

SR

SR S

S
NO

tempodt (tempodt)Pt(tBubpy)

S
Pt
S

N

N

S

S
NO

S
Ni
S

S

S

S

S
N O

2

- 2e

S

S
N O

S

S O
N

aufbau principle

Kusamoto, Kume, Nishihara, Angew. 
Chem. Int. Ed. 2010, 49, 529.

1-electron oxidation

violation!
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Hund’s rule of maximum multiplicity

paramagnetic diamagnetic

94.3 kJ/mol higher

Oxygen
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Biradicals Diradicals
An even-electron molecular entity with two 
(possibly delocalized) radical centres which 
act nearly independently of each other

Molecular species with two electrons 
occupying two degenerate molecular 
orbitals

Schlenk-Brauns hydrocarbon

tBu

tBu

O

NO
tBu

Stable for weeks even in air
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Biradicals Diradicals

CH2

H2C CH2

4

Trimethylenemethane (TMM)

CH2

H2C CH2

Longuet-Higgins formula

n is a number of non-
bonding electrons

! = !
2!

! = !∗ − !
2 !

CH2

H2C CH2
* *

*
Ovchinnikov’s formula

A non-Kekulé molecule is a conjugated 
hydrocarbon that cannot be assigned a 
classical Kekulé structure

CH2

H2C CH2

triplet ground state

Huckel’s 
NBMOs

non-disjoint – two electrons’ 
motions are correlated to 

prevent them from occupying 
the same space (Pauli principle)

Borden-Davidson analysis
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CH2

CH2H2C

H2C
*

*

*

CH2

CH2H2C

H2C

tetramethyleneethane (TME)

EXPERIMENT: 
It’s actually a triplet – and non-planar!

However, planar TME is a singlet.

disjoint NBOs – singlet ground state

Biradicals Diradicals

Longuet-Higgins formula

n is a number of non-
bonding electrons! = !

2!

! = !∗ − !
2 !

Ovchinnikov’s formula

Borden-Davidson analysis
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Slipchenko, Munsch, Wenthold, Krylov, 

5-Dehydro-1,3-quinodimethane: A Hydrocarbon with an Open-Shell Doublet Ground State, 
Angew. Chem. Int. Ed. 2004, 43, 742.

DMX

Radicals

5-Dehydro-1,3-quinodimethane: A Hydrocarbon
with an Open-Shell Doublet Ground State**

Lyudmila V. Slipchenko, Tamara E. Munsch,
Paul G. Wenthold,* and Anna I. Krylov*

We report experimental and theoretical studies of the organic
triradical, 5-dehydro-1,3-quinodimethane (5-dehydro-m-xyly-
lene, DMX, Figure 1), a hydrocarbon with an unprecedented
electronic ground state of three low-spin coupled unpaired
electrons, that is, an “open-shell doublet.” Although low-spin,
open-shell states occur in molecules containing transition
metals, the ground states of organic molecules are rarely of
this type. Organic biradicals can have open-shell singlet
ground states, depending on the orbital structure,[1] but DMX
is the first example of an organic triradical with an open-shell
doublet ground state.

Qualitatively, the preference for the open-shell doublet
ground state in DMX can be understood by considering the
electronic structures in m-xylylene (MX) and a,3-dehydroto-
luene (DHT). The MX biradical has a triplet ground state[2–4]

with two ferromagnetically coupled electrons in two p
molecular orbitals (Figure 1). DHT, also shown in Figure 1,
is a s1p1 biradical[5] with singlet-coupled unpaired electrons, a
result of spin polarization that favors antiferromagnetic
coupling.[5,6] The features responsible for the MX and DHT
ground state multiplicities are also present in DMX. The
p system is similar to that of MX, such that it should contain
two ferromagnetically coupled electrons. Likewise, the inter-
action between the s and p systems resembles that in DHT,
and should therefore have a preference for antiferromagnetic
coupling. The net result is a hydrocarbon with a s1p1p1, open-
shell doublet, ground state configuration (Figure 1).

More rigorously, the electronic structure of triradicals is
described by the three-electrons-in-three-orbitals model.[7]

Different occupations of three nearly degenerate triradical
orbitals result in one quartet and eight doublet low-lying
states.[7] The eight lowest energy electronic states of DMX are
shown in Figure 2. Orbital near-degeneracies in the triradical
result in multiconfigurational wave functions for most of the

Figure 1. Nonbonding molecular orbitals in MX, DHT, and DMX.

Figure 2. Vertical state ordering in DMX calculated at the SF-CCSD/6-
311G** level at the equilibrium geometry of the ground X 2B2 state.
The orbital ordering is as follows: the lowest orbital is s, the middle
one is p1, and the upper one is p2 orbital from Figure 1.

[*] T. E. Munsch, Prof. P. G. Wenthold
Department of Chemistry
Purdue University
560 Oval Drive, West Lafayette, IN 47907-2084 (USA)
Fax: (+1)765-494-0239
E-mail: pgw@purdue.edu

L. V. Slipchenko, Prof. A. I. Krylov
Department of Chemistry
University of Southern California
3620 McClintock Avenue, Los Angeles, CA 90089-0482 (USA)
Fax: (+1)213-740-3972
E-mail: krylov@usc.edu

[**] This work was funded by the National Science Foundation (P.G.W.:
CHE-0137627; A.I.K.: CAREER CHE-0094116). Additional support
was provided by the Petroleum Research Fund, administered by the
American Chemical Society (P.G.W. and A.I.K.), and the Camille and
Henry Dreyfus New Faculty Awards and Alfred P. Sloan Programs
(A.I.K.).

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.
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Hund’s rule of maximum multiplicity
violation!
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σ

pπ

R1=R2=H 
methylene

R1=R2=Cl 
dichlorocarbene

Inductive: +I substituents favour triplet, -I – singlet state
Mesomeric: +M substituents can donate electron pair and thus stabilise the 

triplet state

Steric: bulky groups favour linear = triplet state, 

strain favours singlet state

Most simple hydrocarbon carbenes – triplet is lower by ca. 33 kJ/mol.

C

Bourissou, Guerrret, Gabbai, Bertrand, Chem. Rev. 2000, 100, 39.

Carbenes

Carbene is a molecule 
containing a neutral carbon 
atom with a valence of two 
and two unshared valence 
electrons

R1 R2
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N N

Carbene Stability

Here…
stable = does not want to 
react, especially dimerize, 
happy as is

IAd 
– first stable (crystalline) 

carbene reported

Arduengo, Harlow, Kline, J. Am. Chem. Soc. 1991, 113, 361.

Why? 
Because of steric or electronic factors?
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Cl Cl
N NN N

Compare 

in reaction of C–H insertion

HR1

R2

+
HR2

R1

Reaction energies – same

Barrier heights – noticeably lower  
for dichlorocarbene than for 

imidazole carbenes, for which the 
barriers are similar to each other

Stability is due to kinetics
Stability is not due to the steric effect

Carbene Stability 39



M. N. Hopkinson, C. Richter, M. Schedler & F. Glorius, Nature 2014, 510, 486.

to compound (Fig. 2c). NHCs derived from heteroaromatic compounds
benefit from a greater degree of stabilization by virtue of their partial aro-
maticity. This effect, which has been calculated to be around 25 kcal mol21

for model imidazol-2-ylidenes11, allows for a lesser demand for proximal
steric bulk and, consequently, the simple methyl-substituted NHC 1,3-
di(methyl)imidazol-2-ylidene (IMe, compound labelled 1b) is persistent
in solution12. There are, however, many stable carbenes that do not bene-
fit from aromaticity, with the first example, 1,3-di(mesityl)imidazolin-2-
ylidene (SIMes, 2a), being reported by Arduengo and co-workers in 199513.
Neither is there a requirement for two adjacent nitrogen atoms to sta-
bilize the carbene centre14. NHCs bearing alternative heteroatoms such
as sulphur (3) and oxygen (4) are accessible, while stable carbenes con-
taining only one nitrogen substituent, such as the series of cyclic (alkyl)
(amino)carbenes (CAACs, 7) introduced by Bertrand et al.15, have also
received considerable research attention.

Similar species stabilized by only one nitrogen atom may be formed upon
generation of the carbene centre at alternative positions to C2. These mesoio-
nic or ‘abnormal’ carbenes 8, for which a neutral, non-zwitterionic carbene
resonance structure cannot be drawn, are generally more electron-donating
than their ‘normal’ analogues and can display very different properties16,17.
Remote NHCs, where the carbene carbon is not situated adjacent to a nitro-
gen heteroatom have also been reported. The size and substitution pat-
tern of the nitrogen heterocycle can have a large effect on the properties
of the carbene. While 5-membered rings still make up the largest class of
NHCs, examples containing smaller or larger ring sizes including N,N9-
diamidocarbenes (DACs, 9) have also been reported. These latter compounds
lead to increased steric shielding owing to the greater N12C22N3 bond angle,
which effectively pushes the nitrogen substituents closer to the carbene
centre. Larger ring sizes also have an electronic effect as geometric con-
straints imposed by the cyclic structure cause variations in the degree and
nature of heteroatom stabilization. It is also worth noting that several
related classes of stable carbenes are known, which, although not defined

as NHCs, benefit from similar modes of stabilization. These include
acyclic derivatives and cyclic species featuring different ring heteroatoms
such as phosphorus instead of nitrogen7,14,17.

The ground-state electronic structure of NHCs provides a framework
for understanding their reactivity. In contrast to the typical electrophi-
licity of most transient carbenes, the lone pair situated in the plane of the
heterocyclic ring of NHCs renders these compounds nucleophilic. The
principal consequence of this characteristic is the propensity of NHCs to
act as s-donors and bind to a wide range of metallic and non-metallic
species. The extraordinary strength and distinct features of these inter-
actions and their influence on the stability, structure and reactivity of the
resulting complexes or adducts forms the basis for the meteoric rise in
interest of NHCs. This extensive coordination chemistry and the various
applications of NHCs arising from it are discussed in more detail in the
following sections of this review.

Another attractive feature of NHCs is the comparative ease with which
libraries of structurally diverse analogues can be prepared and studied. In
the majority of cases, the carbene is generated upon deprotonation of the
corresponding cationic heterocyclic azolium salt and, as a result, synthetic
routes to NHCs benefit from centuries of research on the preparation of
heterocyclic compounds18. For most classes of N-heterocycles, simple vari-
ation of the starting materials in a modular synthetic sequence allows for
facile modification of the steric and electronic properties of the resulting
carbene. The nitrogen-substituents or other groups situated adjacent to C2

have the largest influence on the steric environment at the carbene centre
with different classes of heterocycle having inherently different steric
requirements. The NHC electronics are primarily governed by the class
of heterocycle, with the substitution pattern of the ring backbone also
playing an important part. The quantification of these properties facil-
itates easy comparison both between different NHCs and between NHCs
and other related compounds such as phosphines, and allows for more
enlightened selection of the appropriate carbene for any given application19,20.
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Imidazolylidene (1)
R = Ad IAd (1a)
R = Me IMe (1b)
R = Mes IMes (1c)
R = 2,6-(iPr)2C6H3 IPr (1d)
R = tBu ItBu (1e) 

Imidazolinylidene (2)
R = Mes SIMes (2a)
R = 2,6-(iPr)2C6H3 SIPr (2b)

Thiazolylidene (X = S, 3)
Oxazolylidene (X = O, 4)

Triazolylidene (5)
R = R' = Ph TPT (5a)

Benzimidazolylidene (6)

Pyrrolidinylidene
(CAAC, 7)

‘Abnormal’
imidazolylidene (8) 

N,N'-Diamidocarbene
(DAC, 9)

R'

N

NR R

R R

Backbone
- electronic stabilization from 
     aromaticity
- substituents affect carbene 
     electronics

Ring size
- cyclic structure favours bent 
     singlet ground state
- ring geometry affects sterics 
     and electronics

N-substituent(s)
- kinetic stabilization from steric bulk
- electronic influence
- potential for asymmetric induction

a c

b

σ-electron-withdrawing 

π-electron-donating 

IAd (1a)

Nitrogen heteroatom(s)
- σ-electron-withdrawing
- π-electron-donating
- inductive and mesomeric stabilization
- number and identity of heteroatoms
     affects carbene electronics         

Figure 2 | Structural features of NHCs. a, General structural features of IAd
(1a), detailing the effects of the ring size, nitrogen heteroatoms and the
ring backbone and nitrogen-substituents on the stability and reactivity of the
NHC. b, Ground-state electronic structure of imidazol-2-ylidenes. The

s-withdrawing and p-donating effects of the nitrogen heteroatoms help to
stabilize the singlet carbene structure. c, Structures of some of the most
commonly applied classes of NHCs. Ad, adamantyl; Mes, mesityl; tBu,
tert-Butyl; iPr, iso-propyl; Ph, phenyl.
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stabilise+induc0vely+

stabilise mesomerically

N N
Experiment agrees:
an analogue lacking steric 
hindrance is also stable

Arduengo, Dias, Harlow, Kline, J. Am. Chem. Soc. 1992, 114, 5530.

Carbene Stability

Electronic effect
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1. Arrange in the order of C–N BDE

2. Identify the spin state of the 
following alternant hydrocarbon

3. Arrange in the order of 
radical stability/persistence N

O

N
O N

O

NH3

N
O

COO

Mini Quiz

C2H5 NH2

H3C NH3

H3C NH2

H3C NH
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