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Abstract: Branched alkanes like isobu-
tane and neopentane are more stable
than their straight chain isomers, n-
butane and n-pentane (by 2 and 5 kcal
mol ™!, respectively). Electron correla-
tion is largely responsible. Branched al-
kanes have a greater number of net at-
tractive 1,3-alkyl-alkyl group interac-
tions, there are three such stabilizing
1,3 “protobranching” dispositions in
isobutane, but only two in n-butane.
Neopentane has six protobranches but
n-pentane only three. Propane has one
protobranch and is stabilized apprecia-

ence standards, for example, of small
ring strain and stabilizations due to
conjugation, hyperconjugation, and ar-
omaticity, should be corrected for pro-
tobranching, for example, by employ-
ing Pople’s isodesmic bond separation
reaction method. This reduces the ring
strain of cyclopropane to 19.2 from the
conventional 27.7 kcalmol™', while the
stabilization energies of alkenes and al-
kynes due to hyperconjugation (5.5 and
7.7 kcalmol™ for propene and pro-
pyne) and conjugation (14.8 and
27.1 kcalmol ™' for butadiene and buta-

diyne) are considerably larger than the
traditional estimates. Widely diverging
literature evaluations of benzene reso-
nance energy all give ~65 kcalmol™
after adjusting for conjugation, hyper-
conjugation, and protobranching “con-
taminations.” The BLW (block local-
ized wavefunction) method, which lo-
calizes m bonds and precludes their in-
teractions, largely confirms these stabi-
lization estimates for hyperconjugation,
conjugation, and aromaticity. Proto-
branching is seriously underestimated
by theoretical computations at the HF

bly, by 2.8 kcalmol ', relative to meth-
ane and ethane. This value per proto-
branch also applies to the n-alkanes
and cyclohexane. Consequently, energy
evaluations employing alkane refer-

jugation
ring strain

Introduction
The quantitative evaluation of the energies associated with

many highly important chemical concepts such as aromatici-
ty (Faraday, 18251 Kekulé, 1866),” ring strain (Baeyer,
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and most DFT levels, which do not ac-
count for electron correlation satisfac-
torily. Such levels give bond separation
energies, which can differ greatly from
experimental values.

1885),F! conjugation (Thiele, 1899), alkane branching (Ros-
sini, 1934;"! Nenitzescu, 1935)! and hyperconjugation (Mul-
liken, 1939),7# depend upon the use and choice of reference
compounds. Most of the quantities associated with these
concepts are not directly measurable experimentally, but
nevertheless, are very significant for interpreting the behav-
ior of molecules. Consequently, the availability of accurate
thermochemical data, in particular from the API project’]
dating from the 1930s, stimulated chemists to devise evalua-
tion methods to estimate energies attributed to these con-
cepts. Necessarily, these methods, as well as the molecules
used as references or models, depend on arbitrary choices,
however reasonable they may appear to be. The convention-
al equations most often employed for this purpose are illus-
trated in Scheme 1. Many other defining equations have
been or might be used instead.

Branched hydrocarbons are more stable than their linear
isomers. Branched hydrocarbons have more 1,3-alkyl-alkyl
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Scheme 1. Conventional equations for the evaluation of protobranching
(1), branching (2 and 3), ring strain (4 and 5), aromatic stabilization
energy (6), conjugation (7 and 8), and hyperconjugation (9 and 10).
Values in kcalmol ™ are based on experimental heats of formation at
298 K.

interactions, but these also are present in their linear coun-
terparts. The most direct conclusion is that 1,3-alkyl-alkyl
interactions stabilize hydrocarbons, not only the branched,
but also the linear isomers. The net attractive character of
the most basic 1,3-alkyl-alkyl interaction is demonstrated by
the BSE evaluation of the 2.8 kcalmol ' stabilization of pro-
pane versus methane and ethane [Equation (1), Scheme 1].
This paper examines the consequences of such 1,3-alkyl-
alkyl interactions (“protobranching”) on the evaluation of
ring strain, conjugation, hyperconjugation, and aromatic res-
onance energies.

Note that propane, other unbranched alkanes, and cyclo-
hexane are employed as reference compounds in all equa-
tions in Scheme 1 [except Equation (1)]. We now argue that
such alkanes are biased choices for this purpose since they
benefit from stabilizing protobranching interactions, which
are absent from the molecules being evaluated.!®!") Addi-
tionally, Equations (6)—(8) suffer from an imbalance of hy-
perconjugation."” Thus, the three reference cyclohexene
molecules in Equation (6) are each stabilized by two hyper-
conjugative interactions. Consequently, the resonance
energy of benzene is grossly underestimated by Equation
(6).19 Ideally, the best model reference compounds not only
should lack the feature of interest, but also all other per-
turbing effects.

While chemical knowledge has been refined enormously
since the pioneering thermochemical investigations of the
1930s, early equations used to evaluate energies associated
with strain, conjugation, hyperconjugation, and aromaticity
(Scheme 1) are still commonly cited. However, “perturbing
effects,” which were not known or considered in the 1930s,
contaminate these evaluations.'>¥) The present paper em-
phasizes a perturbing effect, “protobranching,”[!*!1413 the
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nature of which is the same as the well known branching
effect. Propane is stabilized by the net attractive composite
of carbon and hydrogen interactions not present in methane
and in ethane [Eq. (1)]. Analogous 1,3-methyl-methyl inter-
actions stabilize isobutane by three and neopentane by six
such protobranches (Figure 1). The energies of isobutane

A~ s /N

- -
~~—

isobutane
three protobranches

n-butane
two protobranches

propane
one protobranch

Figure 1. Protobranching interactions in propane (1), n-butane (2), and
isobutane (3). Similarly, neopentane and cyclohexane have six proto-
branching interactions each. While branched alkanes have a greater
number of protobranches, attractive 1,3-alkyl-alkyl interactions also are
present in linear alkanes.

and neopentane are lower than n-butane and n-pentane, re-
spectively, but the latter also benefit from protobranching.
n-Butane has two and n-pentane three protobranching (1,3-
alkyl-alkyl) interactions, respectively. Homologation of any
alkane, in either a linear or branched fashion, results in a
larger number of stabilizing 1,3-alkyl-alkyl protobranching
interactions. We define “protobranching” as the net stabiliz-
ing 1,3-alkyl-alkyl interactions existing in normal, branched,
and most cycloalkanes, but not in methane and
ethane." 121181 While the thermochemical effect of what
we now call “protobranching”, was recognized by Allen fifty
years ago,l'”?! its consequences and ramifications have not
been appreciated.

The main purpose of this paper is to reexamine and
reevaluate all of the energies in Scheme 1 based on a uni-
form treatment, which avoids what we perceive to be per-
turbing effects that “contaminate” their assessment. Our
reevaluations result in substantial changes from the conven-
tional values given in Scheme 1.

We emphasize that protobranching is directly related to
the well known branching effect in alkanes. Branched alka-
nes were discovered in the 1930s to be more stable then n-
alkanes through two independent lines of investigation,
direct isomerization reactions, for example, the AICl;-cata-
lyzed conversion of n-butane to isobutane,***! and the sys-
tematic thermochemical investigations sponsored by the
American Petroleum Institute.”! The heat of formation of
isobutane is 2.0 kcalmol ' lower than n-butane, and neopen-
tane is favored by 5.1 kcalmol ! over n-pentane [Scheme 1,
Equations (2) and (3)]. However, because of the stability of
protobranching, the branching energies given by Equations
(2) and (3) are underestimated since n-alkanes contain the
same stabilization.

Results and Discussion
Hydrocarbon energy relationships and their interpretation:

How does one divide the total energy of a molecule into
transferable components? Fajans’ 1920 assumption® that
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C—C and C—H bond energies were constant was negated in
the 1930s when accurate thermochemical data became avail-
able.”] Although having the same number of two-atom CC
and CH interactions, branched alkanes are more stable than
their normal alkane isomers. Starting with Eyring®®! and
continuing today, numerous research groups considered the
energetic consequences of three-atom CCC, CCH, HCH in-
teractions.”!! However, the quantities and even the signs as-
sociated with such terms varied widely and are still disput-
ed.'%%27 Gronert’s recent treatment®® 2 assumes that these
three-atom (geminal) interactions are all repulsive, but wel'®!
found that a single attractive term reproduced an extended
set of data equally well. The conclusion that differences in
C—H and C—C bond energies are due to hyperconjugative
stabilization of the resulting radical, and not on geminal re-
pulsion, were further supported by Ingold and Dilabio’s
EPR measurements.?>%

Gronert’s?”) comparison of the bond dissociation energies
of C—H and C—CHj; bonds in alkanes requires that a CH;-C-
CHj; interaction is 2 kcalmol ™' more favorable than a CH;-
C-H interaction. The enhanced stability of the CH;-C-CH;
structural unit is akin to protobranching: 1,3-alkyl-alkyl in-
teractions. Nevertheless, Gronert argues that these 1,3-
alkyl-alkyl interactions are repulsive, calling attention to the
widened angle (¥ CCC=112.4°) in propane. However, this
angle widening is inconsequential energetically; imposing a
109.5° CCC bond angle in propane increases the energy by
only 0.3 kcalmol ™" at various levels of theory, when all other
parameters are fully optimized. Full optimization at the cor-
related MP2/6-3114+G(d,p) level actually decreases the
X CCC by 0.77° relative to the HF/6-311+G(d,p) geometry,
indicating that 1,3-methyl-methyl correlation effect is net at-
tractive. Note that the accurate computation of protobranch-
ing and branching energies requires the use of MP2 or other
electron correlated levels of theory." Grimme’s analysis of
stereoelectronic effects in alkane isomers stresses the impor-
tance of 1,3-interpair (CC/CC) electron correlation effects
which favor the branched isomers.*”

Ziegler et al.®! recently analyzed computed deviations in
C—H and C—C bond (dissociation) energies using Gronert’s
geminal repulsion model. However, they did not employ
correlated levels of theory and their computed “total bond
energies” do not agree with experimental bond dissociation
energies. Thus, their 8.6 kcalmol™' C—CHj total bond energy
difference of ethane versus neopentane is considerably
larger than the 3.6 kcalmol™' experimental difference. Hy-
perconjugative stabilization of alkyl radicals, along with the
protobranching of alkanes, accounts for the BDE trends
quite well.[1632

CH bond energies may be based on one fourth of the
atomization energy (AE) of methane. Assuming that the
CH bond energies of ethane are the same, the CC bond
energy in ethane (78.8 kcalmol™!) can be calculated from its
AE. However, this treatment assumes that there are no
three-atom contributions arising from HCH interactions in
methane and ethane or from HCC as well as HCCH interac-
tions in the latter. There is no satisfactory way to account
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for the rotational barrier of ethane only on the basis of two-
and three-atom interactions if these are assumed to be struc-
ture/conformation independent.

Many two-, three-, four-atom, and higher terms are
needed for a complete dissection of all the individual inter-
action energies of a molecule even as simple as propane.
Molecular mechanics (MM) is the best approach along such
phenomenological lines, but the same reservations apply. Al-
though capable of reproducing energies as well as many
other physical properties very accurately, the success of MM
depends on the empirical adjustment of many parameters as
well as the assumptions of its basic methodology.

Quantum mechanics (QM) also can achieve high accura-
cy, but has still not solved the “alkane chain branching mys-
tery” fully. Pitzer and Catalano’s® 1956 analysis of neo-
versus n-pentane, iso- versus n-butane, as well as propane
vs. methane and ethane (our “protobranching”) attributed
the energy differences to zero-point, thermal, and van der
Waals attractive (London dispersion®!) effects. Indeed, HF
(which does not explicitly describe electron correlation) and
DFT (which describes electron correlation based on the
local density) levels, fail in reproducing the butane and pen-
tane isomerization energies, as well as their isodesmic bond
separation energies and that of propane.' In contrast,
MP2, and especially CCSD(T) and other higher level corre-
lation methods, succeed well with all of these tasks.

Nevertheless, Pitzer’s “dispersion” explanation does not
suffice. HF and DFT methods lack dispersion, but reproduce
some non-bonded effects quite well, such as those responsi-
ble for the ethane rotational barrier,'®*! the n-butane con-
formational energy differences,” and the greater stability
of trans- over cis-2-butene. Grimme®” considers “middle
range” correlation effects to contribute almost exclusively to
energy differences between linear and branched isomers.

We stress that we are not concerned here with the de-
tailed analysis of all the effects responsible for protobranch-
ing and other intramolecular hydrocarbon interactions. In-
stead, the primary purpose of this paper is to consider the
consequences of the realization that propane and higher n-
alkanes benefit from the same net stabilizing influences
(whatever their detailed nature may be) that are responsible
for the “branching effect” exemplified by isobutane and ne-
opentane. Because of “contamination” by this “proto-
branching” stabilization, we argue that n-alkane, cyclohex-
ane, and other hydrocarbons are seriously compromised as
reference molecules for the evaluation of energies associat-
ed with the basic concepts of ring strain, hyperconjugation,
conjugation, and aromaticity. Their conventionally evaluated
energies (Scheme 1) can change two-fold in magnitude
when protobranching is taken into account. All the experi-
mental energies employed in this paper (unless otherwise
noted) are based on the heats of formation at 298 K given in
the NIST compilation.”) Although superior conceptually,
0 K data is much less readily available and has not generally
been employed in the prior literature.

“Protobranching” describes the net stabilizing interactions
between 1,3-disposed methyl and/or alkyl groups in propane,
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the higher n-alkanes, and cyclohexane. Protobranching de-
picts the total sum of all the individual interactions of the
carbons and hydrogens of 1,3-disposed methyl and methyl-
ene groups. The equivalence of the various combinations is
assumed, since their protobranching values are the same
(see Table 1). According to the long-held tenets of confor-

Table 1. Evaluation of bond separation energies for saturated hydrocarbons (in kcalmol ™). NIST 298 K ther-
mochemical data were employed (see Table 1 in the Supporting Information).

more weaker C(sp®)~H bonds than the right. To some
extent this imbalance is ameliorated by the stronger C(sp)—
C(sp) bond (in butadiyne) on the left, compared to the
weaker C(sp®)—C(sp®) bond (in ethane) on the right.

To overcome this hybridization problem and to refine iso-
desmic BSE treatments, George et al.***?! developed “ho-
modesmotic” reactions. These
were defined originally®™' as
having: “1) equal numbers of

carbon atoms in their various

Molecule Bond Total Number of Energy per L .
separation reaction protobranches protobranch  states of hybridization in reac-
reaction energy tants and products and 2) equal

propane CH,CH,CH, + CH, — 2 CH,CH, 2.83 1 2.83 numbers of carbon atoms with

n-butane CH;(CH,),CH;+2 CH, — 3 CH,CH, 5.69 2 2.84 zero, one, two, and three H

n-pentane CH;(CH,);CH;+3 CH,; — 4 CH;CH; 8.59 3 2.86 atoms attached in reactants and

n-hexane CH,(CH,),CH;+4 CH, — 5 CH,CH, 11.32 4 2.83 ” .

n-heptane CH,(CH,)sCH;+5 CH, — 6 CH,CH, 14.10 5 2.8 pmdl[if]ts' Whﬂf George

cyclohexane  (CH,), + 6 CH, — 6 CH,CH, 1653 6 2.76 etal.” stated that “these condi-

isobutane CH(CH,;); + 2 CH, — 3 CH;CH; 7.73 3 2.58 tions imply that there are equal
isopentane (CH;),CHCH,CH;+3CH, — 4 CH;CH; 10.941! 4 2.74 numbers of each type of CC

neopentane C(CH;), + 3 CH, — 4 CH;CH; 13.65 6 2.28

bond (sp’-sp’, sp’-sp? etc.) and

[a] To compensate for the skew interaction in isopentane, 0.7 kcalmol ' was added.

mation analysis, saturated hydrocarbons are considered to
be “strain free” if they do not possess abnormal bond
lengths or angles, eclipsed conformations, or closely-ap-
proaching atoms. However, Pople’s isodesmic bond separa-
tion energies®®>* (based on methane and ethane, see latter
discussion) reveal that all these “strain free” molecules ben-
efit from protobranching stabilization and, in that sense,
have “negative strain.”

While the name, “protobranching,” and its ramifications
(discussed in this paper) are new, antecedents go back to the
1930s. Allen deduced a value of 2.3 +0.3 kcalmol™, which is
very similar to our 2.83 kcalmol™' protobranching value
based on Pople’s BSE concept. George and Trachtman!®!
have discussed the differences between Pople’s isodesmic
BSE evaluations and the results of their homodesmotic
scheme at length.

Isodesmic and homodesmotic considerations: Bond separa-
tion energy (BSE) evaluations employ isodesmic equations
that retain the number of bonds of a given formal type, but
change their relationship to one another.**¥ For example,
the isodesmic BSE equation for butadiyne has 10 C—H, 1
C—C, and 2 C=C bonds on each side:

HC=C-C=CH + 2CH, — 2HC=CH + H;C-CH;
(isodesmic BSE)

The major criticism of such BSE evaluations is the imbal-
ance of hybridization, which potentially has significant con-
sequences. CH and CC bond energies depend on the carbon
hybridization, but this is not taken into account in the BSE
equation above. Thus, there are two more strong C(sp)—H
bonds on the right than on the left. The left side has two
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that the various types of C—H
bonds are matched as closely as
possible,” this statement is not
true for general hydrocarbon reactions. Subsequently,
George et al. introduced™”! a refined definition of homodes-
motic reactions as having “1) equal numbers of each type of
carbon—carbon bond (C(sp*)—C(sp®), C(sp*)—C(sp®), C(sp*)=
C(sp?), C(sp*)—C(sp?), etc.) in reactants and products and 2)
equal numbers of each type of carbon atom (sp’, sp?, sp)
with zero, one, two, and three hydrogens attached in reac-
tants and products.” The non-equivalence of these two defi-
nitions and the resulting confusion in the literature will be
discussed in a forthcoming publication,*! in which we sug-
gest the use of the term “hypohomodesmotic” to describe
reactions satisfying the original definition proposed by
George et al.,” reserving the term “homodesmotic” for re-
actions adhering to the refined definition given in reference
36. An example of a hypohomodesmotic equation is given
below, which (like the isodesmic BSE reaction above) has
been used, in an equivalent way, to evaluate the diyne con-
jugation energy.*+*)

HC=C-C=CH + CH,;CH,CH,CH; — 2HC=CCH,CH;
(hypohomodesmotic)

The number and types of CH bonds are consistent in the hy-
pohomodesmotic equation but none of the C(sp)—C(sp),
C(sp)—C(sp?), and C(sp*)—C(sp®) bonds on the left and right
side are matched! As we emphasize below, other, even
more serious deficiencies, such as hyperconjugation and pro-
tobranching, perturb and contaminate hypohomodesmotic
treatments but not BSE evaluations.

To summarize, both homodesmotic (as originally defined)
and isodesmic BSE equations involve changes in the bond
environments. The net hybridization imbalances for the
equations above are:

Chem. Eur. J. 2007, 13, 77317744
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isodesmic : 2 C(sp®)-H — 2 C(sp)-H

C(sp)—C(sp) — C(sp’)—C(sp’)
hypohomodesmotic :
C(sp)—C(sp) + C(sp’)—C(sp’) — 2 C(sp)—C(sp*)

However, the energetic consequences of these imbalances
may not be as serious as commonly assumed, since they
tend to cancel. The theoretical bond energies derived by
Exner and Schleyer® provide a means of assessing energies
associated with hybridization changes. Thus, C(sp?)~H and
C(sp)—H bond energies are about 2 and 6 kcalmol ' larger,
respectively, than C(sp®)—H.!*"! These differences are partial-
ly offset by the imbalance in C—C hybridization: the single
C(sp)—C(sp) bond in butadiyne is stronger than the C(sp*)—
C(sp®) single bond in ethane. Such changes in CC ¢ bond
energies with carbon hybridization may also be substantial.
Indeed, Dewar once claimed that the resonance energy of
butadiene did not result from m electron delocalization but
“can be described quantitatively to the variation in bond
energy with hybridization.”™! Unfortunately, Exner and
Schleyer could not provide C—C bond energies correspond-
ing to different bond environments, since they could not ex-
clude effects arising from x conjugation.

We conclude that George et al.’s criticism that “isodesmic
reactions involve quite profound changes in the nature of
the C—H and C—C bonds” may be exaggerated. Instead, we
argue below that homodesmotic reactions introduce far
more serious imbalances than are present in bond separa-
tion energy treatments. Isodesmic BSE reactions have the
further advantage of being uniquely defined rather than re-
quiring arbitrary choices of reference molecules. Although
neither treatment is perfect, we emphasize the additional
advantages of isodesmic BSE over hypohomodesmotic and
homodesmotic reactions below.

We now discuss the many ramifications of the proto-
branching concept. This paper considers the evaluation of
energies associated with 1) straight and branched alkanes,
2) ring and cage strain, 3) resonance and aromatic stabiliza-
tion energy, 4) hyperconjugation in alkenes and alkynes.

Evaluation of protobranching energies of straight and
branched alkanes: The isodesmic bond separation energies
(BSE) provided in Table 1 make use of NIST 298 K experi-
mental datal® to evaluate protobranching in a number of
“strain-free” linear, branched, and cyclic alkanes. When
compared with methane and ethane, propane (as well as
higher alkanes) is stabilized appreciably by protobranching.
The average value for each protobranch (ca. 2.8 kcalmol™")
is remarkably constant (Table 1, last column) for the higher
n-alkanes as well as cyclohexane.[*)

The stabilization per protobranch in isobutane and neo-
pentane is somewhat attenuated. Protobranching is a net fa-
vorable composite of attractions (larger) and repulsions
(smaller). The repulsion contributions increase somewhat in
branched hydrocarbons, since the methyl groups are in
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© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

closer proximity (note the C-C-C bond angle trend 112.7° in
propane, 111.0° in isobutane, and 109.5° in neopentane).”
However, reduction of the CCC bond angle does result in
attenuation of the average value of the protobranching in-
teraction in branched hydrocarbons, to 2.58 and 2.28 kcal
mol™! in isobutane and neopentane, respectively (Table 1).
The CCC angle widening argument, considered by Gro-
nert??” to be the “gold standard” indicating that the gemi-
nal methyl group interaction is repulsive has been addressed
above. GrimmeP” has stressed the importance of medium
range interpair correlation effects, which are not computed
at the commonly used DFT levels. The CCC angle widening
in propane may be due to the greater net attraction at such

angles, rather than Gronert’s “C-C-C repulsion”.?*?

Computational Models

In historical terms, the origin of the branching stabilization,
and thus the origin of protobranching as well, has been
thought to arise from net attractive intramolecular van der
Waals interactions (dispersion).”¥ The intramolecular van
der Waals stabilization of methane and ethane are small,
but it increases with alkane homologation. The use of ab
initio methods allows us to gauge the degree to which these
systems are stabilized by van der Waals and other long-
range interactions. Post Hartree-Fock ab initio methods,
such as MP2, explicitly account for electron correlation, in
contrast to Hartree-Fock (HF). Thus, one can gain insight
into the role of dispersion, as well as other effects of elec-
tron correlation, in branching stabilization by examining the
differences between these two theoretical levels. Density
functional theory (DFT) provides insight as well. Various
functionals include different degrees of correlation. In gen-
eral, these functionals perform poorly for long-range corre-
lation and thus van der Waals complexes. While overcoming
the van der Waals/non-covalent interaction problem is the
topic of much current research in the field,”™ satisfactory
density functionals are not in common use. Grimme’s™"
recent analysis of failures in computing alkane isomer
energy differences is due to the neglect of “medium-range”
electron correlation effects rather than dispersion, in DFT.
Other problems in describing hydrocarbon properties
have also been emphasized in the literature.['*!7:30:60-741
Check and Gilbert’s analysis of homolytic C—C bond break-
ing energies of methyl-substituted ethane show B3LYP to
have increasing errors as the number of methyl group substi-
tutions is increased.””’ We have recently tested a large
number of density functionals by computing the Pople bond
separation reaction energies of n-alkanes (propane through
decane) and found that all functionals systematically under-
estimate the energy of these reactions.'¥ Schreiner et al.l*”!
found that DFT incorrectly assigns the lowest energy iso-
mers for a number of large hydrocarbon compounds, gener-
ally underestimating the energy of structures containing
only single bonds and small rings. Cage systems, like those
studied by Schreiner, as well as n-alkanes all possess stabili-

7735

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

P. von Ragué Schleyer et al.

A EUROPEAN JOURNAL

zation from protobranching. Our studies!'” on these same
compounds showed that Truhlar’s highly parameterized
MO05-2X functional®! outperformed other older functionals.
Most current density functionals are unable to describe hy-
drocarbon branching stabilization accurately.

Despite shortcomings, computational data can provide in-
sight into the preference of protobranching in small mole-
cules. Therefore, we have used Gaussian 987 and 037 at
HF, DFT, MP2, and CCSD(T) levels with the 6-3114+4+G-
(d,p) basis set to complement experimental data. Computed
energies include zero-point vibrational energies (ZPE) and
thermal corrections to 298 K, unless otherwise stated.

Quantum mechanical assessments of the branching effect
(Table 2) include HF, DFT, and correlated ab initio meth-
ods. The HF energy of isobutane versus n-butane is only
0.40 kcalmol . Inclusion of ZPE and thermal corrections to
298 K adds an additional stabilization of 0.33 kcalmol~!, but
the sum, 0.73 kcalmol ™', is much less than the experimental
value, 2.04 kcalmol™'. DFT methods describe electron corre-
lation based only on the local density: nonlocal effects are
only partially incorporated into DFT calculations when the
electron density gradient is considered."” Like HF, DFT sys-
tematically underestimates the branching stabilization.
B3LYP, as well as other widely used functionals, underesti-
mates the stabilization of propane by 1kcalmol™ or
more!™ In contrast, the post-HF ab initio methods, MP2,
SCS-MP2™ and CCSD(T),™ agree to within 0.40 kcal mol
for propane.

Table 2. Performance of various theoretical levels in evaluating branch-
ing stabilization. The 6-3114++G(d,p) basis set was used throughout. E; is
the quantity given by the electronic energies. ZPE/thermal is the contri-
bution to branching stabilization from scaled zero-point vibrational and
thermal corrections to 298 K (data in kcalmol ! were derived from data
in Table 2 in the Supporting Information).

propane + methane — 2 isobutane — n-butane
ethane
Method E, ZPE/ E, + ZPE/ E

thermal thermal

ZPE/ E, + ZPE/
thermal thermal

HF 0.95 0.44 1.39 0.40 0.33 0.73
B3LYP 122 043 1.65 0.59 0.30 0.89
MP2 2.34 0.50 2.84 1.95 0.38 2.33
SCS-MP2  1.96 0.50 2.46 1.58 0.38 1.96
CCSD(T)  2.09 0.50 2.59 1.66 0.38 2.04
experiment 2.83 2.04

Protobranching and ring/cage strain energies: Strain is a vir-
tual quantity; its evaluation depends on comparisons with
models assumed to be “strain-free.” As originally conceived
by Baeyer in 1885, ring strain was based on CCC bond
angle deviations from tetrahedral in cyclic alkanes, which he
assumed to be planar. All cycloalkane rings (except cyclo-
propane) are now known to favor non-planar conformations,
which, for cyclohexane and the larger rings minimize angle
strain. The non-planar preference of cyclopentane (which
would have nearly perfect 108° CCC angles in Ds, symme-
try) was rationalized by Pitzer’s concept of torsional
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strain.®"*") All C—H bonds are eclipsed in the planar geome-
tries of cycloalkanes; hence, both cyclopentane and even cy-
clobutane pucker as a consequence. Eclipsing also is respon-
sible for some of the strain of cyclopropane.

Conventional evaluations of strain energy employ pro-
pane or other n-alkanes as “strain-free” models; such alka-
nes prefer staggered conformations energetically and are as-
sumed not to possess other perturbing effects. For example,
the conventional homodesmotic evaluation of the strain in
cyclopropane [Eq. (4), Scheme 1] is based on these assump-
tions. However, we have shown above that (unlike cyclopro-
pane) propane and higher alkanes are stabilized by proto-
branching; in that sense these commonly used reference
molecules have “negative strain.” The conventional ring
strain definition is flawed when the same structural features
are not present in the rings as in the n-alkanes. Cyclopro-
pane is a case in point; no protobranching 1,3-alkyl-alkyl in-
teractions are present since all carbon atoms are directly
bonded to one another. Hence, the traditional homodesmot-
ic evaluation [27.7 kcalmol™' using experimental data, Eq.
(4)] overestimates the ring strain. Each of the three pro-
panes on the left side is stabilized by a protobranch and this
substantial (8.5 kcalmol ') perturbation is not balanced on
the right side. Pople’s isodesmic BSE [Eq. (11)] does not

/\ +3CH, 3CyHg -19.2 keal mol™ an

suffer from this imbalance and provides a much smaller esti-
mate of the strain energy in cyclopropane (19.2 kcalmol ™).
We argue that the strain energy of cyclopropane is really
8.5 kcalmol™! less than the conventional value [27.7 kcal
mol~!, Eq. (4)].

Furthermore, cyclopropane is the only cycloalkane with
fully eclipsed C—H bonds. Based on the 2.9 kcalmol™
ethane rotation barrier,®™ each pair of eclipsed vicinal C—H
bonds can be assigned a torsional strain of about 1 kcal
mol ', Consequently, the eclipsing strain in cyclopropane
could be as large as 6 kcalmol™! (the bending of the H
atoms away from one another may reduce this amount).
Hence, the angle strain of the carbon skeleton of cyclopro-
pane may actually be as low as 13 kcalmol™'! This is less
than half of the conventionally accepted (total) strain
energy of cyclopropane.

Exner and Schleyer analyzed the energy contributions of
cyclopropane most recently.*” The large reduction of the
strain energy from expectations based on the 60° CCC
angles (to 13, 19, or even to the conventional 27.7 kcal
mol ™) is due to the c-aromatic stabilization, which is now
firmly established in cyclopropane.® Comparing the Baeyer
angle strain of planar silicon and planar carbon rings (Fig-
ures 2 and 3, respectively) shows the unusual nature of cy-
clopropane. As Baeyer strain is only concerned with devia-
tions from the idealized sp>-hybridized bond angle, one ex-
pects “V-shaped” or parabolic curves when strain energies
are plotted against the size of planar rings. The behavior of
the planar Si,H,, rings (Figure 2) is just as Baeyer predicted.
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Figure 2. Baeyer (angle) ring strain for planar (SiH,), rings as computed
by the BSE equation nSi,Hs, — nSiH, + (SiH,), (see Table 3 in the Sup-
porting Information). Si—H bonds are partially ionic and silicon does not
rehybridize when the ring bond angles are deformed. Hence, the strain of
small silicon rings follows Baeyer’s expectation.
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Figure 3. Baeyer ring strain for planar (CH,), rings, as computed by the
BSE equation, n C;Hy — n CH, + (CH,), (see Table 3 in the Supporting
Information). Note the marked deviation of cyclopropane from Baeyer’s
expectations and from the behavior of trisilacyclopropane (Figure 2).

However, the left side of the corresponding graph (Figure 3)
for planar carbon rings is quite different, as the strain
energy of cyclopropane is much less than expected on the
basis of its 60° CCC angles and eclipsed vicinal C-H interac-
tions. Stabilization by o-aromaticity is responsible for the
abnormal behavior of cyclopropane.6-5%8%%]

HF, B3LYP, and MP2 computations with the 6-3114++G-
(d,p) basis set show all three methods perform well for cy-
clopropane (Table 3). The nearly equal energy computed by
these three methods leads us to conclude that protobranch-
ing in cyclopropane is small or nonexistent.

The evaluation of the cyclobutane strain energy and its
protobranching are problematic. While there are four CH,
groups, only two unique 1,3-alkyl-alkyl cross-ring (proto-
branching) interactions are present.™*! The conventional
homodesmotic evaluation, Equation (5) (Scheme 1), overes-
timates the strain since there are four propanes (each stabi-
lized by one protobranch) on the left side; the 5.66 kcal
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Table 3. Strain energies of cyclopropane based on the BSE Equation
(11). E, (the electronic) and ZPE/Thermal energies (the scaled zero-
point and thermal corrections to 298 K) are in kcalmol™'. The
6-3114++G(d,p) basis set was employed uniformly.

Level E, ZPE/thermal E, + ZPE/thermal
HF —24.65 428 —20.37
B3LYP —23.15 4.16 —18.99
MP2 —23.43 4.15 —19.28
experiment -19.19

mol™! correction applied to Equation (12), which balances
the two cross ring 1,3-interactions in cyclobutane with two
propane molecules, results in a cyclobutane strain energy of
21.0 kcalmol ™. The BSE Equation (13) gives 15.4 kcalmol™
using experimental data, but underestimates the strain due
to the presence of the stabilizing protobranching in cyclobu-
tane.

[]+2CH — 2 -21.0 keal mol™ (12)

[] +4CHs — 4CoHg -15.4 keal mol™ (13)

The data in Table 4 analyze protobranching in cyclobu-
tane by computing the BSE at HF, B3LYP, and MP2 theo-
retical levels. In contrast to the BSE of cyclopropane, not all
methods perform the same for cyclobutane, the behavior is
similar to that of other linear and branched alkanes (see
Table 2). We therefore conclude that cyclobutane is stabi-
lized by protobranching interactions.

Table 4. Cyclobutane BSE evaluations of Equation (13) (in kcalmol™).
E, is the electronic energy. ZPE/thermal is the scaled zero-point vibra-
tional and thermal corrections to 298 K.

E, ZPE/thermal  E, + ZPE/thermal
HF/6-311+4+G(d,p) —2253 446 —18.06
B3LYP/6-311++G(d,p) —2086 4.32 —16.54
MP2/6-311+4+G(d,p) —19.25 455 —14.70
experiment —15.38

The conventional (homodesmotic) strain energies of the
cycloalkanes are evaluated in Equation (14). With the ex-
ception of cyclopropane and cyclobutane (discussed above),
this assessment balances protobranching on the left and
right sides of the equation. Thus, the six protobranches of
cyclohexane are mirrored by the six protobranches in the six
propane molecules. The isodesmic BSE, Equation (15), is
not protobranching balanced and gives the total stabilization
or destabilization inherently present within the molecule
being evaluated. Thus, on the basis of methane and ethane
[Eq. (15)], cyclohexane (BSE —16.53 kcalmol™) is highly

(CHy), +nCoHs — n A\ (14)

(CHy), +nCHy —— nCyHg (15)

www.chemeurj.org

— 7737


www.chemeurj.org

CHEMISTRY—

P. von Ragué Schleyer et al.

A EUROPEAN JOURNAL

—4&— homodesmotic

-20 —ll— isodesmic

50 T T T T T T 1
3 5 7 9 1" 13 15 17
ring size

Figure 4. Comparison plots (derived from George et al.),!! based on ex-
perimental data) of the energies (in kcalmol™') given by the homodes-
motic [Equation (14), ) and isodesmic reactions [Equation (15), m], as a
function of cycloalkane ring size.

stabilized. The differences in these definitions have been
discussed in detail by George et al.,!! and are clearly shown
in Figure 4.

Tetrahedrane, cubane, dodecahedrane, norbornane, ada-
mantane, and tetramethyladamantane also illustrate the im-
portance of protobranching on the strain evaluation. Despite
the very large conventionally estimated strain energy of
136.3 kcalmol ™! [Eq. (16)],”%! large diatropic NICS values
in the center indicate that tetrahedrane is a-aromatic.*")
Like cyclopropane, tetrahedrane is devoid of protobranch-
ing. Hence, the strain energy, based on the conventional CH
group increment [Eq. (16)], is overestimated by 30.9 kcal
mol™'. While the BSE tetrahedrane strain energy, 105.4 kcal
mol ™! [Eq. (17)], is still large, it is far less than that expected
on the basis of the extreme bond angle deformations.

A *6CH, —» 4 )\

A +8CHy — 6CoHg

-136.3 kcal mol™ (16)

-105.4 kcal mol™ (7

Cubane has 12 1,3-alkyl-alkyl interactions, counting two
for each face. This is half the number present in eight isobu-
tane molecules. Thus, the homodesmotic strain evaluation of
164.8 kcalmol !, given by Equation (18) is overestimated by
ca. 30 kcalmol~2.”"! On this basis, Equation (19) uses twelve
protobranches in isobutane to balance the protobranching in
cubane, and the strain is reduced to 133.9 kcalmol™'. How-
ever, the isodesmic BSE [Eq. (20)] finds the total destabili-
zation of cubane to be only 102.9 kcalmol .

-164.8 kcal mol™ (18)

% +12CHg —» a)\
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-133.9 kcal mol™ (19)

% +8CH; — 4 )\
% +16 CH; — = 12 CoHg

Dodecahedrane has 60 1,3-alkyl-alkyl interactions, five
for each of the 12 faces (or three for each of the 20 vertex-
es). The homodesmotic strain estimate, 58.4 kcalmol™' [Eq.
(21)], is based on 20 isobutane reference molecules, but
each of these is stabilized substantially (7.73 kcalmol™,
Table 1) by protobranching. Since about 30 kcalmol™" of the
conventional strain energy can be ascribed to the 30 eclipsed
vicinal C-H interactions, the “neglect of protobranching”
error can easily account for the remainder. Indeed, the iso-
desmic BSE, Equation (22), shows dodecahedrane to be sta-
bilized by 96.2 kcalmol™, relative to methane and ethane!
This value is similar to the sum of the stabilization energies
of 12 cyclopentanes computed by BSE (cf. Figure 4).

-102.9 kcal mol™ (20)

CyoHao (dodecahedrane) + 30 CoHg —> 20* -58.4 kcal mol™ (21)
CooHzo (dodecahedrane) + 40 CHy —» 30 CoHg  96.2 keal mol™ (22)

Similarly, the strain energy of norbornane can be evaluat-
ed by the homodesmotic Equation (23), which matches each
of the six isobutane-like and the five propane-like proto-
branching interactions, a strain of 15.8 kcalmol™ results.
However, if one considers the isodesmic Equation (24), nor-
bornane is stabilized by 13.8 kcalmol ™ as a result of proto-
branching interactions.

-15.8 kcal mol™"  (23)
138 kcalmol™  (24)

Equations (25) and (26) show the conventional homodes-
motic analysis of strain in adamantane and tetramethylada-
mantane. However, the reference propane, isobutane, and
neopentane are greatly stabilized by protobranching. Thus,
the isodesmic BSE value [Egs. (27) and (28)] show both
cages to be strongly stabilized. BSE evaluations at HF,
B3LYP, and MP2 levels show the underestimation of the
branching stability by DFT in adamantane and tetramethy-
ladamantane (Table 5).

@ +12CoHg — - 4* +6 N

+12CoHg — > 4 + +6 "\ -2.2 kcal mol™  (26)

@ +14CH, —» 12C,Hg

-5.8 kcal mol™"  (25)

42.1kcal mol™ (27)
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Table 5. BSE evaluations of Equations (17), (20), (22), (24), (27) and (28) (in kcalmol ™). E, is the electronic

energy. ZPE/Thermal is the scaled zero-point vibrational and thermal corrections to 298 K.
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We have recently analyzed
hyperconjugation using isodes-

E, ZPE/thermal E,+ZPE/thermal mic (non_BSE) equations and
tetrahedrane [based on Equation (17)] by describing the virtual states
HF/6-311++G(d,p) —126.97 14.70 —-112.27 where the hyperconjugative in-
B3LYP/6-311++G(d,p) —117.07 14.68 ~102.39 ¢ . .

eractions in 1-butene and 1-
MP2/6-3114++G(d,p) —123.45 15.73 —-107.72 [13]
cubane [based on Equation (20)] butyne were .absent. HoweY—
HF/6-311++G(d.p) ~137.93 22.59 —115.34 er, the equations employed did
B3LYP/6-311++G(d,p) —127.20 22.71 —104.49 not compensate for proto-
MP2/6-311++G(d.p) —126.18 24.60 —101.58 branching. To illustrate, Equa-
experiment —1029 tion (9) can be derived concep-
dodecahedrane [based on Equation (22)] ! . . ! p
HF/6-311++G(d,p) 2.80 43.80 46.60 tually in a different way by
B3LYP/6-311++G(d.p) 13.40 43.33 56.73 adding Equation (1) and (31).
MP2/6-31G(d) - - - Equation (31) gives the re-
experiment ) 9.2 vised isodesmic BSE value for
norbornane [based on Equation (24)] . . .
HF/6-3114++G(d,p) —6.04 336 232 alkel}e .hypercon]ug.atlon direct-
B3LYP/6-311++G(d,p) —4.07 831 424 ly. Similarly, Equation (32) ap-
MP2/6-311++G(d,p) 731 9.09 16.40 plies to alkyne hyperconjuga-
experiment ) 13.82 tion. Both these BSE-based
adamantane [based on Equation (27)] 1 that "
HF/6-311++G(d.p) 11.04 1235 23.39 values assume that no proto-
B3LYP/6-311++G(d,p) 1329 11.80 25.09 branching  corrections  are
MP2/6-311++G(d,p) 33.52 13.50 47.02 needed for propyne (readily un-
experiment 42.10 derstood in view of the 180°
tetramethyladamantane [based on Equation (28)] b

ond angle and the C(1)-C(3
HF/6-311++G(d,p) 19.44 16.44 35.88 ) & (1)-CG)
B3LYP/6-311++G(d.p) 2436 1516 39.52 distance) and for propene
MP2/6-31G(d) 61.63 17.27 78.99 (which is more problematic).
experiment 69.38 Does propene (or other ole-

+18CHy ——» 16CyHg 69.4 kcal mol™ (28)

The effect of protobranching on hyperconjugation and con-
jugation energy estimation: Mulliken’s concept of hypercon-
jugation”® is described as the stabilization resulting from
the interaction of the low lying w* orbital of an olefin with
an occupied orbital of an alkyl substituent having correct
symmetry. The conventional evaluations of the energies of
hyperconjugation (Scheme 1) are based on comparisons of
the differences in heats of hydrogenation of alkenes with
ethene and alkynes with ethyne.” Thus the sum of Equa-
tion (29) and (30) (given directly by Equation (9),
—2.7 kcalmol ™) is the commonly quoted value for the hy-
perconjugation stabilization by a methyl (or other alkyl
group) on a CC double bond. A similar procedure gives
Equation (10) for alkynes. We now argue that the values de-
rived from Equations (9) and (10) are too low since the ref-
erence compound in both these equations, propane, is stabi-
lized by protobranching.

H,C=CH, + Hy > CoHs -32.6 keal mol™ (29)
H, E
c + H 29.9 kcal mol™  (30)
SN T 7N ’ '
HsC CH, HzC/ CHy
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fins) have stabilizing proto-

H
H,C==CH, *CoHs . /C\ +CHy  -5.5keal mol™ 31
o

Ha CH,

HC==CH +CyHs —» HC=C—CH; +CH, -7.7kcalmol™"  (32)

branching type 1,3-interactions? The bond separation ener-
gies (BSE) at HF, B3LYP, and MP2 with the 6-311++G(d,p)
basis set are given for propene in Table 6, for propane in
Table 2, and for cyclopropane in Table 3. Note that the
B3LYP versus MP2 BSE difference of propene (0.19 kcal
mol™') is nearly the same as the 0.29 kcalmol™ of cyclopro-
pane (which has no protobranching) rather than the
1.19 kcalmol ™" BSE difference in propane (which has proto-
branching. Hence, we do not employ a protobranching cor-
rection for 1,3 CH,—C=C. Instead, we assume that the hy-
perconjugation energies, which benefit from © — 0%y, as

Table 6. BSE analysis of propene. The E, (electronic) and the ZPE/ther-
mal (scaled zero-point vibrational and thermal corrections to 298 K) are
in kcalmol™'. All computations used the 6-311++G(d,p) basis set.

propene + methane — ethene + ethane

Level E, ZPE/thermal E, + ZPE/thermal
HF 3.74 0.54 428
B3LYP 4.70 0.50 5.20
MP2 4.99 0.40 5.39
experiment 5.53
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well as Mulliken’s 7t* < Ocy, stabilization, includes nearly
all 1,3 contributions. Consequently, we do not apply explicit
protobranching corrections to the C=C—C moieties of ole-
fins. As an illustration, we assume cyclohexene to have two
hyperconjugation and four protobranching interactions.

The homodesmotic Equations (7) and (8) (Scheme 1)
have been used, in effect, to evaluate the conjugation stabili-
zation in 1,3-butadiene® and 1,3-butadiyne.™! In our view,
such equations are inappropriate to evaluate conjugative
stabilization,™ as hyperconjugation is present in the refer-
ence olefins (and acetylenes) on the left side but is not com-
pensated on the right. Furthermore, both 1-butene and 1-
butyne (used in Equations (7) and (8) as reference mole-
cules) also contain a single protobranching interaction. De-
spite suffering from problems associated with changes in hy-
bridization (see above), isodesmic BSE Equations (33) and
(34) provide unbiased evaluations of the conjugation ener-
gies of 13-butadiene (14.8 kcalmol™!) and 1,3-butadiyne
(15.1 kcalmol !). However, as a result of the large bond
energy differences between C(sp)-C(sp) and C(sp*)-C(sp’)
bonds (=6 kcalmol™),*! we have augmented this value by
an additional 12 kcalmol ™. Thus the conjugation of 1,3-bu-
tadiyne (27.1 kcalmol ™) is roughly twice the conjugation
energy of 1,3-butadiene (14.8 kcalmol ).

H
C CH,
/
HZC/ \3/

2H,C==CH, +CsHq +2CH, -14.8kcal mol™ (33)

2HC==CH + C,H; —> HC==C—C==CH +2CH, -15.1kcalmol”" (34)

Block-localized wave function: The block-localized wave
function (BLW) method of Mo et al.’**! is an entirely dif-
ferent approach to quantify the effect of electron delocaliza-
tion in unsaturated systems. BLW is closely associated with
valence bond (VB) theory and can be employed at practica-
ble DFT levels. The wave function of the major contributor
to a resonance hybrid, for example, a localized, non-conju-
gating cyclohexatriene, can be optimized self-consistently. In
effect, BLW “turns off” the m conjugation in butadiene, the
hyperconjugation in propene, and the aromaticity in ben-
zene, but allows the o framework to relax optimally. BLW
thus affords a considerable conceptual advantage over con-
ventional delocalization energy assessments using thermo-
chemical data and isodesmic or homodesmotic reactions.
Such reactions attempt to approximate a virtual Lewis struc-
ture (the most stable resonance structure), in which the ef-
fects of electron delocalization are absent, as a composite of
non-delocalized model reference compounds. As an illustra-
tion, the BSE Equation (31) is not balanced with regard to
the number of C(sp?)—X and C(sp*)—X bonds (X = H or
C), but the BLW method applied to propene does not have
this fault. The difference between the BLW and Kohn-Sham
(KS) wave functions of the same compound gives the reso-
nance energy (following the Pauling—Wheland definition) di-
rectly. The BLW method already has been applied to many
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molecules,'> 831 including the evaluation of the hyper-
conjugation of propene and the aromaticity of benzene.

The validity of our revised hyperconjugation energy of
propene, and other molecules, is substantiated by the BLW
method. For propene, the delocalized (KS) and localized
(BLW) wave functions can be expressed as

Y (del) = A(ola"2a")
and
Y(loc) = A(a’nézcnfm)

where mc_c and mey, are group orbitals expanded in CH,=
CH and CH; groups, and are nonorthogonal. In contrast,
canonical MOs 1a” and 2a” are delocalized for the whole
system and orthogonal. The energy difference between
these two wave functions, which are independently opti-
mized self-consistently, represents the vicinal interaction be-
tween the ;t double bond and the adjacent methyl group, or
more simply the hyperconjugation of the methyl group.
Using the Gamess pVTZ basis set!'"" the adiabatic hyper-
conjugation energy of propene is estimated to be
—6.3 kcalmol™! at the B3LYP level, agreeing well with the
—5.5kcalmol™! obtained in Equation (32). BLW gives
values of —12.4 kcalmol™' for propyne, agreeing well with
the Pople isodesmic BSE energy after correction for hybridi-
zation imbalance (—13.7 kcalmol ™). Furthermore, the BLW
values for 1,3-butadiene (—12.7 kcalmol™') and 1,3-buta-
diyne (—27.8 kcalmol™!) also closely match our corrected
BSE values, —14.8 and —27.1 kcalmol ™', respectively. The
pronounced differences between the wuncorrected BSE
(—15.1 kcalmol ™) and BLW (—27.8 kcalmol™!) diyne esti-
mates (see summary Table7 in the Conclusions) likely
arises from carbon hybridization differences when employ-
ing isodesmic bond separation reactions. We argue that
BLW treatments offer the most accurate unbiased energy as-
sessment.

Protobranching and aromatic resonance (RE) and stabiliza-
tion energies (ASE): Kistiakowsky’s seminal evaluation of
the resonance energy of benzene [Eq. (37, Scheme 2] has
been criticized,'” and now has only well deserved historical
importance. His 36 kcalmol ™ value,” based on the heats of
hydrogenation of benzene and cyclohexene, is badly flawed,
since the three reference cyclohexenes on the right side are
stabilized considerably by hyperconjugation (a concept un-
known at that time), for which there is no compensation on
the left side. Consequently, the RE of benzene must be
nearly twice as large as Kistiakowsky’s 36 kcalmol ! value™
(note the corrected —69.0 kcalmol™ RE, in Scheme 2).
Many model reactions (isodesmic, homodesmotic, etc.)
have been used to estimate the total resonance energy (RE)
as well as the ASE, “aromatic” stabilization energy (greater
than the stabilization solely due to conjugation) of ben-
zene['21051%] According to Pauling and Wheland, resonance
energy is defined as the difference between the actual
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3C,Hg + 3CoHs —= @ + 6CH. ~65.1 keal mol™ RE  (35)
. v 30 —48.5 kcal mol™' RE 6
3CoH, + 2te -65.5 kcal mol™' RE. ©6)
-36.0 kcal mol™" RE
3@ — © * QO —69.0 kcal mol™ RE, @7
—28.8 kcal mol™' ASE
+ _— +
3 © O © 3@ —67.6 kcal mol”'  RE, 38)
—20.5 kcal mol™' ASE
— +3C,H
3 NS © 2 —64.9 kcal mol™  RE ©9)
o y —22.5 kcal mol™" ASE
3ANS - +3 /NS —66.9 kcal mol' RE, (40)

Scheme 2. Equations that have been employed in the literature to evalu-
ate the resonance (RE) and aromatic stabilization energies (ASE) of
benzene using experimental data.'™ The RE, values have been corrected
for the perturbing effects of protobranching, hyperconjugation, and con-
jugation (see text). Note that all the RE, values are nearly the same.

energy of a molecule and the virtual energy of the most
stable resonance contributor."”” !l Since the real reference
molecules chosen to approximate the virtual energy of a
non-resonating cyclohexatriene are never free from other
stabilizing or destabilizing interactions, these perturbing fea-
tures (“contaminations™) should be balanced in the defining
equations as completely as possible. Unfortunately, the RE
values from Equations (36-40) in Scheme 2 do not correct
for the stabilization from conjugation, hyperconjugation,
and protobranching interactions. The corresponding RE.
values include these corrections.

The set of ASE evaluations [Equations (38-40),
Scheme 2], were devised to evaluate the extra benzene RE
relative to conjugated but non-aromatic reference mole-
cules.'%! Suitable corrected, these equations may also serve
to evaluate the total resonance energy (RE.) of benzene.
Remarkably, when the hyperconjugation, protobranching,
and conjugation present in the reference molecules (see
Scheme 2 and Figure 5) are considered, the various aroma-
ticity evaluations [Eqs. (35-40)] yield surprisingly consistent
resonance energies! Unlike the

FULL PAPER

anced in Equation (38) but six corrections are applied to
Kistiakowsky’s original Equation (37)"* to give the
—69.0 kcalmol ' RE, of benzene. Equations (38-40) were
devised to estimate the ASE of benzene, but also can be
used, after correction for the conjugation in the reference
compounds (see Table 6 and the Supporting Information),
to assess the corresponding RE, values in Scheme 2.

Clearly contributions from conjugation, hyperconjugation,
and protobranching should be considered when evaluating
resonance energies. After correcting for these effects, the in-
consistencies in RE’s given by Equations (35-40) and those
discussed by Cyranskil'® largely vanish (Figure 5 and the
RE, values in Scheme 2).

Dewar’s original definition of the benzene aromatic stabi-
lization energy (ASE), Equation (39) in Scheme 2, is intend-
ed to estimate the extra resonance energy due to the cyclic
electron delocalization.®! However, benzene only has syn
conformations, which, for 1,3-butadiene, are 3.0 kcalmol™
higher in energy than the anti conformations. Equation (38),
employing 1,3-cyclohexadiene as the reference, removes the
syn/anti discrepancy (as well as balances all protobranching
and hyperconjugation interactions) and results in our recom-
mended ASE value of —28.8 kcalmol ', This value may be
compared with the recent mathematical derivation of
Dewar resonance energy, 32.7 kcalmol ™', obtained by Fish-
tik and Datta.['*

Conclusion

Protobranching is a simple concept with remarkably broad,
paradigm-shifting implications for energy evaluations in or-
ganic chemistry. Protobranching extends the well-established
concept of branching stabilization (e.g. in isobutane and ne-
opentane) to n-alkanes and to cycloalkanes. The consequen-
ces for energetic analysis are fundamental: n-alkanes larger
than ethane (as well as cyclohexane) no longer can be con-
sidered to be ideal “strain-free” unbiased reference mole-
cules. They benefit from considerable stabilization not pres-

51 kecalmol ™! uncorrected range 01
discussed by Cyranski,'%! the P e ol
RE, values in Scheme 2 range y .
1 W revised evaluation
by only 4.1kcalmol™, from -201 * .
64.9 to 69.0 kcalmol ! o . 205 225
The isodesmic BSE [Eq. (35) B - —28.8
of Scheme?2, RE=—65.1%kcal 5 o] 360
mol~!] falls within this range, =
. o W gl *
suggesting that no hybridiza- _485
tion correction (see above) is 601
necessary. Six protobranching ¢ -65.1 5] - I 0
corrections have been used to —70 g m.sgn —£76 8 -66.9
correct Equation (36) to the .
—65.5 kcalmol ™' RE, value, but 35 36 37 38 39 40

protobranching is balanced or
not present in the other equa-

tions. Hyperconjugation is bal-  Scheme 2.
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ent in methane and ethane. All “perturbing” interactions,
other than the one of interest, should be balanced in refer-
ence molecules, but this is not realized in larger systems.
Unblemished energetic analysis requires the elimination of
all contaminants, either stabilizing or destabilizing, in refer-
ence molecules.""™ Despite suffering from some hybridiza-
tion differences, this is achieved better by isodesmic BSE
treatments (rather than by homodesmotic equations), which
employ simple molecules as references (methane, ethane,
ethene, etc.). These reference molecules lack perturbing ef-
fects (e.g., conjugation, hyperconjugation, and strain, as well
as protobranching) and provide an unbiased and uniquely
defined standard by which to judge energies. When proto-
branching is not considered, incomplete and potentially mis-
leading energetic analyses result.

The use of isodesmic equations reduces the conventional
(homodesmotic) strain energy of cyclopropane from 27.7 to
19.2 kcalmol ™!, and also reduces the conventional ring strain
estimates of cyclobutane, tetrahedrane, cubane, dodecahe-
drane, norbornane, adamantane, and tetramethyladaman-
tane considerably.

Protobranching also helps reconcile the seemingly incon-
sistent values, ranging from 18.4 to 66.9 kcalmol ' ,'*! for
the benzene stabilization energy given by many literature
schemes.'"! Agreement is achieved when conjugation, hy-
perconjugation, and protobranching corrections are applied.
Kistiakowsky’s classical resonance energy,”® 36.0 kcalmol™!,
is underestimated due to the neglect of hyperconjugation.
For benzene, we recommend the RE=—65.1kcalmol™!
based on the bond separation energy [Eq. (35)] and the
ASE =28.8 kcalmol ! based on Equation (38). The block-lo-
calized wave function (BLW) method,"? which compares
the energy of a real molecule with that of its most stable lo-
calized resonance hybrid, provides alternative estimates
(Table 7). For benzene, [65.4 (RE) and 25.7 (ASE) kcal

Table 7. Summary of conventional, revised, and BLW-B3LYP/pVTZ
energy evaluations of strain, hyperconjugation, conjugation, and benzene
aromaticity (kcalmol ).

Property Conventional Revised evaluation BLW eval-
evaluation (based on BSE) uation

ring/cage strain

cyclopropane 27.7 19.2 -

cyclobutane 26.7 21.0 -

tetrahedrane 136.3 105.4 -

cubane 164.8 102.91 -

hyperconjugation

propene 2.7 5.5 6.3

propyne 4.9 7.7 (13.7)0 12.4

conjugation

butadiene 3.7 14.8 12.7

butadiyne 0.0 15.1 (27.1)0 27.8

aromaticity of

benzene

ASE 20.5 28.8 25712

RE 36.0 65.1 65.4

[a] Corrected for protobranching; see text. [b] Corrected for C(sp) to C-
(sp*)-H hybridization imbalance.
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mol '] these are nearly identical with our recommendations
above.

When protobranching is taken into account, the conven-
tional hyperconjugative stabilization of an alkene by an
alkyl group more than doubles, from 2.5 to 5.5 kcalmol™".
The BLW value is 6.3 kcalmol'. The alkyne alkyl group hy-
perconjugation increases from 5.0 to 7.7 kcalmol ™!, based on
BSE; the BLW value is even larger (12.4 kcalmol ™). Con-
sideration of protobranching increases diene conjugation
energy from 3.7 to 14.8 kcalmol™! (BLW 12.7 kcalmol™')
and that for diynes from 0.2 to 15.1 kcalmol™' (27.1 kcal
mol ™! after correction for C-H hybridization imbalance, see
above). BLW gives 27.8 kcalmol . Table 7 summarizes our
major thermochemical and BLW evaluations with the con-
ventional values.
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