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Standard enthalpies of formation at 298 K of unstrained alkanes, alkenes, alkynes, and alkylbenzenes can be expressed
as a simple sum in which each term consists of the number of hydrogen atoms n of one of eight different types
(n1—ng) multiplied by an associated coefficient (c;—cs) derived from the known enthalpy of formation of a typical
molecule. Alkylbenzenes require one additive constant for each benzene ring, accounting for a possible ninth term
in the sum. Terms are not needed to account for repulsive or attractive 1,3 interactions, hyperconjugation, or for
protobranching, rendering them irrelevant. Conjugated eneynes and diynes show thermodynamic stabilizations
much smaller than that observed for 1,3-butadiene, bringing into question the usual explanation for the
thermodynamic stabilization of conjugated multiple bonds (p orbital overlap, 7z electron delocalization, etc.).

Introduction

Certainly, there is no paucity of additive methods that
reproduce or predict the enthalpies of formation at 298 K, A¢H°,
of unstrained hydrocarbons to acceptable accuracy, generally
within experimental error. Some are quite recent,'?> whereas
others properly belong to the history of chemistry. We hope
that the understandably jaded reader will consider yet another
method for achieving the same goal for three reasons:

1. The method is the simplest possible.

2. The sum

9
AH° = z cn;

=1

requires counting hydrogen atoms only and segregating them
into eight categories.

3.No global fitting is used.

Aside from simplicity and utility, the method offers new
insights into the whole process of group or bond enthalpy
summation. Explicit terms involving three- and four-center
interactions are eliminated, along with hypothetical constructs
that come with them, such as 1-3 attractions and repulsions,
hyperconjugation, and protobranching.

We present data for over 120 unstrained hydrocarbons in four
classes: alkanes, alkenes, alkynes, and, by adding a term for
each benzene ring, alkylbenzenes. Calculated values exhibit a
grand unsigned mean deviation from experiment of 0.37 kcal
mol~!. Where others find strain or conjugation energies by other
methods, we find similar energies in amounts that agree with
prior literature values. The energetic importance of conjugation
in ene—ynes is small, and for dialkynes, it is nearly zero.

Method

Alkanes. Enthalpies of formation of unstrained alkanes are
given by eq 1, where n; is the number of primary hydrogens,
ny is the number of secondary hydrogens, and 73 is the number
of tertiary hydrogens. The units are kcal mol~!at 298 K.
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The coefficient ¢c; = —3.345 was obtained from the enthalpy
of formation of 2,2-dimethylpropane,®> —40.14 kcal mol™!,
divided by its 12 primary hydrogens; ¢, was obtained from the
enthalpy of formation of butane® and the contribution of its six
primary hydrogens divided by its 4 secondary hydrogens
[—30.03 — (—3.345 x 6)]/4 = —2.490. The coefficient c¢; was
obtained from the enthalpy of formation of 2,4-dimethylpentane?
and the contribution of six primary and two secondary hydrogens
divided by its two tertiary hydrogens [—48.30 — (—3.345 x
12) = (—=2.490 x 2)]/2 = —1.590 kcal mol~!. There are many
reference compounds that can be used in selecting parameters
c1—c9 (see Supporting Information for further discussion and
our reasons for selecting the compounds that we did).

Alkenes. The process of counting hydrogens was extended
to unstrained and unconjugated alkenes by retaining the coef-
ficients of eq 1 for hydrogens connected to sp® carbons and
assigning values according to eq 2 for vinyl hydrogens, where
ny is the number of vinyl hydrogens and ns is the number of
hydrogens absent from sp? carbons.

3 5
A;H°(alkene) = z e+ eyt csns = z cen; (2)

=1 =1

The coefficient c4 was obtained from the enthalpy of formation
of ethene,? 12.54 kcal mol~!, divided by the number of vinyl
hydrogens, 12.54/4 = 3.135, and cs is from the enthalpy of
formation of trans-2-butene® and the contributions of n; and
ny, divided by the number of hydrogens absent from sp? carbons,
[—2.6 — (—3.345 x 6) — (3.135 x 2)]/2 = 5.600.

Alkynes. Enthalpies of formation of unstrained and uncon-
jugated alkynes were calculated by retaining the coefficients of
eq 1 for hydrogens on sp® carbons and assigning coefficients
according to eq 3, where n¢ indicates that there is at least one
hydrogen on a triple bond (terminal alkyne) and n; indicates
the absence of any hydrogens on a triple bond (internal alkyne).
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3
A;H°(alkyne) = Z e+ cgng + ooy 3)
=1
The coefficient cg = 54.42 was obtained from the experimental?®
AH® of 1-butyne and the contributions of n; and ny, [39.4 —
(—3.345 x 3) — (—2.490 x 2)]; similarly ¢; = 55.31 is the average
of the experimental® As H® values of two internal alkynes, 2-butyne
and 2-pentyne, and the contributions of n; and n,.
Alkylbenzenes. Enthalpies of formation of unstrained and
unconjugated alkylbenzenes are given by eq 4, where ng denotes
the number of aromatic hydrogens missing from the ring. The
same coefficients ¢;—c3 were used as in eq 1.

3
A;H°(alkylbenzene) = Z e+ cgng + AH°(benzene)  (4)

=1
The coefficient cg was obtained from Ay H°(toluene)? = 11.95,
ny, and AtH°(benzene)? = 19.82 kcal mol~! as follows: [11.95
— 19.82 — (—3.345 x 3)] = 2.17 kcal mol~'. AiH°(benzene)
is added for each benzene ring.

A combination of eqs 1-4 permits estimation of conjugation
stabilization in dienes, enynes, and diynes (vide infra).

Results

Alkanes. Table 1 lists AsH® calculated by eq 1 and experi-
mental values from the NIST Database No. 69,% supplemented
from other sources as indicated. Notably absent from Table 1
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is methane. It is unique in having no carbon—carbon bonds,
and it does not fit the pattern of the other alkanes. The average
unsigned deviation between calculated and experimental values
in Table 1 is 0.28 kcal mol~! for 36 typical unstrained alkanes
and cycloalkanes.

Eq 1 makes no allowance for steric crowding, ring strain, or
other “special effects.” It gives calculated values that are more
negative than those of experimental enthalpies of formation in
such cases, indicating greater stability than actually exists. The
difference between experimental enthalpies of formation and
values calculated by eq 1 is a good measure of the extent of
strain in the molecule, a positive value indicating strain. Table
2 shows some examples of strain energies along with literature
values, which were obtained by methods quite different and
frequently much more complicated than eq 1.

Alkenes. Table 3 lists A¢H® for 39 typical unstrained alkenes
calculated by eq 2 along with experimental values from the
NIST Database No. 69.> when available, or other sources, as
indicated. The average unsigned deviation between calculated
values and 79 literature values in Table 3 is 0.48 kcal mol™!.

Strained alkenes do not fit the pattern of eq 2 nor do alkenes
that are subject to the “special effect” of stabilization by
conjugation. The difference between the experimental value and
the value calculated by eq 2 is a measure of the magnitude of
the effect, a positive value indicating strain and a negative value
indicating stabilization. Some typical strained alkenes are shown
below the dashed line in Table 3. cis-Alkenes are more strained

TABLE 1: Calculated by Equation 1 and Experimental Enthalpies of Formation of Unstrained Alkanes (kcal mol™!)

alkane n n n3 AH®, eq 1 A¢H®, lit.e

ethane 6 0 0 —20.07 —20.04 £0.1
propane 6 2 0 —25.05 —25.02 £0.1
butane 6 4 0 —30.03 —30.03 £0.2
isobutane® 9 0 1 —31.7 —32.1+£02
pentane 6 6 0 —35.0 —35.1+0.1
isopentane® 9 2 1 —36.7 —36.7 £ 0.1
neopentane? 12 0 0 —40.1 —40.1 £ 0.2
cyclohexane 0 12 0 —29.9 —2944+0.2
hexane 6 8 0 —40.0 —40.0 £0.2
2,3-dimethylbutane 12 0 1 —41.7 —424+£03
2-methylpentane 9 4 1 —41.7 —41.7+0.3
3-methylpentane 9 4 1 —41.7 —41.0+0.2
heptane 6 10 0 —45.0 —449 + 0.2
methylcyclohexane 3 10 1 —36.5 —37.0+0.3
(Z)-1,2-dimethylcyclohexane 6 8 2 —43.2 —43.0 + 0.4¢
ethylcyclohexane 3 12 1 —41.5 —41.1+04
2,4-dimethylpentane 12 2 2 —48.3 —48.3+ 0.2
octane 6 12 0 —50.0 —49.8 £0.2
2-methylheptane 9 8 1 —51.6 —51.5+03
3-methylheptane 9 8 1 —51.6 —50.8 £ 0.3
4-methylheptane 9 8 1 —51.6 —50.7 £ 0.3
2,5-dimethylhexane 12 4 2 —53.3 —532+04
propylcyclohexane 3 14 1 —46.5 —46.2+0.3
nonane 6 14 0 —54.9 —54.5 £0.1¢
butylcyclohexane 3 16 1 —51.5 —50.9 +0.3
trans-decalin/ 0 16 2 —43.0 —435+£0.6
decane 6 16 0 —59.9 —59.7+£03
2-methylnonane 9 12 1 —61.6 —62.1
5-methylnonane 9 12 1 —61.6 —61.8
undecane 6 18 0 —64.9 —64.6£03
dodecane 6 20 0 —69.9 —69.5+£03
bicyclohexyls 0 20 2 —=52.9 =522 +£0.7
octylcyclohexane 3 24 1 —71.4 —70.7 £ 0.5
tetradecane 6 24 0 —79.8 —794+04
hexadecane 6 28 0 —89.6 —89.6
octadecane 6 32 0 —99.7 —99.1 £ 0.6

@ From ref 3, unless indicated otherwise. ” 2-Methylpropane. ¢ 2-Methylbutane. ¢ 2,2-Dimethylpropane. ¢ Ref 4. / (E)-Decahydronaphthalene.

8 Cyclohexylcyclohexane.
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TABLE 2: Calculated and Experimental Enthalpies of Formation of Strained Alkanes, Calculated Strain Values by Equation 1

and Literature Strain (kcal mol™)

alkane AH®, eq 1 AH®, lit.¢ diff. lit. strain
cyclopropane —14.9 9.4 243 24.1,027.5¢
cyclobutane —19.9 6.84 26.7 26.4,0 26.5,c 27.0¢
cyclopentane —24.9 —18.3 6.6 6.2, 7.3/ 7.3¢
cycloheptane —34.9 —28.3¢ 6.7 6.0,27.4,7.776.2¢
cyclooctane —39.8 —29.74 10.1 9.5, 11.3,c11.9/9.6¢
cyclodecane —49.8 —36.9¢ 12.9 12.1,t 16.4) 12.3¢
cyclododecane —59.8 —55.0¢ 4.8 3.8,211.8/4.0¢
cyclotetradecane —69.7 —65.6¢ 4.1 3.0,0 3.8¢
2,2-dimethybutane —45.1 —44.4 0.7 11"
2,3-dimethylbutane —43.3 —42.5 0.8 2.1, 0.4
2,2,3-trimethylbutane —51.8 —49.0 2.8 37,27
2,2,3,3-tetramethylbutane —60.2 —54.0 6.2 77641 6.7
2,2 ,4-trimethylpentane —56.7 —53.5 32 4.2¢
3,3,4,4-tetramethylhexane —-70.2 —58.8 11.4 11.5/
4,4,5,5-tetramethyloctane —80.1 —69.4/ 10.7 11.5/
2,2,4,4,5,5,7,7-octamethyloctane —110.3 —86.6/ 23.7 24 .41
1,1,2,2-tetra-tert-butylethane —123.5 —59.9 63.7 66.3F
spiropentane —19.9 442 64.1 63.2,° 65.1," 64.1!
bicyclo[1.1.0]butane —13.1 51.9 65.0 63.9, 66.7, 64.7'
bicyclo[2.1.0]pentane —18.1 37.7 55.8 54.7,c57.7,»53.3!
cis-bicyclo[2.2.0]hexane —23.1 29.8 52.9 51.8,¢ 55.0"
norbornane (bicyclo[2.2.1]heptane) —28.1 —13.1 15.0 14.4,17.00
cubane —12.7 148.7 161.4 154.7,c 166.8"
bicyclo[2.2.2]octane —33.1 —23.7 9.4 7.4, 12,9
adamantane —36.2 —32.1 4.1 6.9/ 7.7"
[2.2.1]-propellane —28.1 87" 115.1 109™
[3.2.1]-propellane —33.1 36.3 69.4 67"
[2.2.2]-propellane —33.1 69.3" 102.4 97"
3,3,4,4-tetracthylhexane —90.1 63.5¢ 26.6 28.2k
2,2,3,3,4,4,5,5-octamethylhexane —100.4 —59.3k 41.1 42 .4k
tri-fert-butylmethane —91.9 —56.2* 35.7 37.3
bicyclopropyl —23.1 30.9! 54.0 54.4!

@ From ref 3, unless indicated otherwise. ” From the difference of experimental® A¢H° of the cycloalkane and one-sixth of that of cyclohexane
multiplied by the number of carbons of the cycloalkane. ¢ Ref 5. ¢ Ref 4. ¢ Ref 6. /Ref 7. ¢ Ref 8. " Ref 9a. " Ref 10. 7/ Ref 11. ¥ Ref 12. ' Ref 9b.

m Estimated value, ref 13. " 6-31G* calculation, ref 14.

than trans-alkenes by about 1.1 & 0.3, and so are tetra-
substituted simple alkenes such as 2,3-dimethyl-2-butene. In rare
cases, strain and conjugation can commingle in such a way that
neither can be determined by a single comparison of AtH®
values.

Alkynes. Table 4 lists 28 examples of enthalpies of formation
of simple, unconjugated alkynes calculated by eq 3 and literature
values with their specified uncertainties. Values from the NIST
Database No. 69 are given, supplemented by other values, as
indicated. The average unsigned deviation of calculated values
from 37 literature values in Table 4 is 0.37 kcal mol™!. In the
case of alkynes, experimental enthalpies of formation generally
have greater uncertainties than those of alkanes and alkenes.

Strain has been reported in unconjugated diynes when triply
bonded carbons are separated by a CH, group. The reported®>?
instability of about 3.6 kcal mol™! introduced by the group
RC=C—-CH,—C=CR, where R represents H or a linear alkyl
group, is confirmed here, as shown by examples below the
dashed line in Table 4. Experimental AH® values of 2-, 3-, and
4-octyne as well as that of 5-decyne suggest small diminution
of A¢H° as the triple bond approaches the center of the molecule
due to the difference between the statistical average of conform-
ers in the alkyne and the product alkane.?¢

Alkylbenzenes. Alkylbenzenes, a class not treated in recent
methods,!? are included here. Table 5 lists AH° values
calculated by eq 4 for 20 unstrained alkylbenzenes and literature
values from the NIST Database No. 69,3 supplemented by other
values, as indicated. The average unsigned deviation of calcu-
lated values from 21 literature values is 0.29 kcal mol~!. Entries

below the dashed line of the table pertain to compounds that
may or may not exhibit thermodynamic effects due to steric
crowding or conjugation. The difference between experimental
AfH° and AH® calculated by eq 4 is the magnitude of the effect.

Discussion

Alkanes and Alkenes. Enthalpies of formation of unstrained
alkanes follow very regular patterns, and the many methods that
have been proposed reproduce experimentally established
stabilities within probable experimental error. Equations 1-4
are, in effect, a very simple group additivity method that is
considerably simpler than Benson’s widely used method.?!' For
unstrained alkanes, alkenes, alkynes, and alkylbenzenes, we use
a total of 8 coefficients versus Benson’s 30, without loss of
accuracy. For unstrained alkanes, Benson uses 4 coefficients;
for unstrained alkenes, an additional 10; for unstrained alkynes,
an additional 7; and for unstrained alkylbenzenes, an additional
9. Benson corrects calculated values for cyclohexanes by adding
0.7 kcal mol~!, while we find no need for such correction for
all eight typical cyclohexanes of Table 1, including bicyclohexyl
and trans-decalin. We also find no need for a coefficient
pertaining to quaternary carbons (no hydrogens). Equation 1
performs well for unstrained alkenes, alkanes, and cyclohexanes,
except when “special effects” come into play, such as angle
strain in cyclopropane, steric crowding in di-fert-butyl (2,2,3,3-
tetramethylbutane), conjugation in dienes, and so on. Calculated
strain energies are generally consistent with reported values,
most of which were obtained by more elaborate methods.
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TABLE 3: Calculated by Equation 2 and Literature Enthalpies of Formation of Alkenes (kcal mol~1)

alkene n n n3 n4 ns AH®, eq 2 AH®, 1it.*
ethylene (ethene) 0 0 0 4 0 12.5 12.54
propene 3 0 0 3 1 5.0 4.88
(E)-2-butene 6 0 0 2 2 —2.6 —2.6
2-methylpropene 6 0 0 2 2 -2.6 —4.3, =3.7%¢
1,4-pentadiene 0 2 0 6 2 25.0 254
1-pentene 3 4 0 3 1 =5.0 —5.1,4 =5.1¢
(E)-2-pentene 6 2 0 2 2 —7.6 -7.9
2-Me-1-butene 6 2 0 2 2 —17.6 —8.4
3-Me-1-butene 6 0 1 3 1 —6.7 —6.5¢
2-Me-2-butene 9 0 0 1 3 —-10.2 -9.9, —10.1,¢
(E)-1,4-hexadiene 3 2 0 5 3 17.5 17.1
1,5-hexadiene 0 4 0 6 2 20.1 20.4
3-Me-1,4-pentadiene 3 0 1 6 2 18.4 19.0,917.6/
1-hexene 3 6 0 3 1 -10.0 —10.1, =9.7%¢
(E)-2-hexene 6 4 0 2 2 —-12.6 —12.3,58 —12.9/
(E)-3-hexene 6 4 0 2 2 —12.6 —12.3,0,¢—12.14
2-Et-1-butene 6 4 0 2 2 —-12.6 —13.4, —13.3%¢
3,3-Me,-1-butene 9 0 0 3 1 —15.1 —14.54—14.3bs
2-Me-1-pentene 6 4 0 2 2 —-12.6 —14.2,4—13.9,b¢
3-Me-1-pentene 6 2 1 3 1 —-11.6 —11.8,4 —11.2b¢
4-Me-1-pentene 6 2 1 3 1 —-11.6 —12.0,4 —11.4b2
2-Me-2-pentene 9 2 0 1 3 —15.2 —16.0,4 —15.0,2¢
3-ethenyl-1,4-pentadiene 0 0 1 9 3 43.4 46.0,442.77
1-heptene 3 8 0 3 1 -15.0 —15.0,2" —14.6'
(E)-2-heptene 6 6 0 2 2 —-17.5 —17.6,2" —17.0¢
(E)-3-heptene 6 6 0 2 2 —-17.5 —17.50—17.64
2,4-Me,-1-pentene 9 2 1 2 2 -19.2 —20.9,2/ —20.0¢
4,4-Me;-1-pentene 9 2 0 3 1 —20.1 —20.0,2/ —20.0¢
1-octene 3 10 1 3 1 —19.9 —19.8,0k—19.44
(E)-2-octene 6 8 0 2 2 —-22.5 —22.20k—23 (¢
3-Me-2-hexene 9 4 0 1 3 —20.1 —20.0,4 —20.3"
(E)-3-Et-3-hexene 9 6 0 1 3 —25.1 —25.0,4 =249
(E)-2,5-Me;-3-hexene’ 12 0 2 2 2 —25.9 —26.0,4 —26.5"
2,2,4-Me;-1-pentene 12 2 0 2 2 —27.7 —26.4,4 —28.4f
1-nonene 3 12 0 3 1 —24.5 —25.04 =247
2-nonene 6 10 0 2 2 —-27.5 —27.04 —27.6/
1-decene 3 14 0 3 1 —-29.9 —29.8, —29.6/
5-decene 6 12 0 2 2 —32.6 —32.0,4 =30.4>"
(Z)-2-butene” 6 0 0 2 2 -2.6 -1.8
(Z)-2-pentene’ 6 2 0 2 2 —7.6 —6.7
(Z)-3-hexene” 6 4 0 2 2 —12.6 —11.2¢
2,3-Me,-2-butene? 12 0 0 0 4 —17.7 —18.8
(Z)-cyclopentene” 0 6 0 2 2 2.5 8.5
cyclohexene® 0 8 0 2 2 —-2.5 —1.0+0.2
1,4-cyclohexadiene’ 0 4 0 4 4 25.0 24.0£0.7
(E)-cyclooctene” 0 12 0 2 2 —12.4 4.8
norbornene? 0 6 2 2 2 —-0.7 21 £ 1
norbornadiene® 0 2 2 4 4 26.8 584+ 0.4

@ From ref 3, unless indicated otherwise. ? From the experimental enthalpies of formation (Table 1) and of hydrogenation. ¢ Ref 15. ¢ Ref 4.
¢ Ref 16. /Estimated by group additivity in ref 4. ¢ Ref 17. " Ref 18. Ref 19./ Ref 20. * Ref 21. ! trans-Diisopropylethylene. " Ref 22a. " Strain
= 1.2 kcal mol™!. ¢ Strain = 0.9. ? Strain = 1.4. ¢ Strain = 0.9. " Strain = 6.0 versus reported 6.9 (ref 23). * Strain = 1.5 & 0.2 versus reported
2.6 (ref 23). ' Strain = 1.0 + 0.7 versus reported 2.6 (ref 20). “ Strain = 17.2 versus reported 17.9 (ref 23). ¥ Bicyclo[2.2.1]hept-2-ene, strain =
21.7 £ 1.0 versus reported 23.6 (ref 24a) and 21.6 (ref 24b). " Bicyclo[2.2.1]hepta-2,5-diene, strain = 31.6 & 0.4 versus reported 31.6 (ref 24a)

and 32.3 (ref 24b).

A recent method for calculating enthalpies of formation of
hydrocarbons has been devised by Gronert for unstrained
alkanes, alkenes, and alkyl radicals by global fitting to a group
of 24 typical molecules.'® This method uses seven freely
adjustable parameters not derived from enthalpies of formation
plus the enthalpy of formation of the hydrogen atom, including
terms for 1,3 repulsive interactions (C—C—C, C—C—H, and
H—C—H). It successfully reproduces experimental values
without any terms accounting for hyperconjugation. There is
some experimental evidence of bond angle broadening due to
1,3 repulsive interactions in C—C—C and H—C—C,' but the
influence on A¢H° appears to be negligible.

Subsequently Wodrich and Schleyer also proposed a new
method for alkanes, alkenes, alkynes, and alkyl radicals using
attractive 1,3 interactions and terms ascribed to hyper-
conjugation.?® Their method uses experimental enthalpies of
formation as the basis for each type of species: methane, ethene,
ethyne, 1° radical and 2° radical, values for C—C—C attractive
interactions, contributions of hyperconjugation, and adjustable
parameters for attenuation of the effect of more than one carbon
substituted on carbon. Acceptable fitting of 36 typical species
was obtained, and the fact was emphasized that no global fit
was used.
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TABLE 5: Calculated by Equation 4 and Literature
Enthalpies of Formation of Alkylbenzenes (kcal mol™1)

alkyne m nmy ny ne ng AHC, eq2  AH it alkylbenzene n ny n3 Ng AH® eq4 AH®, 1it.@
ethyne (acetylene) 0 O O 1 O 54.4 542 +£0.2 benzene 0 0 0 O 19.8 19.82 +£0.12
propyne 300 1 O 44.4 443+0.2 toluene 30 0 1 12.0 11.95 £ 0.15
1-butyne 32 0 1 0 394 394 +£0.2 ethylbenzene 32 0 1 7.0 7.1£0.2
2-butyne 6 0 0 0 1 352 347+£0.2 propylbenzene 34 0 1 2.0 1.9+02
1-pentyne 34 0 1 O 344 345£0.5 butylbenzene 36 0 1 —3.0 —3.0+0.3
2-pentyne 6 2 0 0 1 30.3 30.8 £0.5 isobutylbenzene 6 2 1 1 —4.7 —51+03
3-Me-1-butyne 6 0 1 1 O 32.7 326 £0.5 pentylbenzene 38 0 1 —8.0 —7.8
1,5-hexadiyne 0O 4 0 0 2 98.9 99.0,0 neopentylbenzene 9 2 0 1 —13.1 —13.0°
99.6,°99.14 1,3-Me»-benzene 6 0 0 2 4.1 41+02
1-hexyne 36 0 1 O 29.4 292401 1,4-Me;-benzene 6 0 0 2 4.1 43+02
2-hexyne 6 4 0 0 1 25.3 257+ 0.6 1,3-Et,-benzene 6 4 0 2 —-59 —5.0°
3-hexyne 6 4 0 0 1 25.3 25205 1,4-Et,-benzene 6 4 0 2 —-59 —5.0+0.5"
4-Me-1-pentyne 6 2 1 1 O 27.8 28.0,0 27.5¢ 1,4-dipropylbenzene 6 8 0 2 —15.8 —16,, —15.7¢
4-Me-2-pentyne 9 0 1 0 1 23.6 23.0,0 22.8¢ 1-Et-3-Me-benzene 6 2 0 2 —0.9 —05+0.3
3,3-Me»-1-butyne 9 0 0 1 O 243 25.4,24.4r 1-Et-4-Me-benzene 6 2 0 2 —0.9 —0.8+04
25.0 £ 0.7 1,3,5-Mes-benzene 9 0 0 3 —3.8 —3.8+0.3"
1,5-heptadiyne 34 0 1 1 89.7 90.3¢ 1,3,5-Et3-benzene 9 6 0 3 —18.7 —19.0°
1,6-heptadiyne 0O 6 0 2 0 93.9 94.5¢ allylbenzene? 0 0 0 1 31.0¢ 32,1+ 1°
1-heptyne 38 0 1 O 244 248 £ 0.6 cyclohexylbenzene 0 10 1 1 —4.5 —4.0+04
2-heptyne 6 6 0 0 1 20.3 203 £0.5 diphenylmethane 0o 2 0 2 39.0 394 £04
3-heptyne 6 6 0 0 1 20.3 19.8+06 @ ———————————
4,4-Mey-2-pentyne 12 0 0 0 1 15.2 14.8% isopropylbenzene 6 0 1 1 0.3 09=£03
1,7-octadiyne 0 8 0 2 0 88.9 89.3¢ tert-butylbenzene 12 0 0 1 —8.1 —54+03
1-octyne 310 0 1 O 19.5 19.3 £0.9, 1,2-Me;-benzene 6 0 0 2 4.1 45+03
19.4¢ 1-Et-2-Me-benzene 6 2 0 2 —0.9 03+03
2-octyne 6 8 0 0 1 15.3 152+£04, 1,2-di-+-Bu-benzene 18 0 0 2 —36.1 —30.8¢
16.6¢ 4-t-butyltoluene 12 0 0 2 —16.0 —13.6 £04
3-octyne 6 8 0 0 1 15.3 149+ 04, 1,2,3-Mes-benzene 9 0 0 3 —3.8 —23+£03
16.0¢ 1,2,4-Mes-benzene 9 0 0 3 —3.8 —33+£03
4-octyne 6 8 0 0 1 15.3 144 £0.5, 1,2,4,5-Mes-benzene 12 0 0 4 —11.6 —112+£0.5
15.8¢ 1,2,3,5-Mey-benzene 12 0 0 4 —11.6 —103£0.3
1-decyne 314 0 1 O 9.5 10.0 £ 0.8, Mes-benzene I5 0 0 5 —19.1 —16.1 £0.5
10.0 £ 0.5 Meg-benzene 18 0 0 6 —274 —18.5 £ 0.6,
2-decyne 6 12 0 0 1 5.3 5.6 +0.6/ =21 +0.7%
5-decyne 6 12 0 0 1 5.3 44 +0.5 Ets-benzene 18 12 0 6 —57.3 —53.8%
———————— biphenyl 0 0 0 2 44.0 435+0.2
1,4-pentadiyne 0o 2 0 1 1 103.9 107.88 styrene 0o 0 0 1 36.9¢ 35.1£0.2
1,4-hexadiyne 32 0 1 1 94.7 98.1&" trans-stilbene® 0O 0 0 2 61.3 534,
1.4-heptadiyne 34 0 1 1 89.7 93.5¢1 53.0+0.5¢
2,5-heptadiyne 6 2 0 0 2 85.6 89.14J para-terphenyl” 0o 0 0 4 68.1 66.6 £ 1.5
para-quaterphenyl 0 0 0 6 923 914 £1.38
“From ref 3, unless indicated otherwise. ? Ref 4. ¢ Ref 25b, from phenylacetylene 0 00t 764 ;;g i 82;’:
the Q3(MP2) calculation of enthalpies of hydrogenation and 'the triphenylmethane 0 0 1 3 64.3 65:0 +1 b
experimental value® of the product alkane. ¢ Ref 27, G3 calculation. tetraphenylmethane 0 0 0 6 92.3 95.0 + 1°
¢Estimated by group additivity in ref 4. /From the enthalpy of s i 0 4 0 4 384 3 1to04
. . 144112 4 . Cat]
hydrogenation of ref 25b and the experimental® value of the product 42 + 2b

alkane. ¢ G3(MP2) calculation (ref 25a), strain = 3.9 kcal mol .
" Strain = 3.4. / Strain = 3.8. / Strain = 3.5.

At issue in these two works is whether hyperconjugation is
a significant factor for the stability of the species examined and
whether 1,3 interactions are repulsive or attractive. Both works
agree that their fitting methods do not provide conclusive
evidence either way. Gronert makes his arguments against
hyperconjugation on the basis of other evidence: van der Waals
radii, bond angles, bending vibration force constants, and EPR!®
spectra of radicals. He notes the viability of a method that is
successful without recourse to hyperconjugation. Other recent
publications yielded mixed results for neutral species: against
hyperconjugation3>3 or in favor of it.3*

The present calculation of enthalpies of formation does not
have any adjustable parameters and is not a global fit to the
experimental AgH® of the compounds treated. Were 1,3 interac-
tions, for example, C—C—C interactions,"? operative to a
significant extent, eqs 1-4 would not be as accurate as they
are. Equation 1 applies equally well to ethane (no C—C—C

@ From ref 3, unless indicated otherwise. ? Ref 4. ¢ Estimated by
group additivity in ref 4. ¢ 3-Phenyl-1-propene; calculated with ny =
3 and ns = 1. Lit. value is from the enthalpy of hydrogenation??
and the enthalpy of formation of product propylbenzene.®
¢ (E)-1,2-diphenylethene. /Calculated with ny = 2, ns = 2, and
19.82 x 2. ¢ From the enthalpy of hydrogenation®® and of formation
of ethylbenzene.? ’ 1,4-Diphenylbenzene, using 19.82 x 3.
 Phenylethyne, ne = 1. /From the enthalpy of hydrogenation® and
of formation of product ethylbenzene.> * From the enthalpy of
hydrogenation®® and of formation of product ethylbenzene.?
19,10-Dihydrophenanthrene.

interaction) and neopentane (six C—C—C interactions). Neither
are hyperconjugative interaction terms, such as those incorpo-
rated by Wodrich and Schleyer? needed for any of the
compounds treated in this work.

The energy released upon hydrogenation of propene is 2.7
kcal mol ™! smaller than that of ethene. This is commonly quoted
as the value of hyperconjugation stabilization by an alkyl group.
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Hydrogenation of (E)-2-butene releases 5.13 kcal mol™! less
than that of ethene, and this is given as the value of hypercon-
jugation stabilization for two trans-alkyl groups. Other values
are obtained similarly for other patterns of alkyl substitution
on the double bond. The rationalization conventionally offered
for this effect is ascribed to the interaction of the 7% orbital of
the alkene with an occupied orbital of the alkyl substituent on
the double bond.

However, this is not the only way to describe the effect of
alkyl substitution. The change in A¢H° in going from H,C=CH,
to H,C=CHCHj; can also be described as

A;H°(H,C=CHCH,) = A,H°(H,C=CH,) +

(—3345x3)+k (5)

where (—3.345 x 3) from eq 1 is the contribution of the three
hydrogens of the methyl group to the enthalpy of formation
and k is the effect of the interaction of the alkyl group with the
double bond. Substituting known values into the equation yields
k= 4.88 — 12.54 — (—3.345 x 3) = 2.38 kcal mol~!, which
is destabilizing. Thus, the definition of hyperconjugation (its
reference state) determines its value and whether it is stabilizing
or destabilizing.

A recently proposed method® that includes hyperconjugation
and “protobranching” (1,3 C—C—C attractive interactions) was
successful, and this success was reported as proving the
existence of hyperconjugation stabilization of 5.5 kcal mol™!
for one alkyl group on the double bond. Equation 5 for the
variously methyl-substituted alkenes of Table 3, however, gives
values of k; = 2.38 kecal mol™! for H;C=CHR, k, = 4.96 for
(E)-RHC=CHR, k3 = 3.69 for R,C=CH,, ks = 7.56 for
R,C=CHR, and ks = 10.80 for R,C=CR;, all destabilizing.
Using these values for the effect of alkyl substitutions on the
double bond, we obtain agreement with the experimental
enthalpies of formation of Table 3 by eq 6, where the value of
ki is the one appropriate for the alkyl substitution pattern.

A;H°(alkene) = A;H°(ethene) + (—3.345)n, +
(—2.490)n, + (—1.590)n; + k; (6)

The agreement obtained by eq 63 is comparable to the one
reported in Table 3, which was obtained by a different
calculation, eq 3. Success in fitting the regular patterns of the
enthalpies of formation of hydrocarbons does not prove the
validity of rationalizations proposed for them.

Alkynes and Alkylbenzenes. The energy released upon
hydrogenation of propyne is 4.9 kcal mol~! smaller than that
of ethyne. This is commonly quoted as the value of hypercon-
jugation stabilization by an alkyl group. Postulating hypercon-
jugation and protobranching has led to the report of hypercon-
jugative stabilization of 7.7 kcal mol~! in propyne.> However,
the change in A¢H° in going from HC=CH to HC=CCHj3; can
be described by eq 7, a variant of eq 5,

AH°(HC=CCH;) = A;H°(HC=CH) + (—3.345x3) + k
)

where (—3.345 x 3) from eq 1 is the contribution of the three
hydrogens on the sp? carbon and k is the effect of the interaction
of the alkyl group with the triple bond, k = 44.3 — 54.42 —
(—3.345 x 3) = —0.1 kcal mol~!, a negligible effect found by
focusing not on hydrogenation of the multiple bond but on the
AH® of the entire molecule.

The value ¢5 — ¢4 = 5.600 — 3.135 = 2.47 is similar but not
identical to k = 2.38 in eq 5. Similarly for alkynes, our k =
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—0.1 in eq 7 is not the same as ¢; — c¢ = 55.31 — 5442 =
0.89. These differences are not great, but conceptually, the
difference is significant in that the k values were not derived
from the ¢; coefficients, nor are they linearly related to them.
Readers who wish to maintain that conventional definitions of
hyperconjugation, protobranching, and so forth are preferable
to our new alternative should explain why changes in the
enthalpies of hydrogenation of double bonds, for example,
ethylene versus propylene, are better criteria than corresponding
changes in their enthalpies of formation, as in eqs 5-7. In other
words, they should show why more complex procedures are
preferable to our simpler one, in violation of the logical dictum
called Occam’s razor.

Adjacent pairs of methyl groups do not make a substantial
contribution to the strain energy of methylbenzenes. In Table
5, the strain-free AtH® calculated by eq 4 of ortho-xylene (1,2-
dimethylbenzene) is almost identical to the experimental value,
indicating the lack of strain. The two nonadjacent methyls in
1,2,4-trimethylbenzene, for which the calculated and experi-
mental A¢H® differ by only 0.5 4 0.3 kcal mol™!, show little
strain, and the A¢H° values for 1,2,4,5-tetramethylbenzene differ
by only 0.4 + 0.5. Three adjacent methyl groups in 1,2,3-
trimethylbenzene produce some strain, 1.5 kcal mol™!, as
indicated Table 5, and six adjacent methyl groups in hexam-
ethylbenzene produce a substantial strain of about 8 kcal mol™!.

Conjugation stabilization in biphenyl is small, 0.5 4= 0.2 kcal
mol ™!, consistent with little or no conjugation reported previ-
ously!? and also consistent with reports that the two phenyl rings
are not coplanar (electron diffraction, Raman, NMR) but make
a dihedral angle of 30—45°.3¢ Coplanarity was reported in the
solid, but crystal energy effects are operative there. Little or no
conjugation stabilization, 1.5 & 1.5 kcal mol™!, is also found
in p-terphenyl (1,4-diphenylbenzene), where the dihedral angles
between the central and terminal rings are about 45° according
to its “3d Mol file” depiction.?

Conjugation stabilization in styrene (phenylethene), 1.8 +
0.2 kcal mol™!, is smaller than that in 1,3-butadiene, which is
consistent with 1.7 and 1.5 reported previously’? and also
consistent with the fact that the vinyl group is not coplanar with
the benzene ring by electron diffraction’” and NMR?® studies
showing dihedral angles of 27 and 17°, respectively. Coplanarity
is attained in trans-stilbene, and the thermodynamic conjugation
stabilization is 8 kcal mol~!, which brings the two rings into
conjugation.

The two conflicting experimental results from the enthalpies
of hydrogenation A¢H® of phenylacetylene (phenylethyne) do
not allow a definite conclusion from the experimental entries
in Table 5. One result indicates destabilization by 1.4 + 0.3
kcal mol~!, and the other indicates stabilization by 3.2 + 0.5.
To resolve the issue, we performed a full G3 model chemistry
calculation of the enthalpy of formation of phenylacetylene. The
result of AiH°(C¢HsC=CH) = 76.41 kcal mol~! is the same as
that obtained by combination of eqs 3 and 4, which do not
account for thermodynamic conjugation stabilization. This
finding, indicating no conjugation in this case, is not subject to
any effects of the possible lack of coplanarity.

Theoretical Implications. 1,3-Interaction and hyperconju-
gation terms, attractive or repulsive, can be postulated and
incorporated into eqs 1—4 to produce mathematically equivalent
results. However, such terms will be linearly related to the
coefficients ¢;—cs. The success of such procedures does not
prove the postulated effects, as has been claimed.>

By combining eqs 14, as appropriate, some surprising results
are obtained for measurable thermodynamic stabilization by
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TABLE 6: Calculated and Literature Enthalpies of
Formation of Conjugated Dienes, Eneynes, Diynes, and
Triynes (kcal mol™1)

conjugated AH®, conjugation
molecules calcd AH®, lit.@ stabilization”
1,3-butadiene 29.9 26.0 + 0.2 —394+0.2
(E)-1,3-pentadiene 22.4 18.1 0.2 —43+02
(E)-1,3-hexadiene 17.4 13.0 £ 0.4 —44+04
(E,E)-2,4-hexadiene 14.8 10.6 £ 0.4 —42+04
1-buten-3-yne 694 704 +1.0
70.8 £ 0.5¢ +1.5+0.5
(E)-3-penten-1-yne 61.9 61.9 0.0
61.0 4+ 0.7¢ —-09+0.7
60.9 + 0.4¢ -1.0+04
61.9 + 0.3¢ 0.0+0.3
1-penten-3-yne 60.3 60.0¢ —0.3
2-Me-1-buten-3-yne 61.9 61.8 —0.1
1-hexen-3-yne 553  55.0¢ —0.3
2-Me-1-penten-3-yne 527 52.0¢ -0.7
2-Me-1-hexen-3-yne 477 47.0¢ —0.7
(E)-3-Et-3-penten-1-yne 493  46.0¢ -33
butadiyne 108.8 109.0 +0.2
109.18 +0.3
111 & 2% +2.2
108.8¢ 0.0
108.9 +0.1
1,3-pentadiyne 99.7 98.4¢ —1.3
1014 +1.3
1,3-hexadiyne 947  93.9¢ —0.8
2,4-hexadiyne 90.6 90.2¢ —0.4
88.3¢ 23
1,3-heptadiyne 89.7 88.8¢ —0.9
2,4-heptadiyne 85.6 83.8¢ +1.8
Me;CC=CC=CCMe; 50.4 50 £ 14 —-04
1,3,5-hexatriyne 164.2 163.7¢ —0.5
1,3,5-heptatriyne 155.0 152.8¢ —2.2
1,3,5-octatriyne 150.0 148.18 —-1.9

@ Ref 3, unless indicated otherwise. ® AgH°(lit.) — AgH (calcd.). A
positive value indicates destabilization. ¢ From the reported*’ heat of
hydrogenation and the heat of formation of product butane.? ¢ Ref 4.
¢From the reported heat of hydrogenation* and the heat of
formation of pentane.’ /Ref 27, full G3 calculation. ¢Ref 25,
G3(MP2) calculation. " Ref 45. i Ref 46./ Ref 47.

conjugation. Table 6 lists results for conjugated dienes, eneynes,
diynes, and triynes. It is well-known that experimental AsH®
values demonstrate that conjugated dienes are more stable than
isolated ones and that the heat released upon hydrogenation of
the first double bond of 1,3-butadiene is smaller than that of
the second (1-butene) by 3.7 kcal mol™!, which was defined as
the thermodynamic conjugation stabilization by Kistiakowsky
et al.’® The average conjugation stabilization of the four dienes
in Table 6 is 4.2 & 0.3 kcal mol~!. Conjugation stabilization in
1,3-butadiene is commonly rationalized in terms of the overlap
of the two central p orbitals, allowing 7 electron delocalization.

On the basis of such a p orbital overlap, it might be expected
that a similar, or even greater, thermodynamic effect would
appear in conjugated eneynes, R,C=CR—C=CR, where R is
either hydrogen or an alkyl group. Our calculation of the A¢H°®
of eneynes indicates very small thermodynamic effects of
conjugation, when compared to available experimental values
in Table 6. Overall, the unsigned average effect of conjugation
is small in the 12 entries for eneynes, which show an average
thermodynamic stabilization by 0.0 4 0.7 kcal mol~'. This
surprising effect has been previously commented upon regarding
(E)-3-penten-1-yne.*0-41

Zavitsas et al.

Similarly, we find small stabilization in conjugated diynes
by applying eq 3 (Table 6), even though one might have
expected at least the same, if not greater, stabilization than that
established for conjugated dienes. For butadiyne, we have
reported zero thermodynamic stabilization by G3(MP2) calcu-
lations?>*? on the grounds that the enthalpy of hydrogenation
of both triple bonds in butadiyne is just twice that of 1-butyne.
By way of confirmation, the ACID (anisotropy of current-
induced density) method of quantifying electronic delocalization
found a substantial CIV (critical isosurface value) of 0.0744,
indicating delocalization in s-trans-1,3-butadiene, but a very
small, although nonzero, value of CIV = 0.014 in butadiyne.*3

The surprising finding for butadiyne has been confirmed by
the full G3 calculation of Bond?” (AtH° = 109.0 kcal mol~!).48
The same finding was confirmed by the full G3 calculation of
Jarowski et al.?* They, however, took issue with Kistiakowsky’s
definition of conjugation stabilization, and correcting for an
assumed hyperconjugation energy, conjugation stabilization for
dienes was reckoned to be 8.2 kcal mol™!, and that for diynes
was reckoned to be 9.2; subsequently, these two values were
revised to 14.8 kcal mol ™! and 27.1, respectively, by incorporat-
ing the additional construct of protobranching.> The claim that
conjugation stabilization®® of the —C=CH group with an
adjacent p orbital is greater than that of the —C=CH, group by
as much as 12.3 kcal mol™! is not consistent with the radical
stabilization enthalpy of *“CH,CH=CH,, which is greater than
that of *CH,C=CH by about 4 kcal mol~!, by G3(MP2)* and
ROCBS-QB3 and W' calculations.>®

These hypothetical peregrinations notwithstanding, the facts
that we reported®>*? for stepwise hydrogenation of butadiyne
are uncontested. We prefer Kistiakowsky’s definition of con-
jugation stabilization because it is an operational definition,
which has the advantage of firm foundation on the measurable
or calculable enthalpies of formation and enthalpies of hydro-
genation, unencumbered by any rationalizations regarding the
causes of the final results. The results of Table 6 follow
Kistiakowsky’s definition of conjugation stabilization. For 13
entries of conjugated diynes and 3 conjugated triynes in Table
6, the average thermodynamic conjugation stabilization is 0.0
+ 0.9 and 1.5 £+ 0.7 kcal mol™!, respectively, based on
enthalpies of formation and consistent with previously reported
values of 0.9 and 1.8 kcal mol ™!, respectively.?® The thermo-
dynamic conjugation stabilization of phenylacetylene appears
to be nonexistent, within the uncertainty of the calculation.

Conclusions

Counting and categorizing hydrogen atoms permits one to
obtain the A¢H®° of over 120 typical unstrained hydrocarbons.
The results raise doubts regarding the importance of various
proposed 1,3 interactions, hyperconjugation, or protobranching
in estimating thermodynamically measurable enthalpies of
formation. Calculated strain energies of 68 typical hydrocarbons
are in agreement with literature values. Thermodynamically
measurable or calculable conjugation stabilization is negligible
in eneynes, diynes, and phenylacetylene.
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