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ADDITIVITY OF BOND SEPARATION ENERGIES OF
HYDROCARBONS AND THEIR THERMOCHEMICAL DATA

MUSTAFA R. IBRAHIM*
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

The additivity of experimental bond separation energies is demonstrated. This thermodynamic function can be
reproduced by summation of group equivalents with a correction for the ‘stabilization’ energy. For this purpose,
several group equivalents have been developed for alkanes and alkenes. The correlation between the computed and the
experimental bond separation energies is good. These equivalents are then used in evaluating the stabilization
(destabilization) energies for aromatic hydrocarbons and polyenes. The results obtained are in good agreement with

values reported in the literature.

INTRODUCTION

Energies of reaction can be estimated from ab initio
calculations. The computed results within the
Hartree—Fock approximation generally compare well
with experimental data for isodesmic reactions. ""* Bond
separation reactions (BSRs) are an important example
of this class of reaction.? Specifically, BSRs are pro-
cesses in which all formal bonds between heavy atoms
are separated into the simplest parent (two-heavy-atom)
molecules containing the same kinds of linkages.
Stoichiometric balance is achieved by the addition of
one-heavy-atom hydrides to the left-hand side of the
reaction.? For example, the bond separation reaction
for 1-pentene is illustrated in the equation.

HiCCH,CH,CH=CH; + 3CH4 — 3CH;CH; + CH,=CH:
o)

The enthalpy changes associated with BSRs are called
bond separation energies (BSEs), which reflect the
stabilization or destabilization in molecules when com-
pared with the corresponding isolated linkages. The
BSE from ab initio 6-31G* calculations for
1,3-butadiene is 11-2 kcalmol™' whereas that for
cyclopropane is —26-2 kcal mol ™!.? The corresponding
experimental values are 14-33 and —19-79 kcalmol ™!
for 1,3-butadiene and cyclopropane, respectively, as
calculated from the heats of formation reported by Cox
and Pilcher.> The positive BSE for 1,3-butadiene
indicates stabilization due to conjugation, whereas the
negative BSE for cyclopropane reflects destabilization
due to the ring strain. BSEs have been used as a measure
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of geminal interactions;?* however, in this paper it is
demonstrated that they can also provide direct measures
of strain, conjugation and resonance energies.

Many thermodynamic functions are additive, which
means that these functions could be obtained by the
summation of group, atom or bond contributions with
some corrections. Experimental heats of combustion,*®
heats of formation,’ heats of atomization® and zero-
point energies® are reproduced via different additivity
schemes. BSE is calculated from the heats of formation
of the reactants and products, which are additive.
Therefore, it is expected that experimental BSEs must
be reproduced via summation of group equivalents with
corrections for stabilization (destabilization) energies
(SEs). SE, as defined here, includes the strain energy
and any stabilizing interactions in the molecule. Interac-
tions between adjacent C—~C bonds in alkanes (branch-
ing effect) and the interaction between the w-bonds in
conjugated polyenes are examples of such stabilizing in-
teractions. Schleyer et al.'® developed strain-free group
increments:’ CHs, —10-05; CH,, —5-13; CH, —-2-16;
C, —0-30 kcalmol~'. These group increments can be
used to evaluate the SE in alkanes by taking the dif-
ference between the experimental heat of formation and
the sum of the group increments. The corresponding
increments of Benson et al.” are also appropriate for
the calculation of the SE of alkanes. Therefore,
Schleyer et al.'® used their increments in conjunction
with the olefinic increments of Benson ef al.’
(H.C=,6-26; HC=,85; C==, 10-34 kcalmol™!) to
evaluate the SEs for alkenes. The results obtained by
Schleyer et al.'® are in good agreement with those ob-
tained by Mann and co-workers.'' Hence SEs can be
calculated with reliability for such compounds.
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DERIVATION OF GROUP EQUIVALENTS

It is found that the experimental BSEs can be repro-
duced via the empirical equation
k
BSEexpi1 = 2, NiXi— SE(kcal mol™!) o))
i=1

where N; is the number of groups of type i, Xi the
equivalent for group i, £ the number of different groups
in the molecule and SE is the stabilization (destabiliza-
tion) energy. The group equivalents which have been
developed in this work to reproduce the experimental
BSE are listed in Table 1 and the compounds that were
used in the derivation of the equivalents are listed in
Table 2. Compounds whose experimental heats of
formation are reliably known were chosen for this pur-
pose because the SE values are dependent on these
experimental heats for formation. For each equivalent,
averages over as large a set of molecules as possible were
taken. Most of the experimental heats of formation of
the compounds were taken from the compilations of
either Cox and Pilcher? or Pedley et al. 2 SE values for
alkane molecules were taken directly from Ref. 10, and
those for alkenes were calculated by Schleyer et al.’s
method. ©

Table 1. The group
equivalents

Group Equivalent
CH, 0-07
CH; 2-75
CH 7-42
C 13-11
CH;= 0-0
CH= 5-36
C= 11-29

RESULTS AND DISCUSSION

Fifty-seven molecules (Table 2) were used in the deriva-
tion of the equivalents. The correlation between the
experimental and calculated [via equation (2)] BSEs
has an r.m.s. deviation for the 57 molecules of
0-16 kcalmol™'. The reliability of the developed
equivalents was then tested by computing the BSEs for
an additional 49 molecules (Table 3). This set of
molecules includes structural, functional and positional
isomers of alkanes and alkenes. The r.m.s. deviation is
0-22 kcalmol ™' for the 49 molecules (Table 3). These

Table 2. Molecules used in the derivation of the group equivalents®

BSE
Molecular
formula Molecule AHY )" SE* Obsd Calc. Diff.¢
CHy Methane -17-89
CH, Ethene 12-45
CyHs Ethane —-20-24 ~0-14
CiH., Cyclopropene 66-6 54-5 —40-96 —41-03 -0-07
CiHs Propene 4-88 0-08 5:22 5-35 0-13
CiHs Propane —24-83 0-41 2-24 2-48 0-24
CsHe I-Methylcyclopropene 58-2 54-5 -34-91 —35-03 —-0-12
CsHg Cyclobutene 37-5 ¢ 306 —-14-21 - 14-38 -0-17
C4Hsg 1-Butene -0-20 0-13 7-95 8-05 0-10
C4Hg trans-2-Butene —-2-99 -0-07 10-74 10-93 0-19
CsHs Isobutene —4-26 -0-76 12-01 12-19 0-18
CsHyg Butane -30-36 0-22 5-42 5-42 Q-0
CsHjp Isobutane —32-41 0-17 7-47 7-46 -0-01
CsHs 1,2-Dimethylcyclopropene 46-4 51-0 —25-46 —25-53 -0-07
CsHg Cyclopentene 8-56 6-8 12-38 12-17 -0-21
CsHjg 1-Pentene —~5-33 0-13 10-73 10-80 0-07
CsHyy trans-2-Pentene —-7-93 0-12 13:33 13-49 0-16
CsHyo 2-Methyl-1-butene —8-55 0-08 13-95 14-10 0-15
CsHyo 3-Methyl-1-butene —6-61 0-80 12-01 1212 0-11
CsHyo Cyclopentane —18-46 7-19 6-71 6-56 -0-15
CsHya Pentane —35-10 050 7-81 7-89 0-08
CsHy» Isopentane —-36-85 0-53 9-56 9-85 0-29
CsHy; Neopentane —40-27 0-23 12-98 13-16 0-18
CeHy» 1-Hexene -9:95 0-64 13-00 13-04 0-04
CeH 12 2-Methyl-1-pentene —14-19 -0-43 17-24 17-36 0-12
CsH» 3-Methyl-1-pentene —-11-83 0-71 14-88 14-96 0-08
CeH» 4-Methyl-1-pentene —12-25 0-29 15-30 15-38 0-08

(continued)
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Table 2. Molecules used in the derivation of the group equivalents® (continued)

BSE

Molecular

formula Molecule AH(g)" SE* Obsd Calc Diff.
CeH > 2-Ethyl-1-butene -13-39 0-37 16-44 16-56 0-12
CeH 2 3,3-Dimethyl-1-butene - 14-51 1-09 17-56 17-59 0-03
CeH iz Cyclohexane —-29-50 1-28 15-40 15-22 -0-18
CeHi, Methylcyclopentane —25-27 7-46 11-17 11-03 -0-14
CeH 14 Hexane -39-92 0-68 10-28 10-46 0-18
CeH s 2-Methylpentane -41-77 0-93 1213 12-20 0-07
CeH 1y 3-Methylpentane -41-13 1-56 11-49 11-57 0-08
CeH 4 2,2-Dimethylbutane —44-48 1-29 14-84 14-85 0-01
C;H Cycloheptene -2-19 628 18-43 18-19 ~0-24
C:Hy4 2,4-Dimethyl-1-pentene -20-03 0-81 20-73 2086 0-13
C7Hs 2-Ethyl-3-methyl-1-butene -19-01 1-83 19-71 19-84 0-13
CsH 4 2,3,3-Trimethyl-1-butene —20-43 3-47 21-13 21-21 0-08
CoHyu Cycloheptane - 28-21 7-70 11-76 11-55 - 0-21
C-H.y Methyleyclohexane -36-98 0-88 20-53 20-36 ~0-17
CsH 4 {,1-Dimethylcyclopentane -33-04 7-88 16-59 16-37 -0-22
C:Hie Heptane —44-85 0-89 12-86 13-00 0-14
C7H s 2-Methylhexane —46-52 1-12 14-53 14-76 0-23
C:Hie 3-Ethylpentane —45-25 2-38 13-26 13-50 0-24
CsHe 2,2-Dimethylpentane - 49-20 1-48 17-21 17-41 0-20
C:His 3,3-Dimethylpentane —48-08 2-60 16-09 16-29 0-20
CsHye 2,2,3-Trimethylbutane —-48-87 3-76 16-88 17-12 0-24
CsHie 2-Methyl-3-ethyl-1-pentene -23-97 2-00 22-32 22-33 0-01
CsH e 2,4,4-Trimethyl-1-pentene —-26-37 2-66 24-72 24-77 0-05
CsHys Cyclooctane -29-73 11-31 10-93 10-69 —-0-24
CsHig Ethylcyclohexane -41-03 1-96 22-23 22-03 ~0-20
CgHie 1,1-Dimethylcyclohexane —43-23 2:82 24-43 24-18 -0-25
CsH 3 Octane —-49-86 1-09 15-52 15-55 0-03
CsH iz 2-Methylheptane —51-47 1-35 17-13 17-28 0-15
CsH i3 2,4-Dimethylhexane —52-40 2-36 18-06 18-26 0-20
CsH g 2,2,3-Trimethylpentane --52-58 5-24 18-24 18-39 0-15
CsH s 2,2,4-Trimethylpentane —-53-54 4-28 19-20 19-35 0-15
CsHis 2,3,3-Trimethylpentane —51-69 6:12 17-35 17-51 0-16
CoH g cis-1,3,5-Trimethylcyclohexane -~ 5069 1-33 29-54 29-39 ~0-15

“All energies in kcal mol’ "
" AH(g) values were taken from Ref. 3 unless specified otherwise.

“SE values were taken either from Ref. 10 or calculated by Schleyer et al.’s method. "’

4 Diff. = BSEcate. — BSEobud-
°Ret. 13.

deviations are acceptable as they are similar to the ex-
perimental errors. The bicicyclic molecules show larger
deviations (0-40-0-53 kcal mol ™).

Olefin strain, OS, is defined as the difference between
the SE of an olefin and that of its parent hydrocarbon. *
The heats of formation of many bridgehead olefins and
their parent hydrocarbons have been calculated by
molecular mechanics (MM1). " The SE of a hydrocar-
bon molecule can be calculated via the equation

&
SE = ), N;Xi— BSEexpu

i=1
which is just a rearranged form of equation (2). The
developed equivalents were used in the calculation of
the SEs of bridgehead molecules and their parent
hydrocarbons and then OS was calculated. The results

3

in Table 4 show excellent agreement between the
calculated and the reported OS values.

Resonance energies (RE) are stabilization energies
and, therefore, they could be calculated via equation
(3). REs of 14 aromatic hydrocarbons were calculated
and are listed in the last column of Table 5. Since RE
values are usually reported as positive numbers, the RE
(Table 5) is taken as the negative of SE. The calculated
resonance energies [via equation (3)] are compared
with Pople—Pariser—Parr (PPP) and the split p-orbital
(SPO) values'® in Table 6. The comparison shows that
there is general agreement between the three sets of
figures. However, the difference between the results
is relatively large (7-8%) for naphthacene and
3,4-benzophenanthrene.

Resonance energies can also be estimated from heats
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Table 3. Molecules used in testing the reliability of the equivalents®

BSE

Molecular

formula Molecule AHT(g)° SE® Obsd Calc. Diff.4
CiHs Cyclopropane 12-74¢ 28-13 —-19-79 -19-88 -0-09
C;iHs Methylenecyclopropane 48-0°¢ 41-7 —24-71 -24-91 -0-20
CiHe Bicyclo[1.1.0]butane 51-9¢ 66°5 —-45-76 —46-16 —-0-40
C4H;s cis-2-Butene —1-86 1-06 9:61 9-80 0-19
CsHg Cyclobutane 6-38°¢ 26-9 -15-78 -15-90 -0-12
CsHg Bicyclo[2.1.0] pentane 37-6° 57-3 - 33-81 —34-21 -0-40
CsHjo 2-Methyl-2-butene -10-12 1-10 15-52 15-76 0-24
CeHio Cyclohexene —-0-84° 2-5 19-43 19-22 —-0-21
CeHo Bicyclo[3.1.0] hexane 9-07¢ 33:91 —-7-63 -8:07 —0-44
Ce¢H» cis-2-Hhexene -12-51 0-67 15-56 15-71 0-15
CeH )2 trans-2-Hexene —12-88 0-30 15-93 16-06 0-13
CeH 2 cis-3-Hexene —11-38 1-80 14-43 14-56 0-13
CeH 2 trans-3-Hexene —13-01 0-17 16-06 16-19 0-13
CeHiz 2-Methyl-2-pentene —15-98 0-37 19-03 19-24 0-21
CeH)» 2,3-Dimethyl-2-butene ~16-42 3-10 19-47 19-76 0-29
CsHy2 I-Methylcyclohexene —10-34 1-30 26-58 26-42 -0-16
C:H» Bicyclo[4.1.0] heptane 0-32°¢ 30-29 -1-23 -1-70 —0-47
C-H4 4,4-Dimethyl-cis-2-pentene —-17-36 5-96 18-06 18-15 0-09
C-Hys 4,4-Dimethyl-trans-2-pentene -21-22 2-10 21-92 22-01 0-09
C-Hs Ethylcyclopentane —30-34 7-52 13-89 13-72 -0-17
C:Hus cis-1,2-Dimethylcyclopentane —30-95 8-86 14-50 14-37 -0-13
C7H 4 trans-1,2-Dimethylcyclopentane —32-66 7-15 16-21 16-08 -0-13
CsHyy cis-1,3-Dimethylcyclopentane —32-48 7-33 16-03 15:90 -0-13
C-Hs trans-1,3-Dimethylcyclopentane -31-92 7-89 15-47 15-34 -0-13
C-Hys 3-Methylhexane —-45-73 1-97 13-74 13-91 0-17
CgHyy cis-Cyclooctene —~6-2° 7-40 20-09 19-82 —0-27
CsHya trans-Cyclooctene 3-1¢ 16-70 10-79 10-52 -0-27
CsHys Bicyclo[5.1.0]octane —3-87°¢ 31-23 0:61 0-11 -0-50
CsHg 1-Octene -19-41 1-44 17-76 17-74 -0-02
C3Hie 2,2,-Dimethyl-cis-3-hexene -21-34 7-11 19-69 19-75 0-06
CyHye 2,2-Dimethyl-trans-3-hexene —25-73 2-72 24-08 24- 14 0-06
CgHye n-Propylcyclopentane —35-37 7-62 16-57 16-37 —-0-20
CyHye cis-1,2-Dimethylcyclohexane —41-13 3-81 22-33 22-17 0-16
CsHie trans-1,2-Dimethylcyclohexane —42-99 1-95 24-19 24-03 -0-16
CsHie cis-1,3-Dimethylcyclohexane —44-13 0-81 25-33 25-17 -0-16
CsHe trans-1,3-Dimethylcyclohexane —42-18 276 23-38 23-22 -0-16
CsHye cis-1,4-Dimethylcyclohexane —42-20 2-74 23-40 23-24 —-0-16
CsHe trans-1,4-Dimethylcyclohexane —44-10 0-84 25-3 25-14 -0-16
CsHg 2,2-Dimethylhexane —53-68 2-21 19-34 19-43 0-09
CgHis 2,3-Dimethylhexane —-51-10 3-68 16-76 16-94 0-18
CoHys Bicyclo[6.1.0}nonane —7-42° 32-81 1-81 1-28 -0-53
CyoH 3 Cyclononane -31-73 14-44 10-58 10-31 -0-27
CyHzo Nonane —54-66 1-35 17-97 18-04 0-07
CoH3yo 2,2,3,3-Tetramethylpentane —56-67 9-36 19-98 20-03 0-05
CyHag 2,2,4,4-Tetramethylpentane - 57-80 8-23 21-11 21-16 0-05
CoHag 2,3,3,4-Tetramethylpentane —56-43 8-49 19-74 19-88 0-14
CioHis Adamantane -32-17f 6-48 39-75 39-70 —-0-05
CoHzg Cyclodecane —36-88 14-42 13-38 13-08 -0-30
CioH2 Decane —59-64 1-50 20-60 20-64 0-04

“=4 As in Table 2.
¢ Ref. 10.
"Ref. 12
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Table 5. Calculations of resonance energies for aromatic hydrocarbons?

Molecular

formula Molecule AH(9)® BSEobsa LENX; RE*®
CeHe Benzene 19-81¢ 64-16 32-16 32-00
CioHs Naphthalene 35-92 119-57 65-46 54-11
Ci2Hypo Biphenyl 43-57¢ 139-91 76-18 63-73
C4Hyo Anthracene 55-19 171-82 98-76 73-06
CyHyp Phenanthrene 49-59 177-42 98-76 78-66
CisHio Pyrene 53-94 216-60 121-34 95-26
CisHiz Naphthacene 69-65 228-88 132-06 96-82
CysHia 3,4-Benzphenanthrene 70-03 228-50 132-06 96-44
CisHyz 1,2-Benzanthracene 69-60 228-93 132-06 96-87
CisHiz Chrysene 62-80° 23573 132:06 103-67
CisHiz Triphenylene 61-90¢ 23663 132:06 10457
CaoH12 Perylene 73-74 268-36 154-64 113-72
Cy4Hg 1,3,5-Triphenylbenzene 87-83 294-67 164-22 130-45
CasHus 9,9 ~ -Bianthracene 10858 360-98 209-38 151:60

2 All energies in kcal mot~'.

® A H? (g) values from Ref. 12 unless specified otherwise.
¢ Resonance energy (RE) = —SE = 2%.; NiX;— BSEopsa.
9 Ref. 3.

€ Ref, 15.

of hydrogenation or heats of combustion'” (REy). For
example, the RE of benzene is the difference between
the observed heat of hydrogenation of benzene and
three times the heat of hydrogenation of a reference
compound, cyclohexene. In both benzene and cyclohex-
ene the configuration around the double bonds is cis. In
bond separation reactions, the double and single bonds
in benzene are isolated into ethylene and ethane
molecules. Therefore, to compare the RE obtained via
BSE with REy, a cis correction must be made to the RE
calculated via BSE. Since the destabilization of
cis-2-butene relative to trans-2-butene is 1 kcalmol ',
3 kcalmol™! per benzene ring should be added to the
RE obtained from the BSE to be compared with RE4.
Such calculations were done and the results are listed in
Table 6; a good correspondence is found between the
two sets of results.

Dewar resonance energy (DRE) is usually calculated
from heats of atomization.® Dewar developed param-
eters to reproduce experimental heats of atomization
and also reported parameters for calculating the heats
of atomization of molecules which do not have alter-
native resonance forms.® The difference between the
calculated atomization energies for an aromatic
molecule by the two sets of parameters then gives the
DRE. The DRE differs from the PPP and SPO
resonance energies in one respect: in the former the
single C—C bonds in Kekulé structures is considered to
be purely single, whereas in the others it is not.
Therefore, DRE could be considered as the AH of a
balanced reaction of the aromatic molecule with
ethylene to produce 1,3-butadiene. For example, the
DRE of benzene is the AH of the reaction

+ 3CH,=CH; —+ 3CH,=CHCH=CH.

The observed and reported DRE for several aromatic
hydrocarbons are listed in the last two columns of Table
6; both sets are similar, especially in the absence of
steric interactions of the type indicated in the formula
shown. With the exception of benzene and naphthalene,

L )

there are differences between the experimental and
the reproduced heats of atomization. Therefore, the
reported DRE values were recalculated using the
experimental rather than the reproduced heats of
atomization. The DRE can also be obtained from the
present equivalents by subtraction of the conjugation
energy from the resonance energy. The conjugation
energy is obtained by multiplying the number of C—C
single bonds by 3-61, which is the stabilization energy
of butadiene. The DREs obtained in this way are listed



M. R. IBRAHIM

132

‘UonRZIWOLE JO $1eay paonpoldal ayl ueyl
Joyres [eludwliadxa ay1 FUSN PIRINI[EIDL dlam san[ea parsodar ayr ‘aud[eyiydeu pue d2udzudq Jo UONdIdXI AYI YIM ‘13AIMOH "8 “joYy ul paytoday
‘audlpeing-¢‘[ 2anpoad 01 JUIAYR Y punodwod dHLWoLe Y1 UIIMIag UoNdeaL ddueleq & Jo afueyd Adeyius sy 4
"(1%21 295) UONIEIN[UOD 10] SUOTIIALIOD M (£) uonenbs wWoiy paureIqQ,

L1 39y ui pautoday

*(1%91 93s) SUOIDNALIOD §12 duaye yuim () uouenbs wouiy pauielqo

"91 "Joy Ut panioday
‘s[e1qio

-d npds :0dS ‘1ed—1asued—adod ‘ddd ‘uousnquiod jo jeay 10 uoneudaZolpAy elA ISYIL paurelqo ¥ ‘HAY ‘Y 1emad ‘JY ‘A812ua douRUOSII ‘Hd 4

‘| _low [edy Ul $a181Ud IV,

€-0LI1 09-691 09-161 JuddBIYIURIG- _ 6°6

6-8b1 Syl St-0€1 suazuaqAuaydir -¢¢ |

98-LS 06-79 81-¢9 °L-8¢1 9L-911 £0-811 LT udAIad
S0-LS $0-19 S¢-19 L-LT1 LS-9T1 80601 1S-011 LS-+01 dudjAusydu ],
ye-9¢ ¥1-09 $€-09 S-911 L9-STT §0-v01 0-501 L9-£01 JUIsAIYD
16-¥S PE-€S §6-€¢ 9-111 L8-801 €66 £8-66 L8-96 QUddBRIYIUBZUSG-T ‘]
9%-08 16-T¢ [48E3% 9-601 ¥P-801 £2-v01 £6-1701 ¥¥-96 auaIyueusydzuag-*¢
6£-75 67-£6 S-£¢ 0-011 8-801 £6-L8 r-88 78-96 JuadeyydeN
10-8% Pe- <SS §6-8¢ 9¢-L01 79-16 £v-26 9Z-56 Juaifd
(48044 £0-9% L1-9% €16 99-L8 61-6L 89-6L 99-8L duAIIURUSYJ
78-LE £v-0¥ LS-Op S-£8 90-78 86-0L LT1-1L 90-¢L QUIDBIYIUY
0-1L £L-69 €L-€0 [Auaydrg

15-0t 8¢-T¢ Sy-t 0-19 I1-09 86-T¢ 9-T¢ IT-$$ sudteyiydeN
¥0-0T L1-12 LY-1T 0-9¢ 0-¢¢ 6¢-0¢ 6¢-0¢ 0-2t sudzuag
gPoroday 3PSA0 Jom Sy ,pauioday p1A0M SIYT >OdS >ddd (€) vonenbyg SINOSION

340 Y

a-e{€) UOHENDI BIA PIlR[NI[EI 3SOY) YUM SUOQIEI0IPAY JBWOIE JO SIATISUS DUBUOSIL pautodal ayl jo uosuedwor) 9 3jqe]



BOND SEPARATION ENERGIES OF HYDROCARBONS 133

Table 7. Calculations of stabilization (destabilization) energies of polyenes®

BSE

Molecular

formula Molecule AH{(g)° Obsd Calc SE
CsH, Cyclobutadiene 102-2°¢ -46-22 21-44 6766
C4Hg 1,3-Butadiene 26-11 14-33 10-72 -3-6l
CsHe 1,3-Cyclopentadiene 31-94 21:69 24-19 2-5
CsHg 1,cis-3-Pentadiene 19-13 18-96 16-15 -2-81
CsHg 1,trans-3-Pentadiene 18-12 19:97 1615 -3-81
CsHg 1,4-Pentadiene 25-25 12-84 13-47 0-63
CsHg 2-Methy!-1,3-butadiene 18-06 20-03 16-72 -3-31
CeHe Fulvene 47-5¢ 36-47 32:73 -3-74
CsHjs i,3-Cyclohexadiene 25-38 25-90 26-94 1-04
CeHg 1,4-Cyclohexadiene 26-3 24-89 26-94 2-05
C¢Hyp 1,5-Hexadiene 20-11 15-63 16-22 0-59
CeHo 2,3-Dimethyl-1,3-butadiene 10-78 24-96 22-72 ~2-24
C-Hg 1,3,5-Cycloheptatriene 43-90 37-72 34-91 -2-81
CsHypp 1,3-Cycloheptadiene 22-56 26-37 29-69 3-32
CgHg Cyclooctatetraene 71-13 40-83 42-88 2-05
CsHs Heptafulvene 574 55 43 -12
CsHyp 1,3,5-Cyclooctatriene 43.7¢ 35-57 37-66 2-09
CsHio Dimethylfulvene 32-1 47-17 44-16 -3-01
CioH;s Azulene 69-1" 86-39 65-46 -20-93
CisHyg [ 18]} Annulene 124-0® 127-91 96-48 —31-43

*All energies in keal mol ™.

" AH{ (g) values were taken from Ref. 3 unless specified otherwise.

“From Ref. 18.
dReported in Ref. 19.
‘ Reported in Ref. 10.
‘Ref. 12.

¢ Reported in Ref. 15.

in Table 6 and are in agreement with the other DRE
values.

The stabilization (destabilization) energies of 20
polyenes were also calculated and are presented in Table
7. The results show that cyclobutadiene has a
destabilization energy of 67-66 kcalmol ™!, as resulted
from its 6-31G® (RMP2) heat of formation
(1022 kcal mol ') as reported in Ref. 18. The stabiliza-
tion of 1,3-butadiene via the heat of hydrogenation is
reported '’ to be 3-5 kcalmol ™', which agrees with the
calculated value of 3-61 kcalmol™! (Table 7). The
calculations via the equivalents show that fulvene,
dimethylfulvene and heptafulvene are stabilized, which
reflects the resonance shown in the formulae. However,
the stabilization energies of these systems are not as im-
portant as those for non-benzoid aromatic hydrocar-
bons, such as azulene and [ 18]annulene. The difference
between the stabilization energies of 1,cis-3-pentadiene
and the trans isomer is 1 kcalmol ™!, which agrees with
the cis correction in alkenes proposed by Benson
etal.”?®

To conclude, the developed equivalents are able to
reproduce the stabilization, destabilization, olefin strain
and resonance energies from experimental BSEs for a
large number of hydrocarbons.

‘ \/\ ] : - +
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