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Enthalpies of formation and isomerization of
aromatic hydrocarbons and ethers by
G3(MP2)//B3LYP calculations
Esko Taskinena*
A computational method for estimation of the gas
J. Phys. Or
-phase enthalpies of formation of aromatic hydrocarbons and
ethers has been developed. The method is based on high-level G3(MP2)//B3LYP calculations, atomization reactions,
and structure-dependent correction terms. By this method, enthalpies of formation DfHm-(g, 298.15K) of 86 aromatic
compounds were evaluated. The calculated enthalpies of formation raise questions of the reliability of several
experimental enthalpies of formation reported in the literature. As an application of the computational enthalpies of
formation, reaction enthalpies for several types of isomerization reactions of aromatic compounds were calculated. In
cases in which experimental reaction enthalpies were available for comparison, the agreement between the
computational and experimental data proved to be excellent. Copyright � 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

The main aim of the present work was to develop a com-
putational method, based on G3(MP2)//B3LYP calculations, for
estimation of gas-phase enthalpies of formation of aromatic
hydrocarbons and ethers. Our previous papers[1,2] have shown
that the G3(MP2)//B3LYP calculations, without correction terms to
account for possible systematic errors, are successful for esti-
mation of the enthalpies of formation of simple saturated and
olefinic ethers, as well as those of related hydrocarbons. On the
other hand, a recent G3(MP2)//B3LYP work of Blanquart and
Pitsch[3] has revealed marked systematic deviations between
computational and experimental enthalpies of formation of
mono- and polycyclic aromatic hydrocarbons from benzene to
coronene. The positive deviations, DfHm8(exp)�DfHm8(comp),
abbreviated here as D(DfHm8)exp� comp, were found to increase
with increasing number of aromatic rings in the hydrocarbon.
Besides the parent compounds (benzene, naphthalene, etc.),
ethenyl (CH2

——CH—) and ethynyl (HC——C—) derivatives of these
hydrocarbons were also investigated.[3] From the data gathered,
group contributions to the difference between experimental and
computational enthalpies of formation could be assigned. Thus,
for example, each C—H moiety of benzene was found to have a
contribution of 1.0 kJmol�1 to the difference in question.
In the present work, enthalpies of formation of selected aromatic

compounds were first calculated using the atomization method.
The values obtained were then compared with available experi-
mental data, and the correction terms necessary for the compu-
tational enthalpies of formation to agree with the experimental
ones were evaluated. Specifically, the purpose of the present work
was to avoid resorting to isodesmic reactions, because combination
of the computational data with the reaction enthalpies of different
isodesmic reactions typically results in varying values of the
g. Chem. 2009, 22 632–642 Copyright �
enthalpy of formation. However, for the sake of comparison, the
enthalpies of formation of selected aromatic compounds were also
calculated by isodesmic reactions using ethane as a reagent,
together with the compound of interest.
Although the present study is mainly concerned with aromatic

ethers, it was also considered necessary to extend the study of
Blanquart and Pitsch[3] to simple aromatic hydrocarbons (benzene,
naphthalene) containing saturated hydrocarbon substituents (Me,
Et, etc.). In this way, more experimental data could be included in
the comparison between experimental and computational data.
The aromatic hydrocarbons studied are shown in Scheme 1, and
the ethers in Scheme 4. Themajority of the experimental enthalpies
of formationwere taken from the data compilation of Pedley et al.[4]

Besides the enthalpies of formation, computational enthalpies
of isomerization of selected aromatic compounds, some of which
have been previously studied by experimental methods, are also
treated in the present work.
RESULTS AND DISCUSSION

Computations

The computations (gas phase, 298.15 K, 1 bar) were carried out
using the G3(MP2)//B3LYP method[5] and the Gaussian 03
package of software.[6] In this method, molecular geometries
and vibrational frequencies are obtained at the B3LYP/6-31G*
2008 John Wiley & Sons, Ltd.



Scheme 1. The aromatic hydrocarbons studied in this work

ENTHALPIES OF FORMATION OF AROMATIC COMPOUNDS

6

level, followed by single-point calculations at the QCISD(T)/
6-31G* and MP2/G3MP2large levels with a frozen core approxi-
mation.[5] In addition, an empirical ‘‘high level correction’’ (HLC)
term is included to account for remaining (basis set) deficiencies.
The gas-phase standard enthalpies of formation at 298.15 K,

shown in Table 1 for the hydrocarbons and in Table 2 for the
ethers, were calculated from the computational data by atomi-
zation reactions.[7] Comparison with experimental data, when-
ever possible, is included in the tables.

Isodesmic reactions

The isodesmic reactions used in this study are collected in Table 3.
The enthalpies of formation DfHm8(g, 298.15 K) of the compounds
used in these reactions were taken mainly from Reference [4], but
that of ethyl t-butyl ether,�317.8 kJmol�1, from theNISTChemistry
Webbook,[8] and that, �132.7 kJmol�1, of (E)-1-methoxypropene
from Reference [2]. The computational enthalpy values, besides
those of the present study, were taken from our previous works.[1,2]

Aromatic hydrocarbons

For benzene and its mono- to trialkylsubstituted derivatives 1–9
the difference between experimental and computational enthalpies
J. Phys. Org. Chem. 2009, 22 632–642 Copyright � 2008 John W
of formation, D(DfHm8)exp� comp, is remarkably constant,
7� 3 kJmol�1. Indane 10 and tetralin 11, with a saturated ring
fused to benzene, are no exceptions. The same applies to styrene
13, whereas a higher difference, 13� 2 kJmol�1, is suggested for
indene 12 which, like styrene, has an olefinic side-chain attached
to the benzene ring. For mono-alkyl-substituted benzenes from
toluene to t-butylbenzene, the difference in question appears to
increase with increasing bulkiness of the alkyl group. At the early
stage of this work, experimental gas-phase enthalpies of
formation were not available for 1,4- and 1,2-dihydronaphthalenes
14 and 15, respectively. Thus, they were estimated from the
corresponding liquid phase data, 84.2� 1.5 and 71.5�
1.7 kJmol�1,[4] respectively, using an equation previously estab-
lished[9] for the relation between the standard enthalpy of
vaporization and normal boiling temperature. u of an unsaturated
hydrocarbon:

DvapH
o
mð298:15 K; kJ mol�1Þ

¼ ð20:51� 0:25Þ þ ð0:161� 0:003Þuð�CÞ

The normal boiling points[10] of 211.5 (14) and 206.5 8C (15)
lead to DfHm8(g, 298.15 K) values of 138.8 and 125.3 kJmol�1 for
14 and 15, respectively, which seem quite reasonable, because
they give rise to D(DfHm8)exp� comp values of ca. 11 kJmol�1, in
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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line with those for the other related compounds 12 and 13.
However, in a very recent paper by Chirico and Steele,[11] the
experimental gas-phase enthalpy of formationDfHm8(298.15 K) of
1,2-dihydronaphthalene 15 was reported as 126.3� 0.6 kJmol�1,
in excellent agreement with the value, 125.3 kJmol�1, given
above.
The thermochemistry of the xylenes 6–8 deserves a few

comments. Experimentally,[12] the enthalpies of formation (at
300 K) of the gaseous xylenes are reported to be 19.0� 0.2 (orto),
17.2� 0.2 (meta) and 17.8� 0.3 kJmol�1 (para), that is, the meta
compound has the lowest, the orto form the highest enthalpy of
formation. Computationally, however, the order of (thermo-
chemical) stability is different, cf. the enthalpies of formation of
11.4 (orto), 12.3 (meta), and 12.8 kJmol�1 (para). Thus, the relative
enthalpies of the meta and para isomers are the same,
computationally and experimentally, but the low computational
enthalpy of the orto isomer is unexpected, and in disagreement
with experiment. Anyway, the differences between the enthalpies
of formation of the xylenes are small.
Compounds 1–11 share the common structural feature of

having 0–3 saturated hydrocarbon fragments attached to a
benzene ring. For the members of this group of compounds, the
difference between experimental and computational enthalpies
of formation shows some variation which probably arises mainly
from experimental errors. Thus, it is likely that the errors in the
experimental enthalpies of formation of these compounds can be
reduced by applying the same (mean) value of the term
D(DfHm8)exp� comp to the computational enthalpies of formation
obtained by the atomization reactions. On average, the experi-
mental enthalpies of formation of these compounds are 7.3 kJmol�1

more positive than the computational ones. For the hydrocarbons
12–15 containing an olefinic side-chain, the average difference
D(DfHm8)exp� comp is somewhat higher, 11.1 kJmol�1. Thus, for
the aromatic hydrocarbons containing a single phenyl group,
correction terms of the magnitudes shown above have been
added to the computational B3(MP2)//B3LYP enthalpies of
formation. The final enthalpies of formation, DfHm8(final), of
these compounds are shown in Table 1.
The relative enthalpies of formation of the dihydronaphtha-

lenes 14 and 15 appeared interesting enough for surveying the
effect of monomethyl substitution on them (compounds 16–24
in Table 1). By analogy with the parent compounds 14 and 15,
D(DfHm8)exp� comp terms of 11.1 kJmol�1 have been added to the
computationalDfHm8(g, atom.) values of thesemethyl derivatives.
The relative enthalpies of these isomeric compounds are
illustrated by means of isomerization enthalpies in Scheme 2.
Expectedly, the enthalpy change for 14!15 is not markedly
affected by methyl substitution at positions 6 or 7 of the aromatic
ring, cf. the reaction enthalpies of �12.4, �12.0, and
�12.6 kJmol�1 for reactions 14!15 (unsubstituted), 18!22
(6-Me-substituted), and 18!23 (7-Me-substituted), respectively.
(Note: compound 18may be seen either as a 6-Me-substituted or
a 7-Me-substituted derivative of 14). The 7-Me derivative of
1,2-dihydronaphthalene 23 is slightly (0.6 kJmol�1) more stable
than the 6-Me derivative 22, apparently because of the favorable
effect of the electron releasing Me group in the para position
relative to the electron accepting olefinic side chain in the former.
On the other hand, methyl substitution at either C4, C5, or C8

has a more tangible (but still small) effect on the isomerization
enthalpy of 1,4-dihydronaphthalene to 1,2-dihydronaphthalene.
Thus, reactions 17!21 and 17!24 are exothermic by
�10.6 and �10.4 kJmol�1, respectively, pointing to decreased
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Table 3. The isodesmic reactions studied in this work

10þ ethane!benzeneþ cyclopentane
11þ ethane!benzeneþ cyclohexane
12þ ethane!benzeneþ cyclopentene
13þ ethane! tolueneþpropene
14þ ethane!benzeneþ cyclohexene
15þ ethane!benzeneþ cyclohexene
16þ ethane!benzeneþ 1-methylcyclohexene
17þ ethane! tolueneþ cyclohexene
18þ ethane! tolueneþ cyclohexene
19þ ethane!benzeneþ 1-methylcyclohexene
20þ ethane!benzeneþ 1-methylcyclohexene
21þ ethane! tolueneþ cyclohexene
22þ ethane! tolueneþ cyclohexene
23þ ethane! tolueneþ cyclohexene
24þ ethane! tolueneþ cyclohexene
33þ ethane! 2 toluene
34þ ethane! tolueneþ ethylbenzene
35þ ethane! tolueneþ ethylbenzene
36þ ethane! tolueneþ ethylbenzene
37þ ethane! styreneþ ethylbenzene
38þ ethane! styreneþ ethylbenzene
39þ ethane! styreneþ ethylbenzene
42þ ethane!benzeneþMeOEt
43þ ethane!benzeneþ EtOEt
44þ ethane!benzeneþ i-PrOEt
45þ ethane!benzeneþ t-BuOEt
46þ ethane!benzeneþCH2

——CHOEt
47þ ethane!benzeneþ tetrahydrofuran
48þ ethane!benzeneþ tetrahydrofuran
49þ ethane!benzeneþ tetrahydropyran
50þ ethane!benzeneþ tetrahydropyran
51þ 2 ethane! benzeneþ 2 MeOEt
52þ 2 ethane! benzeneþ 2 MeOEt
53þ 2 ethane! benzeneþ 2 MeOEt
54þ ethane!benzeneþ 1,3-dioxolane
55þ ethane!benzeneþ 1,3-dioxane
56þ ethane!benzeneþ 1,4-dioxane
57þ 2 ethane! benzeneþ tetrahydrofuranþ ethene
58þ ethane!benzeneþ 3,4-dihydro-2H-pyran
59þ ethane!benzeneþ 3,4-dihydro-2H-pyran
60þ ethane!benzeneþ 3,4-dihydro-2H-pyran
61þ 2 ethane! benzeneþ 1,4-dioxaneþ ethene
62þ 2 ethane! 2 benzeneþ tetrahydrofuran
63þ 2 ethane! 2 benzeneþ tetrahydropyran
64þ 2 ethane! 2 benzeneþ 1,4-dioxane
65þ ethane! tolueneþ anisole
66þ ethane! cyclohexeneþ anisole
67þ ethane! cyclohexeneþ anisole
68þ ethane! cyclohexeneþ anisole
69þ ethane! cyclohexeneþ anisole
70þ ethane! cyclohexeneþ anisole
71þ ethane! cyclohexeneþ anisole
72þ ethane! tetralinþ (E)-1-methoxypropene
73þ ethane! tetralinþ (E)-1-methoxypropene
74þ ethane! styreneþ EtOMe
75þ ethane! styreneþ EtOMe
76þ ethane! styreneþ EtOMe
77þ ethane! styreneþ EtOMe

(Continues)
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78þ ethane! EtPhþ (E)-1-methoxypropene
79þ ethane! EtPhþ (E)-1-methoxypropene
80þ ethane! EtPhþ (E)-1-methoxypropene
81þ ethane! EtPhþ (E)-1-methoxypropene
82þ ethane! EtPhþ (E)-1-methoxypropene
83R ethane! styreneþ etheneþ anisole
84R ethane! styreneþ etheneþ anisole
85þ ethane! iPrPhþ EtOCH——CH2

86R ethane! iPrPhþ EtOCH——CH2

Table 3. Continued
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exothermic nature of these reactions relative to that between
14 and 15. This is likely to arise from destabilizing steric
interactions between the Me group and the olefinic H atom (on
C4) of 21, and from those between the Me group and the
adjacent CH2 moiety of 24. Because of the nonplanar nature of
the dihydronaphthalene ring of 24 (the tilt between the planes of
the aromatic ring and the olefinic system is calculated to be 148),
one of the C—H bonds of the CH2 group concerned is
pseudoequatorial, the other pseudoaxial, and the destabilization
in question is likely to originate from the interaction between the
Me group and the adjacent pseudoequatorial H atom. That there
is some strain of the magnitude indicated above between the
aromatic Me group and the neighboring H atom of the
dihydronaphthalene ring in both 21 and 24 is also supported
by the positive isomerization enthalpies of 1.1 and 1.3 kJmol�1

for 22!21 and 22! 24, respectively.
The difference, �5.2 kJmol�1, between the enthalpies of

formation of 2-methyl-1,4-dihydronaphthalene 16 and 6-methyl-
1,4-dihydronaphthalene 18 shows that Me substitution at the
olefinic carbon of 14 stabilizes this molecule more strongly than
Me substitution at the aromatic moiety. This finding agrees with
the effects of Me substitution on the enthalpies of formation of
cyclohexene and benzene: both the computational (�37.0 kJmol�1)
and experimental (�38.3� 1.5 kJmol�1) differences between the
enthalpies of formation of 1-methylcyclohexene and cyclohexene[2,4]

are ca. 5 kJmol�1 more negative than those between toluene and
benzene (Table 1).
Scheme 2. Computational isomerization enthalpies (in kJmol�1) of

1,4-dihydronaphthalene and 1,2-dihydronaphthalene, and their methyl

derivatives

www.interscience.wiley.com/journal/poc Copyright � 2008
Reaction 16!19 is slightly (1.3 kJmol�1) more exothermic
than the reference reaction 14! 15. This may be ascribed to the
favorable electronic effect of the 3-Me group of 19, pushing
electron density from the C——C bond toward the aromatic
moiety, and strengthening p–p interaction in this compound. On
the other hand, the reaction 3-methyl-1,2-dihydronaphthalene
(19)! 4-methyl-1,2-dihydronaphthalene (20) is endothermic by
4.7 kJmol�1. Part of this endothermic reaction enthalpy is likely to
arise from a destabilizing steric effect between the Me group and
the aromatic hydrogen atom on C5 of 20, but the remainder
probably originates from the electropositive effect of the Me
group of 20, pushing p-electron density toward the other olefinic
carbon, instead of toward the aromatic ring like theMe groupof 19.
The next entries 25–39 of Table 1 deal with derivatives of

aromatic hydrocarbons containing two benzene moieties, fused
or unfused, that is, naphthalenes, biphenyls, stilbenes, and
1,1-diphenylethene. On average, the available experimental enthal-
pies of formation for this group of compounds are 15.4 kJmol�1

more positive than the computational ones. This is almost twice as
much as the corresponding difference between alkylsubstituted
benzenes, and in line with the related results of Blanquart and
Pitsch[3] for the base compound naphthalene, for which the
authors give a group correction term of 14 kJmol�1. Finally,
antracene and phenantrene on average require a correction term
of 17.3 kJmol�1 to their G3(MP2)//B3LYP enthalpies of formation.
The thermochemistry of isomericmono- and dimethyl-substituted

naphthalenes 26–32 is illustrated in Scheme 3. 1-Methylnaphthalene
26 is calculated to have an enthalpy 1.1 kJmol�1 higher than that
of the 2-Me isomer 27, in line with the similar enthalpy difference
between the structurally related 1,2-dihydronaphthalene deriva-
tives 21 and 22 (Scheme 2). 2,6- and 2,7-dimethylnaphthalenes
31 and 32, respectively, are calculated to have similar enthalpies,
2.6 kJmol�1 lower than that of the 1,5-derivative 29: this value is
about twice of that between 26 and 27, which sounds reasonable
in view of the twoMe groups in 29. The comparable enthalpies of
the 1,4- and 1,5-dimethylnaphthalenes 28 and 29, respectively,
are also expected. On the other hand, 1,8-dimethylnaphthalene
30 is markedly strained, ca. 28 kJmol�1 above the ‘strainfree’
2,7-dimethylderivative 32. Steric repulsion between the Me
groups leads to a significant distortion of the bond angles of 30:
the angle C2—C1—C(Me) is reduced to 115.98 from 120.18 in 29
and 120.58 in 28. The relative enthalpies of formation of the
isomeric dimethylnaphthalenes have also been recently esti-
mated by B3LYP/6-31G(d,p) calculations by Kassaee et al.[13]

Qualitatively, the results of these calculations agree with those of
the present study, but in a quantitative sense marked differences
are also found. Thus, for example, the enthalpies of the 2,6- and
2,7-dimethyl isomers were calculated[13] to be 34.0–34.2 kJmol�1
Scheme 3. Computational isomerization enthalpies (in kJmol�1) of mo-

no- and dimethyl-derivatives of naphthalene

John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 632–642
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lower than that of the 1,8-isomer; according to the present results
the difference in question is only 27.6 kJmol�1.
Summarizing, comparison of the experimental data of Table 1

with those obtained by application of the structure-dependent
correction terms to the computational enthalpies of formation
shows that high-quality enthalpies of formation, DfHm8(g,
298.15 K), are accessible for aromatic hydrocarbons by means
of the G3(MP2)//B3LYP computations, using the atomization
method and structure-characteristic correction terms. On the
other hand, the agreement is less good between experimental
and isodesmic enthalpies of formation.

Aromatic ethers

The aromatic ethers studied in this work are shown in Scheme 4,
and the respective thermochemical data in Table 2. The ethers
42–65 of Scheme 4 may be divided structurally into two groups
of compounds: those with a single benzene moiety (42–61), and
Scheme 4. The aromatic ethers studied in this work

J. Phys. Org. Chem. 2009, 22 632–642 Copyright � 2008 John W
those with two benzene moieties (62–65) in the molecular
structure. The differences between experimental and compu-
tational enthalpies of formation for both groups of compounds
show marked and unexpected variations, obviously arising
mainly from errors in the reported values of the experimental
enthalpy of formation. Thus, for both anisole 42 and phenetole
43, the difference D(DfHm8)exp� comp is ca. 10 kJmol�1, a quite
reasonable value in view of that (7.3 kJmol�1) for the
alkylbenzenes. On the basis of these values, the respective
differences of 15–18 kJmol�1 for chroman 49 and isochroman 50
are unexpectedly large: for comparison, the related structural
changes from alkylbenzenes to indane 10 and tetralin 11 do not
lead to any noteworthy changes in the difference D(DfHm8)exp� comp.
The difference concerned is particularly striking, �3.9 kJmol�1,
for benzo-1,4-dioxene 56, and exceptionally high (25.3 kJmol�1)
also for benzo-1,3-dioxole 54. Thus, the latter two values,
together with those for chroman 49 and isochroman 50, were
neglected when the value of the correction term to be added to
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc
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the computational enthalpies of formation of the aromatic ethers
42–61 was evaluated. Moreover, a further subdivision, according
to the number of O atoms in the molecule in question seems
necessary: the dimethoxybenzenes 51–53 appear to require a
higher value of the correction term than monoethers. For the
monoethers, the average of the difference D(DfHm8)exp� comp was
evaluated as 10.8 kJmol�1 from the data for compounds 42, 43,
46–48, and 57; on the other hand, as 14.0 kJmol�1 for the
dimethoxybenzenes 51–53. A higher value of the correction term
is expected for ethers containing two aromatic rings, fused or
nonfused; thus, the difference D(DfHm8)exp� comp of 10.9 kJmol�1

for dibenzofuran 62 appears too small, but the mean,
18.0 kJmol�1, of the respective values for 63–65 seems
reasonable for the whole group of compounds 62–65.
Computationally, phthalan (benzo-2,5-dihydrofuran) 48 has an

enthalpy of formation DfHm8(g, 298.15 K) 19.7 kJmol�1 higher
than that of benzo-2,3-dihydrofuran 47; experimentally, the
corresponding enthalpy difference is 16.4� 1.9 kJmol�1. For
comparison, the enthalpy difference between the base com-
pounds 2,5-dihydrofuran and 2,3-dihydrofuran is 12.4 kJmol�1

computationally[2] and 12.6� 0.5 kJmol�1 experimentally[18] in
DMSO solution. Turning to the 6-membered heterocycles chroman
49 and isochroman 50, the former, with the O atom conjugated
with the benzene ring, is calculated to have an enthalpy of
formation 17.0 kJmol�1 lower than that of the non-conjugated
isomer isochroman. Experimentally, the enthalpy difference
between these compounds is 19.3� 2.1 kJmol�1. The compu-
tational enthalpy difference between 50 and 49 is almost the
same as that, 17.5 kJmol�1, between the computational[21] enthalpies
of formation[2] of the structurally related pair of olefinic compounds,
3,6-dihydro-2H-pyran 87 and 3,4-dihydro-2H-pyran 88 (Scheme 5).
Moreover, the experimental gas-phase enthalpy difference,
19.3 kJmol�1 (Table 2), between 50 and 49 is similar to that,
18.9� 1.1 kJmol�1, between 87 and 88 in DMSO solution.[18]

The enthalpies of formation, calculated for the stable con-
formers of the dimethoxybenzenes 51–53, show the most stable
form of each dimethoxybenzene to have a planar heavy atom
skeleton, in line with other recent evidence.[22] Matos et al.,[23]

however, have computationally suggested a nonplanar structure
with both MeO groups almost orthogonal (conformer 3 of 51 in
Scheme 4) for the most stable form of 1,2-dimethoxybenzene 51.
In addition, the present computational results, like those of Vande
Velde et al.[22] suggest conformer 2 of gaseous 1,4-dimethoxy-
benzene 53 to have a negligibly higher enthalpy level than
conformer 1, contrary to the computational results ofMatos et al.[23]

Our previous computational data[1] suggest enthalpies of for-
mation of �340.6 and �317.1 kJmol�1 for 1,3- and 1,4-dioxane,
respectively. Thus, on an enthalpy basis, 1,3-dioxane is ca.
23.5 kJmol�1 more stable than 1,4-dioxane. For the correspond-
ing benzo derivatives 55 and 56, the respective enthalpy
difference is only 8.9 kJmol�1. The origin of the marked leveling
of the relative stabilities of the isomeric forms of the dioxanes due
to the benzo fusion is obvious: in the 1,3-isomer 55, there is a
single O atom conjugated with the aromaticp system, contrary to
Scheme 5. Olefinic ethers structurally related to those of the present

aromatic ethers

www.interscience.wiley.com/journal/poc Copyright � 2008
the 1,4-form 56 with two conjugated O atoms therein. For com-
parison, for the related pair of olefinic compounds, 1,3-diox-4-ene
89 and 1,4-dioxene 90 (Scheme 5), the G3(MP2)//B3LYP enthalpies
of formation, based on atomization reactions, are �231.2 and
�216.5 kJmol�1,[2] respectively, revealing an enthalpy difference of
14.7 kJmol�1 in favor of the 1,3-isomer 89. Accordingly, the relative
stability of the 1,4-isomer is enhanced if the two O atoms are
conjugated with the aromatic moiety instead of with a C——C bond.
This is reasonable because in the benzo derivative 56 the electronic
charge, denoted by the O atoms by p–p conjugation, is distributed
widely in the aromatic ring, contrary to distribution in the limited
space of the single olefinic linkage of 1,4-dioxene 90.
The computational enthalpy of 5,6-benzo-2H-pyran 59 is

5.0 kJmol�1 higher than that of benzo-4H-pyran 58. For
comparison, in the structurally related pair of olefinic com-
pounds, 2H-pyran 91 and 4H-pyran 92 (Scheme 5), the enthalpy
of the 2H-isomer has been calculated to be 8.7 kJmol�1 higher
than that of the 4H-form.[2] On the other hand, 3,4-benzo-
2H-pyran 60 is calculated to have an enthalpy 3.3 kJmol�1 lower
than that 5,6-benzo-2H-pyran 59, possibly because of the longer
conjugated system, extending from the O atom to the aromatic
moiety, in the former.
Comparison of the experimental enthalpies of formation of the

aromatic ethers discussed above with the computational ones
shows significant deviations inmany cases. In particular, the isodesmic
reactions give enthalpies of formationwhichusually aremorenegative
than those obtained experimentally. The values of DfHm8(final) of
necessity show more randomly distributed deviations from the
experimental data. The larger the deviation, the higher is the
probability that the current experimental value of the enthalpy of
formation is in need of redetermination.

Comparison of the computational reaction enthalpies
with experimental data

In our previous experimental studies dealing with the relative
stabilities of olefinic ethers, aromatic moieties were occasionally
embedded in the compounds investigated. In the following,
these experimental thermodynamic data are compared with the
present computational enthalpies of isomerization. For the MeO
derivatives of 1,4- and 1,2-dihydronaphthalenes 66 and 67
Scheme 4, the position of chemical equilibrium is highly
unfavorable for the former. Experimentally, it could only be
inferred that for 66! 67 the Gibbs energy change
DrGm8��14 kJmol�1 in cyclohexane solution at 373 K.[26] This
is in line with the present computational data for the reaction in
the gas phase:DrHm8¼�16.4 kJmol�1 at 298.15 K. The high favor
of the 1,2-isomer at equilibrium is reduced by Me substitution on
C4 (leading to compound 73), which prevents a planar s-cis
conformation, relative to the olefinic linkage, for the MeO moiety
of 73. This conformation is necessary for a maximum strength of
p–p conjugation in the —O—C——C moiety. (The present
computational data show that the torsion angle C—O—C——C,
while 0 in 67, is 1328 in 73). As a consequence of this structural
change, H!Me on C4, a marked change in the position of
chemical equilibrium takes place, and the enthalpy of isomeriza-
tion could thus be readily determined[26] by chemical equilibration
with the result DrHm8¼�2.3� 0.8kJmol�1 for 72!73 in
cyclohexane solution at 298.15K, not far from the present
computational gas-phase value of �0.4 kJmol�1.
Computationally, the E! Z isomerization 75! 76 of b-phenyl

methyl vinyl ether is predicted to be endothermic by 3.9 kJmol�1,
while the experimental data[27] point to a slightly exothermic
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 632–642
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reaction with DrHm8¼�1.50� 0.14 kJmol�1 for the neat com-
pounds at 298.15 K. The related reaction 78!79, with a Me
group introduced at the a position, is markedly endothermic,
9.3 kJmol�1 computationally and 7.3� 0.5 kJmol�1 experimen-
tally in the gas phase.[28] Changing the relative positions of the
Me and Ph groups in the latter compounds leads to an almost
thermoneutral E! Z reaction: for 80!81, DrHm8¼ 0.4 kJmol�1

computationally in the gas phase and 1.8� 0.8 kJmol�1

experimentally[29] in cyclohexane solution at 298.15 K. The
E! Z isomerization is slightly more endothermic for
a,b-diphenyl-substituted methyl vinyl ether: for 83!84 the
value of DrHm8 is 2.2 kJmol�1 computationally in the gas phase
and 3.6� 0.4 kJmol�1 experimentally[30] in cyclohexane solution.
Finally, reaction 85!86, dealing with double bond positional

isomerism in alkyl derivatives of phenyl vinyl ether, is clearly
exothermic with DrHm8(g)¼�6.0 kJmol�1 computationally, in
line with the experimental[31] value of �7.4� 1.1 kJmol�1 in
cyclohexane solution.

Thermochemistry of the positional isomerism
of a Ph group in olefinic ethers

Table 2 shows that the fictitious reaction 74! 75, that is, transfer
of the Ph group of an a-phenyl-substituted methyl vinyl ether to
the b-(E)-position, is endothermic by 8.3 kJmol�1. On the other
hand, changing the relative positions of the Ph and Me groups in
81 (i.e., the process 81!78) is exothermic by �10.1 kJmol�1. (It
is worth noting that this enthalpy change is also close to that,
�9.8 kJmol�1, for the structurally related reaction 68!67.) The
markedly different thermochemistries of reactions 74! 75 and
81!78, in both of which an a–b transfer of a Ph group takes
place, are understandable on the basis of the simultaneous
inverse (b!a) transfer of a Me group in the latter reaction. Thus,
from our previous[2] enthalpies of formation for (E)—MeOCH——
CHMe (�132.7 kJmol�1) and MeC(OMe)——CH2 (�151.5 kJmol�1)
one can see that a b!a transfer of the Me group in a
Me-substituted methyl vinyl ether is exothermic by
�18.8 kJmol�1. Accordingly, reaction 81! 78 may be seen as
a combination of reactions 74! 75 and (E)—MeOCH——
CHMe!MeOC(Me)——CH2, with an expected enthalpy change
of (8.3–18.8) kJmol�1¼�10.5 kJmol�1, which agrees with the
computational value of �10.1 kJmol�1 for 81!78.

Thermochemistry of the positional isomerism
of a MeO group in the present compounds

3-Methoxy-1,2-dihydronaphthalene 67 is calculated to be
9.8 kJmol�1 more stable than the isomeric 4-MeO derivative
68. Both of these compounds have a MeO group attached to an
olefinic carbon. The lower enthalpy level of 67 is likely to be due
to the long conjugated system therein, extending from the O
atom to the aromatic moiety. On the other hand, if the MeO
group of 67 is transferred from the olefinic linkage to the
aromatic ring, a marked increase in the enthalpy of formation
takes place: the 5-MeO derivative 69 is 15.9 kJmol�1 and the
7-MeO derivative 70 15.2 kJmol�1 on a higher enthalpy level
than 67. In addition, the structural change in 78! 80,
comparable to that in 67!70, is also endothermic by
13.5 kJmol�1, like that in 66! 71, with a reaction enthalpy of
12.7 kJmol�1. In each of the compounds 66–70, 78, and 80, the
MeO group is coplanar with the unsaturated moiety it is bonded
to, and thus capable of exerting its full stabilizing power on the
J. Phys. Org. Chem. 2009, 22 632–642 Copyright � 2008 John W
compound in question. Accordingly, one might be tempted to
conclude that a MeO group has a markedly weaker stabilizing
effect on an aromatic moiety than on an olefinic linkage. This
conclusion, however, is in disagreement with the modest
enthalpy change of only 1.0 kJmol�1 for 75! 77, which shows
that the MeO groups of 75 and 77 have almost similar effects on
molecular stability. The solution to this apparent dilemma
becomes from the markedly different stabilizing effects of a Me
group (or, more generally, an alkyl group) on the C——C bonds of
vinyl ethers and those of ordinary olefins. Thus, a Me substituent
introduced to the C——C bond of ethene leads to a decrease of
�32.1 kJmol�1 in the computational enthalpy of formation
(¼ 51.0 kJmol�1 for ethene, 18.9 kJmol�1 for propene),[2]

whereas the corresponding structural change in methyl vinyl
ether!methyl isopropenyl ether MeC(OMe)——CH2 causes a
decrease of �43.6 kJmol�1 in the enthalpy of formation
(¼�107.9 and �151.5 kJmol�1 for methyl vinyl ether and
methyl isopropenyl ether, respectively).[2] Accordingly, a Me
group, if attached to the a-carbon of methyl vinyl ether, has a
double-bond stabilizing effect ca. 11.5 kJmol�1 stronger than
that of the Me group of propene. (Note: the situation is essentially
different if the Me group is situated on the b-carbon of methyl
vinyl ether: in that case, the double-bond stabilizing effect of the
Me group is reduced to only a few kJmol�1, as shown in
Reference [32].) Returning to the present compounds, in 75 the
a-position of a Ph derivative of methyl vinyl ether is occupied by a
hydrogen atom, in the other formal derivatives of methyl vinyl
ether (66, 67, and 78) by a Me group or a comparable alkyl chain.
Thus, almost all (ca. 11.5 kJmol�1) of the marked enthalpy
changes of 12.7, 15.2, and 13.5 kJmol�1 for 66! 71, 67!70,
and 78! 80, respectively, are likely to arise from the strong
stabilizing effect of the substituent attached to the a-carbon of
the reactant, an effect absent in 75.
SUMMARY

In this work, a method for convenient computational estimation
of the gas-phase enthalpies of formation of aromatic hydro-
carbons and ethers has been developed. The method is based on
high-level G3(MP2)//B3LYP calculations, atomization reactions,
and structure-dependent correction terms. The calculated enthalpies
of formation raise questions of the reliability of some experimental
enthalpies of formation published for aromatic compounds in the
literature. As an application of the computational enthalpies of
formation, reaction enthalpies for several types of isomerization
reactions were calculated. In cases in which comparison with
experimental reaction enthalpies is possible, the agreement
between the computational and experimental data is excellent.
Acknowledgements

The author is indebted to CSC, the Finnish IT center for science,
for access to its computer facilities.
REFERENCES

[1] E. Taskinen, A. Taskinen, J. Phys. Org. Chem. 2008, 21, 449–456.
[2] E. Taskinen, J. Phys. Org. Chem. 2008. DOI: 10.1002/poc/1422
[3] G. Blanquart, H. Pitsch, J. Phys. Chem. A 2007, 111, 6510–6520.
iley & Sons, Ltd. www.interscience.wiley.com/journal/poc

4
1



E. TASKINEN

6
4
2

[4] J. B. Pedley, R. D. Naylor, S. P. Kirby, Thermochemical Data of Organic
Compounds, 2nd edn. Chapman and Hall, London, 1986.

[5] A. G. Baboul, L. A. Curtiss, P. C. Redfern, K. Raghavachari, J. Chem. Phys.
1999, 110, 7650–7657.

[6] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, J. A. Montgomery, Jr, T. Vreven, K. N. Kudin, J. C. Burant,
J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,
G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G.
Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C.
Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Revision
C.02, Gaussian, Inc., Wallingford CT, 2004.

[7] J. W. Ochterski, Thermochemistry in Gaussian, Gaussian Technical
Support Information, 2006.

[8] NIST Chemistry Webbook, No. 69, June 2005 Release. Available at
http://webbook.nist.gov/chemistry/

[9] E. Taskinen, J. Chem. Thermodyn. 1974, 6, 271–280.
[10] (Ed.: D. R. Lide,), CRC Handbook of Chemistry and Physics 85th edn.

CRC Press, Boca Raton, FL, 2004.
[11] R. D. Chirico, W. V. Steele, J. Chem. Thermodyn. 2008, 40, 806–

817.
[12] R. D. Chirico, W. V. Steele, J. Chem. Eng. Data 1997, 42, 784–790.
www.interscience.wiley.com/journal/poc Copyright � 2008
[13] M. H. Kassaee, D. J. Keffer, W. V. Steele, J. Chem. Eng. Data 2007, 52,
1843–1850.

[14] D. M. Speros, F. D. Rossini, J. Phys. Chem. 1960, 64, 1723–1727.
[15] R. D. Chirico, S. E. Knipmeyer, A. Nguyen, W. V. Steele, J. Chem.

Thermodyn. 1993, 25, 1461–1494.
[16] W. V. Steele, R. D. Chirico, N. K. Smith, J. Chem. Thermodyn. 1995, 27,

671–678.
[17] Y. Nagano, J. Chem. Thermodyn. 2001, 33, 377–388.
[18] E. Taskinen, T. Alanko, J. F. Liebman, Struct. Chem. 2006, 17, 323–326.
[19] W. V. Steele, R. D. Chirico, Cooperative Agreement No. FC22-83FE60149

(NIPEP-457), IIT Research Institute, NIPEP, Bartlesville, OK 74005, 1990,
1–75.

[20] W. V. Steele, R. D. Chirico, S. E. Knipmeyer, A. Nguyen, N. K. Smith, I. R.
Tasker, J. Chem. Eng. Data 1996, 41, 1269–1284.

[21] R. D. Chirico, D. G. Archer, I. A. Hossenlopp, A. Nguyen, W. V. Steele, B.
E. Gammon, J. Chem. Thermodyn. 1990, 22, 665–682.

[22] C. Vande Velde, E. Bultinck, K. Tersago, C. Van Alsenoy, F. Blockhuys,
Int. J. Quantum Chem. 2007, 107, 670–679.

[23] M. A. R. Matos, M. S. Miranda, V. M. F. Morais, J. Phys. Chem. A 2000,
104, 9260–9265.

[24] R. Sabbah, Bull. Soc. Chim. Fr. 1991, 128, 350.
[25] S. M. Pimenova, S. V. Melkhanova, V. P. Kolesov, P. I. Demyanov, A. N.

Fedotov, V. P. Vorobieva, J. Chem. Thermodyn. 2002, 34, 385–390.
[26] E. Taskinen, M. Kuusisto, Acta Chem. Scand. 1985, B39, 495–499.
[27] E. Taskinen, P. Liukas, Acta Chem. Scand. 1974, B28, 114–120.
[28] E. Taskinen, E. Mustonen, Acta Chem. Scand. 1976, B30, 1–4.
[29] E. Taskinen, P. Ylivainio, Acta Chem. Scand. 1975, B29, 1–6.
[30] E. Taskinen, M. Anttila, Tetrahedron 1977, 33, 2423–2427.
[31] E. Taskinen, Tetrahedron 1975, 31, 957–962.
[32] E. Taskinen, J. Chem. Thermodyn. 1974, 6, 345–353.
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 632–642


