Joumal of Physical
Organic Chemistry

Research Article

Received: 19 May 2008, Revised: 17 June 2008, Accepted: 17 June 2008, Published online in Wiley InterScience: 21 July 2008

(www.interscience.wiley.com) DOI 10.1002/poc.1422

Enthalpies of formation of olefinic ethers by
G3(MP2)//B3LYP calculations

Esko Taskinen®*

The gas-phase enthalpies of formation at 298.15K of a number of acyclic and cyclic olefinic ethers (mainly
a,B-unsaturated ethers), together with those of a few cyclic mono- and dienes, have been estimated by
G3(MP2)//B3LYP calculations. In most cases, the computational and experimental data (if available) are in good
mutual agreement. Whenever significant deviations between the experimental and computational data were found,
the experimental enthalpies of formation arise from a single data source, and it appears that small experimental
errors are embedded therein. A marked error was found in the experimental enthalpy of formation of 2-chloroethyl
ethyl ether, used in this work as a reagent for estimation of the enthalpy of formation of 2-chloroethyl vinyl ether by
an isodesmic reaction. Moreover, significant errors were also found in the literature values for the computational
(B3LYP/6-311G*") enthalpies of formation of several Me-substituted derivatives of methyl vinyl ether. The present
computational method, besides providing acceptable enthalpies of formation for unsaturated ethers, was also found
to give accurate A¢H}, (g) values for cyclic mono- and dienes. Thus, the G3(MP2)//B3LYP computational method proved
to be a valuable tool for investigating the energetics of olefinic ethers and hydrocarbons. Copyright © 2008 John

Wiley & Sons, Ltd.
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INTRODUCTION

Alkyl vinyl ethers, ROCH=—CH, and their derivatives form a class
of interesting olefinic ethers. The immediate proximity of the
C=C bond and O atom allows transfer of negative charge from
the O atom to the olefinic linkage by p- conjugation, a molecule
stabilizing factor. The extent of this phenomenon depends on
several structural factors (nature, number, and location of
substituents at the C=C bond, stereochemistry of the
C—O0—C=C moiety), making these compounds exciting
objects of investigation from e.g., spectroscopic and thermo-
dynamic points of view. In spite of these attractive features, vinyl
ethers are characterized by scarcity of fundamental experimen-
tally determined thermochemical data such as gas-phase
enthalpies of formation. The experimental A¢H?,(g) values of
alkyl vinyl ethers appear to be limited to those of R=Et, Pr, Bu,
and i-Pr.M In addition, the gas-phase enthalpy of formation of
2-chloroethyl vinyl ether has been reported,” whereas
experimental A¢H?, values are missing, e.g., for methyl vinyl
ether (MVE) and t-butyl vinyl ether. On the other hand, the
experimental enthalpies of formation of the cyclic vinyl ethers
2,3-dihydrofuran®® and 3,4-dihydro-2H-pyran'"! are known in
both the liquid and gas phases. In addition, A3, (I) values
do exist for 2-methoxypropene MeC(OMe)=CH, and
1-methoxycyclohexene;!"! the respective gas-phase values,
together with that of 1-methoxycyclopentene, have also been
reported,™ but these values are not based on pure experimental
data. Moreover, the enthalpies of formation of both liquid and
gaseous divinyl ether, and those of furan, formally a cyclic divinyl
ether, are also available."

Theoretically, the enthalpy of formation of gaseous MVE has
been recently estimated by high level quantum chemical

computations.”! For the most stable syn (s-cis) conformer of
MVE the value of A¢H? (g, 298.15K) was found to be —107.1kJ
mol ', 7.1 kJ mol ' below that of the high-energy anti conformer.
In addition, the enthalpies of formation of several methyl-
substituted derivatives of MVE («-Me, (E)-B-Me, (2)-B-Me, and B,
B-di-Me) have been estimated by B3LYP/6-311G** calculations.

During the last few decades, the thermodynamic properties of
unsaturated ethers have been of great interest to us. Exper-
imentally, the investigations dealing with these compounds have
been conducted by means of chemical equilibration, which limits
the studies to isomeric compounds for which a thermodynamic
equilibrium can be established. However, the scope of these
studies would enlarge essentially if, instead of only the
differences between the enthalpy levels of certain isomeric
compounds, the relative enthalpies of any compounds of interest
could be estimated by means of an easy (but reliable) method. In
fact, we have lately shown? that accurate gas-phase enthalpies
of formation of straight-chain saturated ethers and diethers can
be obtained by high-level quantum chemical calculations at the
G3(MP2)//B3LYP level. In the present work, the usefulness of the
same computational method as a source of AHS (g) data for
unsaturated (mainly vinyl) ethers was tested on available
experimental data. In addition to a number of both acyclic
and cyclic vinyl ethers, vinyl alcohol, the parent compound of all
alkyl vinyl ethers, was included in the present study, together
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Table 1. The isodesmic reactions used in this work®

@The entry numbers refer to the compound numbers of Table 2.

a) CH,=CHOH + CH3CH3 — CH3CH=CH, + CH3;0H
a) CH,=CHOCH; + CH5CH3; — CH3CH=CH, + CH50CH3
a) CH,=CHOCH,CHs + CH5CH; — CH3CH=CH, + CH;O0CH,CH3
a) CH,=CHOCH,CH,Cl 4 CH3CH,CH; — CH3CH=CH, + CH3CH,0CH,CH,ClI
a) CH,=CHOCH,CH,CH3 + CH3CH3; — CH3CH=CH, 4 CH30CH,CH;3CH;
a) CH,=CHOCH,CH,CH,CH3 + CH5CH; — CH3CH=CH, + CH;0CH,CH,CH5CH3
a) CH,=CHOCH(CHs), + CH3CH3; — CH3CH=CH, + CH50CH(CH3),
a) CH,=CHOC(CH3); + CH3CH3; — CH3CH=CH, + CH30C(CH3);
a) CH,=CHOCH,CH=CH, + 2CH5CH3 — 2 CH3CH=CH, 4+ CH30CH,CHs
b) CH,=CHOCH,CH=CH, + cyclohexane — CH3CH,0CH,CH,CHs + 1,3-cyclohexadiene
a) CH,=CHOCH=CH, + 2CH5CH3 — 2 CH3CH=CH, 4 CH;0CH;
CH,=CHOCH=CH, + cyclohexane — CH3CH,OCH,CHs + 1,3-cyclohexadiene
a) (E)-CH3;OCH=CHCHj; + CH3CH;3 — (E)-CH3CH=CHCH; + CH;0CH;
a) (2)-CH30CH=CHCHs + CH5CH3 — (2)-CH3CH=CHCH3 + CH30CH3
a) CH30CH=C(CH3), 4+ CH3CH3; — CH3CH=C(CH3), + CH;0CH;
a) CH30C(CH3)=CH, + CH3CH; — CH,=C(CHj;), + CH;0CH;
a) (E)-CH30C(CH3)=CHCH; + CH5CH3 — CH3CH=C(CH3), + CH50CH3;
a) (2)-CH30C(CH3)=CHCH; + CH3CH; — CH3CH=C(CH3), + CH3;0CH;
a) CH3C(OCH3)=C(CHs), + CH3CH3 — CH3CH=C(CHs), -+ CH30CH,CH;
a) 1-CH30-cyclopentene + CH3CH3; — 1-CH3-cyclopentene + CH;OCH;
a) 1-CH30-cyclohexene 4+ CH3CH; — 1-CHs—cyclohexene + CH;OCH;
a) CH,=CHCH,0CHs + CH3CH; — CH3CH=CH, + CH30CH,CH;
a) CH,=CHCH,0CH,CH; + CH3CH; — CH3CH=CH, + CH5CH,0CH,CH3
-Oxacyclobutene + CH3CH3; — oxetane + CH,=—CH,
3-Oxacyclobutene + cyclohexane — oxetane + cyclohexene
Furan 4+ 2CH3CH; — tetrahydrofuran + 2CH,—CH,
Furan + cyclohexane — tetrahydrofuran + 1,3-cyclohexadiene
2,3-Dihydrofuran + CH3;CHs — tetrahydrofuran + CH,—CH,
2,3-Dihydrofuran + cyclohexane — tetrahydrofuran + cyclohexene
2,5-Dihydrofuran + CH;CH3; — tetrahydrofuran + CH,=CH,
2,5-Dihydrofuran + cyclohexane — tetrahydrofuran + cyclohexene
4H-Pyran + 2CH;CH; — tetrahydropyran + 2CH,=CH,
4H-Pyran + cyclohexane — tetrahydropyran + 1,3-cyclohexadiene
2H-Pyran + 2CH5CH3 — tetrahydropyran 4+ 2CH,=CH,
2H-Pyran + cyclohexane — tetrahydropyran + 1,3-cyclohexadiene
3,4-Dihydro-2H-pyran + CH3zCHs — tetrahydropyran 4+ CH,—CH,
3,4-Dihydro-2H-pyran + cyclohexane — tetrahydropyran + 1,3-cyclohexadiene
3,6-Dihydro-2H-pyran + CH3zCHs; — tetrahydropyran 4+ CH,—CH,
3,6-Dihydro-2H-pyran + cyclohexane — tetrahydropyran + 1,3-cyclohexadiene
1,3-Dioxole + CH3CH3 — 1,3-dioxolane + CH,=—CH,
1,3-Dioxole + cyclohexane — 1,3-dioxolane + cyclohexene
1,4-Dioxin + 2CH;CH3 — 1,4-dioxane + 2CH,=CH,
1,4-Dioxin + cyclohexane — 1,4-dioxane + 1,3-cyclohexadiene
1,4-Dioxene + CH3CH; — 1,4-dioxane + CH,—CH,
1,4-Dioxene + cyclohexane — 1,4-dioxane + cyclohexene
1,3-Diox-4-ene + CH3CH3 — 1,3-dioxane 4+ CH,=CH,
) 1,3-Diox-4-ene + cyclohexane — 1,3-dioxane + cyclohexene
a) Cyclobutadiene 4+ 2CH3CH3; — cyclobutane + 2CH,—CH,
) Cyclobutadiene + cyclohexane — cyclobutane + 1,3-cyclohexadiene
a) Cyclobutene + CH;CH3 — cyclobutane + CH,=CH,
) Cyclopentadiene + 2CH5CH3 — cyclopentane + 2CH,=CH,
) Cyclopentadiene + cyclohexane — cyclopentane + 1,3-cyclohexadiene
)
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a) Cyclopentene + CH;CH; — cyclopentane + CH,=—CH,
1,3-Cyclohexadiene + 2CH3;CHs; — cyclohexane + 2CH,=CH,
1,3-Cyclohexadiene + cyclohexane — 2cyclohexene
1,4-Cyclohexadiene + 2CH3CHs — cyclohexane + 2CH,=CH,

) 1,4-Cyclohexadiene + cyclohexane — 2cyclohexene

) Cyclohexene + CH3CH3 — cyclohexane + CH,=CH,

) 1-Me-cyclohexene + CH;CH3 — cyclohexene 4+ CH3CH,CH3
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with a few cyclic olefins. The enthalpies of formation were
evaluated from the primary computational data by both
atomization® and isodesmic reactions (Table 1). In the latter
method, the reaction enthalpy is calculated from the compu-
tational enthalpies H° of the components of reaction including
the molecule with the unknown enthalpy of formation. For this
purpose, the computational enthalpies at 298.15 K of a number of
simple hydrocarbons and ethers were also calculated. The
enthalpy of formation of this molecule is then obtained from the
computational reaction enthalpy and experimental'! enthalpies
of formation of the other species involved in the reaction.

RESULTS AND DISCUSSION

Computations

The computations (gas phase, 298.15K, 1 bar) were carried out
using the G3(MP2)//B3LYP method™® and the Gaussian 03
package of software.'” In this method, molecular geometries
and vibrational frequencies are obtained at the B3LYP/6-31G*
level, followed by single-point calculations at the QCISD(T)/
6-31G* and MP2/G3MP2 large levels with a frozen core
approximation.” In addition, an empirical ‘high level correction’
(HLC) term is included to account for remaining (basis set)
deficiencies. The olefinic ethers treated in this work are illustrated
in Scheme 1, and the computational enthalpy values, together
with the computational enthalpies of formation at 298.15K
calculated by the atomization and isodesmic methods, are shown
in Table 2. For several compounds, two isodesmic reactions were
used. For the sake of comparison, experimental enthalpies of
formation (whenever available), taken mainly from the data
collection of Pedley et al,!"! are also included. Finally, as an
average of the computational and experimental data, the most
probable values of the gas-phase enthalpy of formation at
298.15K are given.

Vinyl alcohol and acyclic vinyl ethers

Both vinyl alcohol and the acyclic vinyl ethers have a possibility of
rotational isomerism about the O—C(sp?) bond, leading to one or
two stable conformers whose structures are characterized by the
value of the torsional angle t(X—O—C=C), where X = H for vinyl
alcohol and X =C for vinyl ethers. Unless sterically hindered by a
substituent, cis to the O atom, on the g carbon of the vinyl group,
the XO moiety mostly prefers the syn orientation (z = 0); otherwise,
7 values between 0 and 180° (or —180°) are encountered.

The data of Table 2 show that for vinyl alcohol 1 in its most
stable (syn) conformation, the mean of the computational A¢HY,
(g) values, based on both the atomization and isodesmic
methods, falls well within the wide span, —111 to —128 kJ mol ",
of experimental data summarized in reference.® In fact, the
mean G3(MP2)//B3LYP enthalpy of formation, —125.2 k) mol ™', of
1(syn) is in excellent agreement with an experimental A¢HS,(q)
value, —125.0kJ mol~", of Holmes and Lossing,”' ! as well as with
a composite high-level computational value, —125.5kJ mol™"', of
da Silva et al.”

Table 2 shows that for alkyl vinyl ethers with R=Et (3), Pr (5), Bu
(6), and i-Pr (7) the computational and experimental A¢HS,(9)
values are in good mutual agreement. For R=CICH,CH, (4), a
slight disagreement (—5.143.6kJ mol™') between the exper-
imental and calculated data is suggested, but it should be noted
that the experimental enthalpy in question is based on a single

E. TASKINEN
H H R! R? Q
/ H / Ré ﬁ
RO MeO MeO MeO

1:R=H;2: R=Me 11: R'=R%=H; R’ = Me 18 19
3:R=Et 12: R'=R%2=H; R®= Me
4: R = CICH,CH, 13:R'= H; R2=R%=Me
5:R=Pr;6: R=Bu 14:R'= Me; R2=R3=H
7:R=i-Pr8:R=tBu  15:R'=R2=Me;R=H CH2=CHCH;OR
9: R = CHo=CHCH, 16: R'=R%=Me; R?=H 20: R = Me
10: R = CHp=CH 17:R'=R2=R%=Me 21: R=Et

@)
23

o9 Q0
22 24 25 26 27

Q)
(0) (0)
28 29

Scheme 1. The olefinic ethers studied in this work.
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33

data source: a reinvestigation might be desirable. For this
compound (4), the isodesmic reaction (Table 1)

with the reported" enthalpy of formation, —301.3 + 2.3 k) mol ",
for gaseous 2-chloroethyl ethyl ether (66) gives an enthalpy of
formation in marked disagreement with both the computational
and experimental one. Obviously, the experimental enthalpy of
formation of 66 is significantly erroneous; in fact, our G3(MP2)//
B3LYP calculations (using the atomization procedure) give a A¢H?,
(g) value of —276.3kJ mol ™" (which is 25kJ mol ™" less negative
than the literature! value) for the anti conformer, the most stable
form of 66. (Here the designation “anti” refers to the relative
positions of the Cl and O atoms in the CICH,CH,O moiety of 66.)
The present computational enthalpies of formation of
2-chloroethyl vinyl ether 4 and 2-chloroethyl ethyl ether 66
are further supported by the quite reasonable enthalpy of
reaction, —111kJ mol ™', obtainable from the computational data
of Table 2 for the hydrogenation of 4 to 66. For comparison, the
experimental gas-phase enthalpy of hydrogenation of ethyl vinyl
ether 3 to diethyl ether 64 is —112kJ mol~" at 355K."?

While the syn conformers of most alkyl vinyl ethers are favored
by low enthalpy values relative to those of the anti forms, the
situation is reversed for t-butyl vinyl ether 8: the anti conformer
with 7= 180° (for the value of 7 in 8 see, however,"¥) is calculated
to be 8.5kJ mol™" more stable (on enthalpy basis) than the syn
form.

It is of interest to compare the relative enthalpies of
hydrogenation of alkyl vinyl ethers with increasing branching
of the alkyl group at the «-carbon, i.e., those of the reaction
ROCH=CH,(g) + Hx(g) — ROEt(g). From the mean A¢H (g) data
of Table 2 one obtains the reaction enthalpies of —109, —111,
—111, and —112kJ mol™' for R=Me, Et, i-Pr, and t-Buy,
respectively. Only a slight increase in the exothermic character
of the hydrogenation reaction with increasing bulkiness of the
alkyl group is suggested by the data. Thus, although a marked

www.interscience.wiley.com/journal/poc
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increase of strain is expected in the reactant ROCH=CH, on
going from R=Me to R=t-Bu (note the syn — anti change in
conformation), there appears to occur a simultaneous and almost
equal increase of strain in the product ROEt on account of the
nonbonded interactions between the alkyl groups in t-butyl ethyl
ether 68.

Experimental A¢HS,(g) data are unavailable for allyl vinyl ether
9; the mean A¢S (g) values for the two conformers of this
compound are based entirely on computational data. The mean
A¢HS (g) data of Table 2 for 9 and allyl ethyl ether 21 suggest an
enthalpy of hydrogenation of —113kJ mol~' for the vinyloxy
moiety of 9; similarly, hydrogenation of the allyl moiety of 9 to a
propyl group (leading to propyl vinyl ether 5) is calculated to be
exothermic by 132kJ mol™". Accordingly, these hydrogenation
reactions appear to be slightly (3 kJ mol ') more exothermic than
the related reactions propyl vinyl ether 5 — ethyl propyl ether 65
(—110kJ mol™") and allyl ethyl ether 21 — ethyl propyl ether 65
(=129 kJ mol™"). Thus, the two C=C bonds of 9 seem to give rise
to a destabilization of 3 kJ mol ™" in this compound. However, this
conclusion may be erroneous, because if the two enthalpies of
hydrogenation of 9 are calculated directly from the compu-
tational enthalpies H° of 5, 9, and 21 (thus neglecting the
contribution of the isodesmic reactions to the mean enthalpy of
formation), the suggested destabilization, 3kJ mol~', vanishes
from 9.

The computational and experimental A¢H?, (g) values for divinyl
ether 10 are also in good mutual agreement. As a whole, it may
be summarized that for 1-10 (excluding 2-chloroethyl vinyl
ether 4), the experimental A¢HS, (g) values are generally slightly
more positive than the computational ones. In principle, this is an
expected trend, because the computational A7 (g) values are
those of the most stable conformers, not those of a Boltzmann
distribution of conformers of different stabilities like the
experimental ones. However, unless the less stable conformers
are markedly favored by entropy (relative to that of the most
stable conformer), the effect on AHS of the Boltzmann
distribution of conformers is rather small.

As mentioned above (see Introduction), the experimental
values of A¢HY, (1) at 298.15 K are known for 2-methoxypropene 14
and 1-methoxycyclohexene 19,1 but the respective gas-phase
values, in the absence of experimental enthalpies of vaporization,
are missing. However, the latter may be estimated from the
normal boiling temperatures 6 of the compounds in question
using, e.g., an equation derived previously™ for olefinic
compounds:

AvapH2,(298.15K) /kJ mol ™
= (20.51 4+ 0.25) + (0.161 + 0.003) x 6/°C

Thus, for liquid 2-methoxypropene 14 (9=35°C “) and
1-methoxycyclohexene 19 (6 = 141°C ")) the enthalpies of va-
porization at 298.15 k are estimated to be 26.1 and 43.2kJ mol ',
respectively. (Alternatively, the enthalpy of vaporization at
298.15K of 14 might be equated with that, 26.6kJ mol™"
for the isomeric ethyl vinyl ether 3, which has a similar normal
boiling temperature.) Accordingly, from the liquid phase
enthalpies of formation of 14 and 19 (-1773+0.9 and
—210.8 + 2.3 kJ mol~","! respectively) one obtains the respective
AHC (g, 298.15 K) values of ca. —151.2 and —167.6 k) mol~". The
former of these values is in good agreement with the present
computational enthalpy of formation of —152.5kJ mol~", while
the latter is 5 kJ mol " less negative than the computational one,

—172.5kJ mol™". Although true experimental gas-phase enthal-
pies of formation have not previously been reported for 14 and
19, the ‘semi-empirical’ A¢H?, (g, 298.15 K) data, —148.6 (14) and
—161.0kJ mol~" (19), of Hine and Arata™ for these compounds
are noteworthy. The former of these values is not far from those
of the present study for 14, while the latter is somewhat less
negative in comparison with the present data for 19. The positive
divergence of the AH2 (g) data of Hine and Arata® from the
results of the present work is found to apply also to the enthalpy
of formation of 1-methoxycyclopentene 18, for which the
authors™ report AdH° (g) = —121.9kJ mol ', a value 9kJ mol ™"
less negative than the computational one, —130.9kJ mol™", of
Table 2.

On the other hand, the present estimated and computational
(G3(MP2)//B3LYP) values of A¢HS,(g) for 2-methoxypropene 14
(Table 2) differ markedly (ca. —16kJ mol™") from a previous
computational (B3LYP/6-311G**) result of —136.2 kJ mol~" ! The
latter value of AsH?,(g) would require the enthalpy of vaporization
at 298.15 K of liquid 14 to be ca. 41 kJ mol ', a value certainly too
high.

The computational (B3LYP/6-311G**) enthalpy of formation,
—107.4kJ mol™", reported by Sebbar et al’® for gaseous allyl
methyl ether 20 is in line with the data, —107.9kJ mol ', of
Table 2. However, the computational enthalpies of formation of
several methyl-substituted derivatives of MVE, given by the same
authors, do not agree with the data of the present study. As
shown above, 2-methoxypropene 14, an «-Me-substituted
derivative of MVE, is reported® to have a A2 (g) value ca.
16 kJ mol~" too high. On the other hand, for the f-mono-Me (11,
12) and B,S-di-Me (13) derivatives of MVE the B3LYP/6-311G*
calculations™® suggest enthalpies of formation which are
markedly more negative than those found in the present study.
Thus, for 11 and 12 the values of A¢H9, —143.5 and —151.6kJ
mol ™', respectively,’® are too negative by 10.9 (11) and 23.5kJ
mol~' (12), in comparison with the data of Table 2. Similarly, the
B3LYP/6-311G™ enthalpy of formation, —182.9kJ mol ', of 13 is
21 kJ mol™" more negative than that, —161.5 kJ mol ™', found in
the present study.

The dubious character of the enthalpy of formation data for the
methyl-substituted methyl vinyl ethers, given by the B3LYP/
6-311G™ calculations,”® is confirmed by calculation of the
enthalpies of hydrogenation of the unsaturated ethers in
question from the data given. From early experimental
thermochemical data of Kistiakowsky et al.'? one obtains

EtOCH=CH,(g) + H,(g) — EtOEt(qg)
AH® (355K) = —112kJ mol ™’

EtOCH(Me)=CH, + Hy(g) — EtOi-Pr(g)
AH® (355K) = —105kJ mol ™"

i.e, an a-Me substitution decreases the exothermicity of the
hydrogenation reaction of ethyl vinyl ether by ca. 7 kJ mol™". For
comparison, from the data of Table 2 for the respective methyl
vinyl ethers one obtains

MeOCH=CH,(g) + H,(g) — MeOEt(g)
AH?,(298.15K) = —109kJ mol ™"

MeOC(Me)=CH, + H,(g) — MeOi-Pr(g)
AH® (298.15K) = —100kJ mol ™"

www.interscience.wiley.com/journal/poc
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i.e, a Me substituent attached to C-« of MVE decreases the
exothermicity of the hydrogenation reaction by a comparable
amount of ca. 9kJ mol~". On the other hand, from the B3LYP/
6-311G** enthalpy of formation, —136.2kJ mol~',® for 14 one
obtains an enthalpy of hydrogenation of —116kJ mol ',
suggesting that, instead of an expected stabilization of ca. 9kJ
mol ', the a-Me group of 14 leads to a destabilization of the
C=C bond by ca. 7kJ mol~".

A related reasoning shows that the B3LYP/6-311G* enthalpies
of formation' of the f-Me and g,8-di-Me derivatives of MVE are
also markedly erroneous. Thus, from the data of Table 2 one
obtains

MeOCH=CH,(g) + H,(g) — MeOEt(g)
AH?,(298.15K) = —109kJ mol "

(E)-MeOCH=CHMe(g) + Hi(g) — MeOPr(g)
AH®,(298.15K) = —106kJ mol™"

i.e., a B-Me substitution (in the E position where it has no
interfering steric effect on the orientation of the MeO group)
decreases the enthalpy of hydrogenation of MVE by 3kJ mol .
For comparison, from the B3LYP/6-311G** enthalpy of formation,
—1436k) mol™ " of (F-MeOCH=CHMe 11 one obtains
an enthalpy of hydrogenation of ca. —95kJ mol™' for this
compound, which suggests a double bond stabilization effect of
ca. 14kJ mol ™" for the B-Me group of 11. Although this value is
not far from the double bond stabilization effect (ca. 11 kJ mol™")
of alkyl groups on the C=C bonds of ordinary olefins,"'® it has
been shown!""2% that in g-alkyl-substituted vinyl ethers with
sterically unhindered p-7r conjugation (like that in the —O—C=C
moiety of 11) the alkyl group stabilizes the C=C bond by only a
few kJ mol~". Similarly, for the reaction

MeOCH=CMe;(g) + Hi(g) — MeOi-Bu(g)

the data of Table 2 give a reaction enthalpy of —107 kJ mol™"
(instead of the —85 kJ mol~" from the data of Sebbar et al.'® for
the reagent), which is quite reasonable in comparison with that,
—110kJ mol™" (from the data of Table 2), for the reaction

(Z)-MeOCH=CHMe(g) + H,(g) — MeOPr(g)

(it is preferable to compare the enthalpy of hydrogenation
of MeOCH=CMe, (13) with that of the Z isomer (12) of
MeOCH=CHMe, because in these compounds the MeO moieties
have almost equal spatial orientations, see the respective t values
given in Table 2).

That the enthalpies of formation reported for the
Me-substituted methyl vinyl ethers by the B3LYP/6-311G**
calculations'® are markedly erroneous is further confirmed by
consideration of the relative enthalpies of the geometrical
isomers 11 and 12. For the E— Z isomerization in the gas phase
the reported B3LYP/6-311G™* data lead to an enthalpy change of
—8kJmol ™", contrary to that of + 4 kJ mol ™' found in the present
G3(MP2)//B3LYP calculations. The claimed B3LYP/6-311G**
enthalpy difference between 12 and 11 appeared suspicious
enough for us to repeat the B3LYP/6-311G™* calculations with the
results H°(298.15 K) = —232.380552 a.u. for 11, —232.379414 a.u.
for 12. Thus, for the £ — Z isomerization of MeOCH=CHMe, AH},
(B3LYP/6-311G™) = +3.0kJ mol ™" (i.e, not —8kJ mol™"), in line
with our G3(MP2)//B3LYP value of 4 4.0 kJ mol . Experimentally,
we have found an E—Z isomerization enthalpy of

+1.26+0.12kJ mol™" for MeOCH=CHMe in the neat liquid,
corresponding to +0.43 +0.32kJ mol~" in the gas phase.'”!

For the E— Z isomerization of 2-methoxy-2-butene (com-
pounds 15 and 16, respectively), the data of Table 2 give a
computational reaction enthalpy of 8.7 kJ mol~", not far from our
experimental gas-phase value of 9.9+04kJ mol~ "% For
comparison, our previous DFT calculations at the B3LYP/6-31G*
and B3LYP/6-311 + G(2d,p) levels have given E — Z isomerization
enthalpies of 85 and 88k} mol', respectively, for
2-methoxy-2-butene 2"

Cyclic ethers

In addition to the computational enthalpies of formation of
acyclic vinyl ethers, related studies were also carried out for a
number of unsaturated 4- to 6-membered ring compounds,
including both ethers and hydrocarbons. In the case of cyclic
olefinic ethers, comparison of the computational enthalpies of
formation with experimental data is rarely possible. For gaseous
furan 23, however, the experimental'™ enthalpy of formation,
—34940.7k) mol™', is in good agreement with the mean
(—=345k) mol™") of the computational data (including the
two isodesmic reactions). For 23-dihydrofuran®® 24 and
3,4-dihydro-2H-pyran 28 the experimental AH?, values are
4-7kJ mol™" less negative than the mean computational values.
In the absence of several experimental determinations of the
enthalpies of formation of these 5- and 6-membered vinyl
ethers the source of the slight disagreement between the
computational and experimental data is uncertain. However,
the enthalpies of hydrogenation of 2,3-dihydrofuran 24 and
3,4-dihydro-2H-pyran 28 to the respective saturated ethers have
been measured in dilute hexane solution at 298 K with the results
—107.1 and —103.3kJ mol™', respectively.*? For comparison,
from the computational data of Table 2 one obtains the
respective AHY, values of —106.2 and —104.9 kJ mol~", in line
with the experimental solution data. On the other hand, from
the experimental gas-phase enthalpies of formation (Table 2)
for 2,3-dihydrofuran 24 and tetrahydrofuran 69, and for
3,4-dihydro-2H-pyran 28 and tetrahydropyran 70, one arrives
at gas-phase enthalpies of hydrogenation of —111.9 and
—110.6 kJ mol™" for 24 and 28, respectively, in slight disagree-
ment with the solution and computational data. Thus, the
experimental gas-phase enthalpies of formation of 24 and 28
seem to be slightly too high.

The present G3(MP2)//B3LYP enthalpies of formation for 24
and 28 are also supported by reasonable enthalpies of
isomerization of these vinyl ethers to their allylic counterparts,
2,5-dihydrofuran 25 and 3,6-dihydro-2H-pyran 29, respectively.
For 24 — 25 one obtains computationally AHS = +12.4kJ mol ™’
(exp. +12.6 £ 0.5 kJ mol~" in DMSO solution'??)), and for 28 — 29
AH =+417.5k) mol™' (exp. +189+1.1kJ] mol™" in DMSO
solution'?),

Another interesting pair of isomeric cyclic vinyl ethers is
formed by the 4H- and 2H-pyrans, 26 and 27, respectively. The
former is a cyclic divinyl ether, whereas the latter contains a
conjugated 1,3-butadiene moiety. Experimental enthalpies of
formation are unavailable for these compounds, but the
computational data of Table 2 suggest 26 to be «ca.
8.7kJ mol™' more stable than 27. Accordingly, the reaction
26 — 27 is calculated to be ca. 9kJ mol~' more favorable than
the related double-bond migration reaction 28 — 29 for which
AH®, (comp.) = +17.5 k) mol~". The decreased endothermicity of
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the former reaction might be ascribed to the expected stabilizing
effect of the C=C—C=C moiety in the reaction product 27. On
the other hand, such an effect is not found in the related reaction
involving the carbocyclic compounds 1,4-cyclohexadiene 52 and
1,3-cyclohexadiene 51, which both computationally (Table 2) and
experimentally®?¥ lay on almost the same enthalpy level.

The data of Table 2 allow the enthalpies of hydrogenation
of the two C=C bonds of 4H-pyran 26 to be studied
stepwise. Thus, the enthalpies of formation of 26 (—10.2),
3,4-dihydro-2H-pyran 28 (—116.8), and tetrahydropyran 70
(—223.0kJ mol™") reveal that essentially equal amounts of heat,
106-107 kJ mol ™", are released in both reactions, 26 — 28 and
28 — 70. This is in marked contrast to the separate enthalpies of
hydrogenation of the two C=C bonds of the acyclic divinyl ether
10: the enthalpies of formation of Table 2 for 10 (—13.5), ethyl
vinyl ether 3 (—141.0), and diethyl ether 64 (—252.1kJ mol™)
suggest that ca. 128kJ mol™' of heat is released in the
hydrogenation of 10 to 3, but only 111kJ mol™" in that of 3
to 64. The marked development of heat in the hydrogenation of
10 to 3 shows that the total p-n (m—p-m) conjugation energy of
10, despite its two C—C bonds, is not twice of that of 3 but
preferably comparable to that of 3 with only a single C=C bond.
This fact, well known since the early thermochemical measure-
ments of Kistiakowsky et al,!'? is likely to arise from the steric
nature of the C—=C—O—C=C moiety of 10, which, according to
previous and present computational results, is nonplanar
(contrary to that of 4H-pyran 26), and thus less favorable for
efficient p—7 interaction for each C=C bond than the planar'?®!
C—O0—C=C moiety of ethyl vinyl ether 3.

The individual enthalpies of hydrogenation of the two C=C
bonds of 2H-pyran 27 are also of interest. From the data of
Table 2, hydrogenation of the pure olefinic C=C bond
(between C-3 and C-4) of 27 releases 115kJ mol' of heat,
7kJ mol™" less than hydrogenation of the olefinic C=C bond of
3,6-dihydro-2H-pyran 29 (122 kJ mol™"). Similarly, hydrogenation
of the —O—C=C moiety of 2H-pyran 27 to its saturated
counterpart is calculated to be exothermic by 99kJ mol ™', ie.,
7kJ) mol™" less exothermic than hydrogenation of the similar
C=C bond of 3,4-dihydro-2H-pyran 28. Thus, the conjugated
1,3-diene system of 27 appears to give rise to a stabilization
energy of 7 k) mol™". On the other hand, the 1,3-diene system of
1,3-cyclohexadiene seems to be devoid of conjugative stabiliz-
ation, as shown by the similar enthalpies of formation of the 1,3-
and 1,4-cyclohexadienes. This view is supported by the total
enthalpy of hydrogenation, —229 kJ mol ", of 1,3-cyclohexadiene
51 to cyclohexane 55, exceeding that, —221kJ mol~', of
2H-pyran to tetrahydropyran by —8kJ mol ™.

The enthalpies of formation of 1,4-dioxin 31 (—82.7),
1,4-dioxene 32 (—213.3), and 1,4-dioxane 73 (—316.5kJ mol ")
show the hydrogenation of 31 to 32 to be markedly (—131kJ
mol™") exothermic, no doubt because of the antiaromatic
character of the former, whereas only 103kJ mol~' of heat is
released in the hydrogenation of 32 to 73. The latter figure is
comparable to that (106 kJ mol™") evolved in the hydrogenation
of 3,4-dihydro-2H-pyran 28 to tetrahydropyran 70. Noteworthy,
hydrogenation of the C=C bond of the 5-membered 1,3-dioxole
30 leads to evolution of ca. 118 kJ mol ™~ "of heat, 11 kJ mol ™' more
than hydrogenation of that, 107 kJ mol ", of 2,3-dihydrofuran 24.
For comparison, gas-phase hydrogenations (at 355K) of
cyclohexene 53 and cyclopentene 48 are exothermic by
—119.6 and —112.6kJ mol™", respectively,?”?® i.e., hydrogen-
ation of the 6-membered olefin is 7kJ mol~" more exothermic

than that of the 5-membered one. This is in marked contrast to
the properties of the respective ethers containing an —O—C=
C—O— moiety: hydrogenation of 1,4-dioxene 32 to 1,4-dioxane
73 is 15kJ mol ™" less exothermic than that of 1,3-dioxole 30 to
1,3-dioxolane 72. The unsaturated ethers, contrary to olefins,
have a possibility for stabilizing p-7 interaction, but it is
impossible in cyclic compounds to separate the contribution
of this stabilizing agent from molecule destabilizing agents such
as ring strain. Thus the origin of the marked difference between
the enthalpies of hydrogenation of the cyclic olefins and cyclic
vinyl ethers discussed above cannot be settled.

Finally, the enthalpy of hydrogenation, —112kJ mol™"', of
1,3-diox-4-ene 33 to 1,3-dioxane 73 reveals a reaction about 6 kJ
mol™' more exothermic than the related reaction 34-
dihydro-2H-pyran 28 — tetrahydropyran 70. The higher exother-
micity of the former reaction may possibly be ascribed to the
additional O atom in the ring, which through its electron-
withdrawing effect decreases the strength of p- conjugation in
the reactant, relative to that in 28. Alternatively, since
1,3-diox-4-ene 33 contains an allyl ether moiety
(—O—CH,—C=0Q) in place of the —CH,CH,C=C moiety of
28, hydrogenation of the former is expected to be more
exothermic than that of the latter, cf. (from the data of Table 2) the
enthalpies of hydrogenation of —130 and —123 kJ mol ™" of allyl
methyl ether 20 and propene 36, respectively. The latter
explanation is in almost quantitative agreement with the data
observed. This, however, may be fortuitous since the enthalpy of
hydrogenation is affected by the difference in strain between the
product and the reactant, and it seems unlikely that this
difference is the same in the two pairs of compounds compared.

Cyclic dienes

The mean computational enthalpy of formation, 428 kJ mol '
(Table 2), of cyclobutadiene 44 (Scheme 2) is in good agreement
with the experimental one®”. The same holds for 1,3-cyclo-
pentadiene 47, 1,3-cyclohexadiene 51, and 1,4-cyclohexadiene
52. Good agreement between computational and experimental
data is also found for cyclic mono-olefins and saturated cyclanes.
From the data of Table 2 the enthalpies of hydrogenation
of cyclobutadiene 44, 1,3-cyclopentadiene 47, and 13-
cyclohexadiene 51 to the respective mono-olefins are calculated
to be —269, —100, and —112kJ mol~’, respectively, illustrating
the high strain in 44. For comparison, the enthalpies of
hydrogenation of cyclobutene 45, cyclopentene 48, and
cyclohexene 53 to the respective saturated cyclanes are —130,
—110, and —118kJ mol ", respectively.

SUMMARY

The gas-phase enthalpies of formation of a number of both
acyclic and cyclic olefinic ethers, mainly «,8-unsaturated (vinyl)
ethers, have been estimated by G3(MP2)//B3LYP calculations, and
compared with experimental data whenever possible. In most
cases, agreement between the computational and experimental
data is good, sometimes even excellent. For the unsaturated
ethers 3-33 the average absolute deviation |A| between
experiment and the mean (atomization and isodesmic) compu-
tational enthalpies of formation was obtained as 2.3kJ mol™'
with a standard deviation o, ;=2.2kJ mol~". A marked error
was found in the experimental enthalpy of formation of
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44 47 51 52

Scheme 2. The cyclic dienes studied in this work.

2-chloroethyl ethyl ether, used in this work as a reagent for
determination of the enthalpy of formation of 2-chloroethyl vinyl
ether by an isodesmic reaction. Moreover, significant errors have
also been found in the literature values for the computational
(B3LYP/6-311G**) enthalpies of formation of several
Me-substituted derivatives of methyl vinyl ether. The present
computational method, besides providing acceptable enthalpies
of formation of unsaturated ethers, was also found to give
accurate A¢H?, (g) values for cyclic mono- and dienes. In summary,
the G3(MP2)//B3LYP computational method turned out to be a
valuable tool for investigating the energetics of olefinic ethers
and hydrocarbons.
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