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Vinyl alcohols (enols) have been discovered as important intermediates and products in the oxidation and
combustion of hydrocarbons, while methyl vinyl ethers are also thought to occur as important combustion
intermediates. Vinyl alcohol has been detected in interstellar media, while poly(vinyl alcohol) and poly-
(methyl vinyl ether) are common polymers. The thermochemical property data on these vinyl alcohols and
methyl vinyl ethers is important for understanding their stability, reaction paths, and kinetics in atmospheric
and thermal hydrocarberbxygen systems. Enthalpied;H3,5), entropies §q9), and heat capacitie€{(T))

are determined for Cj+CHOH, CH=CHOH, CH~=C*OH, CH,~CHOCH;, CH=CHOCH;, CH,=C*OCH;,

and CH=CHOCH,. Molecular structures, vibrational frequenci&®,s, and Cy(T) are calculated at the
B3LYP/6-31G(d,p) density functional calculation level. Enthalpies are also determined using the composite
CBS-Q, CBS-APNO, and G3 methods using isodesmic work reactions to minimize calculation errors. Potential
barriers for internal rotors are calculated at the B3LYP/6-31G(d,p) level and used to determine the hindered
internal rotational contributions to entropy and heat capacity. The recommended ideal gas\ptfase
values calculated in this study are the following (in kcal Mpl—30.0,—28.9 (syn, anti) for Ck=CHOH,;

—25.6, —23.9 for CH=CHOCH;; 31.3, 33.5 for G(H=CHOH; 27.1 foranti-CH,=C*OH; 35.6, 39.3 for
C*H=CHOCH;; 33.5, 32.2 for CH=C*OCH;; 21.3, 22.0 for CH=CHOCH,. Bond dissociation energies
(BDEs) and group additivity contributions are also determined. The BDEs reveal that-thle O—CHs,

C—OH, and C-OCH; bonds in vinyl alcohol and methyl vinyl ether are similar in energy to those in the
aromatic molecules phenol and methyl phenyl ether, being on average around 3 kcalueaker in the

vinyl systems. The keteenol tautomerization enthalpy for the interconversion of vinyl alcohol to acetaldehyde
is determined to be-9.7 kcal mot?, while the activation energy for this reaction is calculated as 55.9 kcall
mol~%; this is the simplest keteenol tautomerization and is thought to be important in the reactions of vinyl
alcohol. Formation of the formyl methyl radical (vinoxy radical/vinyloxy radical) from both vinyl alcohol
and methyl vinyl ether is also shown to be important, and its reactions are discussed briefly.

Introduction of formation (A;H3,g Of vinyl alcohols have been reported by
several research groups. Turecek et abported AH5qg of
CH,=CHOH to be—30.59 kcal mat! by an experimental ion
method study. Holmes et &keportedAH3,, of CH;—=CHOH

¢ fo be —26.59 kcal mot? by electron impact method in 1976.
J4iolmes and Lossingmeasured\;H3q, of CH;=CHOH to be
—29.87 kcal mot® by mass spectrometry in 1982. Traeger and
Djordjevic® measured the enthalpy of vinyl alcohol to b&7.3
kcal moll. Yamada, Bozzelli and Ld8yhave determined
A{H3gg of CH;=CHOH to be—29.95 kcal mot?! from CBS-Q
calculations. Zhu, Chen, and Bozz&lhave reported\;H3,q
of synCH,=CHOH to be—30.59 kcal mot! andanti-CH,=

Vinyl alcohols and methyl vinyl ethers are intermediates in
low-temperature combustion processes, such as in the initial
and intermediate stages of combustiand in the atmospheric
photochemical oxidation of hydrocarbons. The importance o
vinyl alcohols as combustion intermediates has been discovere
only recently? highlighting the absence of vinyl alcohols and
their radicals from combustion mechanisms. Vinyl alcohol has
also been detected recently in interstellar médiad there is
interest in the mechanism by which it is formeddditionally,
both poly(vinyl alcohol) and poly(methyl vinyl ether) are widely
used polymers. Knowledge of the thermodynamic parameters 1 ; ‘
for these species is thus central to understanding and predictin HOH to be—§9.59 keal mot b{ using CBS.'Q calculations.
their reaction pathways, rate constants, and equilibrium constants! Urecek et ak r?por_ted theAiHzqs Of synvinyl alcohol as
in flames, in the atmosphere, and in interstellar space, among~29-39 kcal mof™ using ab initio calculations at the G2MP2
other areas. level of theory. Smith et &P reported theA{H3qg of synvinyl

The rapid interconversion of conformers and the instability 2lcohol as—27.8 kcal mof™* using G1 ab initio calculations.
of vinyl alcohols and methyl vinyl ethers relative to their keto Theitlaxpenmental results above show a span of around 4 kcal
(aldehyde) forms leads to complexities in the study of their Mol for the enthalpy of CH=CHOH.

thermochemistry. Experimental and theoretical studies on heats In cases such as this, where experimental measurements are
difficult and imprecise, the most accurate means of obtaining

* Corresponding author: E-mail: bozzelli@nijit.edu. thermochemical properties can be from ab initio calculations.
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Through the use of highly accurate compound theoretical
methods (such as G3 and CBS-APNO) in conjunction with well-
chosen isodesmic work reactions, enthalpies of formation can
be calculated with accuracy €f0.5 kcal mot? or below. This
was demonstrated recently in a study of the enthalpy of
formation of formaldehydé? which for a long time was not
known to within an accuracy of 1 kcal m@dl Our above
evaluation of previous measurements of the vinyl alcohol
enthalpy reveals a similar level of inaccuracy. Furthermore, no
accurate thermochemical information is available for methyl
vinyl ether, or the radicals of vinyl alcohol and methyl vinyl
ether.

In this work, enthalpiesA;H3.0), entropies §q9 and heat
capacitiesCy(T)) are determined for vinyl alcohol, methyl vinyl
ether, and the radicals corresponding to loss of a hydrogen atomFigure 1. HOMO —1 molecular orbital diagram foanti-CH,=
from these two parent molecules, using density functional and CHOCH..
ab initio calculation methods. The enthalpies of formation are
evaluated at four calculation levels using isodesmic work A technique for the calculation of thermodynamic functions
reactions. Entropies and heat capacities are calculated using th&0m hindered rotations with arbitrary potentials is used to
rigid_rotor-harmonic-osc”|at0r approximation based on fre- calculate hindered internal rotor contributions to the entropy
quencies and moments of inertia of the optimized B3LYP/ and heat capacity of vinyl alcohol and methyl vinyl ettThis
6-31G(d,p) structures. Contributions to entropy and heat capacitytechnique employs expansion of the hindrance potential in a
from internal rotation are estimated from rotor energy profiles Fourier series, calculation of the Hamiltonian matrix on the basis
calculated at the B3LYP/6-31G(d,p) level of theory. We also ©f wave functions of the free internal rotor, and subsequent

derive group additivity and hydrogen bond increment (HBI) calculation of energy levels by direct diagonalization of the
groupd? from the data that we obtain. Hamiltonian matrix. In this work, the torsional potential

_ calculated at discrete torsional angles is represented by a

Calculation Methods truncated seven-parameter Fourier series of the following form:
Structural parameters for each molecule are optimized for

structure at the B3LYP/6-31G(d,p) level of thedPyand the I 7
harmonic vibrational frequencies and zero-point vibrational V(¢) =a,+ ) acosf¢) + Z b, cos{¢) 1)
energies (ZPVE) are computed at the same level. The compound = =
methods CBS-@% CBS-APNO and G37 are also used to - .
determine accurate enthalpies of formation. The CBS-Q and The values of the coefficients andb; are calculated to provide

G3 methods perform initial geometry optimization and fre- the minima and.maX|ma of the torsional potentials _",‘"th
quency calculations with HF theory (and the 6-31G(@hd allowance for a shift of the theoretical extreme angular positions.
6-31G(d) basis sets, respectively), followed by higher-level
geometry optimizations using MP2 theory (again with the same
basis sets). The CBS-APNO method involves initial geometry ~ Geometries and Frequenciedllustrations of the optimized
optimization and frequency calculations at the HF/6-311G(d,p) geometries at the B3LYP/6-31G(d,p) density functional calcula-
level of theory, followed by a higher-level QCISD/6-311G(d,p) tion level for CH=CHOH, CH=CHOH, CH~=C*OH, CH,=
optimization. All calculations are performed using Gaussian CHOCH;, CH=CHOCH;, CH,=C*OCHs, and CH=CHOCH
0318 are presented in the Supporting Information, along with their
Enthalpies of Formation. Standard enthalpies of formation  Cartesian coordinates, vibrational frequencies, and moments of
are estimated using total enthalpies obtained by the four inertia. Trends in bond lengths are illustrated in Table 1. Also
calculation methods with a series of working reactions that are included in Table 1 are bond lengths for QCISD/6-311G(d,p)
bond isodesmic. The method of isodesmic reactions relies onoptimized geometries, taken from the CBS-APNO calculations.
the similarity of bonding environment in the reactants and From Table 1 we find that the B3LYP calculations yield similar
products that leads to cancellation of systematic errors in the geometries to the higher-level QCISD calculations, and the
calculations. Calculations are performed for all components in B3LYP geometries and frequencies are therefore suitable for

Results and Discussion

each reaction, and the enthalpy of reactioh,(H59) Iis the calculation of entropies and heat capacities. Also, in Table
calculated. The enthalpy of formation of the target species is 1 we observe that the removal of a hydrogen atom from the
then determined from the calculatéd H54g with experimen- vinyl backbone of either vinyl alcohol or methyl vinyl ether

tal AH5og values for reference species. Enthalpies for all results in relatively little change to the molecular structure,
reference species in our isodesmic reactions have been measureddicating that the radical electron is left predominantly localized
experimentally to within a low uncertainty. on the carbon atom. However, formation of the £&£HOCH,
Entropies, Heat Capacities, and Hindered Rotation Con- radical results in contraction of the-@H, bond by around
tribution to Thermodynamic Parameters. Entropies and heat ~ 0.06 A, indicating resonance stabilization of the radical electron
capacities are calculated using the geometry, symmetry, fre-between the oxygen atom and the methylene carbon atom. This
guencies, and moments of inertia of the B3LYP/6-31G(d,p) is demonstrated in Figure 1, which shows the HOMQ of
optimized structures using the SMCPS program. Symmetry and anti-CH,=CHOCH.. Here we observe bonding between the
electronic degeneracy of radical species are incorporated.vinyl carbon atoms and, to a lesser extent, between the ether
Contributions to entropy and heat capacity from internal oxygen atom and the methylene carbon atom.
rotations are determined with the program ROTATOR, using  Enthalpies of Formation. The isodesmic reaction schemes
rotation potential curves from B3LYP/6-31G(d,p) calculations. used to determiné;H34g of vinyl alcohol, methyl vinyl ether,
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TABLE 1: Important Bond Lengths for syn and anti Conformations of Vinyl Alcohol and Methyl Vinyl Ether, and Their
Corresponding Radicals, at the B3LYP/6-31G(d,p) and QCISD/6-311G(d,p) Levels of Theory

bond lengths (A)

B3LYP? QCISD B3LYPa QCISD B3LYPa QCISD
vinyl alcohol species €C c-0O O—H
synCH,=CHOH 1.334 1.339 1.362 1.363 0.968 0.960
synC'H=CHOH 1.316 1.323 1.368 1.367 0.969 0.961
synCH,=C*OH N/A N/A N/A N/A N/A N/A
antii-CH,=CHOH 1.332 1.336 1.369 1.370 0.964 0.956
anti-C'‘H=CHOH 1.315 1.315 1.373 1.373 0.964 0.964
anti-CH,=C*OH 1.322 1.326 1.340 1.343 0.968 0.961
methyl vinyl ether species €C C-0 O—CH;
synCH,=CHOCH; 1.355 1.342 1.430 1.357 1.430 1.417
synC'H=CHOCH; 1.320 1.327 1.359 1.358 1.424 1.421
synCH,=C'OCHs 1.325 1.331 1.318 1.321 1.445 1.436
synCH,=CHOCH; 1.334 1.318 1.369 1.348 1.362 1.356
anti-CH,=CHOCH; 1.316 1.337 1.367 1.364 1.422 1.418
anti-CH=CHOCH; 1.316 1.323 1.367 1.366 1.422 1.419
anti-CH,=C'OCHs 1.323 1.328 1.331 1.333 1.437 1.433
anti-CH,=CHOCH, 1.332 1.334 1.367 1.370 1.364 1.368

aB3LYP/6-31G(d,p)” QCISD/6-311G(d,p).

TABLE 2: Isodesmic Reactions and Calculated Enthalpies of ReactionX,,H5s kcal mol~?) with Four Theoretical Methods
for syn Conformations of Vinyl Alcohol, Methyl Vinyl Ether, and the Corresponding Radicals

AH3gg (kcal moi?)

isodesmic reaction B3LYP CBS-Q CBS-APNO G3
synCH,=CHOH + CH; — CH30H + CH,=CH, 14.38 12.13 12.33 12.09
synCH,=CHOH + C,H — CH3;CH,OH + CH,=CH, 9.17 6.25 6.58 6.17
synCH,=CHOH + CgHg — CH3;CH,OH + CH,=CHCH; 5.28 3.52 3.74 3.51
synC'H=CHOH + CH; — CHz;OH + CH,=C'H 11.58 9.25 9.52 9.26
synC*H=CHOH + C;Hs — CH3;CH,OH + CH,=C'H 6.37 3.37 3.78 3.35
synCH,=CHOCH; + C,Hg — CH,~CHCH; + CH3;0CH; 7.26 6.65 6.74 6.71
synCH,=CHOCH; + CsHg — CH,~CHCH; + CH;CH,OCH; 3.77 3.28 3.45 3.33
synC'H=CHOCH; + C,Hg — CH,=C'H + CH;CH,OCHs; 5.27 3.26 3.63 3.36
synC'H=CHOCH; + CH, — CH,=C'H + CH;OCH; 10.38 9.37 9.59 9.45
synCH,=C*OCH; + C,Hg — CH,=C'H + CH;CH,OCHs; 8.34 5.37 5.92 5.07
synCH,=C*OCH; + CH, — CH,=C'H + CH;OCH; 13.46 11.48 11.87 11.16
synCH,=CHOCH; + C;Hg — CH,=C*H + CH3;CH,OCH; 20.25 17.35 18.37 17.48
synCH,=CHOCH; + CH; — CH,=C'H + CH;OCH; 25.37 23.46 24.33 23.57

aB3LYP/6-31G(d,p).
TABLE 3: Isodesmic Reactions and Calculated Enthalpies of ReactionX|,,H5q kcal mol~1) with Four Theoretical Methods
for anti Conformations of Vinyl Alcohol, Methyl Vinyl Ether, and the Corresponding Radicals
A Hgg (kcal mol?)

rxXn

isodesmic reaction B3LYP CBS-Q CBS-APNO G3
anti-CH,=CHOH + CH; — CH30H + CH,=CH, 12.46 11.09 11.19 10.99
anti-CH,=CHOH + C,Hs — CH3CH,OH + CH,=CH, 7.25 5.21 5.44 5.07
anti-CH,=CHOH + C3Hg — CH3;CH,OH + CH,=CHCH; 3.36 2.48 2.60 2.41
anti-C"H=CHOH + CH; — CH3zOH + CH,=C*H 8.32 7.11 7.26 7.06
anti-C*H=CHOH + C;Hs — CH3CH,OH + CH,=C'H 3.12 1.23 151 1.15
anti-CH,=C*OH + CH; — CH3OH + CH,=C'H 16.41 13.58 14.03 13.16
anti-CH,=C*OH + C;Hs — CH3;CH,OH + CH,=C'H 11.21 7.70 8.29 7.25
anti-CH,=CHOCH; + C;Hs — CH;=CHCH; + CH;OCH; 5.34 5.09 4.96 5.05
anti-CH,=CHOCH; + C3Hg — CH;=CHCH; + CH3;CH,OCH; 1.84 1.72 1.67 1.67
anti-C'H=CHOCH; + C;Hs — CH,=C'H + CH3;CH,OCH;s 1.55 —0.32 —0.15 —0.35
anti-C"H=CHOCH; + CH; — CH;=C*H + CH;0CHs 6.66 5.79 5.81 5.74
anti-CH,=C*OCH; + C;Hg — CH,=C'H + CH3;CH,OCH; 9.66 6.61 7.32 6.39
anti-CH,=C*OCHs; + CH; — CH;=C*H + CH3;0CHs 14.77 12.72 13.27 12.48
anti-CH,=CHOCH; + C,Hg — CH,=C*H + CH3;CH,OCH; 20.14 16.24 17.86 16.72
anti-CH,=CHOCH; + CH; — CH,=C'H + CH3;OCH; 25.25 22.35 23.82 22.81

aB3LYP/6-31G(d,p).

and their corresponding radicals are shown in Tables 2 and 3 Enthalpies of formation and their respective uncertainties for
for the syn and anti conformers, respectively. Tables 2 and 3 standard species used in the working reactions are adopted from
include calculated reaction enthalpies for each of the isodesmicevaluation of literature data; values for the standard species are
reactions with the four computational methods used in this study. listed in Table 4. Analysis of Table 4 shows that all reference
We find that reaction enthalpies for all of the isodemic reactions species have accurately known enthalpies.

are small, indicating good cancellation of bond energy across Enthalpies of formation are determined using the calculated
the reactions. reaction enthalpies of Tables 2 and 3 and the experimental
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TABLE 4: Experimental Enthalpies of Formation (A{H3gg, TABLE 6: Comparison of Literature Enthalpies of
kcal mol~1) with Uncertainties for Reference Species in Formation (A{H3.9 for Vinyl Alcohol
Isodesmic Reactions
AH3qq (kcal mol-t) ref
species A{H34g (kcal molt) ref —29.98 this work
CH, —17.89+ 0.08 20 —30.59 5
CoHe —20.04+ 0.07 21 —26.59 6
CsHsg —24.82+0.14 20 —29.87 7
CH;0H —48.07+ 0.05 22 —27.3 8
CH;CH,OH —56.23+ 0.12 22 —29.95 9
CH,=CH;, 12.54+ 0.07 23 —30.5¢ 10
CH,=CH" 709+ 0.3 24 —29.3% 11
CH,=CHCHs 4.88+0.08 25 —27.8 12
CH;0OCH; —43.99+ 0.12 26 a .
CH:CH,OCH; ~51.73+ 0.16 26 Syn conformation.
TABLE 5: Calculated Enthalpies of Formation (A;H349 6
Uncertainties, and Standard Deviations for Vinyl Alcohol
and Methyl Vinyl Ether Speciest — 5
AHSgg uncertainty deviation TEJ
vinyl alcohol species T 4
synCH,=CHOH —29.98 +0.5 +0.16 S5
synC'H=CHOH 31.29 +0.5 +0.20 5 3
anti-CH,=CHOH —28.88 +0.5 +0.13 Qe
anti-C"H=CHOH 33.50 +0.5 +0.15 I
anti-CH,=C*OH 27.05 +0.5 +0.48 Q 24
methyl vinyl ether species °
synCH,=CHOCH; —25.58 +0.5 +0.07 o 1
synC'H=CHOCH; 35.56 +0.5 +0.15
synCH,=C*OCH; 33.53 +0.5 +0.39
synCH,=CHOCH, 21.25 +0.5 +0.51 0 V v y
anti-CH,=CHOCHg -23.91 +0.5 +0.05 0 90 180 270 360
ant!-C'H=CHOCH; 39.25 +0.5 +0.07 Dihedral Angle (degrees)
22::2:;8%&12 gggi igg igég Figure 2. Potential energy profile of the -©0H internal rotor for

CH,=CHOH (dot points). The solid line indicates Fourier series
a Average values from CBS-Q, CBS-APNO, and G3 calculations expansion.
with isodesmic work reactions. All values in kcal mal
. ) ) . Internal Rotor Potentials. Potential energy profiles for
enthalpies of formation of Table 4. The determined enthalpies jternal rotations in each molecule are calculated at the B3LYP/
are presented in Table Al (Appendix) for the syn and anti g.31G(d,p) density functional level. The potential energy as a

conformers of vinyl alcohol, methyl vinyl ether, and their fynction of dinedral angle is determined by scanning the torsion
corresponding alcohols. From Table Al we see that the angles from 0 to 360 at 5 intervals, while allowing the

enthalpies determined with the three compound methods aremglecule’s remaining structural parameters to be optimized.

all in agreement to within about 0.5 kcal mél(or typically Seven-parameter Fourier series expansions have been calculated
less). The B3LYP enthalpies, however, differ from the other 4 each of the internal rotors, according to Equation 1. Figure
values by around 2 kcal mol, indicating the importance of 5 spos an example of an internal rotor potential energy profile
using high-level cor_nputatlon_al methods when trying to deter- (for CH,—CHOH) and its Fourier series expansion. The
mine thermodynamic properties of these unsaturated vinyl-oxy remaining profiles are included in the Supporting Information

hydrocarbons accurately. Figures S8S18
Table 5 gives the average value of the CBS-Q, CBS-APNO, (Figu )

and G3 enthalpies of formation for each vinyl alcohol and . -
methyl vinyl ether species, along with an estimated uncertainty the C_(?H |.nternal rotors in CH:CHOH’. CH:CHOH’ and
and the standard deviation for the three values. The computa—CH2=C OH; Fhese rotors_ correspond to interconversion of the
tional errors of the CBS-Q, CBS-APNO, and G3 methods for syn and anti conformations of these molecules. The2=§:H
atomization reactions with the G2 test set are 1.3, 0.7, and 0.9CHOH and CH=CHOH rotors are observed to be relatively
kcal mol 2, respectively. When using isodesmic reactions, the similar, with the syn conformer being more_stable than_ the_ anti
accuracy of the CBS-APNO and G3 methods have been conformer by 2-4 kcal mol?; the total barrier for rotatlor! is
evaluated as 0.30 and 0.32 kcal mgrespectively:3 However, between 5 and 7 kcal mol. For CH=C*OH we find thatanti-

for radical species these calculations will be less accurate CHz=C"OH is the only stable conformer, while the barrier for
because of spin contamination, and we estimate an averagénternal rotation is around 'half that calculated for S4CHOH
computational error 0.5 kcal motL, Our calculated enthalpy ~ @nd CH=CHOH. Also, unlike CH=CHOH and CH=CHOH,

for synvinyl alcohol is compared to previous literature values the C=C—O—H atoms for CH=COH do not lie in the same

in Table 6. We find that our value agrees well with the Plane.

experimental value of Holmes and Lossihg/e also observe Potential energy profiles for the-€OCH;g rotors in methyl

in Table 5 that the syn conformers of vinyl alcohol and methyl vinyl ether and its radicals are illustrated in Figures S$02.
vinyl ether are more stable than their anti conformers by around The internal rotors are similar to those observed for vinyl alcohol
1 to 2 kcal mot™. The stability of the syn confirmations of  and its radicals, with the anti conformations of £f-CHOCH;
vinyl alcohol and methyl vinyl ether, with respect to their anti and CH=CHOHCH; being more stable than the syn conforma-
confirmations, has been attributed to steric effé¢ts. tions by around 24 kcal molt. For CH=C*OHCH;s the syn

Figures 2, S8, and S9 show the potential energy profiles of
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TABLE 7: Bond Dissociation Energies (BDEs) for Vinyl 24
Alcohol and Methyl Vinyl Ether
species BDE (kcal moh) -
H—CH=CHOH 113.4 g 18 1
CH,=C(OH)—H 109.1 =
CH,=CHO—H 85.2 °
CH,=CH—-OH 110.3 =
H—CH=CHOCH; 113.2 212
CH;=C(OCH;)—H 109.9 5
CHy;=CHOCH—H 98.9 ©
CH,=CH—-OCH; 100.6 =2
CH,~CHO—CHj 63.5 G
12

and anti conformations are both stable, although the potential

energy well forsynCH,=C*OHCH; is very shallow (0.2 kcal 0 > , ,
mol1). 1.1 1.2 13 14 1.5
Figures S13-S15 give the internal ©CHs rotor energy C-0 Bond Length (A)

profiles for the syn and anti conformations of SHLHOCH, Figure 3. Relaxed potential energy scan of the O bond in the CH

and its radicals corresponding to loss of a hydrogen atom. All -} "2 dical at the B3LYP/6-31-+G(3df,3pd) level of theory.
three species exhibit symmetric threefold barriers. For the anti

conformers, the barrier to rotation is around 1 kcal mhoFor molecules with both syn and anti conformations, the enthalpy
synCH,=CHOCH; and synC‘H=CHOCH; the barrier to of the most stable conformation is used. Also included in Table
rotation of the methyl group is-24 kcal moll. With syn 7 are bond dissociation energies for cleavage of th)CEO

CH,=C*OCH; we were not able to calculate the energy profile bonds in vinyl alcohol and methyl vinyl ether, that is, &+
for rotation of the methyl group because the molecule became CH—OH and CH=CH—-OCH;. These values are calculated
unstable in the syn conformation and unfolded to the more stableusing literature enthalpies for GHC*H, HO* and CHO".

anti configuration. This is a consequence of the very shallow  Analysis of Table 7 shows that the weakest bond in vinyl
potential energy well fosynCH,=C*OCHs; seen in Figure S12.  alcohol is the CH=CHO—H bond, with a BDE of 85.2 kcal

In our entropy and heat capacity calculations we usesgime mol~, while the weakest bond in methyl vinyl ether is the

CH,=CHOCH; methyl rotor to model theynCH,=C*OCH;s; CH,=CHO—CHz bond, with a BDE of 63.5 kcal mot. The

rotor. CH;=CHO—H and CH=CHO—CHjz bonds are weak because
The potential energy profiles for rotation of the—Q*H, the homolytic cleavage of these bonds results in formation of

group insyn andanti-CH,=CHOCH, are shown in Figures the resonantly stabilized GBHO radical. In this radical the
S16 and S17, and the-@©CH; rotor for this same molecule  carbonyl bond, which is stronger than the olefin bond, is formed.
is shown in Figure S18. From Figures S16 and S17 we find As a result, the formyl methyl radical*8,—CH=O structure
that the G-C*H; rotors insyn andanti-CH,=CHOCH, show is favored by around 10 kcal ntdl over that of the vinoxy (or
twofold barriers with well depths of about 5 kcal mélwhich vinyloxy) radical CH=CH—Or structure, with the equilibrium
results from stabilization (overlap) between the radical and the geometry close to that of the formyl methyl radiéaWe refer
oxygen orbitals (see Figure 1). Figure S18 demonstrates thatto this CH,CH=O0 species as the formyl methyl radical in the
the syn and anti conformations are of similar energy, sith remainder of this article.
CH,=CHOCH; being more stable by around 0.5 kcal mbl In Figure 3 the energy of the formyl methyl radical at the
Entropy and Heat Capacity. The entropy and heat capacity B3LYP/6-311+G(3df,3pd) level of theory is plotted as a
results using B3LYP/6-31G(d,p) geometries and frequencies arefunction of the C-O bond length, with all other geometrical
summarized in Table A2 (Appendix). TVR represents the sum parameters optimized. The optimized-C bond length as a
of the contributions from translations, vibrations, and external function of the CG-O bond length is given in the Supporting
rotations, and IR indicates the contribution from hindered Information (Figure S19). From Figure 3 we find that the
internal rotation. The torsion frequencies for these internal rotors molecule’s energy minimum occurs at a bond length of 1.23
are not included in TVR. The final standard entropies also A, which is very close to the €0 bond length in acetaldehyde
include correction terms for rotational conformers. This cor- (1.20 A at the B3LYP/6-31++G(3df,3pd) level). However,
rection is calculated by the following formula for 1 mol of at the optimum GO bond length the €C bond is 1.42 A,

mixture which is somewhere between a standard single and doube C
bond, indicating that there is still a significant degree of
ASyiing= —R Z n; In(n,) (2 resonance stabilization in the formyl methyl radical.
Itis likely that the cleavage of the GHFCHO—H and CH=

Where n; is the equilibrium mole fraction of théth form. CHO—CHjs bonds will constitute important decomposition
ASnixing represents the entropy of mixing of rotational confor- pathways during the combustion of vinyl alcohol and methyl
mations or optical conformations. vinyl ether. The very weak €CO—H bonds in vinyl alcohols

Bond Dissociation EnergiesThe bond dissociation energies (85.2 kcal mot!) make these species more reactive to abstrac-
of the H-CH=CHOH, CH~=C(OH)—H, CH,=C(OH)—H, tion by the radical pool than their corresponding aldehydes,

CH2=CHO—H, H—CH=CHOCH;, CH,=C(OCHs)—H, and where the RGEO)—H bond energies are around 89 kcal niol
CH,=CHOCH,—H bonds are presented in Table 7. They are Similarly, the CHEO)—CHjz bonds in vinyl ethers (63.5 kcal
estimated using th&H3., values of vinyl alcohol and methyl  mol~?1) are significantly weaker than the CHQ)—CH; bond
vinyl ether, their corresponding radicals from this work, the energies in the aldehydes (ca. 86 kcal Mpand will dissociate
enthalpy of the CH=CHO radical calculated by Lee and at much lower temperatures.

Bozzelli (3.08 kcal mot?),28 and the experimental enthalpy of Loss of the weakly bound hydroxyl hydrogen in vinyl alcohol
formation of the methyl radical (34.821 kcal mé).2® For via the abstraction reaction GHCHOH + X — C*H,CH=0
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TABLE 8: Enthalpies of Reaction (AxnH?°, kcal mol~?) for derived for the vinyl alcohol and methyl vinyl ether radicals in
Vinyl Alcohol Formation from OH Addition Reactions this study using the thermodynamic property data of radicals
reaction AH3eg corresponding to lossf@a H atom from the parent vinyl alcohol

CH,—CH, + OH — CH,~CHOH + H* 13 and r_nethyl vmyl etherAg_@98 and AC,_J(T) are determined as
CH,=CHCH; + OH — CH,=CHOH + C'Hs -83 the differences in respective properties of the parent molecule
CH;=CHC;Hs + OH — CH,;=CHOH + C*H,CHj -9.7 versus the radical so that the HBI values &g, andCy(T) are
CH;~CHF+ OH — CH,=CHOH + F 13.2 added to the parent values to yield the thermochemical properties
CH;=CHCI 4+ OH — CH,=CHOH + CI* —16.2 of the radical. The contributions corresponding to change in

CH=CHBr + OH — CH=CHOH + Br —30.4 symmetry between the radical and parent are not included in

the HBI group but are included in evaluation of the entropy of
each species separately, along with the degeneracy of the radical
electronic state. The HBI group, therefore, remains an intrinsic
value?” The data of HBI groups for vinyl alcohols and methyl

+ HX and the facile loss of methyl in methyl vinyl ether by
unimolecular bond cleavage both result in formation of the
formyl methyl radical. The reactions of formyl methyl radicals
are known to be important in combustion and thermal reaction *: ) - i
systemg8:30-33 Unimolecular dissociation of the formyl methyl vinyl ethers are listed in Table 9. THR|(T) andS; values in
radical has been shown to result primarily in the products the H'_BI group corres_pond to contributions from the loss of three
CHz + CO by Lee and Bozzelf® where the CH radical can vibrational fr_equt_anmes,_ lossf@ H atom, plus cha_nges in
further react to abstract a hydrogen atom from hydrocarbons ormoments of inertia and internal rotors. HBI groups n Table 9
other hydrogenated species. This has been reported as a re for the most stable.conformatlon of each.speues, and the
important path for the formation of methane by KaigeA thermodynamic properties of t_he CHZHO radical are Faken
second major pathway for reaction of the formyl methyl radical from the CBSAP NO calculations of L_e_e _an_d BOZZ@?"-

is reaction with molecular oxygen in the atmosphere and in Group Additivity Values. Group additivity is astrf';ugh.tfor-
combustion processé€%3! The major products of this reaction ward and rgasonably accurate method for estimating the
have been studied by Lee and Boz#8lis a function of both thermochemical properties of hydrocarbons and oxygenated
pressure and temperature, showing the importance of peroxyhydrocarbons._lt is partlcula_rly usefu_l for large mol_ecules where
radical formation at low temperatures and moderate to high h|gh-!evel ab intio or.c.ie.nsny functional calculations are not
pressures, and formation of CO, HCO, and OH as major practical. Group additivity represents a molecule’s thermo-
products at higher temperatures and at low temperature andchemical properties as the sum of the thermochemical properties

pressure conditions. A third reaction of the formyl methyl radical of a series of groups. For example, the_ group additivity
in thermal systems is ketene H atom formation via beta contributions for vinyl alcohol and methyl vinyl ether are as

scission of the aldehydic hydrogéh32 which proceeds with follows:

an activation energy of around 46 kcal mblthe reactions of CH,=CHOH = C,/H, + C,/H/O + O/Cy/H
ketenes and ketene radicals are a very important component of 2 b2 D

combustion models. CH,=CHOCH, = Cy/H, + C,/H/O+ C/H,/O + O/C/CD

Vinyl Alcohol Formation. Vinyl alcohol can form from the
addition of OH radicals to ethylene, alkyl olefins, vinyl halides, The additivity contributions for groupsgIH,, C/Hs/O, and
and other substituted olefidg35especially at low to moderate ~ Cp/H/O and well-known and are summarized in Table 10.
temperatures where competing reaction pathways are lessGroups O/G/H and O/C/G are less well-known, however, and
important. Our newly calculated enthalpy of formation for vinyl have been calculated here, with the results provided in Table
alcohol allows us to calculate the enthalpies of some of these 10. Group additivity calculations were made for the syn
reactions. Table 8 lists the reaction enthalpies for the reaction conformers of vinyl alcohol and methyl vinyl ether. The
of OH with ethylene, propene, 1-butene, vinyl fluoride, vinyl A{H3q5 value of the O/G/H group has been calculated previ-
chloride, and vinyl bromide. The enthalpies of formation used ously as—44.6 kcal moi! by Holmes! —48.28 by TureceR,
to calculateA,H® are provided as Supporting Information. —46.30 by Zhu et al*? and —49.3 by Coher® These values
From Table 8 we see that all of the reactions proceed with small are significantly lower than Bensof*sassignment of-37.9
or negative reaction enthalpies. Additionally, the activation kcal mol™ based on O/g/H in alcohols. Both Cohefi and
energies for these reactions are relatively sibai. Bensor’ have assigned the O/GiQyroup an enthalpy value
Hydrogen Bond Increment Group Values for Radicals. of —30.5 kcal mot™.
A method to estimate thermochemical properties for radicals The enthalpy values of the OfH and O/C/G groups are
from the corresponding properties of the parent molecule with calculated to be—44.8 kcal mof! and —30.4 kcal mot?,
a H atom bonded to the radical site using a single group to respectively. This O/@H value is close to the data of Holnes
modify the parent properties (hydrogen bond increment (HBI) but 4-5 kcal moi~* higher than the values reported by Turécek
group) has been reported by Lay efaHBI group values are  and Coher#® and about 1 kcal mol higher than value of Zhu

TABLE 9: Hydrogen Bond Increment (HBI) Group Values (AH345 Soq and Cy(T)) for Vinyl Alcohol and Methyl Vinyl Ether
Radicals®

species AHE% A$98 Acp,3oo Acp,4oo Acp,soo Acpveoo ACp,goo Acp,looo Acpvlsoo
C'HCHOH 113.4 2.20 —0.61 —0.87 —1.05 —1.29 —-1.99 —2.75 —4.09
CH,C'OH 109.1 1.34 —0.70 —1.82 —2.64 —3.20 —3.87 —4.27 —4.89
CH,CHO 85.2 —3.52 —6.75 —8.63 —10.19 —11.47 —13.45 —14.92 —17.36
C'HCHOCH; 113.2 6.41 —0.81 —-1.16 —-1.22 —1.33 —-140 —2.61 —3.98
CH,C'OCH; 109.9 10.93 —1.50 —-3.01 —3.84 —4.27 —4.67 —4.90 —5.39
CH,CHOCH; 98.9 10.13 —-1.12 —-1.70 —2.09 —2.41 —3.03 —3.59 —4.65

3 AH3qg in kcal mol?; AS),, and Cy(T) in cal mol K—% With the exception of enthalpy, these represent values that are added to the
corresponding value of the parent molecule to result in the entropy and heat capacity of the radical. The values do not include effects of symmetry
or electron degeneracy. Enthalpy increments correspond to the respeetiveu@ O-H bond dissociation energies.
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TABLE 10: Literature and Calculated Group Additivity Values for Vinyl Alcohol and Methyl Vinyl Ether 2

group AfH3gg Soos Chp.300 Cp.a00 Cp.500 Cp.600 Chp.800 Cp.1000 Cp.1500

literature:

Cp/H* 6.26 27.61 5.10 6.36 7.51 8.50 10.07 11.27 13.19

C/H3/0%7 —10.08 30.41 6.19 7.84 9.40 10.79 13.03 14.77 17.58

Cp/H/O 8.60 8.00 4.20 5.00 5.80 6.50 7.60 8.40 9.60
calculated:

O/Cp/H —44.84 26.15 5,51 6.77 7.41 7.72 7.93 8.03 8.36

O/Cp/H antP 1.10 —0.03 0.02 0.03 0.03 0.02 0.01 0.00 —0.01

O/CIG —30.36 —0.58 4.31 5.19 551 5.54 5.39 5.13 4.68

0O/CIG antp 1.67 6.11 —0.35 —0.58 —0.64 -0.6 —0.47 —-0.34 —-0.17

a Enthalpies in kcal mot, entropies and heat capacities in cal Mdk 2. ® Anti group = values added to syn group to obtain values of anti
conformer.

Figure 4. Transition-state structure for the interconversion of vinyl
alcohol and acetaldehyde at the QCISD/6-311G(d,p) level of theory.

and Bozzellit® The enthalpy value of the O/CfQroup (—30.36
kcal mol-1) agrees well with the values of Col€and Benso#
(—30.5 kcal mof?).

Keto—Enol Tautomerism. Vinyl alcohol will readily un-
dergo kete-enol tautomerization to yield acetaldehyde. Keto
enol tautomerizations are important reactions in organic chem- Figure 5. Transition-state structure for the interconversion of methyl
istry, and the interconversion of vinyl alcohol and acetaldehyde Vvinyl ether and propanal at the QCISD/6-311G(d,p) level of theory.
represents the simplest such reaction. It is also suggested that
this tautomerization is a major decomposition pathway for enols ~ The transition state structure for the ketnol tautomeriza-
during combustion, following their formation via the reaction tion of vinyl alcohol at the QCISD/6-311G(d,p) level of theory
of alkenes with OH: Using our calculated enthalpy fayn (from CBS-APNO calculations) is depicted in Figure 4. The
vinyl alcohol and the experimental enthalpy of acetaldehyde calculated rate parameters for the forward and reverse reaction
(—39.70 kcal mot})4 we calculate the enthalpy of this at the CBS-APNO level are provided in Table 11, where the
tautomerization reaction to be9.7 kcal mol. Comparatively, pre-exponential A) factor is determined as a function of
the tautomerization enthalpy of 1-propend\iSs; = —41.6 temperature in the form of eq 3. The parame#&randn were
kcal mol%)#! to propanal AHSgs = —45.09 kcal motl)*? is determined using entropy and heat capacity 32000 K)
—3.5 kcal mot?, while the tautomerization enthalpy of 2-pro- values. The CBS-APNO method provides an activation energy

penol (AHSgs = —42.1 kcal motl)® to acetone 4;H5qs = for this reaction of 55.9 kcal mot. The activation barrier to
—52.23 kcal mot?)*2is —10.1 kcal mot?. In all cases the keto  the keto-enol tautomerization of vinyl alcohol is known to be
form is more stable than the enol form. greater in the gas phase than in aqueous media because of the

Methyl vinyl ether will isomerize to form the more stable presence of solvent catalysis in solutfSriThe transition state
propanal by transfer of the methyl group. Utilizing an experi- for the interconversion of methyl vinyl ether and propanal at
mental enthalpy of—45.09 kcal mot! for propanal? we the QCISD/6-311G(d,p) level of theory is provided in Figure
calculate thesynmethyl vinyl ether to propanal reaction enthalpy 5, with the rate parameters included in Table 11. At the CBS-
as—19.5 kcal mott. Methyl vinyl ether is therefore found to ~ APNO level, the activation energy is calculated as 72.8 kcal
be considerably higher in enthalpy than vinyl alcohol, with mol~%. Accordingly, the isomerization of methyl vinyl ether to
respect to their aldehyde isomers, although in both cases thepropanal is probably less important than the tautomerization of
saturated aldehyde form is more stable than the unsaturated enolinyl alcohol to acetaldehyde because of the higher activation
ether form. energy barrier for the methyl vinyl ether reaction.
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TABLE 11: Kinetic Parameters for the Conversion of Vinyl

Alcohol to Acetaldehyde and Methyl Vinyl Ether to
Propanal, Calculated at the CBS-APNO Level of Theory

Ea A
(kcal (298 K)
mol~Y) A n (s

559 8.5910' 0.318 5.25x 10%?

vinyl alcohol— acetaldehyde

da Silva et al.

is a result of the &0 s bond being considerably stronger than
the CG=C & bond.

Our study of vinyl alcohol and methyl vinyl ether affords
further comparisons with phenol. The BDE of the phenot-Ph
OH bond is 113 kcal molt (calculated using formation
enthalpies 0f-23.03+ 0.14 kcal mot? for phenof® and 81+
2 kcal mol! for the phenyl radicalj® We have determined the
vinyl alcohol C-OH BDE as 110.2 kcal mol, which again
shows good agreement with the corresponding benzene bond

acetaldehyde~vinyl alcohol ~ 66.3 1.05< 10° 1.202 9.87x 10! ! ' >
methyl vinyl ether— propanal  72.8  1.36& 10° 0.879 2.03x 102 energy. The ©CHz BDE in methyl vinyl ether is 63.5 kcal
propanat— methyl vinyl ether  92.3  7.6% 10° 1.366 1.85x 102 mol~2, and the @-CH; BDE in methyl phenyl ether is 66 kcall

aE, value is at 298 K.

TABLE 12: Comparison of Bond Dissociation Energies
(BDEs) in Vinyl and Benzene Molecules

BDE (kcal mol?)

mol~1, calculated using enthalpies of formation -61.8.33 4
0.22 kcal mot? for methyl phenyl ethéf and 13+ 1 kcal mol™
for the phenoxy radicd® Finally, the PR-OCH; BDE can be
determined as 103.4 kcal miélfrom the enthalpies of formation
of methyl phenyl ether and the methoxy radical (&1L kcal
mol~1).46 This BDE compares favorably with the©CH; BDE

methyl methyl
bond vinyl alcohol  vinyl ether  phenol phenyl ether in methyl vinyl ether (100.6 kcal mol). BDEs for vinyl and
O—H 852 N/A 890 N/A benzene systems are pompared in Table 12, and we find that in
C—OH 110.3 N/A 113 N/A all cases the bonds in the benzene compounds are slightly
O—CHjs N/A 63.5 N/A 66 stronger than those in the vinyl compounds; on average, these
C—OCHs N/A 100.6 N/A 103.4 bonds are stronger by 3 kcal mél We find that the G-H,

Comparison of Bond Energies in Vinyl and Aromatic

SystemsBonds in vinyl compounds are known to provide good
models for bonds in analogous aromatic compounds. The
similarity in these bonds is useful in developing isodesmic work
reactions for accurate thermochemical calculations. Furthermore,
small vinyl compounds can replace large aromatic molecules
in time-saving preliminary ab initio calculations. In this study

we calculated the BDE of the vinyl alcohoHH bond as 85.2
kcal molt. This value is very similar to the ©H BDE for
phenol, which is 89.0 kcal mol.# In comparison, BDEs for
aliphatic alcohols are of the order of 105 kcal molThe O-H
bonds in vinyl alcohol and phenol are around 20 kcal Thol

C—0, and G-H bond energies in vinyl alcohol and methyl vinyl
ether are similar to the corresponding bond energies in phenol
and methyl phenyl ether. We also find that the trends with bond
energy change with OH and OGKubstitution on ethylene and
benzene are very similar.

Summary

Thermodynamic properties of vinyl alcohol and methyl vinyl
ether and related radicals corresponding to Idsa & atom
from a carbon are calculated using density functional and ab
initio methods with isodesmic reaction schemes for cancellation
of errors. Standard enthalpies of formatiagH3.s are deter-

weaker than those in aliphatic alcohols because of resonancemined from B3LYP/6-31G(d,p), CBS-Q, CBS-APNO, and G3
stabilization of the respective phenoxy and vinoxy radicals. The calculations. EntropiesS},g) and heat capacityGy(T)) are
structure of the vinoxy radical resembles the formyl methyl determined with B3LYP/6-31G(d,p) optimized geometries and
radical (CH,CH=0) more closely, whereas the phenoxy radical frequencies. Hindered internal rotation contributions to entropy
structure is closer to the 2,5-cyclohexadienyl-1-one radical. This and heat capacity are calculated by intramolecular torsion

TABLE Al: Calculated Enthalpies of Formation (A¢H°, kcal mol~1) with Four Theoretical Methods for syn and anti
Conformations of Vinyl Alcohol, Methyl Vinyl Ether, and the Corresponding Radicals

AfH° (kcal mol?)

isodesmic B3LYP CBS-Q CBS-APNO G3

species reaction syn anti syn anti syn anti syn anti
CH,=CHOH 1 —32.02 —30.10 —29.77 —28.73 —29.97 —28.83 —29.73 —28.63
CH,=CHOH 2 —32.82 —30.90 —29.90 —28.86 —30.23 —29.09 —29.82 —28.72
CH,=CHOH 3 —-31.81 —29.89 —30.05 —29.01 —30.27 —29.14 —30.05 —28.95
CH,=CHOH average —32.22 —30.30 —29.91 —28.87 —30.16 —29.02 —29.87 —28.77
C'*H=CHOH 1 29.14 32.40 31.47 33.61 31.20 33.46 31.46 33.66
C‘H=CHOH 2 28.34 31.59 31.34 33.48 30.93 33.20 31.36 33.56
C'*H=CHOH average 28.74 32.00 3141 33.55 31.07 33.33 31.41 33.61
CH,=C'OH 1 N/A 24.31 N/A 27.14 N/A 26.69 N/A 27.56
CH,=COH 2 N/A 23.50 N/A 27.01 N/A 26.42 N/A 27.46
CH,=C'OH average N/A 23.91 N/A 27.08 N/A 26.56 N/A 27.51
CH,=CHOCH; 1 —26.33 —24.41 —25.72 —24.16 —25.81 —24.03 —25.78 —24.13
CH,=CHOCH; 2 —25.80 —23.87 —25.31 —23.75 —25.48 —23.70 —25.36 —23.70
CH,=CHOCH; average —26.07 —24.14 —25.52 —23.96 —25.65 —23.87 —25.57 —23.92
C‘H=CHOCH; 1 33.94 37.66 35.95 39.53 35.58 39.36 35.85 39.56
C‘H=CHOCH; 2 34.42 38.14 35.43 39.01 35.21 38.99 35.35 39.06
C*H=CHOCH; average 34.18 37.90 35.69 39.27 35.40 39.18 35.60 39.31
CH,=C'OCH; 1 30.87 29.55 33.84 32.60 33.29 31.89 34.14 32.82
CH,=C'OCH; 2 31.34 30.03 33.32 32.08 32.93 31.53 33.64 32.32
CH,=C'OCH; average 31.11 29.79 33.58 32.34 33.11 3171 33.89 32.57
CH,=CHOCH, 1 18.96 19.07 21.86 22.97 20.84 21.35 21.73 22.49
CH,=CHOCH, 2 19.43 19.55 21.34 22.45 20.47 20.98 21.23 21.99
CH;=CHOCH, average 19.20 19.31 21.60 22.71 20.66 21.17 21.48 22.24
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TABLE A2: Calculated Entropies (S54g and Heat Capacities Cy(T)) for Vinyl Alcohol and Methyl Vinyl Ether Species, from
B3LYP/6-31G(d,p) Geometries, Frequencies, Moments of Inertia, and Internal Rotofs

species Ses Cp.300 Cp.a00 Cp.500 Cp.600 Cp.800 Cp.1000 Cp.1500
synCH,CHOH TVR 60.31 12.12 15.00 17.56 19.71 23.03 25.51 29.53
o (symmetry)= 2 IR 1.45 2.69 3.13 3.16 3.01 2.57 2.19 1.62
total 61.76 14.81 18.13 20.72 22.72 25.60 27.70 31.15
synC'HCHOH TVR 62.89 12.24 14.55 16.48 18.06 20.45 22.23 25.15
o (symmetry)= 1 IR 1.07 1.96 2.70 3.19 3.37 3.16 2.72 1.91
total 63.96 14.20 17.25 19.67 21.43 23.61 24.95 27.06
anti-CH,CHOH TVR 60.28 12.14 15.03 17.59 19.73 23.04 25.51 29.52
o (symmetry)= 2 IR 1.45 2.69 3.13 3.16 3.01 2.57 2.19 1.62
total 61.73 14.83 18.16 20.75 22.74 25.61 27.70 31.14
anti-C"HCHOH TVR 62.80 12.26 14.57 16.50 18.07 20.46 22.24 25.15
o (symmetry)= 1 IR 1.07 1.96 2.70 3.19 3.37 3.16 2.72 1.91
total 63.87 14.22 17.27 19.69 21.44 23.62 24.96 27.06
anti-CH,C*OH TVR 59.85 11.95 14.22 16.18 17.79 20.26 22.10 25.11
o (symmetry)= 2 IR 3.26 2.16 2.08 1.90 1.73 1.47 1.32 1.15
total 63.11 14.11 16.30 18.08 19.52 21.73 23.42 26.26
synCH,CHOCH; TVR 62.48 14.35 18.68 22.74 26.25 31.81 35.94 42.43
o (symmetry)= 6 IR 1 (C-OCHg) 3.68 3.44 3.68 3.53 3.24 2.66 2.18 1.38
IR 2(0O—CHg) 4.42 2.01 2.03 1.95 1.84 1.62 1.46 1.24
total 65.44 19.80 24.39 28.22 31.33 36.09 39.57 45.05
synC'HCHOCH; TVR 64.06 14.54 18.29 21.72 24.65 29.27 32.71 38.08
o (symmetry)=3 IR1(C-OCHy) 3.02 2.36 3.00 3.53 3.75 3.53 2.98 1.87
IR 2(0O—CHg) 4.77 2.08 1.94 1.76 1.60 1.40 1.27 1.13
total 71.85 18.99 23.23 27.00 30.01 34.19 36.96 41.07
synCH,C*OCH; TVR 64.29 14.53 18.22 21.62 24.55 29.18 32.63 38.04
o (symmetry)= 6 IR 1 (C-OCHg) 5.99 2.48 2.08 1.78 1.57 1.31 1.16 0.88
IR 2(0—CHy) 4.42 2.01 2.03 1.95 1.84 1.62 1.46 1.24
total 74.69 19.01 22.33 25.35 27.96 32.11 35.24 40.15
synCH,CHOCH, TVR 64.57 14.79 18.79 22.27 25.16 29.60 32.87 38.07
o (symmetry)=4 IR1(C-OCH,) 5.37 1.92 1.99 2.01 1.98 1.83 1.64 1.21
IR 2(0—C'Hy) 5.63 1.97 1.91 1.85 1.79 1.63 1.48 1.12
total 75.56 18.67 22.69 26.13 28.93 33.06 35.98 40.39
anti-CH,CHOCH; TVR 62.41 14.54 18.82 22.84 26.33 31.87 36.00 42.48
o (symmetry)= 6 IR 1 (C-OCHg) 3.68 3.44 3.68 3.53 3.24 2.66 2.18 1.38
IR 2(0—CHg) 5.46 1.47 131 1.21 1.15 1.09 1.06 1.02
total 71.55 19.45 23.81 27.58 30.73 35.62 39.23 44.88
anti-CHCHOCH; TVR 65.06 14.64 18.36 21.76 24.68 29.29 32.74 38.11
o (symmetry)= 3 IR 1 (C-OCHg) 3.02 2.36 3.00 3.53 3.75 3.53 2.98 1.87
IR 2(0O—CHg) 5.39 1.52 1.35 1.24 1.18 1.10 1.07 1.03
total 73.47 18.52 22.71 26.53 29.61 33.92 36.78 41.00
anti-CH,C'OCHs TVR 63.70 14.28 17.96 21.38 24.34 29.03 32.52 37.98
o (symmetry)= 6 IR 1 (C-OCHy) 5.99 2.48 2.08 1.78 1.57 131 1.16 0.88
IR 2(0O—CHg) 6.68 1.54 1.34 1.23 1.16 1.07 1.00 0.81
total 76.36 18.30 21.38 24.38 27.06 31.42 34.68 39.66
anti-CH,CHOCH; TVR 64.62 15.15 19.05 22.45 25.29 29.68 32.93 38.11
o (symmetry)= 4 IR1(C-OCH,) 5.37 1.92 1.99 2.01 1.98 1.83 1.64 1.21
IR 2(0—C'Hy) 5.74 1.66 1.69 1.71 1.70 1.64 1.52 1.16
total 75.73 18.73 22.73 26.17 28.98 33.15 36.08 40.48

a All values in cal mot! K1,

potential curves at the B3LYP/6-31G(d,p) level, with an entropy known to be an important intermediate in atmospheric and
correction for mixing of rotational conformers. combusion chemistry.
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