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The geometries and thermodynamic propertied£%8 % andCy(T) (300—-1500 K)) of 45 ketenes of four
different types namely alkylketenes (set I), oxygenated alkylketenes (set Il), 1,2- and 1,3-bisketenes (set Ill),
and ketene-substituted alcohols (set IV) were determined by means of the CBS-Q procedure. The heats of
formation of oxygenated ketenes were reevaluated using isodesmic reactions, and a systematic and consistent
(~1.5 kcal/mol) over prediction in the stability eért-butyl substituted systems has been identified at the
CBS-Q level. Nearly 20 new thermochemical groups for the ketene molecular family and 3 nonnext neighbor
interaction terms were evaluated from the computed thermodynamic functions by simultaneous parameter
estimation. The nonnext neighbor corrections account for an eclipsing interaction betweefGi@ group

and its3 bonds. Statistical analysis of the ab initio data demonstrates the validity of the group additivity
approximation. The derived group values describe the ab ifitig, %, andC,(300 K) with an average
deviation of less than 0.06 kcal/mol, 0.15 cal/(mol K), and 0.18 cal/(mol K), respectively. In most cases,
these quantum-calibrated group additivity estimates are expected to be more accurate than the limited
experimental data and empirical estimates; the only significant discrepaicy kcal/mol) is for substituted
ketenes containing gert-butyl group.

I. Introduction that during the model construction process the thermodynamic

Ketenes are basic building blocks in organic synth&3ise properties.qf.thousands of species must .be estimated a priqri.
regio- and stereoselective reactivity of ketenes is dictated by Group additivity approaches to the calcu_latlon of thermodynarmic
the localized HOMO and LUMO orbitals of the CCO functions could meet the demands of rigorous model construc-

tion by computers. However, most group additivity studies have
r.peen focused on compounds where a wealth of experimental
data are available; ketenes have largely been neglected because
fof the lack of experimental results. Recent years, however, have
witnessed a remarkable improvement in the ability to predict
molecular properties using sophisticated quantum chemical
methods. We have recentfy'® employed state-of-the-art
gduantum chemical calculations to derive group values (GVs)
for transient species and transition structures for which direct
r{3xperimental measurements are not feasible. In the present work,
we derive GVs for the molecular family of ketenes using high-
level quantum chemical calculations on a limited set of
molecules. We have chosen 45 ketenes of four different types
for the present study and we aim to develop nearly 20 GVs
from the results of ab initio calculations.

functional group which lie in two different planes perpendicular
to each other. Ketenes are highly reactive compounds that cal
be synthesized by high-temperature pyrolsis photolysis?
Ketene and ketenyl radicals are produced in the combustion o
acetylené, acetoné, and other hydrocarbon fuelsThe con-
centrations of ketene and formaldehyde were both shown to
increase dramatically in partially premixed flanfeReactions

of ketene and ketenyl radicals with other species are include
in oxidation mechanisms of hydrocarbdhid® The reduction

of NO emission using propene as the secondary fuel has bee
showri! to involve the ketenyl radical intermediate. Knowledge
of the thermodynamic properties of ketenes as well as the kinetic
parameters of their reaction with other species is therefore
needed for the description of pyrolysis and oxidation of fuels,
as well as for photolytic reactiori:13 There is not much hope

of getting this information soon through experimental means
as few laboratories have the appropriate facilities and required!l. Theoretical Methodology
expertise. There is a clear deficit of thermochemical information

: . A. Quantum Chemical Calculations. Standard ab initio
for the highly reactive ketenes that prevents a better underStalnd_molecular orbital theory calculations were carried out with the
ing about their reactivity. There is a growing need for such y

information because of the changing trend in the modeling Gaussian 98 prograf Equilibrium geometries were completely

. 2 . optimized using the restricted HartreBock method and
community to employ computers for kinetic model construction.

The driving force for this changing approach is the expectation zﬁgﬂi‘i—;rdfé d'\i/éﬁ l::fgﬁ]ssfgéhgzzl)&ggg{:ig?n_l_tr:':%r_éi/g_h
that the resultant computer generated model will be compre- Y 9 9 )

hensive comprising all kinetically significant species and (d) basis is defined as having d-type polarization functions on
. P g ail Ay SI9 !t SPE the heavy atoms with exponents as in the 6-311G(d) basis. The
reactions, which otherwise are likely to be missed in a man-

. . ._harmonic vibrational frequencies and the moments of inertia
made model. However, the cost of this comprehensiveness IStor external rotation were computed at the HF/6-31Tlevel.

*To whom correspondence should be addressed. E-mail: whgreen@ Th€ energies were calculated using the complete basis set
mit.edu. Fax: 001 617 252 1651. method, CBS-Q of Petersson et'&l® which combines the
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extrapolated complete basis set second-order limit (CBS2) with propertiesH, S and C, were calculated from the ensemble
higher order correlation (MP3, MP4, QCISD(T)) energies energy averages and fluctuations in internal energy, respectively,
derived at a relatively smaller basis set for the accurate [E3 and IE2[]

calculation of molecular energies. The method also includes an  The thermodynamic functions are computed only for the
empirical correction and a correction for spin contamination in |owest energy conformer of each ketene. Because the experi-
order to achieve improved agreement with experimental data. mental value is an average value including contributions from
The calculated energies for this procedure show mean absoluteminima of higher energy, we introduce some error. However,
deviations from the experiment for the standard test set of 4.2 this error is expected to be systematic as the preferred
kJ/mol. Procedures to convert the total energies obtained fromconformation (as discussed in the next section) and the form of
the CBS-Q procedure to heats of formatidrOeK (AH() are the rotational potential around each single bond between the
well established® The most commonly used prOCedUre involves p0|yva|ent atoms is near]y the same in a particu]ar type of
combining the calculated atomization energy for the molecule ketene. A better way is to consider all minima and compute
of interest with experimental valu€of the heats of formation  their thermodynamic functions separately and then perform a
of the component atoms. The heat of formation at 298 K Boltzmann averaging of the functions based on their relative
(AHf*%%) may be determined from the calculatat® usingthe  energy differences. Owing to the size of the systems investigated
theoretical value of the difference in enthalpy between 0 and herein and the dimension of the conformational space, we restrict
298 K for the target molecule, obtained using scaled calculated gyrselves to the most stable conformer.

HF/6-31G(d) vibrational frequencies, together with gxperimen- C. Group Values and Calculation of the Group Contribu-

tal values of these enthalpy temperature corrections for the jong pefinition and selection of the initial groups are critical

component elements in their standard states as obtained fromg 1o development of a group additivity scheme for accurate
the literature?? The atomization energy was further corrected property estimation. We have chosen four types of ketenes for
for spin—orbit interaction in the energies of the atoms and present study, viz., alkylketenes (set+11), oxygenated
isodesmic bond additivity corrections as suggested by Peterssor{hydroxy and methoxy) alkylketenes (set1B—24), bisketenes
et al?3_The bond-additivity correction (BAC) for the CCO (1,2- B9—44) and 1,3 P5-32): set IIl), and ketenyl- substituted
group in the present work is taken as the sum of BAC f&f C - yjinhatic alcohols (set V33—38). The ketene fragmentCCO
C (~0.08 keal/mol) and €0 (0.55 kcal/mol) bonds, whereas 555 \yhole has been considered as a single polyvalent unit, very
for all other bonds, the values established by Peterssorfet al. gimilar to the way Benson has treated the carbonyl compounds.
have been employed. _ _ In aliphatic acyclic alkylketenes, the seven possible groups are
B. Calculation of Thermochemical Propertles.The total {CCO/H%, {CCO/H/Q, {CCO/C%, {C/CCO/HS, {C/CCO/
partition function,Q, of all species was calculated within the C/H2}, {CICCOIC2/H, and {C/CCOIC3. In the family of
framework of the rigid-rotor-harmonic-oscillator approximation hydroxy- and methoxy-alkylketenes (set II), the five chemically
with corrections for internal rotation. Zero-point energies and distinguishable groups afeO/H/CCG}, {OIC/ICCQ, {CCO/
vibrational frequencies were scaled by a factor of 0.91844 as O/H}, {CCO/OIG, and{ CCO/O32 . The family of 1,2- and 1,3-
recommended because of the systematic overestimation of thg,;cketenes are characterized BLCO/HICCQ, {CCO/O/
HF determined frequencies by about 10%. The scaled harmonicCCO}’ {CCOICICCQ, {CIH2/CCO2, {C/HICICCOZ, and
vibrational frequencies from the HF/6-31G(tevel of calcula- 1 /c2/ccog, whereas those of the ketenyl-substituted aliphatic

tion and the moments of inertia of molecular structures alcohols considered in the present study EE4CCO/O/H2
optimized at the MP2/6-31G/(dlevel were used to calculate {CICCO/OIC/H, and{C/ICCO/OIC2. '

the rotational and vibrational partition functions, entropies, and
heat capacities. All torsional motions about the single bonds
between polyvalent atoms were treated as hindered internal
rotations. The hindrance potential for the internal rotation was
obtained at the HF/6-31G(dlevel by optimizing the 3N-7
internal coordinates, except for the dihedral angle, which
characterizes the torsional motion. This dihedral angle was f their li d d Th ; imil bl .
varied from 0 to 360 in increments of 20 or 30 The potential of Iheir finear dependence. There IS a similar problem in
regressing the five group values for oxygenated ketenes.

energy surface thus obtained was then fitted to a Fourier series -
S An COSENG) + Br sin(me) with m < 8. Subsequently, the Consequently, we assign the group values@CCO/H3 and

partition function for the hindered rotation was obtained by {O/HICCQ to be respectively e.qu.al to that of Bensc?ﬁ’{sC/.
solving the Sctidinger equation C/H3} and{O/C/H} groups. This is also a common practice

adopted by Benson to overcome the problem of linear depen-
2 dZ‘P(CID) dence while deriving groups withdcg, O, CO, etc.
— + V(D)W (D) = E(P)W(D) We deduce the contributions coming from groups other than
87, do° the new ketene groups, vi{.C/C/H3, {C/O/H3}, and{O/C/

H}, using Benson’s group valuésBy doing so, we assume
for the energy eigenvalues with the fitted hindrance potential that the chosen level of ab initio calculation and the associated
using the free rotor basis. The reduced moment of inertia for Protocol for estimation of thermochemical properties are capable
rotation, I, in the kinetic energy term was taken as the reduced Of reproducing fairly well the true experimental values (because
moment of the two groups about an axis passing through the Benson’s group values are derived from experiments). In a series
center of gravity of both the group&293, in the notation of ~ Of papers;*~'®we have recently demonstrated the performance
East et aP* Thoughly; is actually a function ofp and the of the chosen method against empirical group addivity predic-
vibrational coordinates, in the present wolik, was fixed at its tions for molecular families with varied functional groups such
value for the equilibrium geometry, and the rotating group was as alkanes, alkenes, alkynes, alcohols, ethers, acids, and esters.
assumed to be rigid. The partition function for hindered rotation ~ Multivariate linear regression of the vector h of thermo-
was evaluated by direct counting, whereas the thermodynamicchemical properties computed from quantum chemistry (e.g.,

The simplest ketene, GHC=0 is a unique molecule and
forms the unique groupCCO/H2 . To estimate the remaining
groups from the ab initio calculated thermochemical properties
of a set of ketenes, we employ multivariate linear regression
(MVLR) analysis. Unfortunately, the estimation of each of the
six remaining group values in alkylketenes fails in consequence
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the array of heats of formatioh, = (AH1, AH,, ..., AH)) of a

set ofi species) with their dependence on the associated vector
g of group valuesy = (91, G, ..., g) being expressed ds=

Xg yields the best values for the parametgr is a matrix
specifying the pattern of occurrence jofroups in the chosen

i molecules. Marsi et &F recently applied a similar procedure

to arrive at group values of enthalpies of formation for alkanes
and alkyl radicals. The main difference between the two
protocols is that in the present work we do not allow for a
change in the group values established by Benson,{\M&ZC/

H3} and{O/C/H} groups. MVLR is expected to provide more
reliable results than successive evaluation of group values from
a subset of molecules, an alternative procedure often employed
in the literaturé”28 because of the scarcity of input thermo-
chemical data. Furthermore, MVLR allows a statistical proof
of the results of the simultaneous estimation, revealing whether
the assumption of group additivity is valid and if so, to what
extent. Because the experimental heats of formation are not
available for most of the ketenes investigated in this study, we
employ an unweighted MVLR. Because quantum chemical
calculations are known to have systematic errors in describing
a specific bond type, MVLR is performed on several combina-
tions of sets to check for the consistency of the derived group
values.

I1l. Results and Discussion

In this section, we first analyze the optimized geometries and
identify the favored orientation of groups with respect to each
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other. Next, we compare the calculated enthalpy of formation Figure 1. (a) Newman projection diagram for the preferred eclipsed
of ketene and methyl ketene with literature values. To check conformation with the>CCO group in alkylketenes. (b) Newman

the reliability of the CBS-Q atomization energies, we recom-
putedAH¢??8 of some of the oxygenated ketenes using isodesmic

projection diagram for the preferred eclipsed and perpendicular
conformations respectively around the C- - -C(CO) and C(CO)- - -O
bonds in oxygenated ketenes. (c) Newman projection diagram for the

reaction_s. We then (_jiSCUSS th_e methyl ;ubstituent effect in preferred anti conformations around the (CO)C- - -C(CO) bond in 1,3-
comparison with olefins on going from (i) ketene to meth- bisketenes.

ylketene, (ii) methylketene to dimethylketene, and (iii) alkyl-

ketenes to methylalkylketenes and identify the need to accountrap| g 1 CBS-Q Calculated Absolute Energies in au and
for nonnext neighbor contributions to enthalpies of formation. the Relative Energy AE in kcal/mol between the G-H and
Thereafter, the group additivity scheme and GVs derived via C—C Eclipsed Conformers of Some Selected Ketenes

MVLR are presented followed by a discussion on the parallelism
in GVs of ketenes, olefins, and carbonyls. Finally, the groups

values for entropy and heat capacity are derived, and the

hindered internal rotor potentials for various substituted ketenes \jecH=c=0 (1)

EtCH=C=0 (2)
i-PrCH=C=0 (3)
t-BUCH=C=0 (4) NA
Me,C=C=0 (5)
MeC(Ety=C=O0 (6)
MeC(i-Pr)=C=O0 (7)

are presented and discussed.

A. Geometries. Alkylketenes can be categorized as al-
doketenes (RCHC=0) and ketoketenes gR=C=0). The
latter can further be subdivided as alkylmethylketenes (RC-
(CH3)=C=0) and dialkylketenes &&=C=0. Previous publi-

C—H c-C AE
species (eclipsed) (eclipsed)  (kcal/mol)
Alkylketenes

cationd have addressed in detail the issue of the structure of MeC(t-Bu=C=0 (8) NA

H,C=C=0 and demonstraté¥3? a good agreement between
the structure optimized at the MP2/6-32&(2df,p) level and
the experimental valu® 36 Both methylketenel) and dim-
ethylketene %) have also been investigated extensively by
theoretical method® 32 and the geometries obtained were
shown to be in good agreement with the scarcely available
experimental data. The important observation regarding the
conformational preference of alkylketenes is that fh€—H

Et,C=C=O0 (9)
EtC(i-Pry=C=0 (10)
EtC(t-Bu=C=0 (11)  NA
EtC(OHy=C=O0 (19
i-PrC(OH)=C=0 (20)
EtC(OMe)}=C=0 (22)

—191.598382 NA
—230.824521 —230.824361 —0.100
—270.053686 —270.054446 0.477

—309.285944

—230.826322 NA
—270.052327 —270.053501 0.737
—309.281128 —309.283114 1.246

—348.514777

—309.279795 —309.281496 1.067
—348.509650 —348.511682 1.275

—387.743398

—305.953615 —305.953505 —0.069
—345.182892 —345.183590 0.438
—345.164753 —345.164845 0.058

2 NA stands for not applicable cases. Ethyl substituents exert nearly
the same preference for eclipsing the-& or the C-C bond.

or the C-C bonds of the alkyl group prefer an eclipsed energetically more favored than the former. In Table 1, we

conformation with the>CCO group (Figure 1a), and they

tabulate the absolute energies of the conformers of alkylketenes

constitute the minimum of the rotational potential well around with eclipsing C—H andf C—C bonds. As can be seen, even
the C-C(CO) bond. Similar preference in conformation has in dialkylketenes, conformers with two eclipsifigC—C bonds
earlier been observed in the case of carbonyl compounds. Inare more favored over those with/aC—H and ap C—-C

this regard, the ketenyl group CCO) behaves very much like
a carbonyl ¢ CO) group. In systems with bothC—H and C-C

interaction. The energy difference between these conformers
(Table 1) is not a constant in all of the alkylketenes as it is

bonds, eclipsing interaction with the latter bond is usually associated with a change in the number of gauche interactions.
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In conformers with g-C—H eclipsing interaction, eveny-alkyl,
iso-alkyl, and tert-alkyl group in a dialkylketene introduces

Sumathi and Green, Jr.

more favored than thg C—H}. The OH group is always
staggered with respect to the ketenyl group (QEEH=CO

respectively one, two, and two gauche interactions, whereas the= —60°). The favored conformation around the GJX

corresponding most favorabje C—C orientation results in

(CO)----- OH bond is with H making a dihedral angle of

respectively zero, one, and two gauche interactions around the—60° with the ketenyl carbon (H O— CX,—C(CO)= —60°).

C—C(CO) bond. ltis, therefore, essential to arrive at a correction

factor for the heat of formation with respect to the nature of
the eclipsingf bond rather than solely in terms of simple
destabilizing gauche interactions.

The simplest oxygenated ketene is hydroxyketene (HECH
C=0) (12. It is a valence tautomer of dihydroxyacetylene
(HOC=COH) and glyoxal (6=CHCH=O0). The interconversion
of these isomers has been investigated theoretiéalljie two
bonds adjacent to the ketenyl group in hydroxy-/alkoxy-
alkylketenes are €C(CO) and G-C(CO). Although the
C—C(CO) bond exhibits a very similar preferential pattern as
observed in alkylketenes (e.g., eclipsing withbonds of the
alkyl groups), the preferred conformation around the -XO
C(CO)R (X= H or Me) bond is with X being approximately

B. Enthalpies of Formation. The calculatedAH¢?%s of 45
ketenes of four different types are listed in Table-2aThe
calculated heat of formation for ketene is in very good agreement
with the experimental value 6f11.40 kcal/mol recommended
in the Lias Compendiurft In contrast to the present work, the
heats of formation reported earlier by Scott and Ratt@nthe
CBS-Q level did not include the recommended CBS-Q bond-
additivity and spir-orbit corrections. Furthermore, in that work,
the thermal corrections to enthalpy were made by treating the
torsional modes as harmonic vibrations rather than as hindered
rotations. The heats of formation of methyl) (and dimeth-
ylketene b) were originally a matter of dispuf&; 4° and only
very recently, a consensus has been reached between the
experimental and theoretical value. From appearance energy

perpendicular to the OC(CO) plane. Consequently, with second-measurements using threshold photoionization mass spectrom-
ary and tertiary alkyl groups, one encounters respectively one etry, Traget! obtained theAH2% for methylketene 1) (—16
and two gauche interactions between R and the OX group £ 1.1 kcal/mol) and dimethylketen&)((<—20.55 kcal/mol)

(Figure 1b). However, the origin of the gauche interaction is

that are in very good agreement with the predictions of Radom

stated by Benson to result from the repulsion of H atoms et al.32 namely,—16.25 and—21.99 kcal/mol from the CBS-
attached to too-close methyl groups. Following Benson, we do APNO level of calculation. The results obtained from the CBS-Q
not expect any nonnext neighbor gauche effects between OXlevel in the present study are also in good agreement with the

and R groups. In dihydroxy-16), hydroxyalkoxy- (6) and
dialkoxyketenes 15), (XO),C=C=0 (X=H,Me), the relative

experimental value. Not much is known about the thermochem-
istry of other alkyl ketenes investigated in this study; 1,1-

orientation of both X groups appears to be dictated by the lone disubstituted ketenes are less reactive and do not show the
pair electrons on the oxygen atoms. Although there is no bond tendency to dimerize, but it is not clear whether this is more
between the two oxygens, the X groups form a dihedral angle than just a kinetic effect.

(XO------ OX) of about 120 as observed in stable peroxides
(ROCH).

In our earlier publication}~1> we have systematically
investigated the performance of the CBS-Q method for predict-

Bisketenes consist of two ketene groups bonded either directlying the thermochemical properties of alkanes, alkenes, alde-
to each other (1,2-bisketenes) or separated by other atoms, e.ghydes, acids, alcohols, and ethers. We observed a systematic
by a CH group as in 1,3-bisketenes. The most stable structure overestimation of the stability of systems with tertiary butyl
of the 1,2-bisketenes is the twisted form with the ketenyl groups substituent at the CBS-Q level: tBuGkCBS-Q—41.57, expt
being approximately perpendicular to each other. The preference—40.14 kcal/mol); t-BuCH-CH, (CBS-Q—15.7 kcal/mol, expt
for the twisted conformation suggests a destabilizing interaction —14.5 kcal/mol); t-BuCHO (CBS-Q-60.2 kcal/mol, expt-58.5
or the lack of conjugative stabilization between the two ketenyl kcal/mol); t-Bu-C(O)OH (CBS-Q—123.45 kcal/mol, expt
groups. 1,3-Bisketenes considered in the present study can be-122.0 kcal/mol); t-BuOH (CBS-Q-75.9 kcal/mol, expt-74.5
visualized as diketenyl-substituted alkanes and are characterizedcal/mol); tBuOMe (CBS-Q-69.4 kcal/mol, expt-67.7 kcal/
by two torsional modes between the aliphatic and the ketenyl mol). The CBS-Q heats of formation are consistently below the

carbon. In contrast to thesR—C(CO) bond in alkylketenes,

experimental value by 1.5 kcal/mol. It is not clear whether the

where R is either a hydrogen or an alkyl group, in 1,3-bisketenes, calculated or the experimental values are systematically in error.
one of the R’s is a ketenyl group. The ketenyl substituent also A similar unresolved discrepancy exists for thert-butyl

prefers an eclipsed conformation; the preferential orderH&C

> C—H = C—C(CO). Besides these two torsions, the ketenyl
groups are disposed anti to each other ((OG)G -C(CO) is
around 180; Figure 1c), if they are eclipsed with the former

radical#? From our experience, we anticipate a similar system-
atic mismatch in the predicted stability @frt-butyl substituted
ketenes using CBS-Q calculations.

All of the results given in Table 2ac come from atomization

two bonds. As a result, with methylketenyl groups, a stabilizing energies. Although we do not have much experimental values
1,5- interaction is possible between the hydrogen of the methyl for comparison, we checked the calculated heats of formation

group and the>CCO of the other ketenyl moiety. The HOMO
of the >CgC,O group is perpendicular to its plane with the
highest coefficient on carbongCThe distance between one of
the hydrogens of the methyl group ang i§ 2.87 A.

of some of the ketenes using isodesmic reactions. It is known
that the cancellation of errors in theoretical estimates of the
energies of isodesmic reaction generally leads to further
improvement in the calculation of theoretical ener¢iésas

The preparation procedures for all of the ketenes consideredcompared to the BAC factors in the atomization energy method.

in this study are available in Tidwell's bobkn ketenes except
for the ketenyl substituted alcohol83-38). However, there

(The BAC are derived by fitting to a small set of molecules
containing a particular bond.) Because the experimental data

are many plausible pathways leading to ketenyl-substituted on thermochemical properties of oxygenated ketenes are too
alcohols in combustion and pyrolysis, so we have computed scarce, we cross-check the heat of formation of hydroxyalkyl-
their thermochemistry as well. Ketenyl-substituted alcohols ketenes with the aid of isodesmic reactions shown in Table 3.
exhibit the same preferential eclipsing interaction around the The CBS-Q absolute energies in au, the thermal correction in
C(COy} - - -C(X2)OH bond (X= H or Me) with {C—C} being kcal/mol, and the experimental heats of formation in kcal/mol
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TABLE 2: CBS-Q Calculated Data on Thermodynamic Properties of Alkylketenes, Oxygenated Alkylketenes, and Bisketerfes
Co Co Co Co Cp C C

(] (3
species AH?%8 S8 (300K) (400K) (500K) (600K) (BOOK) (1000K) (1500 K)
Alkylketenes (set I)

CH,~=C=0 —-11.34 57.47 12.08 13.91 15.40 16.64 18.61 20.10 22.47
CH,=C=0(expt) —11.40 57.8 12.4 14.2 15.6 16.9 18.8 20.2 22.5

MeCH=C=0 (1) —15.14 68.20 16.48 19.53 22.33 24.79 28.77 31.77 36.41
MeCH=C=0(expt) —16.0(1.1) 17.1 20.1 22.8 25.2 29.1 32.0 36.5

EtCH=C=0 (2) —20.67 77.61 22.00 26.60 30.74 34.31 39.97 44.20 50.72
i-PrCH=C=0 (3) —28.57 84.05 27.70 33.94 39.48 44.16 51.48 56.88 65.18
t-BUCH=C=0 (4) —37.75 87.66 33.50 41.55 48.58 54.45 63.46 69.99 79.92
Me,C=C=O0 (5) -21.73 74.92 22.44 26.61 30.47 33.91 39.57 43.88 50.56
Me,C=C=0(expt) <—20.65 22.8 26.9 30.8 34.2 39.8 44.0 50.6

MeC(Ety=C=O0 (6) —-27.97 85.84 27.53 33.36 38.68 43.31 50.74 56.31 64.89
MeC(i-Pr=C=0 (7) —35.76 92.13 33.12 40.57 47.23 52.95 62.02 68.78 79.21
MeC(t-Buy=C=O0 (8) —44.87 95.68 39.12 48.29 56.42 63.30 74.04 81.92 93.95
Et,C=C=0 (9) —34.66 93.66 32.55 40.04 46.84 52.68 61.93 68.77 79.25
EtC(i-Pr=C=0 (10 —42.52 101.41 39.15 47.84 55.79 62.63 73.45 81.47 93.75
EtC(t-Bu=C=0 (11) —51.76 104.35 44.81 55.33 64.78 72.82 85.36 94.55 108.51

Oxygenated Ketenes (set I1)
HOCH=C=0 (12 —35.82 67.30 15.45 17.90 19.80 21.26 23.37 24.88 27.23
MeOCH=C=0 (13) —31.33 75.68 20.52 23.96 26.92 29.45 33.51 36.56 41.27
(HO),C=C=0 (14 —73.22 70.23 20.12 24.16 27.05 28.89 30.75 31.64 32.97
(MeO),C=C=0 (15) —64.74 86.97 29.49 35.90 41.42 45.64 51.38 55.24 61.13
(MeO)C(OH)y=C=0 (16) —68.94 80.20 25.22 30.26 34.17 37.01 40.72 43.16 46.92
MeC(OH=C=0 (17) —44.90 75.73 21.40 24.92 27.83 30.25 34.04 36.87 41.31
Me(OMe)G=C=0 (18) —40.15 84.34 26.09 30.42 34.49 38.13 44.09 48.57 55.43
EtC(OH=C=0 (19 —50.42 84.85 26.81 31.96 36.26 39.80 45.28 49.32 55.63
i-PrC(OH)=C=0 (20) —58.29 91.63 32.47 39.32 45.05 49.73 56.86 62.06 70.11
t-BUC(OH)=C=0 (21) —68.88 95.04 38.46 47.07 54.25 60.05 68.79 75.08 84.76
EtC(OMey=C=0 (22) —45.77 94.10 31.84 37.45 42.78 47.52 55.20 60.94 69.72
i-PrC(OMe)y=C=0 (23 —54.08 100.17 37.59 4491 51.66 57.52 66.83 73.72 84.25
t-BuC(OMe)=C=0 (24) —64.68 103.36 42.89 52.49 60.92 67.98 78.91 86.89 99.04
Oxygenated Ketenes (set V)
HC(CO)CHOH (33) —51.60 77.65 21.45 24.55 27.31 29.72 33.58 36.49 41.07
MeC(CO)CHOH (34) —58.53 85.64 27.77 31.90 35.64 38.97 44.46 48.64 55.23
HC(CO)CH(CH)OH (35) -61.18 85.32 28.23 32.64 36.57 39.95 45.29 49.29 55.57
MeC(CO)CH(CH)OH (36) —68.83 94.02 33.56 39.30 44.42 48.86 55.97 61.31 69.66
HC(CO)C(CH)-OH (37) —72.47 88.83 35.74 41.85 46.81 50.96 57.51 62.42 70.22
MeC(CO)C(CH).OH (38) —79.94 97.06 40.88 48.25 54.47 59.73 68.11 74.40 84.30
Bisketenes (set IlI)

CH,(HCCO)(25) —15.18 85.48 27.06 31.49 35.24 38.39 43.32 46.93 52.38
CH,(HCCO)(MeCCO) 26) —22.85 95.48 32.95 38.52 43.41 47.59 54.24 59.14 66.59
CH(MeCCO} (27) —30.98 102.69 38.98 45.73 51.68 56.82 65.11 71.30 80.76
CHMe(HCCO} (28) —23.64 94.48 33.37 39.60 44.66 48.82 55.23 59.90 66.99
CHMe(HCCO)(MeCCO)29) —31.73 102.13 38.62 45.88 52.19 57.51 65.82 71.89 81.10
CHMe(MeCCO) (30) —39.88 110.27 44.65 53.07 60.44 66.75 76.73 84.09 95.29
CMe,(HCCOY), (31) —32.93 97.07 39.95 47.46 53.78 59.04 67.12 72.95 81.70
CMe,(HCCO)(MeCCO) 82 —41.51 108.11 45.37 54.18 61.76 68.13 77.96 85.10 95.87
(HCCO) (39 —10.03 76.91 21.07 24.75 27.57 29.77 32.99 35.23 38.51
(HCCO)(MeCCO) 40) —17.06 86.75 26.94 31.61 35.46 38.64 43.59 47.18 52.56
(MeCCO} (41 —24.12 94.42 32.53 38.09 42.98 47.21 54.00 59.02 66.59
(HCCO)(HOCCO) 42 —41.32 85.70 25.85 29.82 32.82 35.11 38.30 40.44 43.52
(HOCCO)(MeCCO) 43 —48.89 94.76 31.66 36.46 40.50 43.82 48.85 52.39 57.61
(HOCCO) (44 —72.35 92.25 30.59 34.73 37.92 40.33 43.59 45.72 48.68

a AH?%8 values are given in kcal/mol, arf#®® and Cy(T) values are in cal/(mol K). Experimental values are given in italics.

at 298 K for the species used in isodesmic reactions are tabulated C/C3/CCQ group enthalpy value given in Table 6 is consistent
in Table 4. The calculated CBS-Q energies for these reactionswith all of the CBS-Q calculations but may be 1.5 kcal/mol
are used in conjunction with the appropriate experimexksfos too negative because of this unresolved discrepancy.

values for the remaining three species in the reactions to get It is worthwhile to investigate the computed methyl substitu-
additional estimates of the heats of formations of the unknown tion effect in ketenes as compared to that observed in olefins.
ketene species. The isodesmic analyses in this case yield value¥he AH2%8 values calculated for ketene and methylketene lead
of —36.17 and—36.34 kcal/mol forAHs2% for hydroxyketene  to anAAH{*8 value of—3.79 kcal/mol for methyl substitution
(12) at the CBS-Q level of theory. Our calculated value based in ketene. This in comparison withAH{8 values for methyl

on atomization energy is in good agreement. As can be seensubstitution in alkenes{7.661 kcal/mol) reveals that, compared
from Tables 3 and 2, except foert-butylhydroxyketene Z1) to hydrogen, alkyl substituents are less stabilizing for ketenes
andtert-butylketene 4), the difference in the calculatetH2°8 than they are for alkenes. However, the methyl substituent effect
between the two procedures is rather small and the agreementn going from methylketenelj to dimethylketeneX) amounts

is very reasonable. The isodesmic procedure shifts the computedo —6.59 kcal/mol. Furthermore, the calculatadH?%® value
energy oftert-butyl substituted ketenes by about 1.5 kcal/mol, for the monoalkylketenes [EtGHC=0 (2), i-PrCH=C=0 (3),

the typical difference noted above between CBS-Q and experi-and t-BuCH=C=0 (4)] and the corresponding methyl substi-
mental values fotert-butyl substituted species. This discrepancy tuted dialkylketenes [EtC(Me&C=0) (6), i-PrC(Me}=C=0
systematically affects only thgC/C3/CCQ group value. The (7), and t-BuC(Mej=C=0) (8)] is comparable to that of alkenes



7942 J. Phys. Chem. A, Vol. 106, No. 34, 2002

Sumathi and Green, Jr.

TABLE 3: Use of Isodesmic Reactions to Cross-Check the Heats of Formation of Keterfes

isodesmic reactions AHixn calcd.AH;2%8
CH;=CH+CH(OH)=C=0 (12) — CH,CO+CH(OH)=CH, -17.51 —36.17
CH,=0+CH(OH)y=C=0 (12) — CH,CO+HC(0O)OH —39.51 —36.34
CH,CH;+HC(OMe)=C=0 (13) — MeOCH=CH,+CH,CO —18.18 —29.70
CH,0O + HC(OMe)=C=0 (13) — HC(O)OMe-+ CH,CO —39.61 —-30.72
CH,CH,+CH3C(OH=C=0 (17) — MeCH=CH, +HC(OH)=C=0(12) 1.38 —44.86
CH,0 +CHsC(OH)=C=0 (17) — CHsC(O)OH+ CH,CO —43.32 —45.34
CH,CH,+CH3;C(OH)=C=0 (17) — HOCHCH,+HC(CH;)=C=0(1) —-12.22 —45.26
CH,O+CH;C(OH)=C=0 (17) — HC(O)OH+ HC(CHs;)=C=0(1) —34.22 —45.43
CH,0 + CHsC(OMe)=C=0 (18) — HC(O)OMe+CHsCH=C=0(1) —34.60 —39.53
CH,0 + CH3C(OMe)=C=0 (18) — CHsC(0)OMe+CH,CO —43.64 —39.72
CH,=CH, + EtC(OH)=C=0 (19) — EtCH=CH, + HC(OH)}=C=0(12) 1.91 —50.42
CH,=0 + EtC(OH)=C=0 (19) — EtC(O)H+ HC(OH)=C=0(12) —-3.63 —50.57
CH,=0 + EtC(OH)=C=0 (19) — EtC(O)OH+ CH,CO —43.02 —-50.73
CH,=CH, + i-PrC(OHy=C=0 (20)— i-PrCH=CH, + HC(OH)=C=0(12) 2.46 —57.32
CH,=0 + i-PrC(OH)}=C=0 (20) — i-PrC(O)H+ HC(OHy=C=0(12) -2.75 —58.66
CH;=CH, + t-BuCH=C=0 (4) — t-BuCH=CH, + H,CCO —2.48 —35.90
CH,=0 + t-BuCH=C=0 (4) — t-BuC(O)H+ H.CCO ~7.56 —36.30
CH,=CH, + t-BUC(OH)=C=0 (21) — t-BuCH=CH, + HC(OH)=C=0(12) 418 —67.04
CH,=0 + t-BuC(OH)=C=0 (21) — t-BuC(O)H+ HC(OH=C=0(12) —-0.90 —67.44
CH,=0 + t-BuC(OH)=C=0 (21) — t-BuC(O)OH+ H,C=C=0 —39.64 —67.72

a2The CBS-Q heats of reactiosHx, and the inferred heats of formatiakH?°¢ of the substituted ketenes are given in kcal/mol. The other
AH¢?*®s used in isodesmic reactions come from experiment (Table 4).

TABLE 4: CBS-Q (0 K) Absolute Energies (in au), Thermal
Corrections (in kcal/mol), and Experimental Heats of
Formation at 298 K (in kcal/mol) for the Species Used in
Isodesmic Reactions Given in Table 3

species energy thermal corr.  exyit?%
CH,=CH; —78.415693 2.50 12.54
CH,=0 —114.342730 2.39 —25.98
CH,=CHOH —153.563892 3.00 —29.80
CH,=CHOCH; —192.775467 3.59 —24.00
HC(O)OH —189.525529 2.60 —90.49
CH3C(O)OH —228.763160 3.33 —103.30
CH;CH,C(O)OH —267.989221 4.49 —108.39
(CHs)sCC(O)OH  —346.447349 5.91 —122.00
HC(O)OCH; —228.736748 3.54 —84.97
CHsC(O)OMe —267.974412 4.36 —98.00
CH3;CH=CH, —117.645036 3.22 4.88
CH3CH.CH=CH, —156.870214 4.05 —0.15
i-PrCH=CH, —196.099425 5.08 —6.50
t-BuCH=CH, —235.330251 5.56 —14.50
CHsC(O)H —153.580816 3.12 —40.80
CHsCH,C(O)H —192.806489 4.20 —44.36
i-PrCH=0 —232.034486 4.79 —51.57
t-BuCH=0 —271.265297 5.40 —58.50

and is consistently arouné 7.2 kcal/mol suggesting an in-

— propene (7.66 kcal/mol), propere methylpropene (8.66
kcal/mol), or but-1-ene- 2-methylbut-1-ene (7.66 kcal/mol).
As can be seen from the following section, MVLR of thg+2%

of the alkylketenes without any nonnext neighbor (NN) cor-
rections results in significant deviation-0.56 kcal/mol) for

the theoretically and experimentally establishAgH?%8 of
methylketene and mediocre fit between the group additivity
estimates and the quantum chemical enthalpies of formation.
Consequently, while deriving the groups, we considered nonnext
neighbor corrections to enthalpy based on the number and nature
of the eclipsings bond.

C. Group Additivity Scheme and Group Enthalpy Values
from MVLR Analysis. The group additivity scheme for
alkylketenes is shown in Table 5. In the present scheme, we
introduce NN corrections only when two bonds are simulta-
neously eclipsed with the CCO group namely with 2 €H
(NNO) or a G-H and a C-C (NN1) or 2 C-C (NN2) bonds.
NNO is taken as zero. The difference in the enthalpy of formation
between methylketend) and dimethylketenes corresponds
to { CCO/H/G -{CCOI/CZ-{C/H3/CCQ. Also, the difference
between mono- and the corresponding methyl-alkylketenes

creased stabilization upon disubstitution. This increased stabi-should amount to the same group contribution minus NN1; this
lization can be attributed to the increasing number of eclipsing allowed us to set NN1= —0.5 kcal/mol. Similarly, the
interactions while going from unsubstituted ketene to mono (1 difference in the heats of formation between ethyl-alkylketene

B C—C), to alkylmethyl (15 C—C and 13 C—H), and to dialkyl

and the sum of ethylketen@)(and the corresponding methyl-

(2 p C—C) ketenes. It must be stated that in alkenes the methyl alkylketene should correspond{€CO/C/H + { C/H3/CCQ
substituent effect is nearly a constant while going from ethylene and should be equal tAH;?% of methylketene. For example

TABLE 5: Group Additivity Scheme for Alkyl Ketenes after Deducting for Benson’s { C/C/H3} Groups?

species {CCOM/G {CcCo/C2 {C/CH2iIcCQ {CI/C2/HICCQ {C/C3/CCQ NNI NNI  gauche
CH,=C=0 0 0 0 0 0 0 0 0
MeCH=C=0(1) 1 0 0 0 0 0 0 0
EtCH=C=0(2) 1 0 1 0 0 0 0 0
i-PrCH=C=0(3) 1 0 0 1 0 0 0 0
t-BUCH=C=0(4) 1 0 0 0 1 0 0 0
Me,C=C=0(5) 0 1 0 0 0 0 0 0
MeC(Ety=C=0(6) 0 1 1 0 0 1 0 0
MeC(i-Pr=C=0(7) 0 1 0 1 0 1 0 1
MeC(t-Buy=C=0(8) 0 1 0 0 1 1 0 2
Et,C=C=0(9) 0 1 2 0 0 0 1 0
EtC(i-Pr=C=0(10) 0 1 1 1 0 0 1 1
Et(t-Bu)C=C=0(11) 0 1 1 0 1 0 1 2

aNNI and NN Il correspond to nonnext neighbor interation terms. NN0.5 kcal/mol) is the stabilization from simultaneo{6—C} and
{C—H} bonds eclipsing the-CCO group, whereas NNII<1.6 kcal/mol) results from tw§ C—C} bonds simultaneously eclipsing theCCO.

Gauche correction inferred in this work amounts to 0.1 kcal/mol.
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TABLE 6: Group Values (GVs) for Enthalpy of Formation (kcal/mol) &

| = alkylketenes k= corrected II= oxy ketenes IIE= bisketenes recommended
groups setl SE setl SE set |l SE set 1&ll SE sdtll SE set HIV SE

{C/H3/CCO —10.08 N/A  —10.08 N/A —10.08 N/A  —10.08 N/A  —10.08 N/A —10.08 N/A
{O/HICCC —37.90 N/A —37.90 N/A —37.90 N/A —37.90 N/A  —37.90 N/A —37.90 N/A
{CCO/HIG —4.497  0.22 —4.945  0.05 —4951  0.07 —4.947  0.06 —4.947 0.06
{CCcoI/C3 —1.600 0.25 —1.629 0.06 —1.644 0.08 —1.650 0.06 —1.644 0.06
{CICIH2/CCQ —6.514  0.18 —5.743  0.04 —5.650 0.16 —5.722  0.05 -5.720  0.05 —5.723 0.05
{CIC2/CCO/H —4.186  0.26 —3.641 0.06 —-3.595 0.16 —3.631 0.07 —3.630 0.06 —3.634 0.06
{CI/C3/CCQ —-3.363 0.26 —2.884 0.06 —4.195 0.16 —-2.893  0.07 —-2.892  0.06 —2.896**  0.06
{o/CCco/G —23.390 0.08 -—23.390 0.05 -—23.392 0.05 —23.390 0.05
{CCo/o/H 2110 012 2.110 0.09 2111 0.08 2.110 0.08
{CCO/0IG 3.250 0.12 3.270 0.06 3.269 0.06 3.273 0.06
{CCO/02 2405 0.12 2406  0.09 2406 0.08 2.403 0.08
{C/H2/CCO2 —-5.304 0.13 —5.301 0.13
{CI/HICICCO2 —-3.723  0.13 —3.714 0.13
{CIC2/CCO2 —2.983 0.13 —2.987 0.13
{CCO/H/CCQ —4.998 0.13 —4.998 0.13
{cco/c/ccq —-2.070 0.13 —2.070 0.13
{Cco/o/CCq 1.607 0.13 1.607 0.13
{CICCO/O/H2 —8.680 0.09
{C/cco/o/c/H —8.370 0.09
{C/CCO/O/C2 —9.725 0.09
NN1 0.0 -0.5 -0.5 -0.5 -0.5 -0.5
NN2 0.0 -1.6 -1.6 -1.6 -1.6 -1.6
NN3 0.0 —0.9 -0.9 -0.9 -0.9 -0.9

aFor set |, the results of regression

are given for both

uncorrected and corrected scenario with respect to nonnext neighbor interaction for

disubstituted ketenes. The results of other sets correspond to the correctef¢B$#$CCQ and{O/H/CCCG GVs are assumed to be equal to
Benson’s groupg C/H3/C} and{O/H/C}, respectively. SE stands for the standard error in the statistical analysis (99% confidence).
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Figure 2. Enthalpy deviations between values calculated by using the newly derived groups via MVLR versus the calculated value using the

method of atomization energy at the CBS-Q level.
AHPYELC=C=0) =
2{ C/H3/C +{CCO/C3 + 2{CIC/H2/CCQ + NN2
AHPYEtCMe=C=0) = {C/H3/CG + {C/H3/CCQ +
{CIC/H2/CCQ + {CCO/C3 + NN1
AHPYEICH=C=0) =
{C/H3/C + {CIC/H2/CCQ + {CCO/HIG
AHPYELC(Me)CO)+ AH?(EtCHCO)—
AHPYELLCCO)={CCO/C/H +{C/H3/CCq +
NN2 + NN1

This provides a correction factor NI2—1.6 for the simulta-
neous interaction of two eclipsing-€C bonds with a>CCO
group.

1,3-Bisketenes shaf€€CO/H/G and{ CCO/C2 groups with
other sets of ketenes (sets | and V). Consequently, the difference
in the A{H?% for the pairs (i) CH(HCCO), (25) and CH-
(HCCO)(MeCCO) 26), (i) CHx(HCCO)(MeCCO) 26) and
CHy(MeCCOy) (27), (iii) CHMe(HCCO), (28) and CHMe-
(HCCO)(MeCCO) 29), (iv) CHMe(HCCO)(MeCCO)29) and
CHMe(MeCCO) (30), and (iv) CMe(HCCOY), (31) and CMe-
(HCCO)(MeCCO) 82) corresponds t§CCO/H/CG -{ CCO/C3 -
{C/H3/CCQ which is well characterized from the experimental
heat of formation of methylketend)(and dimethylketenes).
This constraint provided the way to arrive at a correction factor
of NN3 = —0.9 kcal/mol for the 1,5 interaction between the
methyl group of MeCCO and the CO group of the other ketenyl
bonded to the same carbon atom.

The thermochemistry of bisketenes is hardly known though
their formation in pyrolysis and photolysis of cyclic enediones
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TABLE 7: HF/6-31G(d') Calculated Torsional Frequencies (in cm?) and Rotational Barrier Heights (in kcal/mol) for All of the

Rotors in the Investigated Ketene3

species o torsional frequencies in cri(v) rotational barrier heights in kcal/mol
CHy=C=0 2 NA NA
MeCH=C=0(1) 3 163(C-Ck) 1.395(C-Ck)
EtCH=C=0(2) 3  77(G-Ck),289(C-C) 1.730(C-Ck), 3.633(C-C)
i-PrCH=C=0(3) 9 63(G-Ck),260(C-C), 293(C-C) 1.909(C-Ck), 3.938(C-C)
t-BuCH=C=0(4) 81 58(C-Ck), 255(C-C), 313(C-C), 314(C-C) 1.610(C-Ck), 4.569(C-C)
Me,C=C=0(5) 18  191(C-Ck), 192(C-Ck) 2.176(C-Ck)
MeC(Et=C=0(6) 9  78(G-Ck), 190(Me-Ck), 244(€C) 3.608(C-Ck), 3.706(C-C), 2.133(Me-Ck)
MeC(i-Pr=C=0(7) 27  45(C-Ck), 173(Me-Ck), 221(€C), 259(C-C) 3.032(C-Ck),3.523(C-C), 1.800(Me-CKk)
MeC(t-Buy=C=0(8) 243  39(C-Ck), 166(Me-Ck), 270(€C), 303(C-C), 2.629(C-Ck), 4.262(C-C), 1.843(Me-Ck)
327(C-C)
Et,C=C=0(9) 18 60(C-Ck), 82(C-Ck), 223(G-C), 282(C-C) 3.831(C-Ck), 3.736(C-C)
EtC(i-Pr=C=0(10) 27  40(G-Ck), 60(C-Ck), 254(C-C), 282(C-C), 3.151(C-Ck), 6.919(Et-Ck), 3.587(€C),
302(C-C) 3.863(C-C)
EtC(t-Bu=C=0(11) 243  38(C-CK), 58(C-Ck), 290(C-C), 259(C-C), 2.403(C-Ck), 8.343(Et-Ck), 4.192(€C),
300(C-C), 330(C-C) 3.962(C-C)
HOCH=C=0(12) 1 350(HC-Ck) 3.503(HG-Ck)
MeOCH=C=0(13) 3 94(0-Ck), 185(C-0) 2.108(CG-Ck), 3.069(C-0)
(HO).C=C=0(14) 2 390(HO-Ck),400(HO-Ck) 5.481(HG-CK)
(MeQ),C=C=0(15) 18 93(0-Ck), 103(C-Ck), 152(G-0), 155(C-0) 1.506(CG-Ck), 7.115(C-0O)
(MeO)C(OH)y=C=0(16) 3 104(0-Ck), 157(C-0), 389(HO-Ck) 5.947(MeG-Ck), 1.532(C-0), 5.088(HG-Ck)
MeC(OH)=C=0(17) 3 210(C-Ck), 341(HO-CK) 2.535(Me-Ck), 3.454(HOCk)
Me(OMe)G=C=0(18) 9 74(0-Ck), 163(C-0), 196(C-Ck) 2.250(Me-Ck), 5.456(Me©Ck), 1.587(C-0)
EtC(OHy=C=0(19) 3 91(C-Ck), 251(C-C), 335(HO-Ck) 3.609(C-Ck), 3.482(C-C), 3.430(HG-Ck)
i-PrC(OH)=C=0(20) 9 74(C-Ck), 238(C-C), 260(C-C), 340(HO-Ck) 3.514(C-C), 3.873(C-C), 4.027(HO-CK),
3.247(C-Ck)
t-BUC(OH=C=0(21) 81 62(C-Ck),247(C-C), 302(C-C), 307(C-C), 4.479(HO-Ck), 4.079(C-C), 3.870(C-Ck)
351(HO-Ck)
EtC(OMey=C=0(22) 9 68(C-Ck),80(0-Ck), 171(C-0), 285(C-C) 4.038(C-Ck), 5.856(CG-Ck), 1.522(C-0),
3.520(C-C)
i-PrC(OMey=C=0(23) 27  51(C-Ck), 79(0-Ck), 166(C-0), 251(C-C), 3.852(C-Ck), 3.922(C-C), 8.128(C-Ck),
277(C-C) 1.345(C-0)
t-BuC(OMe)y=C=0(24) 243  56(C-Ck), 88 (O-Ck), 169(CG-0), 250(C-C), 11.693(CG-Ck), 1.213(C-0), 3.10(C-Ck),
306(C-C), 320(C-C) 4.571(C-C)
HC(CO)CHOH(33) 1 101(C-Ck), 370(HC-C) 2.836(HG-C), 2.736(C-Ck)
MeC(CO)CHOH(34) 3 103(C-Ck), 165(Me-Ck),396(HG-C) 1.862(Me-Ck), 4.178(€Ck), 2.554(HG-CKk)
HC(CO)C*H(Me)OHR5) 3 81(G-Ck), 271(C-C), 379(HO-Ck) 2.771(C-Ck), 4.149(C-C), 3.049(HG-C)
MeC(CO)C*H(Me)OHE6) 9 67(G-Ck), 164(Me-Ck), 284(€C), 368(HC-C))  1.894(Me-Ck), 4.172(€C), 2.779(HG-C),
3.426(C-CKk)
HC(CO)C(Me}OH(37) 9 68(G-Ck), 262(G-C), 303(C-C), 385(HC-C) 2.911(C-Ck), 3.274(HG-C), 4.457(C-C)
MeC(CO)C(Me)OH(38) 27  59(C-Ck),172(Me-Ck), 255(€C), 308(C-C), 4.198(C-C), 1.693(Me-Ck), 2.891(HOC),
380(HO-C) 3.506(C-Ck)
CH,(HCCO)(25) 2 60(G-Ck), 70(C-Ck) 2.602(C-Ck)
CHy(HCCO)(MeCCO) g6) 3 60(C-Ck), 60(C-Ck), 177(Me-Ck) 1.466(Me-Ck), 4.056¢ECK), 3.322(C-Ck)
CH,(MeCCO)(27) 18  45(C-Ck),60(C-Ck),178(Me-Ck), 182(Me-Ck) 1.466(Me-Ck), 4.056¢Ck)
CHMe(HCCO)(28) 3  54(G-Ck),60(C-Ck),283(C-C) 2.845(C-Ck), 1.960(C-Ck), 4.656(C-C)
C*HMe(HCCO)(MeCCO) 29) 9  49(C-Ck), 56(C-Ck), 172(Me-Ck), 285(€C) 1.463(Me-Ck), 4.342(€C), 4.696(C-Ck),
2.843(C-Ck)
CHMe(MeCCO(30) 27  42(C-Ck), 51(C-Ck), 173(Me-Ck), 183(Me-Ck), 4.056(C-Ck), 1.729(Me-Ck), 1.976(Me-Ck),
275(C-C) 4.185(C-C)
CMe,(HCCO)(31) 18 52(C-Ck), 56(C-Ck), 289(G-C), 329(C-C) 5.192(C-C), 2.889(C-Ck)
CMe,(HCCO)(MeCCO) 82 27  48(C-Ck), 54(C-Ck), 173(Me-Ck), 295(€C), 3.272(C-Ck), 4.10(C-Ck), 1.743(Me-Ck),
335(C-C) 4.792(C-C)
(HCCO)(39) 2 68(Ck-Ck) 4.737(Ck-Ck)
(HCCO)(MeCCO) 40 3  64(Ck-Ck), 186(Me-Ck) 4.739(Ck-Ck),2.039(Me-Ck)
(MeCCO)(41) 18  53(Ck-Ck), 171(Me-Ck), 178(Me-Ck) 1.779(Me-Ck), 1.820(Me-Ck), 6.235(Ck-Ck)
(HCCO)(HOCCO) 42 1 76(Ck-Ck), 338(HG-Ck) 6.476(Ck-Ck), 3.965(HOCKk)
(HOCCO)(MeCCO) 43 3  66(Ck-Ck), 165(Me-Ck), 360(HOCKk) 4.732(HO-Ck), 1.699(Me-Ck), 7.363(Ck-Ck)
(HOCCO)(44) 2 67(Ck-Ck), 355(HG-Ck), 370(HC-Ck) 4.732(HG-Ck), 10.852(Ck-Ck)

a Symmetry numbers are also listedCy corresponds to the pivot carbon of the€CO group.

and triones has been evidenced. The set of molecules considere@Vs for enthalpy derived via MVLR are presented in Table 6.
in the family of 1,2-bisketenes is rather small because of The GVs in five columns were obtained through a different
computational limitations, as these have a minimum of six heavy combination of the set of molecules. Molecules in sets | andset
atoms. Furthermore, many of the groups for 1,2-bisketenes arell have the following three groups in commdr;/C/CCO/H2,
unique to this family. Consequently, the gro§@&CO/H/CCQ, {C/C2/CCO/H, and{C/C3/CCQ, whereas those in sets I, llI,
{CCOI/CI/CCQ, and{ CCO/O/CCQ were derived from the best  and IV have{ CCO/H/G and{CCO/C2 groups in common.
fit of the thermochemical properties of the six 1,2-bisketenes. The{C/C3/CCQ group values derived from sets | (corrected,
MVLR of the AH;?% corrected for nonnext neighbor inter- —2.894 0.06; uncorrected;-3.364 0.26 kcal/mol for nonnext
action shows a maximum deviation of only 0.20 kcal/mol. The neighbor interaction) and IH4.19+ 0.16 kcal/mol) differ from
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Figure 3. HF/6-31G(d) PES for internal rotation about the CX(CO)- - -O¢bbnd in methoxyalkylketenes from set Il, for various substituents
X.
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Figure 4. HF/6-31G(d) PES for internal rotation about the C(CO)- - -C(CO) bond in 1,2-bisketenes from set IIl.

each other by 1.3 kcal/mol. In set Il, the enthalpy valug ©f successful. The GVs obtained were capable of describing all of
C3/CCQ is lower than that of{ C/C.2/H/CCC}. This is in the 45 ab initio data within an average error<®.06 kcal/mol
contrast to the general understanding about the enthalpy ofand with the highest deviation 0f0.21 kcal/mol. The worst
groups, viz., 1 < 2° < 3° carbon. Consequently, in set Il, we  agreement was found for dimethoxyketene. A comparison of
tend to believe that bothtert-butylhydroxy- @1) and tert- the AH2%8 obtained via ab initio calculations and from GVs is
butylmethoxyketene2€) are stabilized additionally by 1.3 kcal/ depicted in Figure 2. The agreement of these data indicates that
mol. However, we could not identify any special stabilizing . . .
. - o the GA method is applicable for the calculation of standard
interaction specific to these systems. When we reanalyzed the . . . . .
enthapies of formation and suggests that it could provide reliable

AH?%8 using isodesmic reactions, we had hoped to see a ‘ e i
mismatch with these two oxygenated species. However, isodes.data for_ the ketgnfes not considered in this study. The. multiple
correlation coefficient of 0.9999 confirms the appropriateness

mic reactions reveal a systematic offset evertéarbutylketene
(4). Consequently, of the 20 groups derived here, {tBéC3/ of simple linear GA rules for ketenes. The condition number
CCO group has large uncertainty (1.3 kcal/mol). Besides this of X matrix is 10 suggesting that any errors in the ab initio
group, the common feature of all sets is that the estimation wasdata could be amplified by up to a factor of 10 in the derived
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Figure 5. HF/6-31G(d) PES for rotation of the HCCO group, i.e., rotation around the HC(CO)- .€&0)Y bond (X=H or Me; Y = H or
Me) in 1,3-bisketenes from set Ill.
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Figure 6. HF/6-31G(d) PES for rotation of the MeCCO group, i.e., rotation around the MeC(CO)- - -CX2C(CQO)Y bond Xor Me; Y = H
or Me) in 1,3-bisketenes from set IIl.

group values. The Durbinwatson test* for autocorrelation >CCO in 1,3-bisketenes), the results in the second column were

(2.818) suggests that the error deviations are uncorrelated.  obtained. In the next column, the results of the regression of
The group values for enthalpy are presented in Table 6. Underset Il (oxyketenes) are given, whereas in the later columns, the

alkylketenes, in the first column, GVs derived without using results of the regression of combined sets are tabulated. In these

any nonnext neighbor corrections (i.e., NMINN2 = NN3 = combined sets, bottert-butylhydroxy- @1) and tert-butyl-

0) are shown. Although the fitting is good, several group values methoxyketenes2d) have been omitted.

seem to differ from set to set and they are not consistent with  D. Parallelism in GVs of Ketenes, Olefins, and Carbonyls.

the experimentally established enthalpy of formation of meth- The ketenyl group consists of an olefinic and a carbonyl carbon.

ylketene and dimethylketene. After accounting nonnext neighbor The most distinguishing features of the electronic structure of

interactions, using NN% —0.5 (for simultaneously eclipsed  ketene are the polarity of the Cs°~C,**O°~ group and the

C—H and C-C bondspg to CCO), NN2= —1.6 (for two fact the localized HOMO and LUMO orbitals are perpendicular

simultaneously eclipsed-€C bondsg to CCO), and NN3= to each other. Consequently, it is interesting to compare the

—0.9 (for 1,5 stabilizing interaction between methyl group and trends in the enthalpy of the newly derived ketene groups with
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TABLE 8: Group Values for Intrinsic Entropy of Formation (cal/(mol K)) 2

J. Phys. Chem. A, Vol. 106, No. 34, 2002947

| = alkyl ketenes IE= oxy ketenes Il= bisketenes recommended
groups set | SE setll SE sets 1&ll SE setdll SE sets HIV SE

{CCO/HIG 40.14 0.15 40.12 0.13 40.09 0.13 40.04 0.14
{CcoI/C3 19.95 0.17 19.91 0.15 19.95 0.14 20.02 0.15
{C/IC/H2/CCQ 9.38 0.12 9.55 0.25 9.41 0.10 9.40 0.11 9.37 0.12
{C/C2/CcCcO/y —12.29 0.18 —12.23 0.25 —12.28 0.13 —12.29 0.14 —12.31 0.15
{C/C3/CCq —34.85 0.18 —34.65 0.25 —34.84 0.13 —34.85 0.14 —34.87 0.15
{O/CCOIG 9.40 0.12 9.34 0.10 9.34 0.11 9.34 0.12
{Cco/o 38.16 0.19 38.17 0.16 38.17 0.18 38.17 0.19
{CCO/0/G 18.48 0.19 18.55 0.12 18.56 0.13 18.58 0.14
{CCO/02 13.39 0.19 13.42 0.16 13.42 0.18 13.42 0.19
{C/H2/CCO32 6.94 0.30 7.18 0.31
{C/HIC/CCO2 —14.04 0.30 —14.12 0.31
{C/C2/CCO2 —36.50 0.30 —36.46 0.33
{CCO/HICCQ 39.06 0.08 39.06 0.08
{Cco/ci/cca 19.65 0.08 19.65 0.08
{Cco/o/ccq 17.73 0.08 17.73 0.08
{C/CCO/O/H2 8.43 0.23
{C/CCO/o/C/y —13.04 0.23
{C/CCO/OI/C2 —36.50 0.23

aThe symmetry number used for each molecule is tabulated separately in T@RIEHB/CCG and{O/H/CCG GVs are assumed to be equal
to Benson’s group§C/H3/C and{O/H/C}, respectively. SE stands for standard error in statistical analysis (99% confidence).

those of the corresponding olefin and carbonyl groups. The respect to the= CCO group. However, the conformer with an
enthalpies of the{CCO/HZ, {CCO/H/GQ, and {CCO/C2 eclipsing Me and>CCO group turns out to be another shallow
groups follow an increasing trend similar to the alkene groups minimum on the surface. With the bulkgrt-butyl substituent,
{Cy/H2} < {Cy/HIC} < {Cy4/C2}, whereas the carbonyl group the hindered rotor potential differs somewhat from other
follows a reverse ordefCO/HZ > {CO/H/C > {COI/CZ. members of the same class.
The same is true with respect to theCO/O/H and{CCO/ The hindrance potential corresponding to syn, anti isomer-
O/C} groups. In the case of olefins and carbonyiSy/O/Cg} ization in 1,2-bisketenes is shown in Figure 4. The syn isomer
and{CO/O/CQ are taken by Benson as equal to respectively (with >CCO groups on the same side) corresponds to a
{C4/CICq} and{CO/C/CQG groups. In ketenes, however, the maximum on the PES. Although the anti isomer (C(EGJCO)
enthalpy of {CCO/O/CCQ is higher than{CCO/C/CCQ, = 180C) correlates to a minimum in the potential well, the most
which in turn is higher than that of tfReCCO/H/CCQ group. preferred relative orientation of two ketenyl groups is a skewed
Thus, ketenyl groups behave more like olefins than carbonyls one (C(CO)-C(CO)= ~90°). The planar syn and anti isomers
as expected from their polarity. A comparison of the primary, are not favored. The 1,3-bisketenes have two polar groups
secondary, tertiary, and quaternary alkyl groups with a ketene attached to the same carbon. Consequently, the rotation of one
substituent, namely,C/CCO/H3, { C/CCO/C/HZ, {C/CCO/ ketene group at some conformation results in a change in the
C2/H}, and{C/CCO/C3 groups, follows the same order (Me relative orientation of the other ketenyl groups. In other words,
< 1° < 2° <3°) as in groups of the £and CO family. The the rotational potentials are coupled to each other and the
enthalpies of diketenyl substituted alkane groups, Yi2/H2/ coupling is stronger with two MeCCO groups attached to each
CCO2 (—5.13 kcal/mol) and{C/H/C/CCO2 (—3.67), are other through a CX(X = H or Me) group. However, it can be
comparable respectively to that of the monoketenyl grdu@'s realized from Table 7 that the magnitude of the harmonic
H2/C/CCQ (—5.71 kcal/mol) and C/H/C2/CCQ (—3.65 kcal/ frequency corresponding to the torsional vibration of ketenyl
mol) groups. or methylketenyl rotation in all of the eight bisketenes is nearly
E. Hindered Rotor Barrier Heights and Harmonic Fre- the same. Consequently, treating this mode as a vibration results
quency of Torsional Vibrations. The barriers for internal in a constant group contribution (see the Supporting Information,
rotations are calculated as the difference between the classicallable C).
energy of each conformation and that of the global equilibrium.  Because problems were encountered in obtaining the energies
In Table 7, we have compiled the hindered rotor barrier heights of some of the partially optimized conformers along the MeC-
of all of the torsional motions and their corresponding harmonic (CO)- - -CH,C(Me)CO @7) and MeC(CO)- - -CH(Me)C(Me)-
vibrational frequencies along with their rotational symmetry CO (30) rotational PESs, the corresponding rotational potentials
numbers. Besides the barrier height, the form of the potential are taken as equivalent to the torsional potential in the
is very important for an accurate calculation of the partition corresponding (HCCO)CX--C(Me)CO (X = H or Me)
function associated with an asymmetric rotor. The hindrance systems. The PESs of HCCO rotation in HCCO), systems
potential around the €C(CO) bond in an alkylketene is and MeCCO rotation in C{HCCO)(MeCCO) [X= H or Me]
characterized by 3 minima each corresponding to an eclipsedsystems are shown respectively in Figures 5 and 6.
conformation of the> CCO group with one of the thrg&bonds. The rotational symmetry numberse* oinr) in Table 7 are
The rotational potential of HOC(CO) has minima at ap- the product of external and internal rotational symmetry
proximately a perpendicular orientation of H with respect to corrected for optical isomers. The ketenes with asymmetric
>CCO. The XC(CO)---OCH rotational potential energy carbon are indicated with an asterisk, and their entropies have
surface for all of the alkoxyketenes &< H, Me, Et, i-Pr, t-Bu, been corrected by a factor Bfln 2 for every chiral center. The
OH, and OCH) investigated in this study is shown in Figure total molecular entropies of all ketenes at 298 K are tabulated
3. Interestingly, the rotational potential of MeO- - -CR(CO) has in Table 2. Similar to Benson, while deriving the groups, we
one pronounced maximum with Me eclipsing with R and a employ the intrinsic entropies for MVLR. Intrinsic entropies
minimum near about a perpendicular orientation of Me with are obtained by addinB In(oext* oin/Ni) wheren; is the total
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TABLE 9: Group Values for Substituted Ketenes Heat Capacity at 300 K in cal/(mol K}

| = alkyl ketenes I= oxy ketenes II= bisketenes recommended
groups setl SE setll SE set &Il SE setlll SE set =1V SE

CCO/HIG 10.32 0.19 10.32 0.15 10.30 0.14 10.31 0.15
Cco/Cc2 9.81 0.22 9.80 0.16 9.84 0.14 9.82 0.15
CI/C/H2/CCQ 5.31 0.16 5.54 0.24 5.36 0.12 5.35 0.11 5.35 0.12
C/C2/cco/b 4.97 0.23 5.01 0.24 4.97 0.15 4.96 0.15 4.96 0.16
C/C3/CcCq 4.56 0.23 4.43 0.24 4.48 0.15 4.47 0.15 4.48 0.16
O/CCco/G 2.90 0.11 2.90 0.12 2.90 0.12 2.90 0.13
CCo/o/H 11.29 0.18 11.29 0.19 11.29 0.18 11.29 0.20
CCO/0IG 10.86 0.18 10.91 0.13 10.92 0.13 10.91 0.14
CCO/03 11.56 0.18 11.56 0.19 11.56 0.18 11.56 0.20
C/H2/CCO2% 6.67 0.30 6.68 0.32
C/HICICCO2 6.32 0.30 6.33 0.32
C/C2/CCO2 6.74 0.32 6.73 0.34
CCO/H/CCQ 10.55 0.03 10.55 0.03
CCo/C/CCQ 10.10 0.03 10.10 0.03
CCco/o/ccq 11.01 0.03 11.01 0.03
C/CCO/O/H2 7.15 0.24
C/CCO/oIC/H 7.20 0.24
C/CCO/QIC?2 8.39 0.24

a{C/H3/CCQ and{O/H/CCC GVs are assumed to be equal to Benson’s grd@isi3/C and{O/H/C}, respectively. SE stands for standard
error in statistical analysis (99% confidence).

TABLE 10: Group Values for Substituted Ketenes Heat Capacity at Temperatures Ranging from 400 to 1500 K in cal/(mol K)
with Fitting Variances for 99% Confidence?

Cy(400 K) 500 K 600 K 800 K 1000 K 1500 K
groups setstlV.  SE setstIV SE setstIV SE setstIV SE setstIV SE setst+IV  SE

CCO/HIG 11.72 0.11 12.94 0.11 13.98 0.09 15.71 0.07 16.95 0.05 18.78 0.04
CCO/C2 10.74 0.12 11.53 0.11 13.22 0.10 13.46 0.07 14.28 0.05 15.35 0.04
C/CIH2/CCQ 6.83 0.09 8.25 0.09 9.45 0.08 11.19 0.06 12.46 0.04 14.34 0.03
C/C2/CCO/H 6.35 0.13 7.61 0.11 8.54 0.10 9.65 0.07 10.35 0.05 11.19 0.04
C/C3/CCQq 6.06 0.13 7.31 0.11 8.07 0.10 8.59 0.07 8.66 0.05 8.29 0.04
O/CCO/G 2.29 0.10 2.33 0.09 2.53 0.08 3.15 0.06 3.58 0.04 3.98 0.03
CCO/O/IH 13.67 0.16 15.10 0.14 16.10 0.13 17.36 0.09 18.25 0.06 19.75 0.05
CCO/0IG 12.65 0.11 13.59 0.10 14.22 0.09 15.00 0.07 15.48 0.05 16.28 0.04
CCO/03 15.58 0.16 17.69 0.14 18.67 0.13 18.78 0.09 18.40 0.07 18.01 0.05
C/H2/CCO32% 8.28 0.25 9.58 0.23 10.61 0.21 12.04 0.15 13.13 0.11 14.87 0.08
C/HICICCO32 7.96 0.25 9.13 0.23 9.91 0.21 10.70 0.15 11.19 0.11 11.81 0.08
C/C2/CCO2 8.10 0.27 9.02 0.24 9.53 0.22 9.66 0.16 9.52 0.11 8.93 0.08
CCO/H/CCQ 12.41 0.04 13.82 0.04 14.91 0.03 16.51 0.02 17.62 0.01 19.24 0.01
Cco/c/cCcq 11.24 0.04 12.12 0.04 12.84 0.03 14.00 0.02 14.75 0.01 15.72 0.01
CCco/o/ccq 12.97 0.04 14.17 0.04 14.97 0.03 15.80 0.02 16.26 0.01 16.88 0.01
C/CCO/O/H2 8.67 0.18 9.75 0.17 10.65 0.15 11.93 0.11 12.97 0.08 14.86 0.06
C/CCO/OIC/H 8.49 0.18 9.33 0.17 9.92 0.15 10.50 0.11 10.92 0.08 11.71 0.06

{C/CCO/OI/C2 9.66 0.18 10.03 0.17 10.07 0.15 9.64 0.11 9.26 0.08 8.74 0.06

Abs. Deviation 0.14 0.12 0.11 0.07 0.05 0.04

Max. Deviation 0.30 0.28 0.35 0.26 0.19 0.12

a{C/H3/CCQ and{O/H/CCG GVs are assumed to be equal to Benson's grd@p#i3/C and{O/H/C}, respectively.

number of energetically equivalent optical isomers. In Table 2, entropy data with an average deviation of 0.14 cal/(mol K) and
we compare the calculated thermochemical properties with thewith a highest deviation 0f<0.47 cal/(mol K). The worst
available experimental data. The calcula@gT)’s for ketene, agreement was found for ethylmethoxykete@@) (and tert-
methylketeneX), and dimethylketenes] are consistently lower  butylethylketenes 1(1). Despite significant variations in the
compared to the experimental value by a few tenths of a cal/ hindrance potential, the results of regression for entropy and
(mol K). This is very likely due to the low-frequency=€C=0 Cp at low temperatures are very satisfactory. As observed for
bending mode which according to our calculations absorbs atthe enthalpy, the entropy also follows a similar trend reported
around 160 cm! for all substituted ketenes. Scott and Radom  earlier with alkeneCy groups. Going from{ CCO/H/G to
have suggested different scaling factors (i) for different methods { CCO/C2, the entropy value decreases by roughly the same
(like G2, CBS-Q, etc.), (ii) for reproducing low- and high- 20 cal/(mol K) suggested for olefinic groups. A similar
frequency fundamental vibrations, and (iii) for reproducing zero- observation holds good in going from Me t6, 1o 2°, and to
point vibrational energy corrections. However, the scarcity of 3° in both the mono, viz{C/H3/CCQ > {C/C/H2/CCQ >
experimental data prevents us from introducing a new scaling { C/C2/H/CCQ > {C/C3/CCQ as well as in the diketene
factor for this fundamental absorption, so throughout, we have substituted groups, e.d C/H2/CCO2 >{C/H/C/CCO2 > {C/
employed a single scaling factor equal to that of the CBS-Q C2/CCO2.
method. The effects of low frequency vibrations and hindrance
The group values for entropy and heat capacity derived via potentials are prominent in entropy and low temperature heat
MVLR are presented in Tables-80. As discussed earlier, GVs  capacity data. Consequently, we have tabulated the results of
were obtained through combinations of different sets of regression using different sets of ketenes in Tables 8 and 9.
molecules. In all of the cases, MVLR was successful and the The results of the regression essentially reveal that ab initio
GVs obtained are capable of predicting all of the ab initio computed thermochemical properties of a homologous series



Thermodynamic Properties of Ketenes J. Phys. Chem. A, Vol. 106, No. 34, 2002949

follow the group additivity rule of Benson despite the variations (4) Lange, W.; Wagner, H. GBer. Bunsen-Ges. Phys. Cheb®75

in the magnitude of the frequencies, barrier heights, and the /% %gf-smo K. Hidaka, Y Combust. Flam@00q 122, 291
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