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We present the first theoretical comparison between ketene dimerization in gas phase and ketene dimerization
in solution. Density functional theory (DFT) calculations on the ketene dimerization were carried out considering
the following product dimers: diketene (d-I), 1,3-cyclobutanedione (d-II), 2,4-dimethylene-1,3-dioxetane (d-
III), and 2-methyleneoxetan-3-one (d-IV). All structures were optimized at the PW86x+PBEc/DZP level of
theory. Based on these geometries, a total of 58 meta and hybrid functionals were used to evaluate the heat
of dimerization. The MPW1K functional was found to fit the experimental data best and subsequently used
in the final analyses for all energy calculations. It was found on both kinetic and thermodynamic grounds
that only d-I and d-II are formed during ketene dimerization in gas phase and solution. In gas phase, d-I is
favored over d-II by 2 kcal/mol. However, the dimerization barrier for d-I is 1 kcal/mol higher than for d-II.
Solvation makes dimerization more favorable. On the enthalpic surface this is due to a favorable interaction
between the dimer dipole moment and solvent molecules. The dimer is stabilized further on the Gibbs energy
surface by an increase of the dimerization entropy in solution compared to gas phase. The species d-I remains
the most stable dimer in solution by 1 kcal/mol. Kinetically, the dimerization barriers for the relevant species
d-I and d-II are cut in half by solvation, due to both favorable dimer-dipole/solvent interactions (∆Hq, ∆Gq)
and an increase in the activation entropies (∆Sq). While the dimerization barrier for d-II is lowest for the gas
phase and toluene, the barrier for d-I formation becomes lowest for the more polar solvent acetone by 1
kcal/mol as d-I dimerization has the most polar transition state.

Introduction

Ketenes are heterocumulene compounds having one oxygen
atom in a cumulative arrangement1 (RR′CdCdO). Since their
discovery, ketenes have been recognized as important precursors
for other species and they have been the subject of numerous
investigations. Ketenes are of major importance as starting
materials in organic synthesis, for example, in the formation of
â-lactams leading to penicillins by a [2+2] cycloadditions with
imines,1,2a-c the formation of prostaglandin precursors,2c-d the
syntheses of benzoquinones,2e the enantioselective synthesis of
allenes,2f the synthesis ofR-amino acid derivatives,2g and the
production of ketene heterodimers for the synthesis of protea-
some inhibitors.2h The reaction of ketene (we refer to the parent
ketene, H2CdCdO, from this point onward unless otherwise
stated) with itself was described almost simultaneously in 1908
by Chick and Wilsmore3a in England and by Staudinger and
Klever3b in Germany. Among the products that conceivably
could be formed during the ketene dimerization are diketene
(d-I), 1,3-cyclobutanedione (d-II), 2,4-dimethylene-1,3-dioxetane
(d-III), and 2-methyleneoxetan-3-one (d-IV). The structures of
these products are shown in Chart 1. The highly reactive
diketene (d-I), which is prepared on a multimillion pound per
year scale by the pyrolysis of acetic acid, is an industrially
important raw material used in the preparation of acetoacetates
and acetoacetamides.4,5 The diketene is also used for introducing
functionalized C2, C3, and C4 units into organic compounds.2c

It is, in addition, a potent bactericide useful for disinfecting large
areas.5 1,3-Cyclobutanedione (d-II) is utilized in the production
of squaric acid, which is an intermediate reagent for the
production of pharmaceuticals, dyes and herbicides.6 The 1,3-
cyclobutanedione ring was recently incorporated into a novel
copolymer prepared by cycloaddition polymerization of the
bisketene derived from 1,4-cyclohexanedicarbonyl chloride.7

Polymers that contain the 1,3-dioxetane (d-III) can be used as
constituents in electrophotographic photoreceptors8a and oil-
based inks8b in the photographic and lithographic industries,
respectively. The oxetan-3-one structure (d-IV) has been found
in numerous steroids whose biological functions include anti-
inflammatory activity and anti-glucocorticoid activity, while
some of them act as oral diuretics.9

It is well-known that ketene can undergo dimerization in polar
solvents within a wide range of temperatures.10,11For the parent
ketene the main product is diketene (d-I), whereas substituted
ketenes afford cyclobutanediones (d-II-like structure). The
activation enthalpy for ketene dimerization in acetone is
determined experimentally to be 10 kcal/mol at room temper-
ature.10 Ketene dimerization in the gas phase is by contrast a
slow process with an activation enthalpy of 31 kcal/mol,12 and
the major product is d-I. It is not established whether d-I is the
major product as a result of kinetic or thermodynamic control
or both. There have been several theoretical studies13-17 of
ketene dimerization in gas phase, starting with the work of Jug
et al.13 A recent investigation by Rode and Dobrowolski17 finds
from multilevel G3 calculations that d-I is more stable than d-II.
The same authors also found the dimerization barrier to be
higher for d-I than for d-II.
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It is surprising that there only are a few experimental and no
theoretical investigations on ketene dimerization in condensed
phase, even though the important industrial production of d-I
by dimerization is possible only at ambient temperatures in the
condensed phase.10,12 The two experimental studies on the
dimerization in condensed phase focus on the parent ketene10

and dimethylketene,19 respectively. In both investigations the
rate of the reaction was second-order in ketene and increased
with the polarity of the solvent. Moreover, it was found that
the dimerization is an uncatalyzed process.10,20 However, it is
remarkable that the formation of the parent d-I dimer in the
gas phase has a very high activation energy12 (31 kcal mol-1),
whereas the activation energy is reduced to 10 kcal mol-1 in
acetone.10 We shall in the following examine how solvation
effects modify the energetics of ketene dimerization as well as
the structure of the species involved.

Computational Details

Geometry optimizations and frequency calculations were
carried out using the exchange functional of Perdew-Wang
(PW86x)21 and the correlation functional of Perdew-Burke-
Ernzerhof (PBEc).22 A standard double-ú Slater-type orbital
(STO) basis with one polarization function was applied. The
1s electrons of C and O were treated within the frozen core
approximation.23 An auxiliary basis set of s, p, d, f, and g STOs
was utilized to fit the molecular densities in order to represent
the Coulomb and exchange potentials accurately in each self-
consistent field (SCF) cycle.24 Gas-phase electronic enthalpies
were calculated from Kohn-Sham energies, and standard
expressions25 were used to calculate the remaining gas-phase
enthalpic and entropic contributions at nonzero temperatures
as well as zero-point energy (ZPE) corrections. Linear transit
searches were carried out to locate transition states leading to
each of the dimers as product. The intrinsic reaction coordinate
(IRC)26 method was applied to verify the TS structures for each
dimer. Single-point energy calculations were carried out with
different functionals based on the structures optimized with the
PW86x+PBEc functional to test the sensitivity of the calculated
energies against the choice of functionals. The calculations were
carried out by use of the Amsterdam Density Functional (ADF)
program package27 versions 2004.02 and 2005.02.

Solvation enthalpies in acetone and toluene were obtained
by employing the COSMO method28 as implemented in ADF.29

The solvent-excluding surface was constructed from the atomic
radii of 1.16, 1.3, and 2.2 Å for H, O, and C, respectively.

Values for the dielectric constant of 20.56 and 2.4 were used
in the calculations for acetone and toluene, respectively. The
solvation enthalpy was calculated as the difference between the
gas-phase energy and the total energy calculated by use of the
COSMO solvation model.

The method of Wertz30 was employed for the calculation of
solvation entropies in acetone and toluene. In the first step based
on this method, the ideal-gas solute is compressed from standard
conditions (Vm,gas) to the standard volume of the solvent (Vm,liq).
Then the solute is transferred to the solvent, forming a
hypothetical solution that has the intermolecular interactions of
a dilute solution. In this step the solute loses a fraction of its
remaining entropy. This fraction can be calculated by use of eq
1,31 in which the numerator represents the change in entropy in
the process of transfer. In the third step, the solute is expanded
to the density of the solution at experimental conditions10

(acetone, 0.524 mol/L; toluene, 0.910 mol/L). The solvation
entropy is thus obtained from the sum of the entropy changes
accompanying each step. Using the data reported in Table 1,
we are able to calculate the entropy (calories per mole per
kelvin) of solvation for a given molecule A in acetone∆S
(A)sol(acetone)

0 and toluene∆S(A)sol(toluene)
0 :

Results and Discussion

Our optimized gas-phase geometries for the four dimers are
given in Figure 1, where they are compared to estimates from
other sources. Optimized transition-state structures for the four
dimerization processes are shown in Figure 2 for the gas phase
and in Figure 3 for the liquid phase. Stationary points for the
different structures were characterized by frequency calculations.
The complete list of all calculated dimer and transition-state
geometries, moments of inertia, dipole moments, and frequencies
are given in the Supporting Information.

Dimer Gas-Phase Geometries.In the dimerization of two
ketenes, each monomer makes use of a set of (πCC/π*CC)
orbitals (Chart 2) on the CdC double bond and a (πCO/π*CO)

TABLE 1: Experimental Data Used in Equations 1-3

MW,a F,a g/mL Sliq
0 ,a J/(mol‚K) Sgas

0 , J/(mol‚K) Rb R ln [Vm,liq/Vm,gas], cal/(mol‚K)

acetone 58.10 0.7845 199.80 250.27a 0.20 -11.53
toluene 92.14 0.8668 220.96 340.00c 0.35 -10.81

a Reference 32.b See eq 1.c Reference 33.

CHART 1: Schematic Structures for the Four Ketene Dimers Studied in This Work

R )
Sliq

0 - [Sgas
0 + R ln (Vm,liq/Vm,gas)]

[Sgas
0 + R ln (Vm,liq/Vm,gas)]

(1)

∆S(A)sol(acetone)
0 ) -11.53- 0.20[S(A)gas

0 - 11.53]+ 6.55
(2)

∆S(A)sol(toluene)
0 ) -10.81- 0.35[S(A)gas

0 - 10.81]+ 4.642
(3)
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set of orbitals (Chart 3) on the CO group. The two sets are
perpendicular to each other. In d-I and d-IV, (πCC/π*CC) on
one monomer and (πCO/π*CO) on the other are involved in the
formation of the two new bonds during the dimerization process.
In d-II, use is made of two (πCC/π*CC) sets, whereas two (πCO/
π*CO) sets are involved in the bond formation for d-III; see
Chart 1.

Our optimized molecular parameters for the d-I dimer are in
good agreement with theoretical predictions at different levels
of theory16,17,34(Figure 1). We obtain the same trends as in other
theoretical studies16,17,34 for the C3-C2 and C4-O1 bonds.
Thus, in d-I the length of the C3-C2 bond adjacent to the
methylene group was found to be shorter than the length of the
C3-C4 bond adjacent to the carbonyl group. Similarly, the

Figure 1. Bond lengths for the ketene dimers in gas phase (given in angstroms) from the current investigation compared to other estimates:
electron diffraction,35 in parentheses; X-ray structures,36 in double parentheses; theoretical predictions of Seidl and Schaefer,34 in brackets; theoretical
predictions at the MP2/6-31G(d) level,16 in braces; and theoretical predictions at the MP2/aug-cc-pVDZ level,17 in double brackets.

Figure 2. Some geometric parameters for ketene dimerization transition states in gas phase (bond lengths are given in angstroms): predictions at
the MP2/6-31G(d) level,16 in parentheses; predictions at the MP2/aug-cc-pVDZ level,17 in double brackets.
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length for the C4-O1 bond adjacent to the carbonyl group was
found to be shorter than the length of the C2-O1 bond adjacent
to the methylene group (Figure 1). These trends are in
disagreement with the experimental molecular parameters
obtained from electron diffraction.35 The electron diffraction
experiment predicted (assumed) the same length for the two
different C-C and C-O bonds, respectively. X-ray diffraction
data36 for d-I show the two C-C bonds to be the same and
longer than the theoretical estimates. On the other hand the two
C-O bond lengths from X-ray diffraction follow the same trend
as theory. However, the difference is much larger. Seidl and
Schaefer34 have previously assessed the differences between
theory and the experimental molecular structures.

The discrepancies between the different available molecular
structures for the d-I dimer can be assessed by comparing the
corresponding values for the predicted rotational constants with
those obtained directly from a microwave spectrum.37 The
rotational constants corresponding to theoretical and experi-
mental molecular structures of the d-I dimer are compared in
Table 2. The values corresponding to the structure obtained in
this work show an absolute deviation of 56 MHz compared to
the experimental values from the microwave spectrum. This
absolute deviation for the d-I dimer structure found here is the

smallest among the calculated deviations from the rotational
constants based on both theoretical and experimental molecular
structures. This suggests that the geometric parameters predicted
at the PW86x+PBEc/DZP level of theory adequately represent
the molecular structure for the d-I dimer. For the other dimers,
there are no experimental geometric data available in the
literature. However, the results obtained in this work are in good
agreement with previous predictions at the MP2/6-31G(d)16 and
MP2/aug-cc-pVDZ17 levels of theory (Figure 1). For the other
dimers d-II to d-IV, the agreement between our structures and
geometries optimized by other theoretical approaches is excellent
(Figure 1).

Gas-Phase Transition States for the Dimerization Process.
The optimized dimerization transition states in the gas phase
are shown in Figure 2 as TSg(I)-TSg(IV). The corresponding
transition states in the liquid state are shown as TSS(I)-TSS-
(IV) in Figure 3. All transition states were characterized by a
frequency analysis and verified by IRC calculations. Both TSg-
(I) and TSg(II) are consistent with dimerization processes in
which the formation of the first bond (represented by C2-C3)
precedes the formation of the second bond, O1-C4 for d-I and
C1-C4 for d-II. It should be noted that isomerization between
d-I and d-II could take place via the two transition states TSg-
(I) and TSg(II) by a rotation around the C3-C2 bond. Such an
isomerization was observed experimentally for the d-I type
dimer ofp-methoxyphenylketene by the reaction with potassium
hydroxide in aqueous dioxane38a and for the d-II type dimer of
the dimethylketene when heated with a trace of aluminum
chloride.38b Previous structures for TSg(I) and TSg(II) due to
Salzner and Bachrach16 at the MP2/6-31G(d) level and by Rode
and Dobrowolski17 at the MP2/aug-cc-pVDZ level are in
reasonable agreement with those found in the present work
(Figure 2). The two studies also found TSg(I) and TSg(II) to be
nonplanar.

A synchronous and coplanar approach in TSg(I) and TSg(II)
would have resulted in a [π2s+π2s] symmetry forbidden cy-

Figure 3. Some geometrical parameters for ketene dimerization transition states in liquid phase (bond lengths are given in angstroms): toluene
solvent, no parentheses; acetone solvent, in parentheses.

CHART 2: Occupied and Virtual Orbitals on the C dC
Double Bond of Ketene Monomer

CHART 3: Occupied and Virtual Orbitals on the CO
Group of Ketene Monomer
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cloaddition.39 By adopting instead a nonplanar asynchronous
approach the initial part of the dimerization process in TSg(I)
and TSg(II), leading to the formation of the C3-C2 bond, can
be viewed as an allowed nucleophilic attack of C3, using the
occupiedπCC orbital, on the carbonyl carbonC2 with the virtual
π*CO orbital, Chart 4. In TSg(I), the subsequent attack of O1
(with πCO) on C4 (withπ*CC) leading to the O1-C4 bond can
take place without any further rearrangement asω(C4,C3,C2,-
O1) tends to zero. In TSg(I), the second C4-C1 bond-making
step must be accompanied by the rotation of the methylene
group around the former C1dC2 double bond. It follows from
Figures S4 and S5, where we depict the IRC of the two
dimerization reactions leading to d-I and d-II, that the second
rearrangement step involving O1-C4 or C4-C1 bond formation
takes place without a second barrier. Thus, once TSg(I) or TSg-
(II) has been reached, the energy decreases all the way down
to the product. The two-step cycloaddition mechanism discussed
here has also been observed in ketene addition to CH2dCH2,
CH2dO, and CpO2RedO by Deubel.40 It is referred to as a
nonplanar pseudopericyclic reaction.17

The formation of dimers d-III and d-IV has been studied to
a lesser degree than the generation of d-I and d-II. We find that
TSg(III) corresponds to a synchronous cycloaddition in which
the C2-O1-C4-O2 ring is slightly puckered with a dihedral
angle ofω(C2,O1,C4,O2)) -22.4°. TSg(III) is consistent with
a thermally forbidden [π2s + π2s] mechanism39 where the bond
formation involves the two (πCO/π*CO) sets of orbitals on the
CO groups (Chart 3). The formation of d-IV is, according to
TSg(IV), asynchronous. As in TSg(I), the first step is C-C
formation. However, in contrast to TSg(I), where use was made
of the occupiedπCC orbital and the virtualπ*CO orbital (Chart
4), the process in TSg(IV) involves the πCO orbital on one
monomer andπ*CO on the other hand. After formation of the
C4-C2 bond in TSg(IV), the methylene group containing C1
has to rotate prior to formation of the C1-O1 bond. It is clear
from Figures S6 and S7 where we display the IRC energy profile
for the formation of d-III and d-IV that no intermediate (or
second transition state) is located between TSg(III), TSg(IV),
and the products d-III, d-IV.

On the basis of the semiempirical SINDO method, Jug et
al.13 concluded in 1978 that the reaction leading to the d-III

dimer is asynchronous with an intermediate located between
TSg(III) and d-III. In 1988, Fu et al.14 analyzed the dimerization
reaction using HF/STO-3G. These authors concluded that TSg-
(III) is consistent with a thermally forbidden [π2s+π2s] mech-
anism.39 Very recently, Rode and Dobrowolski17 analyzed the
mechanisms for the production of the d-III and d-IV dimers
using MP2/aug-cc-pVDZ. They obtained a synchronous non-
planar quasi-formed ring for the geometry of TS d-III and a
nonsynchronous planar structure withC2h symmetry for the TS
d-IV. These authors classified the reaction toward the d-III dimer
as pericyclic and toward the d-IV dimer as pseudopericyclic
according to the results of their AIM study. The geometry
obtained in this work for TSg(III) is in good agreement with
the results by Rode and Dobrowolski.17 We analyzed the
synchronous planar TSg(III) structure proposed by Fu et al.14

and found that according to single-point calculations the planar
TS structure is approximately 1.5 kcal mol-1 less stable than
the nonplanar one at the MPW1K level. That suggests that TSg-
(III) is nonplanar but still synchronous and that the cycloaddition
reaction toward the d-III dimer, as was suggested by Rode and
Dobrowolski, might be classified as pericyclic.

Our structure for the TS d-IV is in disagreement with the
planar structure proposed by Rode and Dobrowolski.17 We
carried out additional calculations enforcing the symmetry
obtained for Rode and Dobrowolski. However, we could not
find any transition state withC2h symmetry for the TS d-IV at
the PW86x+PBEc/DZP level. Additionally, we applied single-
point calculations at the MPW1K level, obtaining a barrier of
111.12 kcal mol-1 for the TS d-IV of Rode and Dobrowolski.
This barrier is much greater than the value of 65.2 kcal mol-1

obtained in this work for the TS d-IV at the same level of theory.
This relative stabilization of the TS d-IV may be explained by
the short distance in the C4-C2 formed bond. The results above
suggest a reclassification of the reaction toward the d-IV dimer
as nonplanar pseudopericyclic.

Liquid-Phase Transition States for the Dimerization
Process.Solvation reduces the distance between C3 and C2 in
TSS(I) and TSS(II) (Figure 3). In the case of TS d-I, that distance
is reduced by 0.09 Å when the solvent is toluene and 0.11 Å
when the solvent is acetone (Figures 3 and 4). For TSS(II) the
reduction is 0.07 Å in toluene and 0.11 Å in acetone. The
changes are caused by solvation polarization of the C2-O1
bond, which makes the positive charge on C2 larger and
facilitates nucleophilic attack by C3 in both TSs(I) and TSs(II).
We shall shortly see that the C2-O1 bond polarization will
lower the dimerization activation energy for d-I and d-II
compared to the corresponding activation barriers in the gas
phase. It follows in general from Table 3 that the Mayer bond
orders41 for the emerging bonds in TSS(I) and TSS(II) increase
upon going from gas phase to liquid phase (Table 3). The
changes in geometry and bond order for TS(IV) and especially
TS(III) are smaller in going from gas phase to solution, as one

TABLE 2: Rotational Constants for the d-I Dimer a

method A B C absolute deviation

microwave spectrum37 12 141.36( 0.04 2781.27( 0.01 2296.59( 0.01
electron diffraction35 11 711 (-430) 2846 (65) 2323 (26) 521
X-ray crystallography36 11 757 (-387) 2736 (-45) 2250 (-47) 479
MP2/aug-cc-pVDZ17 12 053 (-88) 2716 (-65) 2249 (-47) 200
CISD/DZd34 12 289 (148) 2798 (17) 2313 (16) 181
CCSD/DZd34 12 051 (-90) 2747 (-34) 2270 (-27) 151
MP2/6-31G(d)16 12 044 (-97) 2777 (-4) 2290 (-6) 107
PW86x+PBEc/DZP 12 139 (2) 2749 (32) 2274 (22) 56

a Rotational constants are given in megahertz. Numbers in parentheses indicate the deviation from experimental microwave results. Rotational
constants for the electron diffraction and X-ray structures were taken from ref 34.

CHART 4: Virtual and Occupied Orbitals Involved in
the Formation of TSg(I) and TSg(II)
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would expect for transition states with zero [TS(III)] or modest
dipole moments.42

IRC calculations in both gas phase and solution showed that
the ketene dimerization reactions for d-I, d-II, and d-IV proceed
in two steps. The first is formation of a C-C bond leading to
the transition state [TSS(I), TSS(II), and TSS(IV)] and an
activation barrier. The next step is the formation of a C-O bond
for d-I and d-IV and a C-C bond for d-II. This step proceeds
without barrier. On the other hand, d-III is formed in a concerted
fashion where the two CO bonds emerge at the same time in
TSS(III). More detailed information can be found in Figures
S1-S7 of the Supporting Information.

Energies in Gas Phase.It has been reported that the
experimental activation energy12 and the heat of reaction43 for
formation of the ketene dimer (d-I) are 31 kcal/mol and-22.6
kcal/mol, respectively. Further on, d-I was found12 experimen-
tally to be less stable than d-II by 1 kcal/mol in the gas phase.
Experimental activation parameters in the gas phase have not
been reported for the dimerization to d-II.

We have carried out single-point calculations with different
meta and hybrid functionals44-46 available in the ADF package
based on the optimized structures at the PW86x+PBEc/DZP
level in order to obtain the functional that best fits the reported
experimental values. The complete list of the 58 studied
functionals can be found in Table S8 of the Supporting

Information. We find the best performance for the MPW1K45

functional. Thus, MPW1K was selected to study the ketene
dimerization reaction in both gas and liquid phase. The
B1PW9145b,47and MPW1PW45b,48functionals, which belong to
the same family as MPW1K, had nearly the same performance
(Table S8).

Table 4 displays gas-phase enthalpies and Gibbs energies of
formation for the ketene dimerization reaction at 298.15 K and
1 atm, based on the energies calculated at the MPW1K/DZP//
PW86x+PBEc/DZP level. Both d-I and d-II are stable on the
Gibbs energy surface with d-I favored over d-II by 2 kcal/mol.
On the other hand, both d-III and d-IV have positive Gibbs
energies of formation and are thus not likely to form in
noticeable concentrations from ketene dimerization. In terms
of enthalpy, d-I is again favored over d-II by 2 kcal/mol, whereas
the formation of d-III and d-IV is highly endothermic. Kineti-
cally the enthalpy of activation is 2 kcal/mol higher for the
thermodynamically favored product d-I. This difference is cut
to 0.5 kcal/mol on the Gibbs energy surface. The high barriers
for d-III and d-IV make d-III and d-IV unlikely dimerization
products (Figure 4).

In what is likely the most extensive DFT study on ketene
dimerization to date, we find that d-II is the kinetically favored
product although d-I is more stable than d-II. However, the
calculated differences in activation and formation energies
between the two species are too close to the error margin of
our theoretical method to make our findings conclusive. We
note that most of the functionals examined here find d-I to be
more stable than d-II in the gas phase, although experiment12

favors d-II over d-I with 1 kcal/mol. It is important to mention
that theoretical and experimental results for the heat of formation
for ketene compounds typically have been in disagreement.49

There have been several ab initio studies on ketene dimer-
ization in the gas phase.13-18 Most recently, Rode and Dobro-
wolski17 found from high-level G3 calculations that d-I is more
stable than d-II by 2 kcal/mol, whereas the dimerization barrier
for d-I is lower than for d-II by 0.4 kcal. As stated by the
authors, the calculated differences are too small to make
definitive conclusions. On the other hand, it would also be
interesting to revisit the combustion data used12 experimentally
to reassess the energy difference between d-I and d-II and to
establish the dimerization barrier experimentally for d-II.

Up to now, our discussion of the energetics for the dimer-
ization process has been restricted to the gas phase. However,
most dimerization reactions have been carried out in solu-
tion.10-12,50 As a consequence, we shall now include solvation
into our simulation.

Energies in Liquid Phase.Table 4 displays enthalpies and
Gibbs energies of formation for the ketene dimerization reaction
based on the energies calculated at the MPW1K/DZP//
PW86x+PBEc/DZP level in toluene and acetone.

It follows from Table 4 that the dimerization becomes
energetically more favorable in solution compared to the gas
phase. On the enthalpic surface this stabilization comes from a
favorable interaction between the dimer dipole and the solvent,
especially for d-I, d-II, and d-IV. In fact, for d-I, d-II, and d-IV,
the dimer dipole is enhanced by increasing solvent polarity in
order to optimize this interaction. On the Gibbs energy surface,
a further stabilization is obtained compared to the gas phase by
an increase in the dimerization entropy (Table 4 and Figure 5;
eqs 2 and 3). We note that, even in a polar solvent, d-III and
d-IV are unlikely to form on thermodynamic grounds (Table
4). Further, d-I remains more stable than d-II in terms of both

Figure 4. Relative enthalpies (1 atm and 298.15 K) for the ketene
dimerization reaction according to the MPW1K/DZP//PW86x+PBEc/
DZP level in kilocalories per mole. Zero point energy (ZPE) corrections
are included.

TABLE 3: Bond Order for the Transition States a

bond order

structure bondb gas phase toluene acetone

TS(I) C3-C2 0.680 0.766 0.783
TS(I) O1-C4 0.203 0.236 0.235

TS(II) C3-C2 0.665 0.721 0.758
TS(II) C4-C1 0.255 0.270 0.300

TS(III) C4-O1 0.455 0.448 0.471
TS(III) C2-O2 0.456 0.450 0.448

TS(IV) C4-C2 0.873 0.896 0.875
TS(IV) O1-C3 0.345 0.233 0.253
TS(IV) C1-O2 0.103 0.150 0.152

a Based on the Mayer methodology.41 b See Figures 2 and 3 for
labeling of atoms.
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∆H and∆G. However, the gap is reduced from 2 kcal/mol in
the gas phase to 1 kcal/mol in acetone (Table 4 and Figure 5).

Kinetically, all enthalpy barriers are lowered in solution by
a solvent-induced polarization, especially of TSS(I), TSS(II), and
TSS(IV) (Table 5). The Gibbs energy barriers are lowered further
by an increase in the activation entropies through eqs 2 and 3,
when the solvents are acetone and toluene, respectively (see
Figure 5 and Table 4). We note that TSS(I) is stabilized relative
to TSS(II) by solvent effect, so that the rate of formation of d-I
exceeds that of d-II in the polar solvent acetone, whereas the
rate of formation of d-II still is larger in gas phase and toluene.
According to this result, the experimental detection of the d-I

dimer in toluene10 may be explained by isomerization of the
first formed d-II dimer. The barriers of activation for d-III and
d-IV are too high even in acetone for any of these species to
form.

The calculated value for the Gibbs energy barrier of TSS(I)
in toluene is overestimated by 5.2 kcal/mol compared to
experiment10 (Table 4). The calculated value of 21.94 kcal mol-1

for the Gibbs energy barrier of TSS(I) in acetone is in good
agreement with the experimental estimate10 of 21.17 kcal mol-1.
However, the activation energy and the entropy differ by 4 kcal
mol-1 and 11 cal mol-1 K-1, respectively, from the experimental
values (Table 4). It is quite common that Gibbs energy changes
in solution are easier to determine than the individual enthalpic
and entropic components, as solvent systems can undergo
enthalpy-entropy compensations51 that are difficult to describe
with a simple continuum model.

The results in acetone indicate that the d-I dimer is favored
both kinetically and thermodynamically over the other dimers.
However, the d-II dimer may be produced in a small amount
during the ketene dimerization in acetone solvent. According
to the values obtained in this work for the Gibbs energy barriers
in acetone, the d-II dimer is produced in a yield of approximately

Figure 5. Gibbs energies for the production of the d-I and d-II dimers at the PW1K/DZP//PW86x+PBEc/DZP level in kilocalories per mole.
T ) 298.15 K,P ) 1 atm.

TABLE 4: Energetics for the Forward Reactionsa,b

gas phase toluene solutionc acetone solutionc

∆H ∆S ∆G ∆H ∆S ∆G ∆H ∆S ∆G

TS(I) 28.77
(31)

-38.32 40.19 20.76 -22.13 27.36
(22.15)

13.83
(10)

-27.20
(-38)

21.94
(21.17)

TS(II) 27.85 -39.53 39.64 19.92 -22.20 26.54 15.83 -28.01 24.18
TS(III) 55.88 -37.97 67.20 52.61 -21.12 58.91 52.92 -26.49 60.81
TS(IV) 66.33 -40.64 78.45 61.34 -25.90 69.06 57.38 -26.15 65.17
d-I -24.24

(-22.67)
-42.85 -11.46 -28.39 -24.10 -21.20 -28.62 -30.02 -19.67

d-II -21.97 -41.95 -9.46 -26.77 -22.87 -19.95 -27.47 -28.80 -18.88
d-III 4.74 -42.71 17.48 3.10 -23.97 10.25 3.49 -29.91 12.41
d-IV -3.10 -42.00 9.42 -6.66 -23.60 0.38 -6.53 -29.49 2.26

a At 298.15 K and 1 atm, calculated at the MPW1K/DZP//PW86x+PBEc/DZP level.b Experimental data are shown in parentheses (gas phase
from ref 12 and liquid phase from ref 10).∆S values are given in calories per mole per kelvin.∆H and∆G values are given in kilocalories per
mole. c Temperatures of experiments (ref 10) for toluene and acetone were 273.15 and 293.15 K, respectively.

TABLE 5: Dipole Momentsa for the Transition States in
Gas and Liquid Phase

gas phase toluene acetone

TS(I) 4.331 5.715 7.532
TS(II) 3.777 5.023 6.086
TS(III) 0.900 1.080 1.070
TS(IV) 2.733 3.275 4.392
monomer 1.462 1.734 2.000

a Dipole moments are given in Debyes.
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3%. This prediction is in excellent agreement with the results
of Tenud et al.,50 who reported that a small amount of the
symmetrical d-II dimer, 1,3-cyclobutanedione, was produced
in a yield between 4% and 5% in acetone.

Conclusions

We have carried out the first extensive theoretical comparison
of ketene dimerization in gas phase and in solution. The four
dimerization products considered are diketene (d-I), 1,3-
cyclobutanedione (d-II), 2,4-dimethylene-1,3-dioxetane (d-III),
and 2-methyleneoxetan-3-one (d-IV) (Chart 1). It was found in
both gas phase and solution that all four dimerization processes
involve a single transition state without intermediates. For d-I,
d-II, and d-IV, dimerization is asynchronous with the formation
of one bond preceding formation of the other. On the other hand,
dimerization leading to d-III is synchronous with both bonds
forming at the same time. The ketene dimerizations toward the
d-I, d-II, and d-IV dimers might be classified as nonplanar
pseudopericyclic reactions. The ketene dimerization process
leading to the d-III dimer is, on the other hand, a pericyclic
reaction with a nonplanar but still synchronous transition state.

Solvation makes dimerization more favorable in solution than
in gas phase as the products, especially d-I, d-II, and d-IV, are
stabilized by interactions between the solute dipoles and the
solvent. Similar interactions in the transition states TSS(I), TSS-
(II), and TSS(IV) help lower the activation enthalpies compared
to the gas phase. An increase in the entropy of dimerization
and activation in solution compared to gas phase help further
ease the formation of the dimers kinetically as well as
thermodynamically in solution. The species d-III and d-IV have
higher energies and dimerization barriers than d-I and d-II. As
a consequence, d-III and d-IV are unlikely products from ketene
dimerization in gas phase as well as in solution.

The species d-I was calculated to be more stable than d-II in
gas phase as well as solution. However, the calculated margin
is reduced from 2 kcal/mol in gas phase to 1 kcal/mol in acetone.
On the other hand, whereas d-II is calculated to have the lowest
dimerization barrier in gas phase and modestly nonpolar
solvents, d-I has the lowest barrier in polar solvents such as
acetone. Our results are in good agreement with experiments
carried out in solvents. However, in gas-phase experiments d-II
is more stable than d-I, in contrast to our calculation as well as
other recent studies.
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