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A Theoretical Study of the Properties and Reactivities of Ketene, Thioketene,
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The properties and reactivities of ketene, thioketene, and se-
lenoketene were studied using the G2(MP2) level of theory.
Calculated structures, vibrational frequencies, dipole mo-
ments, NMR chemical shifts, and charge distributions
strongly suggest that thioketene and selenoketene are best
represented by the neutral cumulenic form. Four prototype
reactions were examined: ketene-ynol rearrangement, elec-

trophilic and nucleophilic addition, and [2+2] cycloaddition.
Thioketene and selenoketene were found to be more react-
ive than ketene in all reactions. In terms of chemistry, thioke-
tene resembles selenoketene more than ketene. The vari-
ation of reactivity can readily be explained in terms of strain
energy, electronegativity, and molecular orbital arguments.

Introduction

Ketene (RR'C=C=X, where X = O), arguably one of
the most versatile organic synthetic intermediates, was first
prepared in 1905.1" The sulfur and selenium analogs of ket-
ene, namely thioketene and selenoketene (where X = S and
Se, respectively), were only prepared more recently. In bio-
logical systems, the general importance of organoselenium
compounds has long been recognized.?! Recently, it has
been suggested that thioketene could be involved in cell
damage processes.’] Even though thioketene and selenoket-
ene have been characterized spectroscopically,* some
physical properties as well as their intrinsic reactivities are
not known, as these species dimerize spontaneously.[7]

We report, here, an ab initio molecular-orbital study on
the properties and reactivities of ketene, thioketene, and se-
lenoketene (H,C=C=X, where X = O, S, and Se). Firstly,
we will examine the structural, spectroscopic, and thermo-
chemical properties of these ketenes. Then, we will report
our results on four prototype reactions of ketene: ketene-
ynol rearrangement, addition reactions with electrophiles
and nucleophiles, and [2+2] cycloaddition with ethene. For
ketene itself, these reactions are well studied both theoretic-
ally and experimentally.l'! Some information is available for
thioketenel®! but virtually no information is available for se-
lenoketene. By studying these processes at a uniform level
of theory, the intrinsic reactivities of these ketenes may be
compared.

Computational Methods

Standard ab initio calculations were performed using the
Gaussian 941 and 98!'! series of programs. Unless other-
wise stated, all energies reported in this paper are at the
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G2(MP2) level of theory.l'! In brief, G2(MP2) is a compos-
ite procedure which aims to provide an accurate approxi-
mation to the high level of theory at QCISD(T)/6-
311+G(3df,2p)//MP2(FU)/6-31G(d), with the incorpora-
tion of zero-point energy [calculated from HF/6-31G(d) fre-
quencies, scaled by 0.8929] and higher level corrections.
This level of theory is usually within *3 kcal mol~! (approx-
imately 12 kJ mol™!) of the accurate experimental values.
The optimized geometries [MP2(FU)/6-31G(d)] of all spe-
cies studied in this paper are shown in Figure 1, and are
labelled from 1 to 19. In order to distinguish between the
same structure with different substituents (O, S, or Se), the
number will be prefixed by the atomic symbol of the sub-
stituent. For example, ketene, thioketene, and selenoketene
are denoted as O1, S1, and Sel, respectively. The G2(MP2)
electronic energies (E,) of all these species are given in
Table 1.

We have also investigated the effect of core size on the
energetics of the selenium containing systems, this topic has
recently attracted some attention.!'?13 Specifically, we com-
pare calculated ionization energies (/Es) and reaction ener-
gies using three different approaches: (1) a full core (i.e.
include all electrons), (2) a frozen core excluding the 3d
electrons [which corresponds to the G2(d) level of the-
ory],["3and (3) a frozen core including the 3d electrons (i.e.
the default frozen core size). We found that both the /E and
the reaction energies are not sensitive to the size of the core.
Given the substantial resource saving in using the frozen
core approximation in correlation calculations, we continue
to apply such an approximation here.

Results and Discussion

Properties of Ketene, Thioketene and Selenoketene

We have investigated several fundamental physical prop-
erties of the ketenes, including geometries, vibrational fre-
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Figure 1. Optimized geometries [MP2(FU)/6-31G(d)] for ketgnes and related species; structural parameters are given in parentheses for
thioketene and in bracket for selenoketene (bond lengths in A and angles in degrees)

quencies, 3C-NMR chemical shifts, dipole moments, heats
of formation, ionization energies, and proton and electron
affinities, and the results are summarized in Table 2.

The structures of ketene, thioketene and selenoketene are
known experimentally.™>! Our calculated structures at the
MP2(FU)/6-31G(d) level are in good general agreement
with the reported experimental structures, with a maximum
error in bond length and angle of 0.02 A and 1.4°, respect-
ively, but slightly inferior to those reported by Leszczyn-
skil*l at the MP2/TZP level. At our best level of theory,
QCISD/6-311+G(2df,p), the maximum errors in bond
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length and angle reduce to only 0.006 A and 0.9°, respect-
ively. The trends of decrease in rcc and Z gy, and increase
in rcy length when oxygen is substituted by the heavier
atom are readily reproduced.

Experimental vibrational frequencies of these species
have been reported.[>” We have recently found that vibra-
tional frequencies calculated at the B3-LYP/6-31G(d) level
are more reliable than those obtained at the computa-
tionally more expensive MP2 and QCISD methods with the
same basis set.['*13] Using the recommended scaling factor
of 0.9613[1413] for B3-LYP/6-31G(d) frequencies, the root-
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Table 1. G2(MP2) E|, electronic energies (Hartrees) of various spe-
cies related to H,C=C=X (X = O, S, and Se)

Speciesldl X=0 X=S X = Se

1 —152.36550 -474.95094 —2477.18696
2 —152.30986 —474.92568 —2477.16640
3 -152.24199 -474.83994 —2477.08657
4 —152.23759 —474.84789 —2477.10457
5 —152.22642 -474.84967 —2477.09939
6 —152.15793 -474.80326 —2477.05898
7 —152.24428 -474.89703 —2477.14960
8 —152.67792 -475.27222 —2477.50873
9 —152.61000 —475.23083 —2477.47187
10 —152.58987 -475.22780 —2477.47434
11 —228.69809 —551.28309 —2553.51842
12 —228.74759 -551.32401 —2553.56195
13 —228.62848 —551.19796 —2553.43486
14 -228.70354 —~551.29603 -2553.53913
15 —228.63273 —551.23182 —2553.47539
16 -230.81343 —-553.39881 —2555.63754
17 —230.78440 —553.40214 —2555.64590
18 -230.73358 —553.32332 —2555.56367
19 —230.69488 -553.31313 —2555.56245
1Pl —152.01335 -474.62228 —2476.86571
1°7lel —152.00358 -474.61953 —2476.86527
1714 —152.35119 -474.96399 -2477.21012
1M —152.31091 —474.94907 —2477.19496
(2-H)y 11 —151.78209 —-474.39887 —2476.64655

[al G2(MP2) energies of other species related to the reactions of the
ketenes: —37.78389 (C), —0.50000 (H), —74.97868 (O), —397.64699
(S), —2399.91929 (Se), —76.33000 (H,O), —78.41428 (C,H,) har-
trees. — [ Ketene radical cation, with the geometry of the neutral
ketene. — [l Ketene radical cation, fully optimized. — [4 Ketene rad-
ical anion, with the geometry of the neutral ketene. — [l Ketene
radical anion, fully optimized. — [l Ynolate anion.

mean-square (RMS) errors of the calculated frequencies
for ketene, thioketene, and selenoketene are 13, 19, and
29 cm™!, respectively. These errors are well within the ex-
pected RMS error of 34 cm ! for the B3-LYP/6-31G(d) fre-
quencies. Thus, it appears that even though no selenium
compound was used in deriving the scaling factor, the re-
commended scaling factor is equally applicable to selenium
containing compound.

The *C-NMR spectrum is a useful diagnostic tool for
identification of ketene. In particular, ketene has a charac-
teristic high field Cg shift, and this has been attributed to
the high degree of negative charge on this atom. Using the
QCISD/6-31G(d) geometry, we have performed MP2 GIAO
(Gauge-Independent Atomic Orbital)!'® chemical shift cal-
culations (with respect to TMS) with the 6-311G(d,p) basis
set (Table 2). For ketene, the calculated '3C-NMR shifts are
in excellent agreement with the experimental values.!l In
particular, the characteristics high field Cg is well repro-
duced. We are not aware of any experimental values for
thioketene and selenoketene. Here we assume that the effect
of substitution at Cg on '*C-NMR shift is the same for
ketene and thioketene, and an estimated value for thioket-
ene can be derived from (Ph),C=C=X, PhMeC=C=X,
and (Me;Si),C=C=X (where X = O and S), and ketene
itself."! The thus derived '*C-NMR shifts for C, and Cy of
& = 255.1 and 50.3, respectively, are in good accord with
the theoretical estimates. Hence, the present calculated
values for selenoketene are probably equally accurate.

Eur. J. Org. Chem. 2000, 1411—1421

The dipole moments of all three ketenes have been deter-
mined experimentally. For ketene and thioketene, the ex-
perimental dipole moments are 1.41 and 1.01 D, respect-
ively.[*] No precise determination of the dipole moment for
selenoketene is available, but an estimated value of 0.90 D
has been proposed.l'”? While the trend of reduction in di-
pole moment upon substitution with heavier atom is readily
reproduced at most levels of theory, the absolute values of
the dipole moment are very sensitive to the levels of theory
employed. For example, we found that for ketene, the HF
method tends to grossly overestimate, while MP2 tends to
significantly underestimate the dipole moment. A reliable
dipole moment can be obtained at the QCISD level of the-
ory. At QCISD/6-311+G(2df,p)//QCISD/6-311+G(2df,p)
level of theory, the calculated dipole for X = O, S, and
Se are 1.44, 1.06, and 1.11 D, respectively. Given the good
agreement (< 5%) between the experimental and theoretical
dipole moment for ketene and thioketene, it seems that the
proposed experimental dipole moment (0.9 D) for selenoke-
tene is somewhat too small. The observed trends of the
above properties may readily be understood in terms of how
substitution affects the relative importance of the two res-
onance forms of the ketenes (Scheme 1).

H

H o ®
=X

CB_CuZX -~
H H
Scheme 1

Ketene is more commonly presented as the “neutral’ cu-
mulenic form, which is in resonance with the “zwitterionic”
form where the Cg atom is partially negatively charged and
oxygen is partially positively charged. The importance of
the zwitterionic resonance hybrid depends on the influence
of the X atom on the charge separation, and the formation
of a C=X triple bond. Since sulfur and selenium are more
electropositive than oxygen, one might expect the positive
charge be better accommodated on the heavier elements
and the zwitterionic form might become more important in
thioketene and selenoketene. On the other hand, the forma-
tion of a C=X triple bond becomes less favourable with
larger X down the group due to the less effective overlap of
p orbitals. Our calculated properties strongly indicate that
thioketene and selenoketene are dominated by the neutral
cumulenic form, with a significantly smaller contribution of
the zwitterionic form. The calculated C=C bond length in
H,C=C=X increases in the order of Se < S < O. The in-
crease in C=C stretching frequency with substitution con-
firms an increase in double-bond character along this bond.
In addition, the '*C-NMR chemical shift for the Cy has
shifted downfield indicating a decrease of negative charge
on this carbon. The strongest evidence comes from the de-
crease in dipole moment upon substitution. A smaller di-
pole moment along the series indicates a smaller degree of
charge separation, despite the charge centers (Cg and X)
are being further apart when oxygen is substituted with sul-
fur or selenium. In summary, thioketene and selenoketene
are better represented by the “neutral”” cumulenic form.
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Table 2. Calculated properties of H,C=C=X (X = O, S, and Se), calculated at the G2(MP2) level unless otherwise stated; experimental

values, if available, are given in parentheses

Property X=0 X =S X = Se
Geometryldl

ren [A] 1.080 (1.074) 1.084 (1.085) 1.085 (1.091)
ree [A] 1.313 (1.314) 1.310 (1.316) 1.309 (1.303)
rex [A] 1.161 (1.160) 1.562 (1.556) 1.709 (1.706)
Lyen [ 121.5 (121.6) 119.2 (119.8) 118.8 (119.7)

Vibrational mode [cm™']:!

sym C-H stretch 3084 (3070)

C=X stretch 2154 (2153)
HCH bend 1379 (1388)
C=C stretch 1134 (1116)
CH, wag 568 (587)
CCX bend (out-of-plane) 518 (528)
asym CH stretch 3170 (3165)
CH, rock 964 (978)
CCX bend (in plane) 423 (439)

NMR chemical shift [ppm]!
13 191.9 (194.0)l!

13C 1.0 (2.5)d)
H 2.0 (2.43)
Dipole moment, p [Debye]! 1.438 (1.414)

Heat of formation [kJ mol™!]

AHox 49.1

AH{so5K ~52.4 (-47.7)1
Ionization energy [eV]]

IE, 9.85 (9.64)
IE, 9.58 (9.62)

Proton affinity [kJ mol ']
Asosk

819.4 (825.3)

Electron affinity [eV]
EA,
EA,

-1.49
—0.39

3047 (3020)
826 (850)

1346 (1331)
1771 (1757)

3037 (3032)
673 (662)

1340 (1335)
1745 (1700)

685 (701) 708 (737)
409 (378) 418

3119 (3107) 3108 (3063)
910 (922) 893

351 (340) 352

243.8 (255.1) 258.4

49.4 (50.3)t 61.0

38 44

1.063 (1.01) 1.113 (0.90)
196.4 244.0

193.6 240.3

9.02 (8.89) 8.75 (8.72)
8.94 (8.77) 8.74 (8.7)
843.3 (826.2) 844.7

-0.05 0.22

0.35 0.63

[al Calculated at the QCISD/6-311 +([j5‘(%dfa[l?9 level. Experimental value taken from ref. — 1 B3-LYP/6-31G(d) values, scaled by 0.9613.13]

Experimental value taken from refs.
taken from ref.ll —

We have examined the charge distribution of the three
ketenes using the atoms in molecules (AIM)!'8] and natural
bond orbital (NBO)!'I approaches. Both methods yield qu-
ite different results (Table 3). The NBO analysis leads to a
strong negative charge at the Cg atom, consistent with the
experimental NMR data. In sharp contrast, the AIM

Table 3. Calculated charge distributions and covalent bond orders
of H,C=C=X (X = O, S, and Se) [MP2/6-311++G(d,p) wave-
function, based on QCISD/6-311+G(2df,p) geometry]

Property X=0 X =S X = Se

Atomic chargel®!

0.673 (0.814)  —0.088 (~0.839) —0.167 (-0.562)

Cp -0.772 (0.069) —0.599 (0.045) —0.581 (0.033)
X -0.396 (-1.077) 0.211 (0.618)  0.270 (0.347)
H 0.248 (0.097)  0.238 (0.088)  0.239 (0.091)
Bond order

CcC 1.728 1.878 1.889

CX 1.499 2.146 2.103

CH 0.927 0.928 0.927

[2 NBO values, with AIM values in parentheses.
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MP2/6-311G(d,p) values based on the QCISD/6-31G(d) geometry. — [ Experimental values
[l The present estimate of the experimental value is obtained be assuming that substituent effect on NMR shift is the
same for ketene and thioketene. Experimental NMR shifts are taken from refs.!!-8T —

[T Experimental values taken from ref.[>?]

method predicts a strong negative charge at the C, atom
for thioketene and selenoketene. It thus appears that the
NBO approach provides a more realistic charge distribution
of the ketenes. It is also worth noting that the NBO charges
of the Cg atom of the three ketenes correlate well with the
observed trend of the '3C-NMR chemical shifts. We have
calculated the covalent bond orders based on a partition
scheme proposed by Cioslowski and Mixon.?”! Consistent
with the calculated geometries, vibrational frequencies, and
dipole moments, there is a significant increase in the double
bond character of the CC and CX bonds on heavy atom
substitution. Therefore, thioketene and selenoketene are
best described by the neutral cumulenic structure (H,C=
C=X) with a relatively smaller contribution of the zwitter-
ionic resonance form.

With regards to the thermochemical properties of the
ketenes, the calculated heat of formation of —52.4 kJ mol™!
for ketene, using the atomization approach,?!! is in good
agreement with the accepted experimental value of —47.7
kJ mol~1.?2l No experimental heats of formation have been

Eur. J. Org. Chem. 2000, 1411—1421
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reported for thioketene and selenoketene. Our predicted
G2(MP2) heats of formation (298 K) for thioketene and se-
lenoketene are 193.6 and 240.3 kJ mol !, respectively. We
also note that the heats of formation (298 K) calculated us-
ing the computationally more expensive Gaussian-3 (G3)[?3
theory for ketene and thioketene are —50.8 and 192.8 kJ
mol !, respectively. Both values are in excellent agreement
with the G2(MP2) values, suggesting that the energetics of
the ketenes and related systems are sufficiently well treated
at this level of theory.

The ionization energies (/E) of all three ketenes have been
measured experimentally.??l Our calculated /Es are in good
overall agreement with experimental values (Table 2) which
decreases with heavy atom substitution. As expected, the
vertical IE (IE,) is always larger than the corresponding
adiabatic value (/E,). With the substitution of heavier ele-
ment, the differences between the /E, and IE, are smaller.
In the case of selenoketene, the two values are virtually
identical, suggesting that ionization of this species does not
have major effect on the geometry. We would like to note
in passing that the inclusion of core electrons in the correla-
tion treatment in general leads to an increase in /E of less
than 2 kJ mol™! (0.02 eV), and the largest difference of 6 kJ
mol! (0.06 eV) is observed for the adiabatic IE of selenoke-
tene. Hence, it appears that for the calculation of ionization
energies, the frozen core approximation is adequate.

Tonization of ketenes lead to lengthening of rcy and rec,
a shortening of rcx, and a widening of the Zycy (Fig-
ure 1). In the case of ketene [at the MP2(FU)/6-31G(d)
level], the changes are most noticeable (0.007, 0.087, -0.05
A for the CH, CC, and CX bond; and an increase of 2.8°
for the HCH angle). For selenoketene, only the contraction
of the CX bond (by 0.05 A) is obvious. One can understand
these changes in terms of the molecular orbitals of the ket-
enes, which are schematically presented in Figure 2. Remov-
able of an electron from the highest-occupied molecular or-
bital (HOMO) (of B; symmetry) of the neutral ketene, re-
sults in a radical cation of 2B, electronic state. The HOMO
is perpendicular to the plane of the ketene molecule, and
can be described as CC bonding and CX antibonding.
Thus, removing this electron will weaken the CC but
strengthen the CX bond. Compared to oxygen, sulfur and
selenium do not overlap as well with C,. In addition, the
coefficient of the X atom in the HOMO increases down the
group, while the coefficients of the two carbons decrease.
As a result, ionization of thioketene and selenoketene
would only have a significant effect on the CX bond.

Experimentally, the gas-phase proton affinities (PA) of
ketene and thioketene are available.?”l Here, we note that
our calculated PAs are in good agreement with the available
experimental values. Further discussion on proton affinity
will be given in the Reactivities section below.

The electron affinity (EA) of these species has not been
reported. The C,, structure of the ketene radical anion is a
transition structure on the MP2/6-31G(d) potential energy
surface. The true minimum has C, symmetry (*A’) where
all atoms lie on the same plane except that the / ccx shows
major deviation from linearity. While capturing an electron

Eur. J. Org. Chem. 2000, 1411—1421

E(HOMO) = -8.48 eV

E(LUMO) = 1.53 eV

Figure 2. HOMO and LUMO of ketene, thioketene, and selenoket-
ene; the energies of the molecular orbitals are calculated at the
MP2(FU)/6-31G(d) level of theory

is a thermodynamically unfavorable process for ketene, sub-
stitution of oxygen by sulfur and selenium has transformed
this into a favorable process.

Upon addition of an electron, the CX bond length in
ketenes increases by 0.074, 0.097, and 0.103 A, for X = O,
S, and Se, respectively, compared to the corresponding
neutral ketenes at the MP2(FU)/6-31G(d) level (Figure 1).
This trend can be understood in terms of the LUMO of
ketene (Figure 2). The LUMO (B, symmetry) is on the
plane of ketene, again antibonding between C, and O, with
virtually no contribution from the atomic orbitals of Cg.
With this antibonding character, the rcx would be longer
in the ketene anion than in the neutral. Moreover, for ket-
ene, the AO coefficient on C, is the largest. Hence, addition
of electron will affect the geometry on this atom the most.
As in the case of HOMO, the coefficient of the X atom in
the LUMO increases down the group while the coefficient
of the C, decreases. Therefore, one would expect the devi-
ation of Z ccx from linearity to decrease upon substitution.
For X = O, S, and Se, the £ ccx increases from 135.7° to
144.2° to 144.9°, which is in agreement with our qualitat-
ive reasoning.

In summary, our calculated properties are in good qualit-
ative agreement with available experimental data. While cer-
tain properties such as dipole moments are very sensitive to
theoretical model employed, other calculated properties are
in quantitative agreement with available experimental
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values. This lends strong confidence to the reliability of the
reported reactivities below.

Reactivities of Ketene, Thioketene, and Selenoketene

The intrinsic reactivity of the three ketenes are governed
by the energies of the frontier orbitals. On heavy atom sub-
stitution, the HOMO energy increases while the LUMO en-
ergy decreases. This suggests that thioketene and selenoket-
ene would be even more reactive than ketene, which is con-
sistent with the general experimental findings. We also note
that while the HOMO-LUMO gap is much larger for ket-
ene, it is quite similar for thioketene and selenoketene.
Hence, the reactivity of selenoketene would be quite com-
parable to that of thioketene in general. To gain insight into
the relative reactivity of these ketene systems, we have ex-
amined four prototype reactions: ketene-ynol rearrange-
ment, electrophilic, and nucleophilic addition, and [2+2]
cycloaddition.

A. Ketene-Ynol Rearrangement: Synthetically, ynols
(RC=COH) are one of the precursors in the preparation of
ketenes, and they are interesting species in their own
right.[l-*) What would be the effect of sulfur and selenium
substitution on the ketene-ynol rearrangement?

Figure 3 displays the schematic potential energy diagram
for the rearrangement of ketene (1) to ynol (2). For all the
three ketenes, the corresponding ynol form is always less
stable compared to the ketene. However, the relative ynol-
ketene energy decreases significantly upon heavy atom sub-
stitution.

The rearrangement from 1 to 2 may occur through two
plausible pathways: a direct 1,3-hydrogen shift, or two suc-
cessive 1,2- and 2,3-hydrogen shifts. The two-step pathway
occurs via a carbenic intermediate 4 and two transition
states (TS 3 and 5) (Figure 3). For ketene (X = O), we have

located all these structures on the pure singlet RHF/6-
31G(d) surface, similar to those reported previously at the
RHF/4-31G level.?”) However, we have not been able to
locate the corresponding structures for S4 and Se4 on the
RHF/6-31G(d) surface. More importantly, upon the incorp-
oration of electron correlation at the RMP2 level, we failed
to locate any stable singlet carbenic structure (4), regardless
of the nature of X.

On the other hand, we have located a stable equilibrium
structure of 4 on both the UHF and UMP2 potential en-
ergy surfaces. Interestingly, for O4, while RHF yields a non-
planar structure, the UHF structure is planar, which reverts
to non-planar at the UMP2/6-31G(d) level. Furthermore,
we note here that the <S$%> value of structure 4 range from
0.75 to 1.3 for X = O, S, and Se, suggesting that they are
of substantial diradical character. Similar diradical charac-
ter is found for TS 5. For TS 3, the diradical character for
X = S and Se appears to be minimal as the UHF structure
has an <S?> of less than 0.1. Further optimization of S3
and Se3 at the UMP2/6-31G(d) level lead to a final optim-
ized structure that was pure singlet in nature (<S?>> = 0).

Given that most of these species are highly spin contam-
inated, calculations based on the unrestricted Mgller—Ples-
set theory may not yield accurate quantitative energetic in-
formation. Instead of using the UMP2 electronic energies
in the G2(MP2) protocol, we have used the projected MP2
(PMP2) % energies instead. Our modified procedure leads
to slightly lower energies (by 1-6 kJ mol !) for structures 3,
4, and 5. Nevertheless, our current model should be suffi-
cient in providing a qualitative description of the successive
hydrogen pathway. Our key finding is that the barrier to
rearrangement from carbene 4 to ketene (via TS 3), and
ynol (via TS 5) appears to be minimal. It is worth noting
that the ketene-ynol rearrangement may proceed partly on

-1
kJ mol 1,3 H-shift 1,2; 2,3 H-shift
600_]
8 545
500
400_ (388)
4 N
/1336]
—
300 Y
] 3,
200
146
1004 (66) mumite
(54] ———
0

Figure 3. Schematic potential energy surfaces for ketene—ynol rearrangements (solid line for ketene, dashed line for thioketene, and
dashed-dotted line for selenoketene); relative energies [G2(MP2)] are in kJ mol !
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the triplet surface. In particular, we found that the triplet
carbene is significantly more stable than the singlet state,
by 21, 86, and 74 kJ mol™!, for X = O, S, and Se, respect-
ively. Further study using a multi-configuration treatment
is in progress.

Direct 1,3-hydrogen shift from 1 to 2 occurs via TS 6
(Figure 3). As this transition structure is highly strained, it
is not surprising that the 1,3-hydrogen shift pathway is of
higher energy than the two-step pathway. With heavy atom
substitution, the ring strain in TS 6 is somewhat relieved,
and hence the direct pathway becomes more competitive.
To conclude, our calculations indicate that the ketene-ynol
rearrangement is both kinetic and thermodynamically fav-
ored upon substitution.

Compared to ethenol (H,C=COH), ethynol (HC=COH)
is very acidic. In order the understand the origin of the
acidity, we carried out bond stabilization energy analysis
(Table 4). First we note that all the calculated bond stabil-
ization energies are in good agreement with available experi-
mental data, except for the two reactions involving ethynol
(02). While the experimental acidity of ethynol is too high
by 57 kJ mol™!, the reaction enthalpy with methane is too
high by 49 kJ mol!. These discrepancies arise from the fact
that our calculated AH;,95k for ethynol is 94 kJ mol ™,
which is significantly different from the reported experi-
mental value of 41.6 kJ mol'.1?2! Given the good agreement
between our G2(MP2) and experimental energetics, it is
likely that the experimental heat of formation for ethynol is
too low. For ethynthiol and ethynselenol, no experimental
heat of formation is available, even though the acidity of
ethynthiol is reported. Again, the experimental value ap-
pears to be too high. Based on our theoretical results here,
we would recommend the AH»95 k of ethynthiol and ethyn-
selenol to be 261 and 295 kJ mol !, respectively.

Table 4. Acidities of H,C=CHXH and HC=CXH (X = O, S and
Se) and bond stabilization energy analysis for enolate, ynolate, en-
ols, and ynols [with the corresponding sulfur and selenium analogs;
calculated at the G2(MP2) level]; experimental values, if available,
are included in parentheses (derived from experimental enthalpy of
formation®? at 298 K)

Reaction X=0 X =S X = Se

[1] H,C=CHXH — 1486 (1499) 1441 (1427) 1415
H,C=CHX + H*

[2] HC=CXH — 1386 (1443) 1383 1365
HC=CX + H"

[3] H,C=CHX  + CH; — 160 (153) 82 62
H,C=CH, + H;CX"

[4] HC=CX + CH, — 220 (214) 138 109
HC=CH + H,CX

[5] H,C=CHXH + CH, — 49 (54) 28 20
H,C=CH, + H,CXH

[6] HC=CXH + CH, — 10 (59) 26 17

HC=CH + H,CXH

Previously, the very high acidity of ynol, compared to
enol, has been attributed to the combination of two effects:
stabilization of the ynolate ion, and destabilization of the
neutral ynol.[*”l However, this difference in acidity between
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enol (reaction 1) and ynol (reaction 2) decreases from
100 kJ mol ! for X = O to 58 and 50 kJ mol !, for X = S
and Se, respectively (Table 4). With heavy atom substitu-
tion, the stability of the “ynolate” anion (reaction 4) de-
creases slightly compared to the “enolate’ anion (reaction
3) from 60 to 56 to 47 kJ mol™! for X = O, S, and Se,
respectively. On the other hand, the hydroxyl group is par-
ticularly destabilizing in ynol as compared to the substi-
tuted analogs (reactions 5 and 6). In the case of X = O, the
relative destabilization is 39 kJ mol™!, compared to 2 and
3 kJ mol! for X= S and Se, respectively. This is probably
due to the strong o-electron withdrawal effect of the highly
electronegative oxygen as compared to sulfur and selenium.

Another important isomer of ketene, which is not in-
volved in the ketene-ynol rearrangement, is oxirene (7). The
nature of this species has attracted a lot of attention.[?8-2]
It has been found that the lowest-energy vibrational mode,
which corresponds to the opening of the three-membered
ring, is extremely sensitive to the theoretical model
employed. In agreement with previous findings, we found
that the symmetric C,, species is a true minimum at
HF/6-31G(d) but has a very small imaginary frequency
(40 cm™1) at MP2(FU)/6-31G(d). Following the eigenvector
of this mode leads us to a structure of C; symmetry, where
the two sets of C-O differ by 0.06 A, even though the elec-
tronic energy is virtually identical to that with the C,, sym-
metry. This confirms that the ring-opening mode is very
soft for ketene, and is sensitive to the effects of electron
correlation and basis set. Based on calculation with a highly
correlated method and a large basis set [CCSD(T)/
TZ2P(f,d)], Vacek concluded that oxirene is a true min-
imum.

Much less is known about the sulfur and selenium anal-
ogs of oxirene (O7), namely thiirene (S7) and selenoiriene
(Se7), respectively.2%311 We have carried out a systematic
study on how the frequency of the ring-opening mode is
affected by various levels of theory and found that the sens-
itivity observed in oxirene is not found for thiirene and se-
lenoirene. For example, at the QCISD/6-31G(d) level, this
vibrational mode is 117, 469, and 423 cm ™! for X = O, S,
and Se, respectively. Hence, one can conclude that thioket-
ene and selenoketene are true minima on the C,H,X poten-
tial energy surface. To facilitate future experimental charac-
terization, the calculated QCISD/6-31G(d) frequencies for
S7 and Se7 are reported in Table 5.

B. Electrophilic Addition of Ketene: Here, proton is con-
sidered as a prototype electrophile. The addition of proton
can occur at three different positions: C,, Cg, and X. The
calculated gas-phase proton affinities (0 K) at various sites
are summarized in Table 6. For ketene, our calculated pro-
ton affinity (820 kJ mol ") is in excellent agreement with
the experimental value of 821 kJ mol .

Our calculations on the parent ketene suggest that pro-
tonation at Cg, resulting in O8 (acylium ion), is most favor-
able. Protonation at oxygen yields a stable minimum (Q9),
178 kJ mol ' higher in energy than O8. However, pro-
tonation at C, leads to a transition structure which in-
terconverts 09 to 0O10. The structure 010, 231 kJ mol!

1417



FULL PAPER

N. L. Ma, M. W. Wong

Table 5. Harmonic vibrational frequencies [cm™'] and infrared in-
tensities [km mol '] of oxirene, thiirene, and selenoirene [calculated
at the QCISD/6-31G(d) level, scaled by 0.9537:['4 intensity values
are given in parentheses]

Vibrational Mode Symmetry Oxirene Thiirene Selenoirene
CH sym rock a; 849 (42.7) 661 (8.0) 499 4.7)
CX str a, 1046 (3.8) 897 (1.2) 860 (7.3)
CC str a 1734 (0.7) 1668 (18.0) 1649 (24.2)
CH sym str a 3274 (1.6) 3225 (4.7) 3216 (5.3)
CH asym wag b, 471 (80.0) 533 (85.0) 583 (82.3)
CH sym wag a, 439 (0.0) 669 (0.0) 700 (0.0)
ring deformation b, 117 (0.5) 469 (0.8) 423 (0.4)
CH asym rock b, 904 (6.5) 921 (45.1) 887 (67.6)

CH asym str b, 3208 (31.5) 3175 (16.0) 3168 (16.4)

Table 6. Proton affinities (0 K) of H,C=C=X (X = O, S, and Se)
at various possible sites of protonation, calculated at the
G2(MP2) level

Site of protonation X=0 X =S X = Se
C, 589.1 726.9 754.5
X 641.9 734.9 748.0
Cp 820.3 843.5 844.8

less stable than O8, can be described as a minimum with a
the oxygen bridging between C, and Cg. All these results
are in agreement with previous theoretical findings.[33-34

The relative stabilities of various protonated thioketene
structures have been studied at the HF level of theory !
but we are not aware of any corresponding study for seleno-
ketene. As with ketene, protonation at Cg is still most pre-
ferred for thioketene and selenoketene. However, they differ
from ketene in three aspects. Firstly, on the HF potential
energy surface for the protonated thioketene and selenoket-
ene, four minima are found. Apart from the three analogous
minima on the protonated ketene surface, the transition
structure which corresponds to protonation at C, is now a
minimum. Nevertheless, this structure is much higher in en-
ergy (by at least 80 kJ mol™!) than the other minima. More-
over, this minimum becomes a transition structure at the
correlated level [MP2(FU)/6-31G(d)], suggesting that pro-
tonation at the C, may not be stable. Secondly, protonation
at sites other than at Cg has become more competitive, and
lastly, while protonation at oxygen is clearly favored over
the bridged structure, this preference is less obvious for
thioketene and selenoketene. In fact, for selenoketene, the
Se-bridged structure is slightly preferred (by 7 kJ mol™)
over Se-protonated form.

The preference for the site of protonation in these ketene
systems can be explained by a combination of molecular
orbital and electrostatic arguments. For the ketene HOMO,
the largest orbital coefficient occurs at the valence p orbital
of Cg. In addition, this carbon atom is negatively charged,
as suggested by the NBO analysis (Table 3). Hence, both
factors suggest that protonation at this atom would be pre-
ferred. With substitution by a heavier atom, the coefficient
of this valence atomic orbital decreases and hence the other
protonation sites become more competitive. If this factor
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alone is considered, then the protonation at S or Se (9),
would be more favored over the bridged structure (10).
Nevertheless, the charge on S or Se remains positive
(Table 3), and hence, protonation on these sites are electro-
statically not favorable. As mentioned in the previous sec-
tion, the Cg atom in selenoketene is more negative than that
in thioketene. Apparently, it is this electrostatic attraction
that helps to stabilize structure Sel0 over Se9.

The preference of protonation at Cg may also be attrib-
uted to the fact that the acylium ion is stabilized by the
resonance structure CH;C=X" (Scheme 2).

® ®
HaC——C=—=X HiC——C=X
Scheme 2

Sulfur and selenium have a better ability to accommodate
positive charge. Thus, proton affinities of thioketene and
selenoketene are higher than the parent ketene.

C. Nucleophilic Addition of Ketene: The susceptibility to
nucleophilic attack is one of the most characteristic proper-
ties of ketenes. The hydration of ketene is considered as a
prototype nucleophilic addition reaction here. The addition
of water to ketene may yield two products: addition to the
C=C bond gives acetic acid while addition to the C=0
bond yields enediol. The two competitive processes have
been studied, both experimentally*®) and theoretically.’73°]
In a theoretical study by Skancke,*”! the effect of how the
actual number of water molecules participating in the reac-
tion affects the potential energy surface was investigated.
He concluded that even though the 1-ketene:1-water poten-
tial energy surface is quantitatively different from that of a
1-ketene:2-water surface, similar qualitative conclusion
could be drawn: the formation of acetic acid is the thermo-
dynamically favored product, while enediol is slightly fav-
ored kinetically.

Here we studied the reaction of ketene, thioketene, and
selenoketene with a single water molecule. The schematic
potential energy surfaces are presented in Figure 4. For ket-
ene, the surface obtained at the G2(MP2) level is very sim-
ilar to that obtained previously.*®! The hydration process is
initiated when a water molecule weakly coordinates itself
onto the ketene to form a van der Waal complex (11, which
is omitted in Figure 4 for simplicity). The formation of
acetic acid (12) occurs via a four-centered transition struc-
ture 13, while enediol (14) is formed via transition struc-
ture 15.

Substitution with a heavy atom does not change the qual-
itative conclusion for the thermodynamically preferred
product (12). However, kinetically, the formation of the acid
becomes much less competitive: the energy difference be-
tween the two transition states (13 and 15) is 11 kJ mol™!
for ketene, increasing significantly to 87 and 109 kJ mol ',
for thioketene and selenoketene, respectively. This suggests
that the hydration of thioketene and selenoketene should
yield the corresponding enediols if the reaction is kin-
etically controlled.

Unlike the ketene-ethene [2+2] cycloaddition reaction
discuss in next section, both the HOMO and LUMO of
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Figure 4. Schematic potential energy surfaces for hydration reaction of ketenes (solid line for ketene, dashed line for thioketene, and
dashed-dotted line for selenoketene); relative energies [G2(MP2)] are in kJ mol™
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Figure 5. Schematic potential energy surfaces for [2+2] ketene—ethene cycloadditions (solid line for ketene, dashed line for thioketene,
and dashed-dotted line for selenoketene); relative energies [G2(MP2)] are in kJ mol™

water are of the correct symmetry to interact with the fron-
tier orbitals of ketene. The HOMO(ketene)-LUMO(water)
gap is about 1.6 eV (calculated at MP2(FU)/6-31G(d) level)
higher than the HOMO(water)-LUMO(ketene) gap. Hence,
the later pair of interaction would be stronger. This explains
why O15 is more stable than O13, and enediol is the pre-
ferred hydration product.

Formation of acid (12) occurs, via transition structure 13,
when the LUMO (which lies in the molecular plane) of
water molecule interacts with the ketene HOMO which is
perpendicular to the ketene plane. The coefficients of the
two carbons decrease with heavy atom substitution, which
explains the higher barrier for acid formation. On the other
hand, formation of enediol (14) occurs via a four-centered
transition structure (15), where C, and X on the ketene are
involved. The water molecule directs its lone pair in the

Eur. J. Org. Chem. 2000, 1411—1421

HOMO (which is perpendicular to the molecular plane) to
interact with the LUMO of the ketene. The coefficient of X
increases with heavy atom substitution, suggesting a more
favorable interaction.

D. [2+2] Ketene—Ethene Cycloaddition: The [2+2] cyclo-
addition of ketene with alkene occupies a central role in the
understanding of reaction theory and it has been the sub-
ject of numerous experimental and theoretical stud-
ies.[1-4941] Two modes of addition are possible: CC addition
leads to a cyclic ketone (16) while CO addition gives a cyclic
ether (17). Both reactions are symmetry allowed, which in-
volve the interaction of the frontier orbitals of ketene and
ethene in two different fashions. To date, many studies sug-
gest that the [2+2] cycloaddition reaction could proceed by
a concerted route, or via the formation of a zwitterion inter-
mediate. The route taken is highly dependent on the nature
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of ketene and alkene involved. It is believed that, for the
parent ketene and ethene, the concerted route is preferred.
We have attempted to locate a zwitterionic minimum on the
potential energy surface at HF, B3-LYP, and MP2 level of
theory with the 6-31G(d) basis for X = S and Se. All such
attempts failed as the species invariably dissociated into ket-
enes and ethene. This suggests that for thioketene and se-
lenoketene, as in the case of ketene, the reaction is unlikely
to proceed by a zwitterionic pathway. This is understand-
able as the zwitterionic route will involve a negatively
charged X. With the decrease of electronegativity down a
group, if the ketene-ethene cycloaddition does not go
through the zwitterionic route, it would be even less likely
that thioketene and selenoketene will.

We have examined the concerted pathway of both CC
and CO addition using the G2(MP2) theory (Figure 5). For
CC addition, the transition structure involved (18) is highly
asynchronous, where the difference of the two sets of CC
bond lengths is approximately 0.66 A, virtually independent
on the nature of the ketene. Wang and Houk described this
type of reaction as a [2+2+2] reaction.[*!l Likewise, the
transition structure for CO addition (19) involves ethene
interacting with C, and X, has a significantly shorter CC
bond than the CO bond. Upon substitution on the ketene,
the HOMO becomes higher-lying, while the LUMO be-
comes more low-lying. Thus, both HOMO(ethene)-LU-
MO(ketene) and HOMO(ketene)-LUMO(ethene) gaps de-
crease with heavy atom substitution. As a consequence,
lower reaction barriers are predicted for both cycloaddi-
tion pathways.

For ketene, formation of cyclobutanone is thermodyn-
amically favored over the cyclic ether. However, relative
stability of the two addition products is reversed for thioke-
tene and selenoketene. One can explain this trend of
stability in terms of the degree of strain in the products.
The formation of cyclic ketone (16) is not favorable as the
product is highly strained. However, upon substitution, the
ring strain in cyclic ether (17) is somewhat relieved, which
is reflected in the increase of the calculated CCC angle of
17 (Figure 1).

Kinetically, both the CC and CO addition pathways be-
come more competitive upon substitution. In fact, the cal-
culated barriers for the formation of both products invol-
ving selenoketene are identical. The lowering of barrier in
the selenoketene case is partly due to the stabilization of
the cyclic ether, in accordance with the Hammond principle.
Moreover, the barrier is lowered because of the favorable
overlap of the frontier molecular orbitals involved. On go-
ing from O to S and to Se, the orbital coefficient of X in-
creases in the HOMO while the coefficient of C, decreases.
All these factors suggest that the reaction between selenoke-
tene and ethene will yield a cyclic ether (Sel7), rather than
a cyclic ketone (Sel6).

Conclusions

We have examined the properties and reactivities of ket-
ene, thioketene, and selenoketene using ab initio calcula-
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tions. Calculated structures, vibrational frequencies, dipole
moments, NMR chemical shifts, and charge distributions
strongly suggest that thioketene and selenoketene are best
represented by the neutral cumulenic form. For all proto-
type reactions studied, thioketene and selenoketene are
found to be more reactive than ketene. In terms of chem-
istry, thioketene resembles selenoketene more than ketene.
The variation of reactivity can be readily explained in terms
of strain energy, electronegativity, and molecular orbital ar-
guments.
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