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The five-membered heterocyclic γ-butyrothiolactone was isolated in a low-temperature, inert Ar matrix,
and the UV-visible (200 e λ e 800 nm)-induced photochemistry was studied. On the basis of the IR spectra,
the formation of ethylketene (CH3CH2CHdCdO) was identified as the main channel of photodecomposition.
The valence electronic structure was investigated by He(I) photoelectron spectroscopy assisted by quantum
chemical calculations at the outer valence Green’s function/6-311++G(d,p) level of theory. The first three
bands at 9.54, 9.69, and 11.89 eV are assigned to the nS, nO, and πCdO orbitals, respectively, denoting the
importance of the -SC(O)- group in the outermost electronic properties. The conventional ring strain energy
was determined to be 3.8 kcal mol-1 at the G2MP2 level of calculation within the hyperhomodesmotic model.

Introduction

The products formed in the thermal decomposition of lactones
depend markedly on the size of the ring. Pyrolysis (T ≈ 520
°C) of lactones of ring size larger than six atoms results in
elimination, to yield an unsaturated acid.1 In contrast, four-
membered ring �-lactones decompose at lower temperatures
(140-160 °C) into carbon dioxide and ethylene via a concerted
pathway.2,3 Little is known about the behavior of thiolactones,
that is, the analogous species having a sulfur atom in the cycle.
The unimolecular thermal decomposition of γ-butyrolactone and
γ-butyrothiolactone has been studied in a flow system by using
He I photoelectron spectroscopy and quantum chemical
calculations.4,5 For the sulfur-containing heterocycle, decarbo-
nylation and decarboxylation pathways (see Scheme 1) are the
main and minor decomposition channels, respectively.4,5 Inter-
estingly, the opposite trend is experimentally found for γ-bu-
tyrolactone.6 Further theoretical studies for γ-butyrothiolactone
showed that the calculated reaction profile for decarbonylation
is favored over decarboxylation by 25.8 kJ mol-1, within the
UMP4/6-31G**//UHF/6-31G** approximation.7 From a pho-
toelectron spectroscopy (PES) study, it was indicated that little
conjugative interaction between the carbonyl group and the
sulfur atom is present, favoring the extruction of CO over OCS
in the thermal decomposition of γ-butyrothiolactone.8

The photodecomposition of isolated �-propiothiolactone, the
four-member cyclic thiolactone, was recently studied in an Ar
matrix.9 On the basis of the interpretation of the infrared spectra
after broad-band UV-vis irradiation, methylketene (CH3-
HCdCdO) is the main photoproduct, and thus, different
pathways seem to be accessible when the molecule interacts

with photons, as compared with the thermal route. For cyclic
compounds it is well-known that the degree of strain energy
parallels their reactivities.10 This fact could be related to the
changes observed in the product distribution when the size of
the lactone rings varies. How these properties are related to and
the ultimate affect the stability of thiolactones have not been
elucidated so far.

In the present work, the photochemical study of thiolan-2-
one (from now onward: γ-butyrothiolactone) isolated in an argon
matrix is reported. The matrixes were irradiated with broad-
band UV-visible (200 e λ e 800 nm), and the photoproducts
were identified on the basis of the IR spectra of the matrixes.
To investigate the effect caused by the electronic properties on
the photochemical behavior, the gas-phase photoelectron spectra
(PES) have also been obtained, and a comprehensive structural
study was accomplished by applying quantum chemical calcula-
tions at the B3LYP and MP2 theories and employing 6-311++
G(d,p) and aug-cc-pVTZ basis sets. The strain energy was
determined within the s-homodesmotic model, including high-
level MP2/6-311+G(2df,2pd) and G2MP2 methods.

Experimental Section

γ-Butyrothiolactone (estimated purity >98%) was purchased
from Aldrich and subsequently purified by repeated trap-to-trap
distillation in vacuum. The final purity in both the vapor and
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SCHEME 1: Decarbonylation and Decarboxylation
Pathways for Γ-Butyrolactone (X ) O) and
γ-Butyrothiolactone (X ) S)
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liquid phase was carefully checked by reference to the reported
IR, CG/MS, and 1H and 13C NMR spectra.11

For the matrix experiments, the gas mixture of γ-butyrothi-
olactone with Ar was prepared in approximate compositions
1:500 by standard manometric methods. The mixture was
deposited on a CsI window cooled to ∼15 K by a Displex
closed-cycle refrigerator (SHI-APD Cryogenics, model DE-202)
using the pulsed deposition technique. The IR spectrum of the
matrix sample was recorded at a resolution of 0.5 cm-1 and
with 256 scans using a Nexus Nicolet instrument equipped with
either an MCTB or a DTGS detector (for the ranges 4000-400
or 600-250 cm-1, respectively). Following deposition and IR
analysis of the resulting matrix, the sample was exposed to
broad-band UV-visible radiation (200 e λ e 800 nm) from a
Spectral Energy Hg-Xe arc lamp operating at 800 W. The
output from the lamp was limited by a water filter to absorb
infrared radiation and so minimize any heating effects. The IR
spectrum of the matrix was then recorded at different times of
irradiation to analyze closely the decay and growth of the various
absorptions.

The PE spectrum was recorded on a double-chamber UPS-II
machine, which was designed specifically to detect transient
species, as described elsewhere,12,13 at a resolution of ∼30 meV,
indicated by the standard Ar+(2P3/2) photoelectron band. Ex-
perimental vertical ionization energies were calibrated by
simultaneous addition of a small amount of argon and methyl
iodide to the sample.

Quantum chemical calculations were performed using pro-
gram package Gaussian 03.14 Full geometry optimization was
performed by applying ab initio (MP2) and DFT (B3LYP)
methods using the 6-311++G** and aug-cc-pVTZ basis set.
The calculated vibrational properties correspond in all cases to
potential energy minima for which no imaginary frequencies
are found. The vertical ionization energies (Ev) were calculated
according to Cederbaum’s outer valence Green’s function
(OVGF) method15,16 with the 6-311++G(d,p) basis set based
on the B3LYP/6-311++G(d,p) optimized geometry. The Mul-
liken population analysis was applied for assigning charges for
both neutral and radical-cationic forms.

The strain energy of the title compound has been calculated
by applying the s-homodesmotic approach introduced by
Zhao and Gimarc.17 To obtain the energies for all acyclic
systems, optimum equilibrium geometries were computed for
the singlet ground states of all pertinent molecular systems
using B3LYP and MP2 methods with the 6-311++G(d,p)
basis set. Several conformations were computed to achieve
the lowest energy conformation for each molecular system.
For each conformation, harmonic vibrational frequencies were
also calculated at the same level of computation to ensure
that each optimized geometry corresponds to a true local
minimum and to obtain the zero-point energy correction. In
all cases, electronic energies plus the zero-point energy were
used to compute the strain energies. Additionally, following
the recommendation reported by Ringer and Magers,18

electronic energies of the resulting minima were recalculated
using single-point energy calculations at the MP2/6-311+
G(2df,2pd) level. Finally, the strain energy was obtained with
the high-level composite method G2MP2.19,20

Result and Discussions

Molecular Structure. From the spectroscopic studies re-
ported by Alonso and co-workers, it is well-known that a
nonplanar ring adopting a twisted conformation is expected for
γ-butyrothiolactone.21,22 The ground state rotational constants

have been determined by microwave spectroscopy [A )
4448.784(0.004), B ) 3143.310(0.004), and C ) 1948.570(0.004)
MHz], together with the dipole moment, with a value of µtotal)
4.268(0.023) D.18 Moreover, the barrier for ring inversion
through a planar ring structure was estimated to be 1380(350)
cm-1 [3.9 (1.0) kcal mol-1].

Theoretical calculations at the B3LYP/aug-cc-pVTZ and
MP2/6-311++G(d,p) level of approximations have been
applied to obtain a more detailed description of the molecular
structure of the title species. In a first step, the potential
energy curve for small variation of the �(CC-CC) dihedral
angle around the equilibrium value was obtained. This curve
reproduces closely that obtained by Alonso et al. for the
potential curve of the ring twisting vibration.21,22 Two
nonplanar enantiomeric structures were obtained, and the
parameter typically used for describing these twisted con-
formation, the τe angle, was computed to be ∼24 degrees, in
very good agreement with the angle determined by micro-
wave spectroscopy of 27 ( 7°.22,23 In addition, the rotational
constants and dipolar moments are well-reproduced by
quantum chemical calculations, as compared in Table S1 in
the Supporting Information. Other molecular parameters,
including bond lengths and bond angles, are shown in Table
S1 for different levels of approximations.

The two enantiomeric structures are connected by a ring
inversion barrier characterized by possessing a planar structure
of the ring atoms with Cs symmetry. In effect, the structure of
the maximum corresponds to a transition state as characterized
by the frequency calculation; that is, only one imaginary
frequency was computed at 205i cm-1 [MP2/6-311++G(d,p)],
corresponding to the ring twisting vibration. The calculated
height barriers are 2.80, 4.32, and 3.59 kcal mol-1, at the
B3LYP/aug-cc-pVTZ, MP2/6-311++G(d,p), and G2MP2 levels
of approximations, respectively. The latter value is in close
agreement with the experimental result (see Figure 1).

Strain Energy. The strain energy of a molecule always entails
a comparison between the molecule of interest and some term
of reference, presumably strainless species.24 For estimating the
strain energy of γ-butyrothiolactone, high-level quantum chemi-
cal calculations have been applied within the s-homodesmotic

Figure 1. Potential energy curve of γ-butyrothiolactone for �(CC-CC)
dihedral angles around the minimum computed at the B3LYP/6-31G*
level of approximation.
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approach.17,18 Equations 1-3 give the appropriate reactions
needed for the title species.

The conventional strain energies determined with the B3LYP
and MP2 methods, including zero-point corrections, are listed
in Table 1, together with the energy determined using G2MP2
method, to evaluate very accurate energies. From these results,
it is apparent that the isodesmic model results in unreliable
values, and the B3LYP method computes strain energy values
that are moderately low, as compared with the MP2 method
with identical basis sets. Homodesmotic reactions yield lower
values than the hyperhomodesmotic model, denoting thus that
high levels of “s” are required in the reaction scheme for a
proper description of thiolactones. Moreover, with a triple-�
quality basis set, the MP2 level showed little difference between
the strain energy values obtained with the 6-311++G(d,p) and
the more extended 6-311++G(2dp,2df) basis sets.18 Thus, the
MP2 average values of 4.31 kcal mol-1 for the hyperhomodes-
motic method is in reasonable agreement with the strain energy
of 3.84 kcal mol-1 calculated at the G2MP2 level of approxima-
tion within the same reaction scheme. These values are
significantly lower than those obtained for �-propiothiolactone,9

which are 16.9 and 16.4 kcal mol-1 at the same levels of
calculations, respectively.

As analyzed recently by Bach and Dmitrenko,25 the strain
energy (SE) of a cyclic molecule is affected by the presence of
functional groups or heteroatoms. For example the experimental
SE of cyclopentane, the basic molecule for a five-membered
cyclic species, is 6.2 kcal mol-1.26 Several studies have been
reported for the corresponding cyclopentene,27 cyclopentyne,
and 1,2-cyclopentadiene.28 A very high value of 84 kcal mol-1

has been reported for the elusive 1,2,3-cyclopentatriene mol-
ecule.29 However, when a carbonyl group is introduced in the
cyclopentane ring forming cyclopentanone, a low influence on

the SE is noted, with calculated values of 6.8 kcal mol-1 (CBS-
Q). On the other hand, the replacement of a methylene group
by an oxygen atom tends to increase the SE of the substituted
ring; thereby, the computed strain energy for γ-butyrolactone
is 8.2 kcal mol-1 (CBS-Q).25 However, when the methylene
group is formally replaced by a divalent sulfur atom, the SE
value becomes lower.30

This tendency is also observed for γ-butyrothiolactone, with
a calculated G2MP2 value of 3.84 kcal mol-1, a SE definitively
lower than the result computed at the same level for the
reference cyclic species cyclopentane (6.61 kcal mol-1).31 Thus,
the trend for the strain energy of five-membered molecules
related with the title species is 1,2,3-cyclopentatriene >1,2-
cyclopentadiene . γ-butyrolactone > cyclopentanone ≈ cyclo-
pentane > γ-butyrothiolactone.

Is well-known that the tension in cyclic molecules decreases
as the size of the ring increases, affecting significantly both its
molecular structure and chemical reactivity.32 Such a trend can
be rationalized on the basis of bond elongations or bond and
torsion angle deformation phenomena arising when a cyclic
molecule is formed, as compared with an idealized noncon-
strained analog.33 Accordingly, it is interesting to analyze the
geometrical parameters of related species with different degrees
of strain. Taking in account the previous work for �-propio-
thiolactone and the good correlation between calculated MP2/
6-311++G** and experimental values, geometrical parameters
for the title species obtained with the same method are discussed
below. For example, the ∠C-S-C bond angle in �-propio-9

and γ-butyrothiolactone are 77.27(5)° (X-ray) and 92.9° (MP2/
6-311++G**), respectively. On the other hand, the bond angle
values around the carbonyl group are higher in �-propiothi-
olactone9 than in γ-butyrothiolactone: ∠O ) C-S and ∠O )
C-C amount to 131.25(9)° and 134.20(11)°, respectively for
�-propiothiolactone, whereas in γ-butyrothiolactone, the com-
puted values are 123.7 and 126.2 degrees, respectively. The
value of the associated endocyclic ∠C2-C1-S bond angle in
γ-butyrothiolactone is 110.1°, significantly lower than the ideal
value of 120° expected for an sp2-hybridized carbon atom. Even
lower is the value reported for the strained �-propiothiolactone,
which is 94.55(7)°.9

A comparison of geometrical parameters between thiolactones
and the corresponding acyclic species is also of interest. It should
be noted that acyclic thioesters result in a structure with
synperiplanar conformation (CdO double bond syn with respect
to the S-Y single bond in a XC(O)SY molecule).34-37 In
contrast, short-chained cyclic thiolactones are forced to adopt
an antiperiplanar conformation. In effect, remarkable differences
between bond angles of the title species with the associated
acyclic thioesters [the isomeric S-methyl thiopropionate,
CH3SC(O)CH2CH3, and S-ethyl thioacetate, CH3CH2SC(O)CH3,
molecules] are observed. The computed (MP2/6-311++G**)
values for the ∠O ) C-S and ∠O ) C-C bond angles are
122.7, 123.2 [CH3SC(O)CH2CH3], and 122.4 and 124.1 degrees
[CH3CH2SC(O)CH3], respectively.

HeI Photoelectron Spectra. Differences in the physico-
chemical behavior, especially for photoinduced processes,
between oxo- and thiolactones are expected because differences
in the electronic properties of the central -C(O)X- (X ) O,
S) moiety exist. In effect, the valence electronic properties of
the γ-butyrolactone (X ) O) are well-known,38 and the HOMO
and HOMO-1 correspond to nonbonded orbitals formally located
on the oxygen atoms of the carbonyl and ester groups,
respectively.39 On the other hand, Chin et al.8 reported the HeI
and HeII photoelectron spectra of γ-butyrothiolactone (X ) S)

TABLE 1: Strain Energies (kcal mol-1) for
γ-Butyrothiolactone Determined within the
Hyperhomodesmotic Model Using B3LYP, MP2, and
G2MP2 Levels of Approximation

model

B3LYP MP2

G2MP26-311++G** 6-311++G**
6-311+G
(2df,2pd)

isodesmic -7.82 -13.60 -14.40 -12.03
homodesmotic 1.92 2.91 3.21 2.63
hyperhomodesmotic 1.74 4.28 4.35 3.84
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and assigned the signal assisted by a semiempirical PM3 and
HF/6-31G* calculations. The proposed assignment indicates that
the four first bands at 9.49, 9.66, 11.80, and 12.29 eV are mainly
related to ionizations from nS (HOMO), nO, nS(σ) + σC-S, and
πCdO,+,πCH3

orbitals, respectively. This sequence for the
outermost orbitals, however, is slightly different from that
reported for other -SC(O)-containing species.9,12,40-42 In effect,
the third band is usually assigned to the electron ejection from
the πCdO orbital. Both nS(σ) and σC-S are lower in energy, with
IP higher than 15 eV. To clarify this discrepancy is of interest,
since molecular orbitals formally located on the central -SC(O)-
group, the main chromophore of γ-butyrothiolactone, are
involved. Thus, we decide to remeasure the HeI photoelectron
spectrum with improved resolution and to complement the band
assignment with the assistance of the higher-level quantum
chemical calculations based on the OVGF, beyond that of a
single determinant wave function.

The PE spectrum of γ-butyrothiolactone is presented in Figure
2; the general features are similar to those reported previously.8

The experimental ionization energies (IP in eV), calculated
vertical ionization energies at OVGF/6-311++G(d,p) (Ev in eV),
and molecular characters are summarized in Table 2.

Two bands appear in the energy range between 9 and 10 eV,
and after a relatively large gap, a group of overlapping bands
are present between 11.5 and 18 eV. The first two bands show
narrow, sharp contours, suggesting a relative nonbonding

character, which can be attributed to ionization processes from
both sulfur and oxygen lone-pair electrons (nS, nO) of the
-SC(O)- group, respectively, as assigned already by Chin et
al.8 As commented, the third band appearing at 11.89 eV had
been assigned in the previously work8 to the ionization of the
nS(σ) orbital with a significant σC-S contribution. Our quantum
chemical calculations predict that this band is associated with
an ionization process from the πCdO orbital, the vertical
ionization energy for the nS(σ) orbital being ultimately higher,
with a calculated value of 16.24 eV. A group of overlapping
bands between 13 and 16 eV can be originated by ionizations
from the σCH2 orbitals, as predicted by the OVGF calculations.

It has been proved that the comparison of the PE spectra for
a series of related compounds is useful for the assignment of
their bands.43 Such a correlation diagram between the first three
IPs of γ-butyrothiolactone and those of the related species
S-ethyl thioacetate,42 S-methyl thioacetate40 and �-propiothi-
olactone9 is drawn in Figure 3. The three outermost orbitals
are less stabilized in the five- than in the four-membered
thiolactone. The major change in the ionization energy observed
for this series is related with the πCdO orbital, which is more
stabilized in S-methyl thioacetate (12.25 eV)40 and �-propio-
thiolactone (12.06 eV).9 Previous natural bond orbital calcula-
tions for these species computed quite similar donor-acceptor
properties for the πCdO orbital.9 Inductive electron donating
properties of the alkylated chain could play an important role
in the orbital stabilization.

Further calculations at the UB3LYP/6-311++G** level of
approximation were performed to analyze the nature of the
cation formed in the first ionization process. The results
demonstrate that the atomic charges are delocalized all over
the low-lying radical cation, with an appreciable fraction
localized at the -C(O)S- group, as is evident from Table S3
(Supporting Information). The cyclic nonplanar molecular
geometry (C1 point group) is retained after the ionization with
a C1-S bond elongation of 0.36 Å in the fundamental cationic
state, the bond angles being almost the same in both species.
Therefore, similar Franck-Condon factors can be anticipated
for the neutral molecule and the low-lying cation. As expected,
the first ionization observed in the photoelectron spectrum results
in a narrow and structureless band.

Vibrational Analysis. Since we are interested in the photo-
chemical behavior of matrix-isolated γ-butyrothiolactone using
tools derived from the vibrational spectroscopy, an unambiguous
study of its vibrational properties is necessary. Consequently,

Figure 2. He(I) photoelectron spectrum of γ-butyrothiolactone.

TABLE 2: Experimental Vertical Ionization Energies (IP in
eV), Computed Ionization Energies (Ev in eV) at the
OVGF/6-311++G(d,p) Level of Approximation and
Molecular Orbital Characters for γ-Butyrothiolactone

IP (eV) Ev (eV)a MO character

9.54 9.18 (27) nS(π)

9.69 9.72 (26) nO

11.89 11.66 (25) πCO

12.41 12.58 (24, 23) σC3-H

13.60 13.78
13.13 13.10 (22, 21) σC2-H

14.05 14.36
14.28 14.62 (20, 19) σC4-H

14.79 15.00
16.24 (18) σC4-S

a Molecular geometry optimized at the B3LYP/6-311++G(d,p)
level.

Figure 3. Correlation diagram of the ionization potentials of meth-
ylthioacetate,40 �-propiothiolactone,9 γ-butyrothiolactone, and S-ethyl
thioacetate.42 The characters for the three outermost molecular orbitals
of γ-butyrothiolactone are also shown.
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the gas and liquid phase infrared as well as the Raman (liquid)
spectra for the title species have been measured and compared
with available data11,44 (Figure 1 in the Supporting Information).
Moreover, for a more detailed vibrational study, the Ar-matrix-
isolated spectrum was also measured. Results obtained from
the theoretical calculations were used to tentatively assign the
bands observed in the vibrational spectra. The experimental (gas
phase and argon matrix IR) and calculated (B3LYP/aug-cc-
pVTZ) vibrational spectra are compared in Figure 4, showing
a good correspondence. The experimental and calculated
frequencies are shown in Table 3.

The most intense IR band corresponds to the CdO vibration,
which possesses a well-defined rotational contour corresponding
to an A-type band, with a P-R separation of 15 cm-1 (see Table
3). This feature is in agreement with the almost parallel

orientation of the carbonyl oscillator expected for the ν(CdO)
normal mode (dipole derivative vector) with respect to the
principal axis of inertia, A. Figure 4 shows an enlargement of
the ν(CdO) zone and the main inertial axes of γ-butyrothio-
lactone. Following the classical procedure proposed by Seth-
Paul,45 a semiquantitative analysis of the band contours has been
performed.46 The title molecule belongs to the C1 symmetry
point group and can be classified as a prolate asymmetric rotors,
with an asymmetric parameter κexp) -0.044 289 as calculated
from the transitions observed in the microwave spectrum18 [κcalc

)-0.044 58 at the MP2/6-311++G(2df,2pd) level]. Thus, from
its rotational constants, the calculated PR separations expected
for A, B, and C type bands are 15.7, 11.6, and 23.5 cm-1,
respectively, in good agreement with the observed values (see
Table 3).

The infrared spectrum of γ-butyrothiolactone isolated in an
Ar matrix allows a more detailed assignment of the bands. In
Table 3, the integrated absorptions of the matrix bands are also
listed, showing a very good correlation between the experimental
and the calculated intensities. It is important to note that several
bands in the Ar-matrix spectrum are split, possibly due to matrix-
cage effects.

UV-Visible-Induced Photochemistry in Low-Tempera-
ture Inert Matrixes. After deposition, the γ-butyrothiolactone/
Ar matrix was exposed to broadband UV-visible radiation (200
e λ e 800 nm) for different irradiation times ranging from 10
to 900 s, and the IR spectrum was measured at each stage. Figure
5 shows the 1755-1710 cm-1 carbonyl region, illustrating that
after 900 s of broadband UV-visible irradiation, almost all
initial γ-butyrothiolactone was consumed. Table 4 lists the
wavenumbers of all of the IR absorptions that develop upon
photolysis. To distinguish the bands corresponding to the
different species and to determine the sequence of the changes,
the integrated intensities of the new bands have been plotted as
a function of irradiation time.

By far, the most intense of these new bands occurs at ∼2130
cm-1 (see Figure 6), where a rather broad absorption is observed.
This band shows a complex feature, with several narrow peaks
appearing superposed, with maxima at 2143.7, 2137.1, 2135.4,
2131.2, 2126.6, and 2122.0 cm-1. These features are retained
without variations along the different irradiation stages, as
observed in Figure 6 and Figure S2 in the Supporting Informa-
tion.

At this point, it is of central significance to distinguish whether
this band originates from either carbon monoxide or a ketene
molecule. The distinction between these species by using
infrared spectroscopy is a nontrivial problem because both
ν(12CdO) fundamentals are expected as very intense absorption,
with remarkably similar frequency values. To distinguish
between them, the analysis of the satellite absorptions corre-
sponding to ν(13CdO) has previously been proposed.47 In the
spectra of irradiated γ-butyrothiolactone, a satellite band at
2073.4 cm-1 is observed, with an intensity ratio roughly close
to 1% of the intense bands at around 2131 cm-1. Such a low
frequency value for a ν(13CdO) fundamental suggests that a
ketene molecule is formed predominantly. In principle, three
different ketene species (i.e. ketene (H2CdCdO), methylketene
(CH3CHdCdO), and ethylketene (CH3CH2CHdCdO)) could
be formed from the title molecule. To distinguish between the
formation of specific ketene molecules, a detailed comparison
between the argon matrix spectra reported for H2CdCdO,48

CH3CHdCdO,49 and CH3CH2CHdCdO50 has been performed.
It should be noted that the reported spectrum available in the
literature for ethylketene comes from the photolysis of cro-

Figure 4. (top) Calculated vibrational spectrum at the B3LYP/aug-
cc-pVTZ level of approximation. (middle) Gas IR spectrum at 0.7 mbar
(glass cell, 200 mm optical path length, Si windows, 0.5 mm thick).
(bottom) FTIR spectrum of an Ar matrix γ-butyrothiolactone following
sample deposition. An enlargement of the νCdO stretching mode region
is shown in the inset figure together with principal moments of inertia
(A and B in the sheet plane).
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tonaldehyde in an Ar matrix, and only the most intense
absorption was reported.50 Several other features that might be
in principle assigned to these species become apparent in the
product spectra of the title compound.

Frequency calculations at the B3LYP/aug-cc-pVTZ level of
approximation for these three ketenes have been performed to
assist the analysis of the postphotolysis infrared spectra. The
corresponding computed frequency values and intensities are
given as Supporting Information. In particular, quantum chemi-
cal calculations compute a diminution in the frequency of the
ν(CdO) mode in the ketene moiety with alkylation. The
computed values in the series RHCdCdO, with R ) H, CH3,
and CH2CH3, are 2211, 2197, and 2193 cm-1, respectively, and
the computed shift expected for the ν(13CdO) mode is the same
for all the three species, 11 cm-1. Thus, the feature observed
for the ν(13CdO) fundamental in the photolysis of the title

species at 2073.4 cm-1 appears at slightly but definitively lower
wavenumbers than that of ketene (2080.4 cm-1)47 and meth-
ylketene (2075.3 cm-1).9 Thus, taking into account not only the
strong absorptions near 2131.2 cm-1 and its satellite at 2073.4
cm-1, but also absorptions at 1410.3 and 1338.7 cm-1 that
appeared after irradiation of the matrix, we are led to conclude
that a major product is the ethylketene molecule, CH3CH2-
HC)CdO. The integrated intensities of these bands as a
function of the irradiation time had shown a similar profile,
growing continuously with the photolysis, as depicted in
Figure 7.

A moderately strong band associated with the out-of-plane
type bending mode vibration [δ(C-H)] is expected for ketene
species in the 600-500 cm-1 region. The infrared spectra of
photolyzed γ-butyrothiolactone show the development of a band
at 541.5 cm-1, which is also in reasonable agreement with the

TABLE 3: Experimental Liquid-, Gas-Phase, Ar-Matrix Infrared Spectra, Raman Spectra (liquid) and Calculated Vibrational
Frequencies (cm-1) of γ-Butyrothiolactone

experimental B3LYP/Aug-cc-pVTZ

tentative assignmentFTIR (liquid) FTIR (gas) FT-Raman (liquid) Ar matrix (I %) ν [cm-1] I IR
a

3435.6 (3) 2νCO
2987 2989 3116.8 (2) νasCH2

2965 2974 R 2968 2972 broad 3102. 4 (2) νasCH2

2967 Q 2953
2957 P

2937 2947 2942 2944 (2) 3083.9 (5) νasCH2

2902 2916 2900 2916.1 (1) 3056.6 (4) νsCH2

2868 2883 R 2871 2877.2 (6) 3043.8 (6) νsCH2

2878 Q
2870 P

2804 2810 2822 (<1) 3024.7 (1) νsCH2

1773sh 1750 R 1702 1727.4 (100) 1785.5 (100) νCO
1704 1743 Q 1725.8

1735 P
1439 1434 1441 1460.9 (<1) 1501.7 (<1) δCH2

1408 1411 1449.1 (2) 1489.8 (1) δCH2

1444.9
1388 1419.6 (4) 1462.1 (2) δCH2

1364 1372 R 1324 1287.9 (3) 1361.8 (<1) δCH2 wagging
1365 Q
1354 P
1280 1288 1274.9 (1) 1319.3 (1) δCH2 wagging

1273 1273 1261.9 (1) 1303.0 (1) δCH2 wagging
1259
1221 1228 R 1223 1227.1 (1) 1251.1 (<1) CH2 twisting

1217 Q 1223.8
1205 P

1161 1163 1162.5 (3) 1186.1 (<1) CH2 twisting
1156.3

1101 1106 1101 1106.9 (7) 1118.9 (1) CH2 twisting
1100 1098.6

1058 1059 1056 1057.6 (22) 1057.2 (11) νC1-C2
1054.2
1026.2 (1) 1030.6 (<1) FCH2

1010 1013 1014 1011.9 (11) 1022.9 (12) νasC4-C3-C2
1010.6

908 913 910 911.3 (5) 912.7 (2) νsC4-C3-C2
904

853 830 856 857.1 (4) 868.7 (1) FCH2

824 818
728 736 825 826.1 (5) 834.4 (4) FCH2

685 687 691.4 (1) 683.6 (<1) νCH2-S
628 618 632 624.6 (12) 618.0 (8) νS-C(O)

623.5
590 591 590.7 (9) 595.7 (5) δCC(O)S

483.6 (<1) δoop(CdO)
475 478 475.4 (<1) δ CH2SC

404 398.9 (1) FCO
230 223.3 (<1) τ

130.6 (<1) τ

a Intensities in parentheses normalized relative to that of the most intense band set equal to 100% ) 424 Km/mol.
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B3LYP/aug-cc-pVTZ computed value for ethylketene (581
cm-1). On the basis of quantum chemical calculations, other
less intense bands can be tentatively also assigned to the
ethylketene molecule (see Table 4 for the proposed assignment).

Minor quantities of thioformaldehyde, H2CdS, are also likely
to be formed. Indeed, even at very short irradiation times, a
structured absorption at ∼995 cm-1 can be observed.51 This band
grows continuously with the irradiation time, as observed in
Figure 7. However, an unambiguous identification for thioform-
aldehyde cannot be done because near 1050 cm-1, where a
second band is expected for H2CdS, the γ-butyrothiolactone
species strongly absorbs (see Table 4), precluding a more
detailed analysis of the matrix infrared spectra.

Finally, a third photodissociation channel is opened at longer
irradiation times. Thus, after 330 s of UV-vis irradiation, the
presence of a moderately intense band at 2049.9 cm-1 denotes
the formation of OCS, as can be observed in Figure 6. At this
point, the dissociation channels responsible for the formation
of minor quantities of these molecules remain obscure.

Conclusion

The methylketene species CH3CH2HCdCdO is formed
predominantly in the photochemically induced decomposition
of UV-vis irradiated γ-butyrothiolactone isolated in an Ar
matrix. This behavior contrasts with the thermal dissociation

Figure 5. FTIR spectrum for an Ar matrix initially containing
γ-butyrothiolactone at different irradiation times in the region of
1755-1710 cm-1.

TABLE 4: Wavenumbers, Intensities and Assignments of the IR Absorptions Appearing after 900 s of Broadband Photolysis of
γ-Butyrothiolactone Isolated in an Ar Matrix

matrix FTIR assignment wavenumber reported
previously/calcd valueaν [cm-1] I molecule vibrational mode

3502.1 0.02 CH3CH2HCdCdO ν(CdO) + δ(CH3) 2131.2 + 1410.3 ) 3541.5
3074.3 0.01 CH3CH2HCdCdO ν(C-H) 3172
2964.0 0.02 CH3CH2HCdCdO ν(CH3) 296652

2940.3 0.01 CH3CH2HCdCdO ν(CH3) 3095
3086

2864.1 0.03 CH3CH2HCdCdO νas(CH2) 3058
3015

2135.4b 0.72 CH3CH2HCdCdO ν(CdO) 212450

2131.2b 0.75
2073.4 <0.01 CH3CH2HCdCdO ν(13CdO)
2049.9 0.04 OCS ν(CdO) 2049.653,54

1449.4 <0.01 CH3CH2HCdCdO δas(CH3) 1505
1439.1 0.02 CH3CH2HCdCdO δs(CH3) 1496
1410.3 0.02 CH3CH2HCdCdO δas(CH2) 1428
1391.1 <0.01 CH3CH2HCdCdO ν(CdC) 1411
1338.7 0.02 CH3CH2HCdCdO δs(CH2) 1348
1140.7 0.06 CH3CH2HCdCdO ν(C-C) 1160
1061.7 <0.01 CH3CH2HCdCdO ν(C-C) 1086
1044.6 <0.01 CH3CH2HCdCdO δoop(CH2) 1106
997.4 0.06 H2CdS? F(CH2) 991.0
996.0 990.251

994.9
993.2
954.6 0.24 CH3CH2HCdCdO ν(C-C) 1010
541.5 0.02 CH3CH2HCdCdO δoop (C-H) 581

a Tentatively assigned from B3LYP/aug-cc-pVTZ calculation. b Broadband with complex features (see Figure 6) with overlapped bands at
2147.8 (0.014), 2143.7 (0.06), 2135.4 (0.62), 2126.6 (0.47), and 2122.0 (0.47), relative intensities between parentheses.

Figure 6. FTIR spectrum for an Ar matrix initially containing
γ-butyrothiolactone at different irradiation times in the regions of
2160-2020 cm-1

.
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process, for which it is well-documented that decarbonylation
is the main reaction channel in the gaseous phase.

In the case of the four-member related species �-propiothio-
lactone, also a ketene derivative, CH3HCdCdO was generated
in the photolysis.9 The elimination of a sulfur atom to give the
corresponding ketene molecule is the dominant photodecom-
position channel of the small-size �-propio- and γ-butyrothio-
lactones. Thus, it is plausible that excited states with characters
mainly involving the -SC(O)- group play a central role in
the photoevolution of these species. Indeed, the importance of
this chromophore in the outermost valence electronic structure
of both thiolactones has been confirmed through the analysis
of its HeI photoelectron spectra.

The ring strain energy for γ-butyrothiolactone was estimated
as 3.8 kcal mol-1 (G2MP2), a much lower value than that
reported for �-propiothiolactone (16.4 kcal mol-1, at the same
level of calculation).9 Thus, strain levels, at least in the ground
electronic state, seem to play a minor role in determining the
photochemical behavior of thiolactone species.
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