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The accuracy of theoretical approaches to describe electronic absorption spectra ofN-(hydroxy)- and
N-(methoxy)- derivatives of pyridine-2(1H)-thione and thiazole-2(3H)-thione are examined with the aim to
identify methods that are applicable for a rational design of new photochemically active oxyl radical precursors.
In addition, the mechanism of the photochemically induced methoxyl radical formation fromN-(methoxy)-
pyridine-2(1H)-thiones and ofN-(methoxy)thiazole-2(3H)-thiones is investigated by means of theoretical
methods. The results of the study are applied in order to explain differences in photoreactions ofN-(alkoxy)-
pyridine-2(1H)-thiones and the corresponding thiazole-2(3H)-thiones.

Introduction

Oxygen-centered radicals are important intermediates in
photobiological,1-3 mechanistic,4,5 and synthetic studies.6 The
majority of methods for a generation of reactive oxyl radicals
relies on homolytic cleavages of O,O bonds in organic peroxides
or peresters.7-9 Most precursors of this type are, however, labile
and thus delicate to handle. Therefore,O-alkyl derivatives of
N-(hydroxy)pyridine-2(1H)-thione (1a) (Figure 1) and, in
particular, of 4- and 4,5-substitutedN-(hydroxy)thiazole-2(3H)-
thiones (i.e., derivatives of2) have attracted considerable
attention for this purpose in the past few years.10,11

In a previous work we have reported on the synthesis of 4-
and 4,5-substitutedN-(methoxy)thiazole-2(3H)-thiones. Their
electronic spectra were recorded in order to systematically probe
effects of alkyl and aryl substituents on low energy absorption
bands of these compounds.12 In addition, a study on the UV/vis
spectral properties of pyridine-2(1H)-thione1aand1b has been
performed.12 The experimentally observed UV/vis bands of
compounds1a-b were reproduced using time-dependent den-
sity functional theory (TD-DFT)13,14 in association with the
BLYP15,16 or the B3LYP17 functional. The experimental spec-
trum of N-(methoxy)pyridine-2(1H)-thione1b in EtOH shows
two broad bands with maxima located at 3.45 and 4.31 eV. On
the basis of computed transition energies and oscillator strengths,
we assigned the lower energy band to the S0 f S2 excitation
(πCS f πring).12 The experimental spectrum ofN-(methoxy)-4-
methylthiazole-2(3H)-thione, i.e., the 4-methyl derivative of
thiazolethione2b, shows one band with a maximum at 3.87
eV (in EtOH), which we correlated with the S0 f S2 transition
(πCS f πSCS). The lowest energy band in the experimental
spectra of 4- or 5-arylN-(methoxy)thiazole-2(3H)-thiones shows
a red shift with respect toN-(methoxy)-4-methylthiazole-2(3H)-
thione but mainly possesses the same character. The computed
UV/vis spectral properties of the latter compound are similar
to those ofN-(methoxy)thiazole-2(3H)-thione (2b), a compound

that has, however, hitherto not been prepared. In view of the
chemistry associated with an excitation of the energetically
lowest band, it is very likely that a population of the S2 state is
associated with the succeeding N,O homolysis inN-(methoxy)-
4-methylthiazole-2(3H)-thione and probably also in thiazo-
lethione2b and pyridinethione1b.

While the BLYP and the B3LYP functionals provided
matching results with respect to the assignment of the individual
transitions, the predicted vertical excitation energies differed
considerably. ForN-(methoxy)thiazole-2(3H)-thiones (2b) the
prediction of BLYP for the excitation energy to the S2 state
agrees nicely with the maximum of the lowest band of the
experimental spectrum, while computations performed with the
B3LYP functional deviate by more than 0.3 eV. ForN-(meth-
oxy)pyridine-2(1H)-thione (1b) BLYP underestimates the ex-
citation energy by about 0.5 eV while the results from B3LYP
computations agree nicely. Furthermore, since S1 and S3

represent dark states it is unclear whether these agreements only
hold for the respective S2 states.

Despite their similarities,N-(alkoxy)pyridine-2(1H)-thiones
andN-(alkoxy)-4-methylthiazole-2(3H)-thiones behave surpris-
ingly different if photolyzed in the absence of trapping reagents.
Thus,N-(4-penten-1-oxy)pyridine-2(1H)-thiones undergo highly
efficient rearrangements to provide 2-(2-tetrahydrofurylmeth-
ylsulfanyl)pyridines under such conditions.N-(4-Penten-1-oxy)-
thiazole-2(3H)-thiones, on the other hand, react surprisingly
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Figure 1. Structural formulas and indexing of pyridine-2(1H)-thiones
1 and thiazole-2(3H)-thiones2.
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sluggish and give rise to several unwanted side products if
photolyzed in an inert solvent.11 To improve the characteristics
of a future generation ofN-(alkoxy)thiazole-2(3H)-thiones as a
powerful and versatile oxyl radical precursor, it is important to
understand the differences in photophysical events associated
with near UV/vis excitation of cyclic thiohydroxamic acid
O-esters in general. Therefore, we have explored the mechanism
of N,O homolysis inN-(methoxy) compounds1b and2b using
theoretical approaches.

Modern computational chemistry offers a considerable di-
versity of methods for describing electronically excited states.
The Multi-Reference Configuration Interaction method (MR-
CI)18,19and an approach which combines the Complete Active
Space approach (CASSCF)20,21 to account for the near-
degeneracy effects with a perturbational treatment in second
order to include dynamical correlation (CASPT2) approaches22,23

are known for the prediction of very accurate vertical excitation
energies and are well suited to describe photochemical reactions.
They are too time-consuming, however, to be applied for the
design of new 4- and 4,5-substitutedN-(alkoxy)thiazole-2(3H)-
thiones.

TD-DFT approaches are fast enough for this purpose;
however, the achieved accuracies are considerably lower. For
example TD-DFT in combination with the commonly applied
exchange correlation (XC) functionals is known to possess
problems to describe charge-transfer transitions or Rydberg
states precisely.24-26 Fabian and co-workers have demonstrated
that the TD-DFT approach in association with a hybrid
functional is able to describe electronic excitations involving
the thiocarbonyl chromophore27 being one of the chromophores
of N-(alkoxy)thiazole-2(3H)-thiones and N-(alkoxy)pyridine-
2(1H) thiones. The effects of substituents at the thiocarbonyl
carbon atom on the energetic positions of the nf π* and the
π f π* excitation were reproduced with an excellent precision.
Even if a considerable intramolecular charge transfer from a
donor group to the thiocarbonyl acceptor group occurs, the
transition energies are not that erratic as in the case of other
intramolecular charge-transfer transitions. Our previous study
indicates,12 however, that this may not always be the case for
N-(alkoxy)thiazole-2(3H)-thiones andN-(alkoxy)pyridine-2(1H)
thiones.

A very attractive approach is the CC2 model.28 It represents
an approximation of the Coupled Cluster method including
single and double excitation (CCSD) and gives excitation
energies for single excitations correct through second order in
the electron fluctuation potential. If the wave function of the
excited state is dominated by single replacements out of the
reference determinant, CC2 gives vertical excitation energies
typically correct within 0.3 eV19,29,30but often an accuracy of
0.1 eV is found.31 Combining the CC2 model with the RI
approximation32,33 (RI-CC2) the CC2 model gets very ef-
ficient34,35 and can be employed for rather large molecules.
Besides its efficiency it has the advantage that it describes
charge-transfer states correctly.

The first aim of the present study is to uncover theoretical
approaches that are adequate to reproduce the experimental UV/
vis spectral characteristics of pyridine-2(1H)-thiones1a-b and
of thiazole-2(3H)-thiones2a-b. In the first part of the paper
TD-DFT approaches, the RI-CC2 method, and the CASPT2
approach are tested for this purpose. The second aim is to
investigate the mechanism of N,O homolysis inN-(methoxy)
compounds1b and2b using the CASPT2 method. In addition,
we have tested to what extent the other approaches used in this
study are able to describe the photolytic dissociation process.

Since photochemically induced reactions ofN-(alkoxy)thiazole-
2(3H)-thiones are initiated via UV/vis absorption at the lower
energy end of their spectra, in this part of our investigations
we have focused on states possessing vertical excitation energies
up to 4.0-4.2 eV.

Theoretical Details

All DFT, TD-DFT, and RI-CC2 calculations were performed
with the TURBOMOLE program package36 while CASSCF20,21

and CASPT222,23computations were performed with the MOL-
CAS program.37

All vertical excitation energies were computed for theoreti-
cally determined ground-state geometries. They were obtained
with the BLYP/SVP approach15,16,38applying the resolution of
identity (RI) approximation.32,33This approximation is included
since it is often the only practical tool if many and large
molecules shall be screened. To study resulting errors vertical
excitation energies were also computed for ground-state geom-
etries obtained with the RI-MP2/cc-pVTZ approach.39 CASSCF
computations for calculating vertical excitation energies were
done with different CAS spaces (see text). For the PT2
computations the G3 approach40 for the fock matrix and the
multi-state variant (MS-CASPT2)41 were used. For these
computations the cc-pVTZ basis sets42,43 were applied on all
atoms except for the hydrogen atoms and the methoxy carbon
atom inN-(methoxy)pyridine-2(1H)-thione1b. These atoms had
to be described with cc-pVDZ basis sets42,43 due to software
and hardware limitations. Computations in which the cc-pVTZ
bases were enlarged by diffuse functions (2s,2p, see below)
failed due to hardware limitations. We estimated their influence
by computations employing the smaller TZVP basis with and
without one diffuse (sp) set. This approximation seems to be
valid since all approaches showed nearly the same influence of
the diffuse functions.

Oscillator strengths within the CAS approach were obtained
with the RAS state interaction program (RASSI)44 together with
the 12/12 CAS space. In these computations the cc-pVDZ basis
sets were used due to limitations in the computer resources.
For time dependent density functional theory (TD-DFT) meth-
ods13,14 and the RI-CC2,34,35 ansatz TZVP45 and cc-pVTZ42,43

basis sets (together with the matching auxiliary basis sets32,39

in case of RI calculations) were applied. Additionally, we tested
the influence of diffuse functions. To the TZVP basis we added
an s and a p function. To the cc-pVTZ basis two s and two p
functions were added (see Supporting Information). Within TD-
DFT the BLYP, the B3LYP, the BHLYP,46 and the PBE047,48

functionals were applied. For BLYP calculations, the RI
approximation in the time dependent formalism (RI TD-DFT)49

was used. For the computations with diffuse functions the
auxiliary basis sets were modified according to ref 50.

For a description of the N,O cleavage, all internal degrees of
freedom of the molecules were optimized at defined fixed N,O
distances using the B3LYP/SVP level of theory since the energy
positions of S1 and S2 seem to be little influenced by the chosen
ground-state geometries. This was done for the S0 ground state
and the first triplet state (T1). For the S0 geometry, a biradical
wave function (<S2> ) 1) had to be used at a N,O distance of
2.25 Å in order to describe the correct fragmentation channel.
In our computations this was achieved with a triplet density
matrix as an initial guess. In the following, computations, which
involve an optimized geometry for a triplet state, will be
abbreviated as T1//T1, S1//T1, etc (i.e., state//optimized geom-
etry). Computations, which use the ground-state geometries, are
given as S0//S0, T1//S0, etc. For CASSCF and CASPT2, an (16/
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12) active space is necessary in order to describe N,O homolyses
out of the S0, S1, and S2 states because during the bond breaking
process a strong mixing between these orbitals occurs. With a
smaller CAS space (e.g., in a 12/12 CASSCF) a reliable
description of the S1 and S2 states is not possible. Since diffuse
functions seem to have little influence on the energy position
of S1 and S2, cc-pVTZ basis sets were used. The S1 state was
in addition optimized using the TD-DFT gradient51 (B3LYP/
SVP) that is implemented in TURBOMOLE. However, such
optimizations were only possible up to a N,O distance of 1.6
Å. For larger bond distances the computations did not converge.
In this region, the S1//S1 curve for both molecules is slightly
lower in energy than the S1//T1 curve, but both are quite parallel
(0.1-0.2 eV on the BLYP/TZVP or B3LYP/TZVP level of
theory; see Supporting Information). This indicates that T1

geometries represent reasonable approximations for S1 states
in this study, at least as long as both fragments interact with
each other (RN,O ) 1.368-2.25 Å; see below). For the
description of the noninteracting methoxyl radical (RN,O > 4.0
Å), we used the results of Ho¨per et al.52 who applied large scale
MR-CI calculations.

Results and Discussions

Comparison of the Ability of Different Theoretical Ap-
proaches to Compute Vertical Excitation Energies.The
results of CASPT2 computations for vertical electronic excita-
tions of N-(methoxy)pyridine-2(1H)-thione (1b) andN-(meth-
oxy)thiazole-2(3H)-thione (2b) using a CAS space consisting
of 12 electrons and 12 orbitals (12/12 CAS) are summarized in
Table 1. The corresponding ground-state geometries were
determined with the RI-BLYP/SVP method (left values) and
with the RI-MP2/cc-pVTZ method (right value). The RI-MP2/
cc-pVTZ ground state geometries are slightly more compact;
e.g., all bond distances decrease by about 0.02 Å (see Supporting
Information). Table 1 also contains the 16/12 CASPT2 data.
The latter information is required to describe the photochemi-
cally induced dissociation processes (see below; for data using
smaller CAS spaces, see Supporting Information). The results
shown in Table 1 underline the importance of the use of PT2
to obtain reliable excitation energies; however, the differences
between the normal (G3 ansatz) and the MS variant are generally

e0.1 eV. For the S2 state of thiones1b and2b, a difference of
0.2 eV is found, indicating some mixing. Slightly lower
excitation energies (0.1 eV) were obtained upon the use of a
16/12 instead of a 12/12 space.

Compared to the upper approach for1b the CASPT2 or MS-
CASPT2 values change less than 0.1 eV if the vertical excitation
energies are computed for the RI-MP2/cc-pVTZ ground state
geometries and if the influence of diffuse functions is included
(see below for a more detailed discussion). For the CAS
calculations considerably higher deviations are found, however.
For S1 and S2 of 2b the RI-MP2/cc-pVTZ ground state
geometries lead to slightly higher excitation energies (<0.1 eV).
The vertical excitation energy to the S3 state increases by about
0.3 eV.

The predictions of Time Dependent Density Functional
Theory (TD-DFT) approaches and of the RI-CC2 method for
N-(oxy)-substituted pyridine-2(1H)-thiones 1 and the corre-
sponding thiazole-2(3H)-thiones2 are summarized in Table 2.
As for Table 1 the left values summarizes the predictions
obtained in combination with the RI-BLYP/SVP ground-state
geometries. They were computed with the TZVP basis set. For
the right values, the RI-MP2/cc-pVTZ ground state geometries
were employed. Additionally, we used the cc-pVTZ basis sets
augmented with diffuse basis functions (see Supporting Infor-
mation for a listing of all computations). The corresponding
MS-CASPT2-G3 values are given for comparison.

For all methods the deviations between both approaches are
less than 0.1 eV. For all states of1b and the S1 and S2 state of
2b, this results since all changes (change in basis set and
geometries, inclusion of diffuse basis functions) do not effect
the excitation energies considerably (<0.1 eV). For the S3 state
of 2b, however, the small deviations result since geometry
effects and basis set effects cancel each other to some extent.
The change in the geometry leads to higher excitation energies
of about 0.15-0.25 eV while a decrease of about 0.15-0.2 eV
results from the inclusion of diffuse functions. The influence
of the (sp)-basis (cc-pVTZ vs TZVP) is small (<0.1 eV) as
expected. A complete listing of all computations can be taken
from the Supporting Information.

MS-CASPT2-G3 and RI-CC2 agree within the expected
uncertainties of both approaches.19,29-31 For the S2 states of1b
and 2b, RI-CC2 predicts higher excitations by about 0.3 eV

TABLE 1: CASPT2 Results of Vertical Excitation Energies;
All Values in eV

N-(Methoxy)pyridine-2(1H)thione (1b)a

12/12 CAS space ((s.o.)) 16/12 CAS space

state CAS CASPT2 MS-CASPT2 CAS CASPT2

S1 2.72/3.30b 2.89/2.95 2.97/3.03 3.12 2.87
S2 3.45/3.82 3.09/ 3.08 3.27/3.24 3.83 3.04
S3 3.90/4.49 3.71/3.67 3.80/3.77

N-(Methoxy)thiazole-2(3H)-thione (2b)c

12/12 CAS space 16/12 CAS space

state CAS CASPT2 MS-CASPT2 CAS CASPT2

S1 3.77/3.62 3.54/3.51 3.63/3.63 3.73 3.55
S2 4.80/4.85 3.68/3.66 3.86/3.90 4.86 3.83
S3 5.00/5.05 4.42/4.51 4.52/4.63

a The experimental spectrum (in ethanol) shows two broad bands
with maxima at 3.45 and 4.31 eV.b The ground state geometries were
determined with RI-BLYP/SVP (left values) and with RI-MP2/cc-pVTZ
(right values), respectively. The right values also include the influence
of diffuse functions (see text).c The experimental spectrum ofN-(meth-
oxy)-4-methylthiazole-2(3H)-thione (in EtOH), i.e., the 4-methyl
derivative of thione2b, shows a broad band with a maximum at 3.87
eV.

TABLE 2: Excitation Energies for the Methoxy Compounds
Obtained with Various Approaches; All Values in eV

N-(Methoxy)pyridine-2(1H)-thione (1b)a

CASPT2b BLYP B3LYP BHLYP PBE0 RI-CC2

S1 2.97/3.03 2.24/2.28c 2.77/2.83 3.32/3.41 2.91/2.98 3.13/3.18
S2 3.27/3.24 2.96/2.98 3.33/3.35 3.79/3.83 3.45/3.48 3.60/3.62
S3 3.80/3.77 3.04/3.05 3.58/3.55 4.61/4.55 3.76/3.73 4.02/3.93

N-(Methoxy)thiazole-2(3H)-thione (2b)d

CASPT2b BLYP B3LYP BHLYP PBE0 RI-CC2

S1 3.63/3.63 3.27/3.24c 3.48/3.50 3.74/3.81 3.57/3.61 3.74/3.76
S2 3.86/3.90 3.84/3.81 4.16/4.11 4.46/4.41 4.26/4.22 4.19/4.13
S3 4.52/4.63 3.96/3.99 4.40/4.44 4.96/4.99 4.54/4.61 4.73/4.73

a The experimental spectrum (in EtOH) shows two broad bands with
maxima at 3.45 and 4.31 eV.b The values correspond to the MS-
CASPT2 results summarized in Table 1.c Left values: ground state
geometries determined with RI-BLYP/SVP; excitation energies com-
puted with the TZVP basis sets. Right values: ground state geometries
determined with RI-MP2/cc-pVTZ; excitation energies computed with
the cc-pVTZ basis sets augmented with diffuse functions (see text and
Supporting Information).d The experimental spectrum ofN-(methoxy)-
4-methylthiazole-2(3H)-thione (in EtOH), i.e., the 4-methyl derivative
of thione2b, shows a broad band with a maximum at 3.87 eV.
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while the deviation for the S1 and S3 states is 0.2 eV or less.
The MS-CASPT2-G3 values computed for2b agree better to
the maxima of the lowest bands measured forN-(methoxy)-4-
methylthiazole-2(3H)-thione, i.e., the 4-methyl derivative of
thione2b (3.87 eV). However it is important to note that the
band is broad and that the influence of the vibrational structure
is unknown. The methyl substituent is not expected to influence
this band. For1b the predictions of both methods for the vertical
excitation energy to S2 bracket the experimental maximum of
the lowest band (3.45 eV).

The agreement between these two methods and the various
TD-DFT approaches depends strongly on the type of TD-DFT
approach and the state under consideration. The BHLYP
functional generally strongly overestimates the excitation ener-
gies (0.5-0.6 eV with respect to MS-CASPT2-G3), except for
the S1 state of2b, for which it agrees within a precision of 0.1
eV to the MS-CASPT2-G3 results. The BLYP functional on
the other hand considerably underestimates all excitation
energies (up to 0.8 eV). Only the predicted location of the S2

state ofN-(methoxy)thiazole-2(3H)-thione 2b is in excellent
agreement with the MS-CASPT2-G3 result and with the
maximum of the observed broad band. This agreement may
originate from a cancellation of errors, since all other TD-DFT
approaches overestimate this excitation energy considerably. The
PBE0 functional agrees nicely with MS-CASPT2. Except for
the S2 states of both molecules, the deviations with respect to
the MS-CASPT2-G3 are less than 0.1 eV. For both S2 states
the deviations are 0.2 eV (for1b) and 0.4 eV (for2b). The fact
that these states dominate the experimental UV/vis spectra limits
the applicability of this functional for the study of substituent
effects to some extent. Besides the PBE0, the B3LYP functional
performs reasonably since for S1 and S2 states it deviates by
only 0.1-0.2 eV from the MS-CASPT2-G3 results. For the S2

state ofN-(methoxy)pyridine-2(1H)-thione1b it possesses the
best agreement with the maximum of the measured broad band.

The computed oscillator strengths for transitions in thiones
1 and2 are summarized in Table 3. All approaches agree that
only excitations to the S2 show nonvanishing transition prob-
abilities in the near-UV region. The absolute values differ by a
factor of 5.

The calculated excitation energies forN-(hydroxy)pyridine-
2(1H)-thione1a andN-(hydroxy)thiazole-2(3H)-thione2a are
summarized in Table 4. With respect to the influence of basis
set size and ground state geometries,1a and 2a possess
somewhat stronger dependencies than1b and2b (Table 2). The
oscillator strengths associated with the transitions of1a and2a

are listed in Table 5. The major structural difference between
N-(methoxy)-substituted thiones1b and 2b and N-(hydroxy)
compounds1a and 2a originates from an intramolecular
hydrogen bond between the hydroxyl group and the thiocarbonyl
sulfur atom. This computed structural feature is seen in the solid-
state geometry of1a. The derivatives of2a that have so far
been studied by X-ray diffraction show intermolecular hydrogen
bonding.12 Hydrogen bonding in thiones1a and2a leads to a
stabilization of the n-orbitals at sulfur. All methods except the
BLYP functional predict that this interaction leads to an inter-
change of the S1 and S2 states inN-(hydroxy)pyridine-2(1H)-
thione 1a, if compared toN-(methoxy) derivative1b. Going
from N-(methoxy)thiazole-2(3H)-thione 2b to N-(hydroxy)-
thiazole-2(3H)-thione 2a, only the RI-CC2 predicts an inter-
change of the S1 and S2. However, for2a all methods predict
that the energy separation of both states is less than 0.1 eV.

Assuming that the excitations which dominate the low energy
spectrum are mainly located in the heterocyclic subunits of both

TABLE 3: Computed Oscillator Strength [10-2 Arb. Units]
aN-(Methoxy)pyridine-2(1H)-thione (1b)

CASSCFb BLYP B3LYP BHLYP PBE0 RI-CC2

S1 0.03 <0.01/<0.01c <0.01/<0.01 0.02/0.02 0.01/<0.01 <0.01/<0.01
S2 9.19 2.51/2.29 5.14/4.60 12.7/11.6 6.09/5.36 12.6/10.6
S3 0.03 0.06/0.06 0.06/0.06 0.04/0.14 0.06/0.06 0.04/0.05

N-(Methoxy)thiazole-2(3H)-thione (2b)d

CASSCFb BLYP B3LYP BHLYP PBE0 RI-CC2

S1 <0.01 0.01/0.03 0.01/0.02 0.02/0.02 0.01/0.02 0.01/0.03
S2 26.4 5.20/7.44 13.3/14.4 19.9/20.8 15.0/16.0 23.9/24.1
S3 0.03 0.06/0.09 0.06/0.12 0.07/0.17 0.06/0.13 0.10/0.17

a The experimental spectrum (in ethanol) shows two broad bands with maxima at 3.45 and 4.31 eV. According to our CASPT2 computations the
maxima at 3.45 eV is assigned to the S2 state.b The 12/12 CASSCF space together with the cc-pVDZ basis sets was applied.c Left values: ground
state geometries determined with RI-BLYP/SVP; oscillator strength computed with the TZVP basis sets. Right values: ground-state geometries
determined with RI-MP2/cc-pVTZ; oscillator strength computed with the cc-pVTZ basis sets augmented with diffuse functions (see Supporting
Information).d The experimental spectrum ofN-(methoxy)-4-methylthiazole-2(3H)-thione (in EtOH), i.e., the 4-methyl derivative of thione2b,
shows a broad band with a maximum at 3.87 eV, which, according to our CASPT2 computations, was assigned as the transition to the S2 state.

TABLE 4: Excitation Energies for the N-(Hydroxy)
Compounds 1a and 2a Obtained with Various Approaches;
All Values in eV

N-(Hydroxy)pyridine-2(1H)-thione (1a)a

CASPT2b BLYP B3LYP BHLYP PBE0 RI-CC2

S1 3.17/3.28 3.04/3.05c 3.44/3.48 3.92/3.97 3.56/3.61 3.63/3.71
S2 3.55/3.75 3.06/3.10 3.55/3.59 4.15/4.23 3.71/3.76 3.91/3.95
S3 4.35/4.32 3.70/3.73 4.23/4.20 4.80/4.78 4.41/4.37 4.45/4.47

N-(Hydroxy)thiazole-2(3H)-thione (2a)d

CASPT2b BLYP B3LYP BHLYP PBE0 RI-CC2

S1 3.92/4.02 3.74/3.75c 3.99/4.05 4.31/4.42 4.10/4.17 4.21/4.21
S2 4.08/4.20 3.88/3.85 4.19/4.17 4.49/4.48 4.29/4.27 4.31/4.36
S3 4.58/4.89 3.99/4.00 4.47/4.48 5.08/5.07 4.61/4.66 4.83/4.80

a The experimental spectrum (in ethanol) shows two broad bands
with maxima at 3.57 and 4.40 eV.b Left values: ground state
geometries were determined with RI-BLYP/SVP; excitation energies
were computed with cc-pVTZ basis sets. Right values: ground state
geometries were determined with RI-MP2/cc-pVTZ; excitation energies
were computed with the cc-pVTZ basis. The influence of diffuse
functions was estimated with the help of TZVP computations (see text).
c Left values: ground state geometries determined with RI-BLYP/SVP;
excitation energies computed with the TZVP basis sets. Right values:
ground state geometries determined with RI-MP2/cc-pVTZ; excitation
energies computed with the cc-pVTZ basis sets augmented with diffuse
functions (see Supporting Information).d The experimental spectrum
of N-(hydroxy)-4-methylthiazole-2(3H)-thione (in EtOH), i.e., the
4-methyl derivative of thione2a, shows a broad band with a maximum
at 3.94 eV.
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compounds, a study about the influence of substituents on the
absorption spectra of thiazolethione compounds could be
performed with the BLYP functional: It predicts the near-UV
transition into the S2 state correctly, and it is so efficient that
many large compounds can be investigated quite easily.
However, for systems in which S1 and S3 gain oscillator strength
due to substituent effects, the BLYP becomes too inaccurate.
To obtain reliable descriptions for the S1 and S3 state, from TD-
DFT approaches, the B3LYP functional or the PBE0 functional
may be applied. However, both are less accurate for the S2

state. The RI-CC2 approach represents a very attractive choice.
Its use had the advantage that possible charge transfer states
would also be adequately treated. For a qualitative assign-
ment of the experimental bands all methods seem to be
appropriate.

Description of the Photolytic and Thermal N,O Bond
Cleavage.Visible light absorption ofN-(methoxy)pyridine-
2(1H)-thione 1b furnishes the methoxyl and the pyridyl-2-
sulfanyl radical (3). In a similar way, CH3O• and the thiazyl-
2-sulfanyl radical (4) are formed upon near-UV excitation of
N-(methoxy)thiazole-2(3H)-thione2b (Figure 2).

The potential energy curves (see theoretical details) associated
with the N,O homolysis ofN-(methoxy)thiazole-2(3H)-thione
(2b) starting from different states are depicted in Figure 3. All
curves of the excited states, T1//T1, S1//T1, and S2//T1 are
repulsive with respect to the N,O bond thus leading to a direct
homolysis of this connectivity. The T1 state correlates with the
energetically lowest dissociation channel while S1 and S2 are
connected with the next two higher pathways (Figure 3). It
should be noted that the energetically lowest and the next higher
dissociation channel are nearly degenerated (∆E ) 37 cm-1,
see below). For a thermally induced cleavage along the S0 state,
the computed dissociation energy is 1.65 eV (159 kJ mol-1).53

Near-UV absorption ofN-(methoxy)thiazole-2(3H)-thione2b
will populate primarily the S2 and probably not the S1 state due
to the significant difference in oscillator strengths of transitions
going into these states starting from S0 at the equilibrium
geometry (Table 3). A N,O homolysis in2b along the S2 state
formally provides the thiazyl-2-sulfanyl radical (4) in its first
excited state, while the methoxyl radical is formed in its
electronic ground state. The energetic positioning of this third
channel is computed as the vertical excitation energy of the
thiazyl-2-sulfanyl radical (4). The corresponding orbitals (see
Supporting Information) indicate that the unpaired electron is
predominantly located at the exocyclic sulfur atom in4. How-
ever, the photochemically induced homolysis of the N,O bond
in thione2b along the S2 state is unlikely to occur. The very
small energy gap between S1//T1 and S2//T1 at RN,O ) 2.25 Å
and the shape of both curves clearly indicate a crossing of both
states.54 Due to this a fast relaxation S2 f S1 can be expected.
Even if no conical intersection exists the tiny energy gap would
lead to an efficient quenching from the S2 to the S1 state.

Once relaxation of the molecule into the S1 state has occurred,
it can cross into the energetically lower state T1 because the
two states are coupled via spin-orbit interaction. On the other
hand, dissociation starting from the S1 level is also feasible
because this state is repulsive with respect to the N,O con-
nectivity. Starting from the S1 level, the methoxyl radical is
generated in its first excited state and the thiazyl-2-sulfanyl

TABLE 5: Computed Oscillator Strength [10-2 Arb. Units]

N-(Hydroxy)pyridine-2(1H)-thione (1a)a

CASSCFb BLYP B3LYP BHLYP PBE0 RI-CC2

S1 10.5 <0.01/<0.01c 3.95/3.51 10.1/9.12 4.66/4.07 8.86/7.28
S2 0.02 1.91/1.76 <0.01/<0.01 <0.01//<0.01 <0.01/<0.01 <0.01/<0.01
S3 <0.01 <0.01/<0.01 <0.01/0.01 24.5//27.5 <0.01/0.02 29.0/31.7

N-(Hydroxy)thiazole-2(3H)-thione (2a)d

CASSCFb BLYP B3LYP BHLYP PBE0 RI-CC2

S1 <0.01 0.02/0.02 0.02/0.03 0.02/0.03 0.02/0.02 27.2/26.2
S2 31.3 11.1/10.8 17.7/17.5 23.4/23.5 19.2/18.8 0.02/0.03
S3 <0.01 <0.01/0.06 0.01/0.11 0.02/0.26 0.01/0.11 0.02/0.26

a The experimental spectrum (in EtOH) shows two broad bands with maxima at 3.57 and 4.40 eV. According to our CASPT2 computations the
maxima at 3.57 eV is assigned to the S1 state.b The 12/12 CASSCF space together with the cc-pVDZ basis sets was applied.c Left values: ground-
state geometries determined with RI-BLYP/SVP; oscillator strength computed with the TZVP basis sets. Right values: ground state geometries
determined with RI-MP2/cc-pVTZ; oscillator strength computed with the cc-pVTZ basis sets augmented with diffuse functions (see Supporting
Information).d The experimental spectrum ofN-(hydroxy)-4-methylthiazole-2(3H)-thione (in EtOH), i.e., the 4-methyl derivative of thione2a,
shows a broad band with a maximum at 3.94 eV, which, according to our CASPT2 computations, was assigned to the transition to the S2 state.

Figure 2. Product formation via N,O homolysis inN-(methoxy)-
pyridine-2(1H)-thione 1b and N-(methoxy)thiazole-2(3H)-thione 2b.

Figure 3. Potential curves for the thermal and photolytic N,O
homolysis in N-(methoxy)thiazole-2(3H)-thione (2b) (CASPT2/cc-
pVTZ, see also text).

N-(Methoxy)pyridine-2(1H)-thione/thiazole-2(3H)-thione J. Phys. Chem. A, Vol. 109, No. 26, 20055947



radical (4) in its electronic ground state. A cleavage along the
T1 state would generate both fragments in their electronic ground
states.

For the reactivity of the generated radicals it is irrelevant
whether the cleavage proceeds along the S1 or along the T1 state
since both lower channels are connected with the ground state
X2E of the methoxyl radical. Due to the Jahn-Teller distortion
the X2E state splits into a2A′ (connected with the homolysis
along the T1 state) and a2A′′ (connected with the S1 state)
component. According to extended MR-CI calculations of Ho¨per
et al.,52 the equilibrium geometry of the2A′ component lies only
about 200 cm-1 (0.02 eV) below theC3V geometry and only 37
cm-1 below the equilibrium geometry of the2A′′. Due to this
near degeneracy and since both channels are strongly coupled
via rovibronic effects, in both cases a very fast relaxation to
the lowest channel (both fragments in their ground state) will
take place. As a consequence the arising methoxyl radical is
generated in its electronic ground state no matter whether the
cleavage proceeds along the S1 or along the T1 state. The same
arguments are valid for other alkoxyl radicals that are formed
in photochemically induced reactions fromN-(alkoxy)thiazole-
2(3H)-thiones. For these molecules the degeneracy of the X2E
state is lifted thus leading to small energy gaps between the
ground state X and the first excited state A˜ .55 For the ethoxyl
radical, for example, the experimental adiabatic A˜ -X excitation
energy is 355 cm-1 (0.04 eV).56 For the T conformer of
1-propoxyl radical a value of 320 cm-1 (0.04 eV) was
measured.56 Nevertheless the strong coupling between both low-
lying states remains.

Variations in the orbitals along the N,O reaction coordinate
are shown in Figure 4. For the equilibrium geometry it is seen
that the orbitals are primarily located at the heterocyclic core
and the thiocarbonyl group. None of the low-lying virtual or
high-lying occupied orbitals possess density at the O atom.
Therefore, none of these orbitals reflect an antibonding character
with respect to the N,O bond. Such orbitals do not develop until
the course of the N,O stretch (RN,O ) 2.25 Å, Figure 4).

The computed potential energy curves characterizing the
thermally and the photochemically induced N,O homolysis in
N-(methoxy)pyridine-2(1H)-thione (1b) are displayed in Figure
5. The properties of the S2 state are of major interest for the
chemistry that follows. It is the only state that is populated via
near-UV excitation in a transition starting from the ground state
that exhibits significant oscillator strength. Relevant orbitals for
the equilibrium geometry and forRN,O ) 2.25 Å can be taken
from the Supporting Information. For the thermal cleavage along
the S0 ground state, the computed dissociation energy is 1.71
eV (168 kJ mol-1).53 The main difference between the pyridi-
nethione1b and thiazolethione2b is the shape of the S2//T1

curve. For the thiazole derivative2b, this curve shows a
repulsive shape. For pyridinethione1b, the fragmentation from
S2 is hindered by a small barrier of about 0.12 eV (12 kJ mol-1).
Furthermore, the energy difference between the S2//T1 and S1//
T1 curves (0.4-0.6 eV) is larger than for thiazolethione2b (<0.1
eV) and does not at all indicate a conical intersection between

Figure 4. Relevant orbitals to describe the photolytic or thermal N,O homolysis inN-(methoxy)thiazole-2(3H)-thione (2b) (see also text).

Figure 5. Potential curves for the thermal and photolytic N,O
homolysis in N-(methoxy)pyridine-2(1H)-thione (1b) (CASPT2/cc-
pVTZ, see also text).
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both states. The larger energy gap between the S2//T1 and S1//
T1 curves could to some extent slow the relaxation from the S2

to the S1 state in pyridinethione1b. Since a direct fragmentation
via the higher energy dissociation channel experiences a small
energy barrier, we expect that a relaxation into the S1 state will
also occur for this compound as for example predicted by
Kasha’s rule.57

Similar to the situation in thiazolethione2b, the S1//T1 and
T1//T1 curves in pyridinethione1b are within a first approxima-
tion parallel. The energy gap for the two curves is, however,
considerably smaller (ca. 0.2 eV) than for the thiazole derivative
2b (0.6-1.0 eV). As a consequence, it is expected that relaxation
from the S1 state into the T1 state is more efficient in
pyridinethione1b. Since a strong rovibronic coupling between
both lowest lying dissociation channels occurs, the radicals that
are formed from the dissociation reaction end up in their
electronic ground state, regardless whether they originate from
a N,O homolysis in the S1 or the T1 state.

The reason for the different chemistry that follows upon near-
UV/vis excitation of, e.g., substitutedN-(4-penten-1-oxy)-
pyridine-2(1H)-thione and the correspondingN-(4-penten-1-
oxyl)-4-methylthiazole-2(3H)-thione in the absence of efficient
trapping reagents may be explained on the basis of differences
in the excess energy of the radicals formed from both types of
O-radical precursors. ForN-(methoxy)thiazole-2(3H)-thione2b,
the S2 state, which according to the present results is predicted
to be the starting point for the major route of N,O homolysis,
is located 3.86 eV above the S0 state. ForN-(methoxy)pyridine-
2(1H)-thione1b, an S0 f S2 excitation energy of 3.27 eV has
been computed. Taking the computed N,O dissociation energies
of 1.65 eV (for2b) and 1.71 eV (for1b) into account, we predict
that the radical fragments show an excess energy of 2.21 eV, if
generated from thiazolethione2b, and 1.56 eV, if obtained from
pyridinethione1b. For thiazolethione2b, we find a very efficient
quenching process from the S2 to the S1 state due to a possible
conical intersection atRN,O ) 2.25 Å. For pyridinethione1b,
the S2 f S1 transition occurs probably slower since the two
potential curves are well separated along the whole N,O reaction
coordinate. Assuming that energy dissipation occurs in the time
it takes for the S2-excited thione1b to relax into the S1 state,
the combined excess energy of radical3 and the methoxyl
radical would be even lower than 1.5 eV. In any case it is
considerably lower than the excess energy predicted for radicals
originating from2b (2.21 eV). This difference in excess energies
could be one of the reasons why mediators are much more
important for an efficient application of derivatives ofN-(meth-
oxy)thiazole-2(3H)-thione2b in O-radical-transformations than
for the application ofN-(alkoxy)pyridine-2(1H)-thiones1b in
efficient chain reactions.

Comparison of the Applied Theoretical Approaches for
a Computational Analysis of Thermally and Photochemically
Induced N,O Homolysis of Pyridinethione 1b and Thiazo-
lethione 2b. The CASPT2 approach provides very accurate
results, but it is too expensive to be applicable to studying the
N,O homolysis for systems with large substituents. TD-DFT is
less expensive, but the question arises whether they are
sufficiently accurate. The results obtained with the B3LYP
functional are given in Figure 6 (for results using other
functionals and for the performance of the applied theoretical
methods for the computational analysis of pyridinethione1b,
see the Supporting Information). Like the CASPT2 approach,
the B3LYP functional predicts repulsive T1//T1, S1//T1, and S2//
T1 curves (Figure 6). With increasing N,O distances, however,
the energy gaps between the various states become much larger

than those predicted by CASPT2. Obviously B3LYP is not
adequate to describe the complicated electronic structure of the
S1//T1 or S2//T1 states for stretched N,O bonds. Although these
states are far too high in energy, the positioning of the T1//T1

state for2b is in very good agreement with the CASPT2 results.
The RI-CC2 approach was found to give quite reliable vertical

excitation energies for the singlet states. Since it represents a
single reference method, problems are expected for the descrip-
tion of the photolytic dissociation. This is indeed the case. The
computed curves of the S1 and S2 states resemble those obtained
with the DFT approaches (see Supporting Information).

Summary

In the present paper we have studied the mechanism of
thermally and photochemically induced N,O homolysis in
N-(methoxy)pyridine-2(1H)-thione (1b) andN-(methoxy)thia-
zole-2(3H)-thione (2b). Both compounds constitute parent
structures of important groups of alkoxyl radical precursors.
CASSCF, CASPT2, TD-DFT, and RI-CC2 were tested with
respect to their ability to describe the dissociation process and
the vertical excitations. Computations were performed for the
first three electronic states ofN-(methoxy)pyridine-2(1H)-thione
(1b) andN-(methoxy)thiazole-2(3H)-thione (2b) as well as for
the N-(hydroxy) derivatives1a and 2a. The complete active
space approach in association with the MS-CASPT2 ansatz gives
accurate descriptions of experimental electronic excitation
spectra. The same is found for RI-CC2 which in comparison to
CASPT2 predicts slightly higher vertical excitation energies (0.1
to 0.3 eV). The time-dependent DFT results are very dependent
on the choice of the functional and the examined state. The
BLYP functional in general underestimates the excitation
energies systematically while the BHLYP overestimates them.
The Becke three-parameter functional (B3LYP) and PBE0 in
most cases give excitation energies in the same region as
CASPT2.

For the thermal and the photolytic bond dissociation process,
only the CASPT2 method provides reasonable results. The near-
UV-induced N,O homolysis of thiones1b and2b will start from
the S2 states. In both compounds it is the only state that exhibits
significant oscillator strengths, i.e., will be populated upon light
absorption. N,O homolysis in the S2 state occurs with no energy
barrier (for2b) or with a very small barrier (for1b). This step
furnishes excited sulfanyl radicals3 (from 1b) or 4 (from 2b)
and the methoxyl radical in its electronic ground state. The
computed S2 and the S1 curves point to a conical intersection

Figure 6. Potential curves for the thermal and photolytic N,O
homolysis inN-(methoxy)thiazole-2(3H)-thione (2b) (B3LYP/TZVP).
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between the S1 and S2 states which will enable an efficient S2

f S1 relaxation for2b. For both thiones1b and2b, the S1 state
is repulsive with respect to the N,O bond. Relaxation of S1-
excited thiones1b and2b into the T1 state is feasible via spin-
orbit interaction. The T1 state leads to the lowest fragmentation
channel. For the noninteracting fragments, the S1 and T1

channels correspond to the2E ground state of the methoxyl
radical. As a consequence the explicit pathway (via S1 or T1) is
irrelevant for the subsequent chemistry since the relaxation to
the ground state of the alkoxylradical will be faster than its
chemical reactions.

The data from the present study outline thatO-radicals
generated from structurally closely related precursors, i.e., the
N-(alkoxy)pyridine-2(1H)-thiones on one side and theN-(alkoxy)-
thiazole-2(3H)thiones on the other side, may exhibit different
excess energies. It is tempting to correlate these energetic
differences with the different chemical behaviors of the groups
of heterocyclic thiones if photolyzed in the absence of additional
trapping reagents.

Supporting Information Available: The Supporting Infor-
mation contains the cartesian coordinates of the ground states
obtained with RI-BLYP/SVP and RI-MP2/cc-pVTZ, followed
by the absolute energies obtained with various methods (B3LYP,
BLYP, BHLYP, PBEO, and RICC2) and various basis sets
(TZVP, TZVP+diffuse, cc-pVTZ, and cc-pVTZ+diffuse). This
information is given in the order1a, 1b, 2a, and2b. Then, the
data for the homolysis are summarized. This includes the
geometries optimized along the reaction path on the ground state.
For each geometry the computed total energies for the four
lowest lying electronic states are given. The same information
for the reaction path on the lowest triplet and on the first excited
singlet state follows. In addition figures describing the homolysis
computed with the CC2 method and the most important orbitals
are given. Finally information about the used basis sets and the
influence of the basis set variations on the excitation energies
is summarized. This material is available free of charge via the
Internet at http://pubs.acs.org.
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