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A computer-aided design of alkoxyl radical precursors is performed. The new precursors should combine the
advantages ofN-alkoxypyridine-2(1H)thiones (less reactive radicals) andN-alkoxythiazole-2(3H)thiones (stable
with respect to daylight). Additionally, the radical liberation process should be initiated by light with a
wavelength of around 350 nm. To find promising compounds, 18 test candidates were obtained by a systematic
variation of the parent compoundN-alkoxythiazole-2(3H)thione. The properties of the test molecules were
computed by a protocol that was already successfully used to rationalize the photochemical behavior of
N-alkoxypyridine-2(1H)thiones andN-alkoxythiazole-2(3H)thiones. The computations identify two promising
new compounds. ForN-methoxy-(1,3)dihydro-[1,3]azaphosphole-2-thione (6a), they predict that the fragmenta-
tion process will be initiated by an absorption at 348 nm. An analysis of its fragmentation process indicates
that the free excess energy of the resulting radicals should more resemble the situation found for
N-alkoxypyridine-2(1H)thiones. ForN-methoxy-(1,3)dihydro-pyrrole-2-thione (3a), the excitation energy is
somewhat higher (330 nm), but the computed fragmentation paths again indicate that the remaining excess
energy of the released radicals is quite favorable. The test molecules also contained the experimentally well-
known N-methoxypyridine-2(1H)one (1b). For this molecule, our computed data rationalizes nicely the
experimental findings.

Introduction

Alkoxyl radicals are an important class of substances for
photobiological,1-4 mechanistic,5,6 and synthetic investiga-
tions.7,8 Well-established accesses to alkoxyl radicals use the
homolytical O,O bond cleavage in perethers or organic
peresters.9-11 Drawbacks of these approaches are difficulties
in the handling of these unstable systems. To avoid such
difficulties newer approaches to alkoxyl radicals use UV/vis
photolysis of thiohydroxamic O-esters. The irradiation with light
leads to a N,O bond homolysis associated with a liberation of
the oxygen-centered radicals.12,13N-alkoxypyridine-2(1H)thiones
were the first compounds which were used in this context.4,14

With these molecules, it was possible to generate alkoxyl
radicals for a stereoselective synthesis of a muscarinalkaloid.15

A big disadvantage of these compounds, however, is their
sensibility to daylight. Due to an absorption at about 370 nm,
a decomposition of the pyridinethiones occurs already when they
are exposed to unfiltered daylight. Only if the blue part of the
light is filtered out theN-alkoxypyridine-2(1H)thiones are
stable.16

To eliminate this problem, substitutedN-alkoxythiazole-
2(3H)thiones were developed.16 They absorb at about 330 nm
so that they do not decompose when exposed to daylight.
However, when irradiated with UV light without the presence
of radical trapping reagents, the yield of alkoxyl radicals is very
low and many unwanted side products are found.12

To elucidate the differences betweenN-alkoxypyridine-2(1H)-
thiones andN-alkoxythiazole-2(3H)thione compounds in previ-
ous investigations, the electronic spectra of the precursor systems
N-methoxypyridine-2(1H)thione (1a) and N-methoxythiazole-
2(3H)thione (2a) were computed.17,18On the basis of CASPT219,20

computations (complete active space self-consistent field cal-
culation together with an MP2 estimation of dynamic correlation
effects), the spectroscopic visible absorption bands of both
compounds were assigned to the S0 f S2 transition. In both
cases, they correspond to aπ f π* excitation in the thiocarbonyl
group of the thiohydroxamic functionality.17 The higher stabili-
ties of the thiazolethione compounds with respect to daylight
simply result because their S2 states are higher in energy. The
study also found a reason why an irradiation ofN-alkoxythia-
zole-2(3H)thiones delivers much more reactive radicals than the
irradiation ofN-alkoxypyridine-2(1H)thiones. The higher reac-
tivity in the case of the thiazole compounds may result because
the potential surfaces that determine the photolytic N,O bond
cleavage represent a perfect slide from the S2 state through a
conical intersection into the S1 and then into the final ground
state of the radical fragments. Due to the resulting fast
dissociation process, the excess energy which results from the
photolytic fragmentation is dissipated to the solvent only to small
amounts.21 ForN-alkoxypyridine-2(1H)thiones, a dissipation of
the excess energy is much more likely because its S2 state
possesses a barrier with respect to the dissociation. Additionally,
no avoided crossing between S2 and S1 is found so that also
the de-excitation process can be expected to be much slower.
Finally, the maximal excess energy of the fragments is also
lower. This results from a lower vertical excitation energy
(starting point of the photolytic fragmentation) and a higher
dissociation energy of the S0 state. The latter determines the
energy position of the resulting radicals in their ground states.

A comparison of the CASPT2 results with TD-DFT22,23(time-
dependent density functional theory) calculations showed that
only some functionals give the right quantitative answers. All
applied TD-DFT methods agreed in the assignment of the visible
bands, but the prediction of the vertical excitation energies
differed considerably. Although the B3LYP functional24,25
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worked well for the prediction of the visible band of pyridine
compounds, it overestimated the energy position of the visible
band ofN-methoxythiazole-2(3H)thione by more than 0.3 eV.
The BLYP functional26 on the other hand predicts the energy
position of the intensive band ofN-methoxythiazole-2(3H)thione
quite well but fails to predict the other bands of this compound
and the spectra ofN-methoxypyridine-2(1H)thione correctly.18

As photochemical alkoxyl radical precursors bothN-alkoxy-
pyridine-2(1H)thiones andN-alkoxythiazole-2(3H)thiones pos-
sess advantages but also disadvantages. Therefore, the question
arised if it is possible to identify new lead structures for
photochemical precursor systems that combine the advantages
of both compounds. The dissociation behavior of new precursors
should be similar to the behavior of pyridinethione compounds
to avoid unwanted side reactions during the radical formation
process. On the other hand, the excitation wavelength that
initiates the fragmentation process should lie below the excita-
tion wavelength of the pyridinethiones so that no daylight
sensitivity occurs. Because for many experiments on DNA
oxidation and strand-breaking processes precursors that absorb
at a wavelength of about 350 nm are advantageous, the bond
breaking process should be initiated by light with a wavelength
of about 350 nm.27,28

To find new promising lead structures in the present paper,
the parent substance of the thiazolethione precursors is modified
systematically. Substituents are not introduced to leave space
for further fine-tuning. The heterocycle is modified by substitu-
tion of the thiazole sulfur atom by other units. An enumeration
of the various systems is summarized in Figure 1. A substitution
of the thiazole sulfur atom by a C2H2 group leads to the already-
known pyridinethiones (1). The pyrrole (3) heterocycle results
from substitution of the sulfur with a CH2 group whereas the
imidazole system (4) is obtained if a NH moiety is introduced.
An oxygen atom instead of sulfur leads to the oxazole
heterocycle (5). A substitution of the sulfur by a PH unit
generates the phosphazole heterocycle (6). Further modifications
are obtained by a substitution of the thiocarbonyl group by a
carbonyl group. This leads to the hydroxamic acid derivates of
the various heterocycles. Whereas the thiohydroxamic acid
derivates are indexed by an (a), the hydroxamic acid derivates
will be indicated by a (b). The most prominent examples out
of the latter compounds may be theN-alkoxypyridine-2(1H)-
ones (derivatives ofN-methoxypyridine-2(1H)one (1b)). They
were already successfully employed as photochemical alkoxyl
radical sources.29,30 From the isopropylic ester derivative, for

example, isopropyl radicals are generated by an irradiation with
light with a wavelength of 300 nm.28 This is outside the desired
range (∼350 nm), but nevertheless, theN-alkoxypyridine-2(1H)-
ones allow a further test of our theoretical approach. An in-
depth investigation of the photochemistry of theN-hydroxypy-
ridine-2(1H)one showed that it represents a much cleaner
hydroxyl radical source than theN-hydroxypyridine-2(1H)-
thione.31 Finally, the exchange of the hydroxamic acid N atom
with phosphorus results in “phosphothiohydroxamic” acid
derivatives, which will be denoted byc.

To identify the promising precursor systems, a screening of
the lower electronic excitations of all resulting 18 systems (see
Figure 1) was performed with TD-DFT employing the B3LYP
approach. To check the reliability of the TD-B3LYP, the
excitation energies between the ground state (S0) and the first
three singlet excited states were also recalculated with the
CASPT2 method. For promising systems, the influence of a
polar solvent was estimated by a continuum model. If the
CASPT2 confirmed the TD-DFT prediction, the N,O or P,O
dissociation paths, respectively, of the S0, the T1, and the first
two singlet excited states were computed. An analysis of these
paths gives information about the reactivity of the resulting
radical fragments. Further information is obtained by isodesmic
reactions.

Theoretical Details

All DFT and TD-DFT calculations were performed with the
TURBOMOLE program package.32 For the complete active
space self-consistent field (CASSCF)33,34 and CASPT219,20

calculations, the MOLCAS program35 was used.
All vertical excitation energies were computed for theoreti-

cally determined ground-state geometries. Because many com-
pounds needed to be screened for this step, the geometries were
obtained with the BLYP/SVP25,26,36approach. For these calcula-
tions, the resolution of identity (RI) approximation37,38together
with the corresponding auxiliary basis sets38,39 provided by
TURBOMOLE were applied. This approach seems to be
sufficient for the screening because, for1aand2a, the influence
of the geometry on the vertical excitation energies was found
to be small in comparison to uncertainties arising from the TD-
DFT approaches.18 For the screening, the vertical excitation
energies of the five lowest-lying states were obtained with TD-
DFT employing the B3LYP functional. In these computations,
the TZVP basis sets40 were applied. To check the solvent effects
on the excitation energies, the COSMO41 approach with a
dielectric constantε ) 78 was applied. The characters of the
strongest absorptions were identified through the shapes of the
contributing orbitals. For the most promising systems, the
ground-state geometries were reoptimized (RI-MP2/cc-pVTZ42-44)
and the excitation energies were recalculated employing the
CASPT219,20approach. For these calculations, the cc-pVTZ basis
sets were used. For all hydrogen atoms and the methoxy carbon
atom in N-(methoxy)pyridine-2(1H)-thione 1a, the cc-pVDZ
basis sets43,44had to be employed due to software and hardware
limitations. The CASSCF contained the 6 highest occupied and
the 6 lowest virtual orbitals (12/12 CAS). For the PT2
computations, the G3 approach45 for the fock matrix and the
multi-state variant of the CASPT2 approach (MS-CASPT2)46

were used. For the UV/vis absorption spectra, the TD-DFT
oscillator strengths were employed. As shown previously for
1a and 2a, this approximation is sufficiently accurate for
trends.18

The calculations for the reaction paths (Figures 2-6) were
performed on the CASPT2 level of theory applying the cc-pVTZ

Figure 1. Structural formular and indexing of the systematically
modified heterocycles.
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basis sets. According to our previous calculations, the bond
dissociation paths in the S1 and S2 states are reasonably
described if triplet geometries (T1 geometry) were employed,
at least as long as both fragments interact with each other.18

Due to this finding for the description of the N,O cleavage (or
P,O cleavage in case of the moleculesc), all internal degrees
of freedom of the molecules were optimized at defined N,O
(or P,O) bond distances for the S0 ground-state and the lowest
lying triplet state (T1). These geometry optimizations were

performed on the B3LYP/SVP level of theory. For the S0

geometries, a biradical wave function (〈S2〉 ) 1) had to be used
at large bond distances to describe the correct fragmentation
channel. In our computations, this was achieved with a triplet
density matrix as the initial guess. In the following, computa-
tions, which involve an optimized geometry for a triplet state,
will be abbreviated as T1//T1, S1//T1, etc. (i.e. state//optimized
geometry). Computations, which use the ground-state geom-
etries, are given as S0//S0, T1//S0, etc. For CASSCF and CASPT2

Figure 2. The dissociation pathes ofN-methoxypyridine-2(1H)thione (1a) (left) and ofN-methoxythiazole-2(3H)thione (2a) (right).

Figure 3. The N,O dissociation pathes ofN-methoxypyridine-2(1H)-
one (1b).

Figure 4. The N,O dissociation pathes ofN-methoxy-(1,3)dihydro-
pyrrole-2-thione (3a).

Figure 5. The N,O dissociation pathes ofN-methoxy-(1,3)dihydro-
[1,3]azaphosphole-2-thione (6a).

Figure 6. The P,O dissociation pathes ofP-methoxy-(1,3)dihydro-
[1,3]oxaphosphole-2-thione
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computations of the cleavage processes, an (16/12) active space
is necessary because a strong mixing between these orbitals
occurs during the bond breaking processes. Consequently,
smaller CAS spaces (e.g., in a 12/12 CASSCF) do not allow a
reliable description of the photolytical cleavage processes. For
the description of the noninteracting methoxyl radical, the results
of Höper et al., who applied large scale MR-CI calculations,47

were used. As an estimate for the maximal excess energies of
the resulting radical fragments the differences between the initial
vertical π f π* excitation energies (starting point of the
fragmentation process) and the dissociation energy of the S0

state48 were taken. The latter determines the energy position of
the released radicals in their electronic ground states with respect
to the S0 ground state of the corresponding radical precursors.

Equation 1 shows the isodesmic hydrogen abstraction reaction
that was applied to estimate the different intrinsic reactivities
of the heterocyclic radical fragments and the methoxyl radical.
This was done by computing the reaction energies∆E (E products

- Eeducts) of this reaction with the radical fragments obtained
from the most promissing precurser systems on the B3LYP/
TZVP//RI-BLYP/SVP level of theory.

Results and Discussion

Screening Step and More Reliable Computations of the
Vertical Excitation Energies. The investigation comprises 18
molecules that were obtained from a systematic modification
of N-methoxythiazole-2(3H)thione (2a). They are summarized
in Figure 1.

The calculated excitation energies and oscillator strengths of
the strong absorptions of all 18 test molecules (TD-DFT;
B3LYP/TZVP) are summarized in Table 1. Theπ f π*
character of these transitions was identified by the shape of the
contributing orbitals. All other electronic transitions are less
important because they possess vanishing oscillator strengths
or do not appear in the window of interest (300-400 nm). They
are summarized in the Supporting Information.

This screening reveals the influence of different heteroatoms
and functional groups on the UV/vis spectra of these com-
pounds. TakingN-methoxythiazole-2(3H)thione (2a) as a refer-
ence system, the influence of the composition of the heterocycle
on the energy position of theπ f π* excitation can be seen if
the elements of a column of Table 1 are compared. Substituting
the sulfur of2a by a C2H2 group (Z) C2H2 instead of Z) S
in Figure 1), the already-known and appliedN-methoxypyridine-
2(1H)thione (1a) is obtained. Both compounds were compared
previously.18 If the sulfur atom of the heterocycle2a is replaced
by a CH2 group (Z) CH2) the pyrrolethione heterocycle3a is
generated. Its visibleπ f π* transition is hardly shifted in

comparison to2a because the correspondingπ andπ* orbitals
have the same energy as those of the thiazole compound.
Nevertheless, the oscillator strength of this excitation increases
in comparison to the reference compound. If the sulfur center
is substituted by a NH group (imidazolethione4a) or an oxygen
center (oxazolethione5a), the orbital energies of the virtualπ*
orbitals increases. This leads to a blue-shift of theπ f π*
excitation by about 50-60 nm (ca. 0.6-0.75 eV). In contrast,
the phosphorus (PH) derivative6a absorbs at about 329 nm,
i.e., possesses a red-shift of about 30 nm (0.4 eV) in comparison
to the reference system2a.

In addition to the modification of Z, X and Y (see Figure 1)
were also varied to screen for promising alkoxyl radical
precursors. A replacement of the thiocarbonyl unit by a carbonyl
unit (compoundsb; column 2 in Table 1) leads to hydroxamic
acid derivates. As is well-known for other carbonyl and
thiocarbonyl systems, theπ-orbitals of the carbonyl groups are
lower in energy (about 0.2-0.5 eV) than theπ-orbitals of the
corresponding thiocarbonyl groups.49 The unoccupiedπ*-
orbitals raise in energy. This leads to a strong blue-shift of the
π f π* excitation together with a decrease in oscillator strength.

Finally, Y ) N was replaced by Y) P (compoundsc; column
3 in Table 1). This substitution leads to considerable structural
changes because the phosphorus center is sp3 hybridized whereas
the nitrogen center is sp2 hybridized. A a consequence, the P,O
bond is bent out of the plane of the heterocycle by about 120°.
Due to the substitution, theπ- and theπ*-orbitals are both
lowered in energy. Because the shifts are larger for the virtual
orbitals than for the occupied ones, theπ f π* excitations of
the phosphorus derivatives are red-shifted by about 60-100 nm
(-0.52 eV for1 to -1.43 eV for4).

These various modifications lead to strong red- (-83 nm;
1.60 eV) and blue- (143 nm;-1.35 eV) shifts with respect to
2a. One extreme is the oxazole heterocycle in combination with
a keto group (5b). Its π f π* excitation lies at 215 nm (5.76
eV). The other extreme is theP-methoxy-phosphinine-2(1H)-
thione (1c), which possesses aπ f π* excitation at 441 nm
(2.81 eV). This strong bathochromic effect results from the
largerπ-system of pyridine in combination with the influence
of the phosphothiohydroxamic acid group.

According to our last goal (strong absorption at about 350
nm), only 5 of the 18 molecules were selected for a more
accurate treatment (1b, 3a, 4c, 5c, 6a). Alkoxyl radical
precursors are mostly applied in polar solvents. To estimate the
influence of a polar solvent on the excitation energies of the
visible π f π* excitation, the COSMO approach (ε ) 78) was
applied in the framework of TD-DFT (Table 2). These calcula-
tions showed shifts of only 5-10 nm, which lies within the
error bars of the theoretical approach. For thiazolethione
precursor systems, the predicted small influence is in line with
experimental data.16,17 In contrast, for pyridinethione1a, the
computations show a strong blue-shift (-31 nm), but experi-

TABLE 1: TD-B3LYP Spectroscopic Data of the π f π* Excitations of the 18 Molecules Calculated within the Scope of the
Screening

thione (a) ketone (b) phosphoethione (c)

heterocycle eV nm fa eV nm fa eV nm fa

pyridine (1) 3.33 373 0.0512 4.21 294 0.0992 2.81 441 0.0818
thiazole (2) 4.16 298 0.1336 5.18 239 0.0673 3.08 403 0.0558
pyrrole (3) 4.07 305 0.1834 4.82 257 0.0723 3.20 387 0.0215
imidazole (4) 4.90 253 0.1998 5.23 237 0.0327 3.47 358 0.1177
oxazole (5) 4.77 260 0.1813 5.76 215 0.1117 3.57 347 0.0816
phosphazole (6) 3.77 329 0.1387 4.43 280 0.0535 3.18 390 0.0243

a Oscillator strength [arbitrary units].
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mental data to support these predictions seems not to be
available. For the nf π* transition, the influence of a polar
solvent is predicted to be much larger (Table 2). However, these
transition are less important due to their vanishing oscillator
strengths.

To get more accurate information about theπ f π* excitation
energy, the first three excited states of the selected molecules
were recalculated employing the 12/12 CASPT2/cc-pVTZ//RI-
MP2/cc-pVTZ level of theory. The values for the photochemi-
cally importantπ f π* transitions are summarized in Table 3.
The data for all calculated transitions are given in the Supporting
Information.

The vertical excitation energies predicted by the CASPT2
approach agree nicely with the maxima of the measured
absorption band (deviation 10-20 nm, see Table 3). A
comparison of theπ f π* excitation energies from Table 3
(CASPT2) with their corresponding values in Table 3 (TD-DFT/
B3LYP) illustrates the uncertainties of TD-DFT methods. For
most systems, the TD-DFT values agree nicely (1a, 5c; ∆E <
0.1 eV) or acceptably (1b, 2a, 3a, 6a; ∆E < 0.25 eV) with the
more reliable CASPT2 methods, but for theP-methoxy-(1,3)-
dihydro-[1,3]azaphosphole-2-thione (4c), TD-B3LYP overes-
timates theπ f π* excitation energy by nearly 0.5 eV (-56
nm). For4c, CASPT2 predicts an excitation wavelength of 414
nm (3.00 eV), which lies already well below the desired range.
This compound could be of interest for biological studies with
living cells because it absorbs in the visible region. However
as will been shown for5c, a photolytic N,O fragmentation
cannot be expected. Therefore its photolytic fragmentation
process was not studied.

Evaluation of the Thermal and Photolytic N,O Bond
Dissociation Paths to Gain Insight into the Chemical
Behavior of the Resulting Fragments.The reactivity of the
radicals set free by the photolytic dissociation is determinded

from their inherent reactivity and the excess energy which
remains deposited in both fragments resulting from the pho-
tolytic dissociation process. The maximal excess energy is given
as the difference between theπ f π* excitation energy and
the dissociation energy of the ground state. The former gives
the energy that is deposited in the molecule to initiate the
homolytic N,O fragmentation, whereas the latter determines the
energy position of the fragments with respect to the starting
point of the process. The real remaining excess energy is much
smaller than the maximal excess energy because energy dis-
sipates to the solvent.21 Assuming that the rates of the dissipation
are very similar for the molecules under consideration, differ-
ences in the real excess energy of the radical fragments only
depend on the maximal excess energies and the time needed
for the fragmentation process. In our previous work,18 this simple
model was indeed able to explain the differences in the reactivity
of the alkoxyl radicals obtained from a photolytic fragmentation
of N-methoxypyridine-2(1H)thione (1a) andN-methoxythiazole-
2(3H)thione (2a).

The maximal excess energies and estimates about the time
scales for the respective photolytic N,O homolyses of1a and
2a were obtained from the shapes of the computed S0//S0, S1//
T1, S2//T1, and T1//T1 potential curves given in Figure 2. The
maximal excess energy of1a (Figure 2 left-hand side, Table 4)
is 147 kJ mol-1, whereas 226 kJ mol-1 was computed for2a
(Figure 2 right-hand side, Table 4). The shapes of the potential
curves also show that, for2a, the photolytic fragmentation can
occur via a perfect slide reaching from the starting point (vertical
π f π* excitation) to the end point. Therefore, the time needed
for the process can be expected to be small. For1a, much more
time is needed because no direct connection exists. The higher
maximal excess energy and the faster photolytic fragmentation
process, leading to a smaller amount of energy dissipation to
the solvent, nicely explains the much higher reactivity of the
fragments of2a in comparison to those of1a.

In addition to this estimate, in the present study, we also
investigate the intrinsic chemical reactivity of the resulting
radical fragments. Such information is obtained by computing
the reaction energies∆E (E products- Eeducts) of the isodesmic
hydrogen abstaction reaction shown in eq 1. The investigated
C,H bond in isobutane has a bonding energy of 380 kJ mol-1.50

The two positive reaction energies of 44 kJ mol-1 (1a) and 56
kJ mol-1 (2a) indicate that the heterocyclic radical fragments
resulting from the photochemical dissociation process of1a or
2a are not able to abstract the indicated hydrogen of isobutane
and that1a leads to the slightly more reactive heterocyclic
radical fragment than2a. This shows that the inherent reactivity
of the fragments does not explain the experimentally found
differences. Additionally, by comparing the small difference in
the reaction energies of the isodesmic reactions with the large
difference in the estimated maximal excess energies, it is clear
that the latter will still be mainly responsible for the differences
in the chemical behavior of the fragments. This holds even if
the difference is largely dimished by quenching processes. The
reaction energy for the isodesmic reaction (eq 1) of isobutane
with the resulting methoxyl radical (CH3O‚) is about-28 kJ
mol-1, underlining its stronger reactivity in comparison to the
heterocyclic radical fragments.

The experimental data known for theN-alkoxypyridine-
2(1H)ones28-30 opens the possibility to test if our model also
holds for a wider range of molecules. The potential curves of
N-methoxypyridine-2(1H)one (1b) are summarized in Figure
3. In contrast to1a and2a, for 1b, the S1 state is expected to
be populated by an irradiation of the molecule with UV/vis light.

TABLE 2: Comparison of the TD-B3LYP Spectroscopic
Data of the Most Promising Moleclules in Gas Phase and in
Solventsa

n f π* π f π*

molecule gas phaseε ) 78b ∆ gas phase ε ) 78b ∆

1a 448 388 -60 372 342 -31
2a 356 334 -32 298 291 -7
3a 401 363 -38 305 299 -6
6a 440 402 -38 329 319 -10
1bc 294 283 -11
4c 496 458 -38 358 365 7
5c 501 466 -35 347 355 8

a All values are in nm.b The COSMO model implemented in the
TURBOMOLE was used.c Because the first electronic excitation is
already theπ f π* transition, no values for the nf π* transition are
given.

TABLE 3: Summary of the 12/12 CASPT2/cc-pVTZ//
RI-MP2/cc-pVTZ π f π* Excitation Energies of the Most
Promising Molecules

molecule eV nm
experimental

valuea

pyridinethione (1a)b 3.25 381 359c 17

thiazolethione (2a)b 3.99 310 32017

pyrrolethione (3a) 3.79 327 -
phosphazolethione (6a) 3.57 348 -
pyridineone (1b) 4.00 310 29653

azaphospholethione (4c) 3.00 414 -
oxaphospholethione (5c) 3.52 352 -
a Experimental absorption maxima of already measured molecules

are also shown.b The values for1a and2a are given for comparison.
c Maximum of the band.
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From the dissociation energy of the ground state and the vertical
S0 f S1 transition, a maximal excess energy of 174 kJ mol-1

is obtained, which falls between the values obtained for1a and
2a. On the way to the N,O fragmentation along the S1 curve,
molecule1b will be trapped in a quite-deep minimum (the depth
with respect to the dissociation is about 0.4 eV) from which it
can cross (via spin-orbit coupling) to the triplet surface. Despite
the small spin-orbit coupling expected for first row elements,
the transfer should be efficient because both states come close
in energy. From the T1 state, it easily fragments into the desired
radicals because the T1 state is repulsive in that region.
Nevertheless, due to the time needed for the singlet triplet
transfer, a large amount of excess energy should dissipate to
the solvent. Summarizing, the curves shown in Figure 3 predict
that 1b is a clean photochemical source of alkoxyl radicals,
which is indeed found experimentally.28-30 The isodesmic
reaction indicates that the resulting pyridyl-2-onyl radicals (∆E
) -6.6 kJ mol-1) are considerably more reactive than the
pyridyl-2-thionyl radical (∆E ) 44.4 kJ mol-1), which results
from the fragmentation of1a. However, as we already pointed
out, this should be less important than the remaining excess
energy.

To obtain similar information for the new promissing systems
(3a, 6a, 5c) the N,O dissociation paths (P,O in the case of5c)
were analyzed to compute the maximal excess energies of the
radical fragments and to obtain information about a possible
dissipation of this excess energy. The obtained data are
summarized in Table 4, which also contains the highest of
possible barriers in the S2 state and the reaction energies of the
calculated isodesmic reactions with isobutane. The correspond-
ing potential curves are given in Figures 4-6. In these figures,
the lines connect those eigenvalues of the hamilton matrix that
possess similar electronic characters (approximated diabatic
representation). The symbols themselves indicate the energy
order of the eigenvalues (adiabatic approximation). This was
made to pronounce possible avoided crossings. The CASPT2
method was employed throughout.

The N,O dissociation paths ofN-methoxy-(1,3)dihydro-
pyrrole-2-thione (3a) for the S0//S0, T1//T1, S1//T1, and the S2//
T1 states are shown in Figure 4.3a has a thermal N,O
dissociation energy of 178 kJ mol-1. The photochemical process
is most probably initiated by an excitation into the S2 state
because only the S0 f S2 transition exhibits a significant
oscillator strength (Table 1, Supporting Information). From the
difference of the dissociation energy (178 kJ mol-1; 1,84 eV)
and the vertical excitation energy (3.79 eV), a maximal excess
energy of 188 kJ mol-1 is computed for the released radicals

in their electronic ground states. This is slightly higher than
the corresponding value of1a but considerably lower than for
2a.

The S2 state possesses only a very small barrier (<5 kJ mol-1)
toward the N,O fragmentation so it can be expected that the
N,O bond dissociation takes place after the excitation process.
Similar to 2a, the fragmentation will lead to the radical
fragments in their ground states (pyrryl-2-sulfanyl radical,
methoxyl radical in its degenerated2E state) because at a N,O
distance of 2.5 Å, the S2 state crosses with the S1 state. Due to
the fast process, only a smaller amount of excess energy should
dissipate to the solvent, i.e., the reactivity of the resulting
fragments is expected to lie between1aand2a. Only if a direct
fragmentation from the S2 will not occur much of the maximal
excess energy can dissipate because a de-excitation to the S1

followed by the fragmentation from the S1 involves a barrier
or a further decay to the T1 state. Both processes occur on a
longer time scale and allow a dissipation of excess energy. The
reaction energy∆E for the isodesmic reaction of the pyrryl-2-
sulfanyl radical with isobutane is 24.1 kJ mol-1, i.e., it possesses
a higher intrisic chemical reactivity than the heterocyclic radical
fragments of1a and2a.

The thermal and photochemical paths for the homolytic N,O
bond cleavage ofN-methoxy-(1,3)dihydro-[1,3]azaphosphole-
2-thione (6a) are depicted in Figure 5. The maximal excess
energy of the fragments is 162 kJ mol-1, which is only slightly
higher than the value computed for1a (147 kJ mol-1). A direct
fragmentation out of the S2 is hindered by barriers and also the
S1 curve is not repulsive. Therefore, it can be expected that the
excess energy will be dissipated to some extend regardless if
the fragmentation occurs directly from the S2 or from the S1
state. The isodesmic reaction (eq 1) of the heterocyclic [1,3]-
azaphosphyl-2-sulfanyl radical fragment gives a∆E value of
22.3 kJ mol-1, showing that it is more reactive than the fragment
of 1a. However, taking into account that the maximal excess
energy of the photolytic fragmentation and its dissipation is the
dominant effect, the radical fragments resulting from a N,O
cleavage of6a are expected to be only slightly more reactive
than those obtained from1a due to the higher maximal excess
energy and a higher intrinsic reactivity.

The phosphazole (6) heterocycle possess tautomeric forms
(eq 2), which have to be taken in account.

TABLE 4: Summary of the Data for the Description of the Photolytical Radical Liberation Process and the Chemical Behavior
of the Radical Fragmentsa

excitation
energya

dissociation
energyb

maximal excess
energyc

barrier for
the dissociationd

isodesmic
reactione

molecule eV nm eV kJ mol-1 eV kJ mol-1 eV kJ mol-1 ∆E kJ mol-1

pyridinethione (1a) 3.25 381 1.73 166.8 1.52 146.6 0.11 10.6 44.4
thiazolethione (2a) 3.99 310 1.65 159.1 2.34 225.7 56.1
pyrrolthione (3a) 3.79 327 1.84 177.4 1.95 188.1 < 0.05 < 5.0 24.1
phosphazolethione (6a) 3.57 348 1.89 182.3 1.68 162.0 0.10 9.6 22.3
pyridineone (1b) 4.00 310 2.20 212.2 1.80 173.6 0.21 20.2 -6.6
oxaphospholethione (5c) 3.52 352 2.80 270.0 0.72 69.4 no dissociation

a The verticalπ f π* excitation energies calculated on the 12/12 CASPT2/cc-pVTZ//RI-MP2/cc-pVTZ level of theory.b The S0 dissociation
energies computed on the 16/12 CASPT2/cc-pVTZ//RI-MP2/cc-pVTZ level of theory.48 c The difference between the initial verticalπ f π*
excitation energy (starting point of the fragmentation process) and the dissociation energy of the S0 state.48 d The highest barrier toward the N,O
bond homolysis in the photochemical active state (the S1 state in the case of (1b), the S2 state for the other systems).e ∆E (Eproducts- Eeducts) values
for the isodesmic hydrogen abstraction reaction shown in eq 1. The value for the methoxylradical is∆E ) -27.9 kJ mol-1.
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The energy difference between the two tautomeric forms was
calculated on different levels of theory. All approaches predict
the thiol form of6a (taut-6a) to be lower in energy than the
thione form (Table 5). A polar environment seems to lessen
the energy differences, but even in water (ε ) 78), only traces
of the thione form will exist. Excitation energies, oscillator
strengths, and characterizations of the five lowest lying vertical
excitations of the thiole formtaut-6a are summarized in Table
6. As expected, the spectrum does not resemble the one of the
thione form. The lowest excitation lies at about 280 nm, i.e.,
much higher than the desired range.

Therefore, the phosphor has to be methylated (meth-6a) to
yield the desired properties. To investigate to what extent a
methylation of the phosphor center of6a influences the energy
position of the electronically excited states, we computed the
five lowest excitation energies ofN-methoxy-3-methylazaphos-
phole-2-thione (meth-6a) (Table 7). As expected, the spectra
of 6a and meth-6a are very similar. Theπ f π* excitation,
which remains the most intensive band, is red-shifted by only
5 nm. With the utmost probability, the N,O fragmentation paths
of 6a and meth-6a will also be very similar. Therefore, the
calculation of the ones ofmeth-6a was omitted.

In the case of theP-methoxy-(1,3)dihydro-[1,3]oxaphosphole-
2-thione5c, the bond breaking process involves the P,O bond.

As expected, the potential curves of the homolytic P,O cleavage
in the various states (Figure 6) possess completely different
shapes than those obtained for the other compounds. Figure 6
clearly indicates that neither a population of the S1 nor of the
S2 state will lead to a cleavage of the P,O bond. Consequently,
a fragmentation to an alkoxyl and an oxaphosphyle radical
cannot be expected. We assume that the potential curves of4c
that possessed a very low S0 f S2 excitation energy are very
similar to those of5c. Therefore, also,4c cannot be expected
to be an efficient alkoxyl radical precursor.

Conclusion

The present work performs a computer-aided design of new
alkoxyl radical precursors. Combining the advantages of
N-alkoxypyridine-2(1H)thiones andN-alkoxythiazole-2(3H)-
thiones the radical formation should be initiated by an irradiation
with light at about 350 nm, and the amount of side products
during the radical formation process should be small even in
the absence of radical trapping reagents. To predict the properties
of new test candidates, a protocol was employed which was
already successful in rationalizing the differences between the
properties ofN-methoxypyridine-2(1H)thione (1a) andN-meth-
oxythiazole-2(3H)thione (2a).18 The protocol was tested on
N-methoxypyridine-2(1H)one1b, who’s properties are already
known experimentally. This test supports that our model indeed
captures the most important effects.

Eighteen test candidates were obtained by a systematic
variation of the parent compound of the thiazolethione precursor.
Possible effects of substituents were not taken into account to
leave space for further fine-tuning. The influence of a polar
solvent was also tested but turned out to be less important for
the vissibleπ f π* excitation of the interesting molecules. From
the 18 test molecules, the methylated formmeth-6aof N-meth-
oxy-(1,3)dihydro-[1,3]azaphosphole-2-thione (6a) andN-meth-
oxy-(1,3)dihydro-pyrrole-2-thione (3a) seem to be the most
promising candidates. Formeth-6a, the computations predict a
strong absorption at about 350 nm, leading to alkoxyl radicals
that should yield only a small amount of side products during
their formation process. The S0 f S2 transition ofN-methoxy-
(1,3)dihydro-pyrrole-2-thione (3a) lies at about 330 nm, and
the released radicals should be only slightly more reactive than
those obtained from1b, which is known as a clean photochemi-
cal source of alkoxyl radicals.
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Supporting Information Available: Cartesian coordinates
of all RI-BLYP/SVP optimized molecules within in the scope
of the screening. Characterization of the TD-DFT B3LYP/TZVP
excited states within the scope of the screening. RIMP2/cc-
pVTZ geometries (Cartesian coordinates), CASSCF and CASPT2
energies of the ground state and the first three singlet excited

TABLE 5: Energy Differences (kJ mol-1) between Both
Tautomeric Forms of 6a (eq 2) Calculated with Different
Methodes

method ∆(taut-6a - 6a)

B3LYP/TZVP//RI-BLYP/SVP -10.9
RI-MP2/cc-pVTZ -24.4
RICC2/cc-pVTZ//RIMP2/cc-pVTZ -19.5
B3LYP/TZVP/ε)30//RI-BLYP/SVP/ε)30 -7.1
B3LYP/TZVP/ε)78//RI-BLYP/SVP/ε)78 -6.9

TABLE 6: TD-B3LYP Data for the Electronic Spectra of
the Tautomeric Form of 6a (taut-6a)

eV nm fa contributing orbitalsb

4.36 284 1.54× 10-2 38 f 40 68.2
38 f 39 29.4

4.80 259 1.30× 10-1 38 f 39 56.8
38 f 40 29.3

4.92 252 1.77× 10-2 38 f 41 46.6
38 f 42 44.4

5.19 239 1.78× 10-2 37 f 39 35.3
38 f 42 31.1
38 f 41 29.0

5.63 220 1.69× 10-2 37 f 40 76.0
37 f 39 12.5

a Oscillator strength [arb. units].b The orbital transitions contributing
to the calculated electronic excitation. Contributions with a weight
below 10% are not shown. A characterization of the orbitals in terms
of n, π, andπ* was not done because the orbitals possess a completely
different character here than in compound6a.

TABLE 7: TD-B3LYP Data for the Electronic Spectra of the Methylated Molecule (meth-6a) and 6a

meth-6a 6a

eV nm fa contibuting orbitalsb eV nm fa contibuting orbitalsb

2.82 439 4.59× 10-4 n f π* 80.7 2.82 440 4.93× 10-4 n f π* 90.1
3.71 334 1.40× 10-1 π f π* 78.4 3.77 329 1.39× 10-1 π* f π* 86.8
4.81 258 2.51× 10-3 n f LUMO+1 84.9 4.79 259 1.10× 10-2 n f LUMO+1 93.8
4.99 248 2.88× 10-2 π f LUMO+1 70.3 4.85 255 4.78× 10-4 π f LUMO+1 86.0
4.72 263 2.64× 10-2 HOMO-2 f π* 72.0 5.01 247 1.26× 10-2 n f LUMO+2 79.5

a Oscillator strength [arb. units].b The orbital transitions contributing to the calculated electronic excitation. Contributions with a weight below
10% are not shown.
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states of the most promising systems. B3LYP/SVP geometries
(Cartesian coordinates), and CASPT2 energies of the S0//S0, T1//
T1, S1//T1, and the S2//T1 states calculated for the description
of the dissociation processes. Geometries and energies fortaut-
6a and meth-6a. B3LYP/TZVP//RI-BLYP/SVP geometries
and energies for the isodesmic reactions. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Adam, W.; Hartung, J.; Okamoto, H.; Saha-Mo¨ller, C. R.; Špehar,
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