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Time-resolved spectroscopic experiments, assisted with DFT calcula-
tions, were employed to study the photochemical reaction mechanism
of (4-oxo-3-phenyl-4H-thiochromen-2-yl) methoxycarbonyl-caged
ethanol (TC) and (1,1-dioxido-4-oxo-3-phenyl-4H-thiochromen-2-yl)
methoxy carbonyl-caged ethanol (TS-PPG) in different solvents. TC
went through an intersystem crossing to form the triplet state with
n—n* character in acetonitrile (MeCN) and protic solvents. While the
n—n* triplet state was generated for TS-PPG in MeCN, which further
underwent Paterno—-Biichi reaction to give a biradical intermediate.
Then, the C-O bond was cleaved, followed by deprotonation. Besides
the similar deprotection route in MeCN, another reaction pathway
existed in protic solvents, where the C—O bond heterolysis took place
via the singlet excited state. The unambiguous mechanism would not
only guide the efficient application of TS-PPG, but also help develop
more excellent PPGs based on the thiochromone framework.

Photolabile protecting groups (PPGs) have found increasing
applications due to the advantage of non-invasive spatiotemporal
photodeprotection reaction through irradiation under mild
conditions.”™ Various PPGs, such as o-nitrobenzyl,* phenacyl,”
and coumarin-4-yl-methyl,® have been developed to be applied in
organic synthesis, biochemistry, and diverse areas.””™ Still, some
shortcomings were found in these PPG applications."*™*

The chromone derivatives draw increasing attention due to
their special photochemical properties arising from the expanding
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conjugated system over the bicyclic skeleton.'*'*> Thiochromone
and the oxidized counterpart thiochromone S,S-dioxide were tried
as new PPG platforms to protect ethanol (such as TC and TS-PPG).
After light irradiation, photodeprotection is only achieved for
TS-PPG (Scheme 1).*°

Thiochromone S,S-dioxide derivatives were selected as a
new PPG platform to protect carboxylic acids, phosphates and
ketones."””>" A possible photodeprotection reaction mecha-
nism was proposed (Scheme S1, ESIt).>* Upon excitation, TS-
PPG was excited to the singlet state, followed by intersystem
crossing (ISC) to the triplet state. Then, a Paterno-Biichi
cyclization reaction occurred to generate an oxetane intermediate.
Thereafter, the protected ethanol was released. However, due to
the lack of spectra information of the transient species, some
questions were still unclear. Firstly, how does the oxidation state
of the sulfur atom influence the photochemical properties of
thiochromone derivatives? Secondly, what is the detailed photo-
deprotection route for TS-PPG and the influence of the solvent
effect? Previous studies unravelled that stepwise and concerted
photodeprotection pathways could be possible depending on the
solvent property, as well as the distance between the caged group
(X) and the labile proton to be removed. For instance, in aprotic
solvent MeCN, benzoin PPG, with a shorter distance between the
X and the proton, underwent photodeprotection by a concerted
HX elimination pathway.*®> While 1,4-benzoquinone PPG, with
a relatively far distance between X and the proton, underwent a
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Scheme 1 The photochemical reactions of TC and TS-PPG under
irradiation.
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stepwise photodeprotection.”* In protic aqueous solution, anthra-
quinone PPGs complete the deprotection by transferring the
proton to X with the assistance of solvent molecules, even with
the long distance between proton and X.>**¢

Here, TC and TS-PPG, which recover to reactant and release
the ethanol under irradiation, respectively, were selected as
model compounds to investigate the photochemical reaction
mechanisms of thiochromone derivatives. Femtosecond transient
absorption (fs-TA), nanosecond transient absorption (ns-TA) and
nanosecond transient resonance Raman (ns-TR*) spectroscopies
were performed to detect the electronic and vibrational spectra of
the transient and intermediates produced after photoexcitation.
DFT computations were conducted to assist the identification of
possible intermediates involved in the photochemical reactions
and help to understand the proposed reaction mechanism.

The fs-TA experiments of TC were performed in MeCN
(Fig. 1a-c), MeOH, and MeCN-H,O (Fig. S1 and S2, ESIY),
respectively, and similar results were obtained. The spectra in
MeCN were selected to illustrate the photochemical reaction
mechanism of TC, and were characterized with three periods.
Firstly, a negative signal at 345 nm was seen immediately and two
absorption bands appeared at 365 and 405 nm upon photoexcita-
tion. The 365 nm band increased accompanying the rise of the
500-700 nm broad band, while the 405 nm signal disappeared
gradually. Subsequently, the 500-700 nm signal decayed with the
growth of a new band at 445 nm (2.57-11.7 ps). Finally, the
absorption bands at 365 and 445 nm decayed simultaneously.

The negative signal at 345 nm was due to the ground state
bleaching of TC (see the UV-vis spectrum in Fig. S3, ESIt). The
pump laser in fs-TA excited TC to its higher excited singlet state
(405 nm, denoted as TC(S,,) hereafter), and the change in Fig. 1a
was attributed to the internal conversion to its lowest excited
singlet state (365 nm, denoted as TC(S;) hereafter). Then,
TC(S,) converted into another species showing up at 445 nm
(Fig. 1b), and a rise time of 4.1 ps was determined from the
fitting at 450 nm (Fig. S4, ESIt), which was similar to the ISC
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Fig.1 (a—c) The fs-TA results of TC in MeCN (lex = 266 nm); (d)
comparison of the fs-TA spectrum of TC in MeCN recorded at 11.7 ps
with the calculated UV-vis spectra of TC(T). (TD-®B97X-D/6-311G**
(MeCN) with a scale factor of 1.00 and a half-width of 2000 cm™).
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rate constant of aromatic ketones.?”’*® Thus, the 445 nm signal
could be ascribed to the triplet TC (denoted as TC(T)). The
simulated electronic spectrum of TC(T) agreed well with the
fs-TA spectrum of TC recorded at 11.7 ps in MeCN, which
supported the above assignment (Fig. 1d). The information of
key intermediates in photochemical reaction of TC was sum-
marized in Table S1 (ESIT).

The photochemical reaction experiments of TS-PPG were
conducted in MeCN, MeOH and MeCN-H,O solutions (Fig. S5
and S6, ESIT), respectively. With the evolution of irradiation
time, the absorbance at 350 nm increased gradually, which was
the typical signal of the photodeprotection byproduct.'® The
350 nm absorbance was more intense and the photolysis times
were shorter in MeOH and MeCN-H,0 compared to that
in MeCN, suggesting the more efficient photodeprotection of
TS-PPG in protic solvent systems.

fs-TA of TS-PPG was tested in MeCN (Fig. 2a-c). There were
three consecutive spectral changes during the timescale of
fs-TA measurement. After irradiation, two bands at 360 and
575 nm rose gradually within 983 fs. Then, the features at
360 and 575 nm decayed with the generation of a new profile at
405 nm. Finally, the profile at 405 nm decayed and blue-shifted
to 400 nm.

For the ns-TA spectra of TS-PPG in MeCN (Fig. 2d), the
negative signals at 280 and 450 nm were attributed to the
ground state bleaching of the substrate (see the UV-vis spectrum
in Fig. S5, ESIf) and stimulated emission signal of the photo-
deprotection product, respectively.”® This result indicated that
photodeprotection of TS-PPG completed within 10 ns considering
the instrument response time of the ns-TA setup. Besides, ns-TR?
was performed for TS-PPG in MeOH (Fig. S7, ESIt). Dominant
Raman peaks appeared at 1271, 1638, 1661 and 1710 cm ™, and
resembled the calculated Raman spectrum of the photodeprotec-
tion product (Fig. S7, ESIt), which further proves the accomplish-
ment of photodeprotection within 10 ns.

The increase of the 360 and 575 nm signals may be attributed
to the ISC process from the excited singlet state of TS-PPG
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Fig. 2 (a—c) fs-TA and (d) ns-TA spectra of TS-PPG in MeCN (e =
266 nm).
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(denoted as TS-PPG(S,;) hereafter) to the triplet state (denoted as
TS-PPG(T) hereafter) due to the similar profile with the reported
triplet state spectra of isoflavone derivatives, having a similar
molecular chemical skeleton.?® Besides, the calculated UV-vis
spectrum of TS-PPG(T) was similar to the fs-TA spectrum of
TS-PPG obtained at 983 fs in MeCN (Fig. S8, ESIT). The ISC rate
of TS-PPG (<1 ps) was obviously faster than that of TC (4.1 ps).
According to the previous reports, when the sulfur atom was
oxidized to sulfone, the singlet-triplet energy difference
decreases and the spin-orbit coupling value increases, which
resulted in the augmentation of the ISC rate.*°

The growth of the 405 nm signal could be ascribed to the
generation of the reactive intermediate relating with the photo-
deprotection process. We tried to optimize the oxetane inter-
mediate by DFT computation, as proposed in Scheme S1
(ESIT), while the minimum point was not located. Based on the
reported work on Paterno-Biichi reaction, a biradical intermediate
(IM1) was possibly produced from TS-PPG(T).*’ IM1 may be
depopulated via two different reaction routes, namely a con-
certed elimination of the protective group and the proton to be
leaving, or a stepwise manner by cleavage of the protective
group generating the cation intermediate, followed by depro-
tonation. As discussed earlier, due to the aprotic solvent and
the long distance between the protective group and the proton,
IM1 was inclined to undergo a stepwise deprotection reaction
in MeCN. That is, IM1 underwent C-O bond heterolysis to
produce the cation species (IM2), and then the deprotonation
reaction took place. TD-DFT calculations were performed to
simulate the spectra of IM1 and IM2, and the results were in
good agreement with the fs-TA recorded at 7.45 ps and 2.05 ns
of TS-PPG, respectively (Fig. S9, ESIT).

The photodeprotection reaction route of TS-PPG in MeCN was
simulated (Fig. $10, ESIt). TS-PPG(T) overcame a 1.9 kcal mol "
reaction energy barrier to generate the triplet IM1, which con-
verted to its open shell singlet state. Then open shell singlet
biradical underwent C-O bond cleavage to produce IM2 with an
8.3 kecal mol™" barrier. Finally, the photodeprotection product
was yielded.

fs-TA data of TS-PPG in MeCN were globally analyzed and
give the decay-associated difference spectra (DADS) (Fig. S11,
ESIt). The 8 ps DADS showed the positive band at 365 and
575 nm with the negative band at 405 nm, which indicated that
the TS-PPG(T) converted into IM1. The DADS of the 799 ps
component displayed positive features at 365 and 405 nm
corresponding to the process of the C-O bond cleavage reaction
of IM1. The infinite (out of the instrument detection) DADS
exhibited the decay of IM2. The absorption and kinetics of key
intermediates in the photochemical reaction of TS-PPG are
given in Table S2 (ESIT). With the combination of experimental
and calculated results, the photodeprotection reaction mecha-
nism of TS-PPG in MeCN is proposed in Scheme 2.

To explain the absent detection of photodeprotection for TC,
the spin distributions of TC(T) and TS-PPG(T) were calculated
(Fig. S12, ESIt). It is suggested that the electronic state of TS-
PPG(T) exhibited n-n* character with the spin distribution
mainly locating on the carbonyl group, while the electronic
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Scheme 2 Proposed photochemical reaction mechanism of TS-PPG in

MeCN.

state of TC(T) was the m-n* state. When the m-electron density
increased, the triplet state became more favorable to the n-n*
character. Therefore, TC(T) turned into m-n* electronic character,
because the lone pair electrons on the sulfur atom could conjugate
with the bicyclic skeleton.> Based on the previous study, the
excited carbonyl compounds with n-n* character were required
to undergo Paterno-Biichi with an alkene. And the low Paterno-
Biichi efficiency of TC caused the failure of photodeprotection.®?
The cyclization reaction of TC(T) was also simulated, and the
remarkably higher barrier (15.8 kcal mol ") supported the above
suggestion (Fig. S13, ESI{).

The fs-TA of TS-PPG in MeOH (Fig. S14, ESIt) was similar to
that in MeCN-H,O0 (Fig. S15, ESIt). Along with the detection of
TS-PPG(T), a new band at 510 nm was seen within 1 ps (Fig.
S15a, ESIt) and blue shifted to 505 nm rapidly (Fig. S15b, ESIT).
Except for this signal, the position and evolution of other bands
in MeCN-H,O resembled that in MeCN. Combining with the
photochemical reaction results, the profile absorbed at 510 nm
may be related with the higher photodeprotection efficiency of
TS-PPG in protic solvents.

With the increase of the solvent polarity, the efficiency of
heterolytic cleavage reactions enhanced with the lower reaction
barrier.** For instance, the process of reaction changes from
the inefficient, solvent-independent homolysis of haloanilines
to the efficient heterolysis observed in polar protic solvents.*
And the benzoin type PPGs exhibit C-O bond heterolysis
directly from its excited state in aqueous MeCN solution, which
can compete with the cyclization reaction.>® It is therefore
reasonable to propose that along with the occurrence of the
ISC process, TS-PPG(S;) might face competition from C-O bond
heterolysis in MeOH and MeCN-H,O0.

The C-O bond distances for TS-PPG(S,) and TS-PPG(S,) in
MeCN, MeOH, and H,O are listed in Fig. S16 and S17 (ESIf).
The C-O bond of TS-PPG(S,) had no obvious change in different
solvents, except for a slight elongation when a H,O molecule was
added in the system (Fig. S16, ESIT), while for the TS-PPG(S;), the
C-O bond distances were elongated from 1.437 (MeCN) to 1.442
(MeOH) to 1.443 A (H,0), and when a H,O molecule was added
in the system, the C-O bond was further elongated (1.449 A)
(Fig. S17, ESIT). That is, the C-O bond cleavage of TS-PPG(S;)
would be favored in protic solvent systems. The same tendency
was observed for the signal of 510 nm in MeOH and MeCN-H,0,
suggesting that the 510 nm band could be attributed to the
cation intermediate (denoted as IM3(S;)) formed by C-O bond
heterolysis from TS-PPG(S,). Subsequently, IM3(S;) converted to
its ground state (denoted as IM3) through internal conversion.
The UV-vis spectra of IM3(S,) and IM3 were compared with fs-TA
of TS-PPG recorded at 979 fs and 3.61 ps in MeCN-H,O,
respectively (Fig. S18, ESIt). The reasonable resemblance further
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Scheme 3 Proposed photodeprotection mechanism of TS-PPG.

verified the above assignments. On the other hand, as suggested
by DFT calculations, for the cation intermediate produced by
heterolytic cleavage of TC(S,), the conjugation degree between
the carbon cation and the side-chain benzene ring is lower than
that in IM3 generated from TS-PPG(S,) (Fig. S19, ESIt). This
suggested that the heterolytic cleavage was not preferred for
TC(S,) as the instability of the cation intermediate, in line with
the absence of the cation signal in the transient spectra of TC
(Fig. 1 and Fig. S1 and S2, ESIt).

fs-TA data of TS-PPG in MeCN-H,O were globally analyzed
(Fig. S20, ESIT). The 7 ps DADS showed positive bands at 365, 510
and 575 nm with the negative ones at 405 and 505 nm, which
indicated that TS-PPG(T) converted into IM1 and the transforma-
tion from IM3(S,) to IM3, while the rate constant of the later process
was not obtained due to the influence of the former conversion. The
451 ps DADS component corresponded to the C-O bond cleavage
reaction of IM1, and the shorter lifetime of the conversion, com-
pared with the situation in MeCN (799 ps), was due to the solvent
effect. The infinite DADS was the decay of IM2 and IM3.

The photodeprotection mechanism of TS-PPG in protic solvents
was concluded (Scheme 3). Upon excitation, the generated TS-
PPG(S;) underwent competing reactions. One was the C-O hetero-
lysis reaction to produce excited state ion pair intermediates, which
decayed into the ground state and transformed into IM2 via
cyclization reaction. The other is that TS-PPG(S,) transformed into
TS-PPG(T), which produced IM1 via a Paterno-Biichi reaction, and
then IM1 underwent C—O bond cleavage to obtain IM2, followed
by deprotonation.

TC could not undergo photodeprotection in MeCN due to
the less efficient Paterno-Biichi reaction of the m-n* TC(T),
while TS-PPG(T) exhibited n-n* character. In polar protic
solvents, the occurrence of the photodeprotection for TS-PPG
via a heterolysis pathway is due to the stabilized cation species
for the more conjugated degree between the carbon cation and
the side-chain benzene ring, compared to the situation for TC.
The different photodeprotection mechanisms of TS-PPG in
MeCN and protic solvents would guide its efficient applica-
tions, and the development of novel PPGs.
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