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Photochemistry of a 9-Dithianyl-Pyronin Derivative: A

Cornucopia of Reaction Intermediates Lead to Common

Photoproducts

Marek Martinek,™® Jifi Vana,"” Peter Sebej,”™ Rafael Navratil,” Tomas Slanina,'

a, b]

Lucie Ludvikova,™® Jana Roithova,** and Petr Klan*®®!

Leaving groups attached to the meso-methyl position of many
common dyes, such as xanthene, BODIPY, or pyronin deriva-
tives, can be liberated upon irradiation with visible light.
However, the course of phototransformations of such photo-
activatable systems can be quite complex and the identification
of reaction intermediates or even products is often neglected.
This paper exemplifies the photochemistry of a 9-dithianyl-
pyronin derivative, which undergoes an oxidative transforma-
tion at the meso-position to give a 3,6-diamino-9H-xanthen-9-
one derivative, formic acid, and carbon monoxide as the main

Introduction

The controlled heterolytic cleavage of nonpolar covalent bonds,
such as a C—C bond, belongs among the most desired tasks in
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photoproducts. The course of this multi-photon multi-step
reaction was studied under various conditions by steady-state
and time-resolved optical spectroscopy, mass spectrometry and
NMR spectroscopy to understand the effects of solvents and
molecular oxygen on individual steps. Our analyses have
revealed the existence of many intermediates and their
interrelationships to provide a complete picture of the trans-
formation, which can bring new inputs to a rational design of
new photoactivatable pyronin or xanthene derivatives.

organic synthesis, although arduous conditions or transition-
metal catalysis are usually required to make such reactions
synthetically useful.’” The photochemical homolytic cleavage
of nonpolar covalent bonds is frequent in many primary
photoinitiated processes,” whereas the photochemical hetero-
Iytic cleavage is less common.”® Photochemical heterolysis of
some common polar bonds may require a specific conical-
intersection control to give destabilized carbocations in relation
to the stabilized excited-state surfaces.”” For example, the
specific role of conical intersections could be used for explain-
ing the “meta effect"™ or the photochemical heterolysis of
carbon-leaving group (C—LG) bonds in some photoactivatable
systems (or photoremovable protecting groups, PPGs), which
allow spatial and temporal control over the release of various
molecules of interest.”

In the past decade, several novel visible-light-absorbing
photoactivatable systems have been developed. The arguably
first non-metal-based PPG absorbing over 500 nm, (6-hydroxy-
3-ox0-3H-xanthen-9-yl)methyl group, was shown to undergo an
intramolecular C—LG bond cleavage (Scheme 1a) upon irradi-
ation with green light"” Later, several meso-methyl-BODIPY-
based PPGs (Scheme 1b) have been designed to release
LGs,""" representing synthetically accessible and thermally
stable scaffolds with structurally easily adjustable optical and
photophysical properties. Many other transition-metal-free PPG
systems have been reported to date."*'?

Irradiation of pyronin derivative 1, analogous to (6-hydroxy-
3-ox0-3H-xanthen-9-yl)methyl moiety (Scheme 1a), bearing a
dithian-2-yl group in the C9-position, with visible light (1,,=
592 nm) was reported by some of us to exhibit a rather
unexpected chemical transformation at the meso-methyl carbon
atom.”” The only observed intermediate was meso-methoxy
pyronin derivative 2, successively converted into 3,6-di(piper-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cplu.202000370
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcplu.202000370&domain=pdf&date_stamp=2020-07-30

Chemistry

to intercept one major intermediate (2, Scheme 2)% but at the
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Scheme 1. Examples of recently developed visible light absorbing photo-
activatable systems based on (a) (6-hydroxy-3-oxo-3H-xanthen-9-yl)methyl
moiety and (b) meso-methyl-BODIPY core.!*'?

OCHs

idin-1"-yl)-9H-xanthen-9-one 3 as the final isolable product
(Scheme 2). Although the mechanism of this phototransforma-
tion was not investigated in detail, it was suggested that a
photoinduced electron transfer from an electron-rich sulfur
atom to the electron-deficient pyronin core might be the first
step followed by a nucleophilic attack of methanol as a solvent
at the C9 position. Analogous photoinduced electron transfer
from the dithiane moiety to an excited photosensitizer was
demonstrated by Falvey, Kutateladze, and coworkers to be the
key step in the fragmentation of dithiane-carbonyl adducts.?'*?
The second plausible explanation of the phototransformation of
1 is the release of an alkylthiolate as a LG (nucleofuge), similar
to the reaction observed for PPGs shown in Scheme 1.

In this work, a thorough mechanistic study of the photo-
chemistry of pyronin 1 using several advanced steady-state and
transient spectroscopic and analytical techniques as well as
quantum-chemical calculations is presented. Several short-lived
intermediates were determined in the individual photochemical
steps, and the roles of oxygen and solvent molecules in the
reaction mechanism were established. Because the dithiane
scaffold is a versatile protecting group for carbonyl
compounds,”?! our study of the photochemistry of 1 can

Scheme 2. Yellow-light induced transformation of pyronin-dithiane derivative 1.
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same time, they indicated that the overall transformation is
more complicated. In this paper, we first discuss the photo-
physical properties of reactants and major products, and then
we demonstrate how optical, mass and NMR spectroscopies
were used to identify and monitor different intermediates
formed during the reaction. Finally, all data together with
density functional theory (DFT) computations are used to
unravel the reaction mechanisms.

Major Photoproducts

The photochemistry (4,,=592 nm, Figure S55 in the Supporting
Information) of 1 in methanol leads to the final major product,
3,6-diamino-9H-xanthen-9-one derivative 3 (>80% chemical
yield, Scheme2), which can be isolated.”® The reaction
proceeds further under exhaustive irradiation by white LEDs
(3x100 W, Figure S58) resulting in the decomposition of
molecule 3. '"H NMR analyses performed in this work revealed
that the formation of 3 is accompanied by the formation of
methyl formate (4, a signal at d =8.1 ppm; Figures S60 and S63)
as a co-product in up to ~60% chemical yield. The reaction was
carried out in methanol, therefore, the initially formed com-
pound could either be methyl formate or formic acid that reacts
with methanol. Indeed, esterification takes place readily upon
the addition of formic acid in methanol under identical
conditions (Figure S76), however, it was impossible to prove or
refute the intermediacy of formic acid due to overall low
concentrations of intermediates during the irradiation experi-
ments (typically c(1) ~107° moldm™). We also searched for
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gaseous photoproducts using GC-MS headspace analysis, and
we observed carbon monoxide (CO) evolution (~9% yield; CO
was also identified by IR gas-phase spectroscopy and a
reduction gas analyzer detector®?”), Experiments performed in
CH;0H/D,"®0 (99:1, v/v) revealed that the '®0 isotope is
incorporated into C'®0, suggesting that it occurred before the
decarbonylation step took place.

Photophysical Properties of Compounds 1and 3

Compound 1 exhibits a strong absorption at 4,,,,(abs) =585 nm
(Emax=62000 mol'dm*cm™) and 590 nm in methanol and
water, respectively, and a relatively strong emission at 4,,,,(em)
=608 nm (D= (14.7 +0.1)%;** 7= (1.3540.02) ns) in methanol
(Figure S22). The excitation spectra match the absorption
spectra. The absorption spectrum of compound 1 in an
aqueous solution (c>1x107°> moldm~3) showing an additional
band at 547 nm (Figure S23) suggests that the chromophore
aggregates®®® due to its hydrophobic and relatively rigid
structure. No aggregates were observed upon the addition of
10% of an organic co-solvent such as DMSO. The main product
3 (Scheme 2) features a major absorption band at A,,.(abs)=
382 nm (£,,,=33900 mol'dm*cm™") and a strong emission
band at 4,,,,(em)=448 nm in methanol.”® Compound 3 is not
soluble in water even in the concentration range commonly
used for absorption spectroscopy measurements (10°-
10~* moldm); the addition of water to methanol solutions of
3 leads to its precipitation.

Effects of Dioxygen

The major deactivation pathways of singlet-excited xanthene
and pyronin dyes are fluorescence and radiationless decays.””
Only derivatives bearing heavy atoms, such as rose bengal,
undergo efficient intersystem crossing.?'?*? We performed a
series of experiments in the presence of various triplet
quenchers and sensitizers to determine the multiplicity of the
productive excited state of 1, that is, the species responsible for
its initial photochemical step. The photodegradation efficiency
of 1 in methanol was found to be dependent on the
concentration of oxygen, which may act both as a triplet
quencher and as an oxidant. Upon irradiation at A, =592 nm,
the observed rate of disappearance of 1, monitored by
absorption spectroscopy, increased three-fold in a deoxygen-
ated solution (3 freeze-pump-thaw cycles; Coygen<<5.1X
10" moldm™) when compared to that found for an aerated
solution (Table S1 in the Supporting Information), which implies
that oxygen acts as a triplet state quencher. Because the
reaction was not quenched completely even in samples purged
with oxygen, we concluded that the lifetime of the productive
triplet state was too short to compete with a bimolecular triplet
energy transfer’” or other alternative reaction pathways are
available. To further verify the triplet-state origin of the major
reaction step, a methanol solution of 1 (c=3x10"° moldm™)
and xanthen-9-one 3 (c=3x10"°moldm™), used as a triplet
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sensitizer (xanthone: @~ 1),5* was irradiated at A,.=375 nm,
the wavelength at which 3 absorbs >80% of light, resulting in
an identical mixture of photoproducts (Figure S34). In more
thoroughly degassed methanol (6 freeze-pump-thaw cycles),
the degradation of 1 was slower by 1-2 orders of magnitude
compared to that observed in aerated solutions. Besides that,
products 2 or 3 were not formed (Figure S35). This suggests
that there is at least one principal reaction step that critically
relies on the presence of oxygen, such as Typel or Il
oxygenations.?*>® We estimated that the molar amount of
residual oxygen in this sample is lower than that of the starting
material (see later for details). It was also found that the
solution acidity increased upon exhaustive irradiation (the initial
glass electrode readout of 6.5 dropped to 3.5), therefore, the
course of the reaction could also be affected by a change in pH.

Time-Resolved Experiments

Femtosecond pump-probe experiments were carried out to
characterize the major transients formed upon excitation of 1.
The transient spectra of 1 in methanol (c=5x10"*moldm)
were recorded using 100-fs steps up to a 10 ps delay after the
pump pulse (1..=280 nm). Fitting with a single exponential
decay resulted in the spectra of two species with 4,,,,=465 nm
(lifetime t=(1.140.1) ns) and 4,,.,,=425 nm (t~3 ns; Figure 1),
which were assigned to the singlet ('1%) and triplet (*1*) excited
states, respectively, because their spectral features were similar
to those of analogous singlet- and triplet-excited Si-rhodamines
or phenyl and thienyl rhodamines.*”

The signal of *1* in methanol (1, =266 nm, c(1)=1.3x
107> moldm™3) was not detected within the resolution of our
nanosecond laser flash photolysis setup (>5 ns), because the
lifetime of 31* is too short (see above). Instead, a new long-lived

0.15
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0.00
-0.05
A/ nm
'010 T T T T T
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Figure 1. Deconvoluted excited-state absorption spectra of '1* (black line)
and *1* (red line) resulting from a global analysis of the transient absorption
spectra measured at short delays (0-10 ps) after the pump pulse

(Aexe=280 nm) in methanol (c(1)=5x10"* moldm™). Note: A broad negative
band between 530 and 620 nm is the ground-state bleach of 1; the peak at
~560 nm is an artefact from the laser pulse.
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species (z in the order of ms) was observed in the range of 560-
600 nm, and it was attributed to the first, relatively long-lived
intermediate formed directly from *1*,

Detection and Assignment of Reaction Intermediates

Monitoring the 1—2—3 transformation by steady-state UV-vis
spectroscopy suggested that the reactions are not elemental
(Figure 524).% The spectra do not exhibit clear isosbestic points
even at low concentrations of 1. Thus, other intermediates were
most likely formed in low concentrations, which hampered their
immediate detection. Electrospray ionization mass spectrometry
is an ideal tool to detect such low abundant species.*>*? Hence,
we irradiated methanol, methanol/water, and acetonitrile/water
solutions of 1 and analyzed the detected ions (4,,=592 nm,
Figure 2).

The structures of all relevant ions were determined based
on their IR characteristics and other supporting methods, such
as collision-induced dissociation experiments or photofragmen-
tation pattern.**® For clarity of the following text, these
assignments, except for one example, are discussed in the
chapter “Going Deeper: The Structural Assignment of Detected
lons” in Experimental Section, and the remaining details are
provided in Supporting Information.

The detected dominant signals corresponded to inherently
charged species bearing a conjugated xanthene backbone as
those of reactant 1 (m/z465) and intermediate 2 (m/z 377).
Charge-neutral molecules, such as 3, could also be detected in
their protonated forms (i.e, 3H" at m/z363), albeit as less
intense signals. Besides, the m/z signals of several additional
intermediates were observed (Figure 3; except formate 4, see
the text above). Their abundances varied depending on the
reaction time and the type of solvent. For example, Figure 2
shows intense signals of intermediate 5 and weak signals of
compounds 6-9. Their structures were assigned based on
collision-induced dissociation (CID) experiments (Figures S7 and
$8), isotopic labeling (Figures S9, 543, and S44), and infrared
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Figure 2. A representative MS spectrum collected after 1 h of irradiation of 1
(c=10"° moldm™~3) in methanol with LEDs (4,,=592 nm, for the setup see
Figures S54 and S55).
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photodissociation spectroscopy (Figures S1-54 in the Support-
ing Information).***¢ At short photolysis times, we detected the
first low-intensity signal at m/z497 that corresponds to an
adduct of 1432 mass units. It was assigned either to an adduct
of 1 with methanol (6 or 7) or a product of oxidation of 1, such
as sulfone 8. Upon prolonged irradiation, major signals
corresponding to 2 (m/z377), 5 (m/z407), and 9H* (m/z 439)
and minor signals assigned to 10 (m/z 347) and product 3H"
(m/z 363) were found. Upon irradiation of 1 in CH;CN/H,0 (9:1,
v/v), major signals corresponding to aldehyde 11 (m/z 375) and
its hydrate 12 (m/z 393) were observed, whereas photolysis of 1
in CH;O0H/H,0 enabled the detection of intermediates 13 and
14. Many of the detected species were formed by reactions of
intermediates with methanol or water molecules, which was
confirmed by performing the reactions in isotopically labeled
solvents (see the m/z signal changes in Figure 3).

Structures of all ions were assigned based on their
fragmentation patterns and based on their vibrational spectra
(e.g., Figure 4, see also Supporting Information). We measured
infrared spectra of mass selected ions by helium tagging
photodissociation approach.”” The experimental helium tag-
ging infrared photodissociation (IRPD) spectra are usually well
compared with theoretical IR spectra of ions in the gas phase
allowing their assignment based on a comparison. One example
is shown in Figure 4 where the experimental IRPD spectrum of
ions at m/z375 matches with the theoretical spectrum of
aldehyde 11 allowing the assignment.

Having established the structures of the detected intermedi-
ates, we also investigated photofragmentation spectra of
compounds 2, 5, 11, 13, and 14 in the visible part of the
spectrum (430-700 nm).”*® Upon absorption of a photon, the
mass-selected ions in the gas phase fragment. The absorption
spectra of the mass-selected ions are determined from the yield
of this photofragmentation as a function of the photon wave-
length (Figures 5 and S2). The absorption band of isolated ion 1
was found hypsochromically shifted by ~40 nm compared to
that of 1 in a methanol solution (Figure S2), and we expected to
find similar media effects for all other investigated xanthene
derivatives. Their absorption spectra at least partly overlap with
that of 1. Because the intermediates were formed during the
course of irradiation, they could also be excited except for
intermediate 2, the spectrum of which is hypsochromically
shifted outside the wavelength range of an irradiation source.
Interestingly, the photofragmentation of 11, 13, and 14 in the
gas phase resulted in decarbonylation; for example, carboxylate
13 gives directly the final product 3, and methyl ester 14
photofragments to 2. These phototransformations are unim-
olecular processes and do not reflect solvent effects. Therefore,
they are only remotely useful for the interpretation of chemical
processes occurring in protic solvents.

Furthermore, we investigated which intermediates are
formed directly upon irradiation and which are formed in the
subsequent dark processes (Figures S42 and S43). The photo-
degradation of 1 was found to correlate with the increase in
signal intensities of methoxy intermediate 2, hemiacetal 5, and
a methanol adduct of hemiacetal 9H*. These results showed
that 9H* is likely formed from 5 because the growth of the 9H*

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 3. Species detected by electrospray ionization mass spectrometry upon irradiation of 1 in indicated solvents. The values refer to the corresponding m/z
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Figure 4. (a) Helium tagging IRPD spectrum of mass selected ion at m/z 375
measured at 3 K. (b) Theoretical infrared spectrum of 11 calculated at the
B3LYP-D3/6-311 4 G** level of theory. Theoretical vibrational frequencies
were scaled by 0.975. Gaussian broadening (FWHM of 5 cm™') was applied to
the theoretical infrared spectra for better comparison with the experimental
infrared photodissociation spectra.
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signal was always slightly delayed. The intensity of the signal at
m/z 497, tentatively assigned above to an adduct of 1 with
methanol (6 or 7) or sulfone 8, formed by the oxidation of 1,
increased only initially and then slightly decreased during the
first dark period (Figure S41). Compound 6 is most probably
metastable and should not be responsible for a persistent
signal, whereas intermediate 7 should react further upon
irradiation (see later). Therefore, possibly photochemically less
reactive sulfone 8 was assigned to the m/z 497 signal.

NMR Spectroscopy

The changes in concentrations of 1-5 and 7 upon irradiation of a
CD;0D solution of 1 in an NMR tube (containing a sealed capillary
with an internal standard) by white LEDs (3x 100 W; Figure S58)
were analyzed by 'H NMR spectroscopy to follow the reaction
kinetics and to determine the interrelationships of the detected
intermediates. The experiments were performed under argon, air,
or oxygen atmosphere to study the effects of oxygen on the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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irradiation, whereas formate 4 appeared later. The maximum
chemical yields of intermediates 2 and 5 as well as final products
3 and 4 reached 60-65% in aerated solutions, that of 7 was
~30%. The only compound the concentration of which remained
constant even upon exhaustive irradiation was 4. The chemical
yield of CO photoproduction (headspace GC/MS) was 8 %.

The initial fast formation of 3 in aerated samples (ca. 30% yield
maximum after 0.5 h; Figure 6a), attributed to direct oxidation of 1
and its dark decomposition to 3 (see later), is followed by the
subsequent slower photochemical formation of 3 to give a
maximum (~60%) yield after 70 h (see an inset of Figure 6a). In
contrast, the yields up to 50% were observed in oxygen-purged
samples (Figure 6b) after 0.5 h, however, no significant production
of 3 was detected at longer irradiation times. In the case of argon-
purged solutions (Figure 6¢), only an inefficient formation of 3
occurred, and its kinetics was similar to that of the second (slow)
process observed in oxygenated solutions.

The reaction kinetics in a solution saturated by oxygen was
apparently faster (Figure 6b, the methanol solution was purged
with oxygen, Coygen=10.2x10">moldm.* A two-fold faster
decomposition of 1 and the formation of 5 (and subsequently 2)

ChemPlusChem 2020, 85,2230-2242  www.chempluschem.org
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Figure 6. Time evolution of the integrated 'H NMR signals in irradiated
solutions of 1 in methanol-d, which were saturated with (a) air, (b) oxygen,
and (c) argon (data points are connected with straight lines for clarity). The
insets represent longer time scales.

without significantly affecting the maximum chemical yields of
both 5 and 2 (Figure 6b) may have a plausible explanation. Our
experiments suggested thattriplet-excited compound 1 is
quenched by oxygen only partially and the overall rate of the
disappearance of 1 is much faster at higher O, concentrations,
which implies that there is an alternative pathway for the
conversion of 1 into 5. The oxidation of sulfur of the dithiane
moiety may result in the formation of sulfones (see analysis of the
ions detected by ESI-MS), which could also be converted into
common intermediate 5. The synchronized formation of other
intermediates follows the same order of appearances observed in
Figure 6a. The formation of formate proceeded concomitantly
with the production of 2 and preceded the formation of 3. The
chemical yield of CO (headspace GC/MS) was 9%.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Both the degradation of 1 and the formation of 5 in solutions
of 1 purged with argon (Coeeen~5.1x107° moldm™; Figure 6¢)
were faster compared to rates observed in aerated solutions. We
hypothesized that it is related to the fact that the triplet-excited
state of 1 is not fully quenched by oxygen and that oxygen is not
required in the reaction leading to 5 (Figure 6c). The NMR signals
of 5 were weaker and methoxy derivative 2 was formed faster
than in aerated/oxygenated solutions (Figures 6a and 6b). We thus
imply that the excited state of 5 preceding the formation of 2 is
also a triplet. Lower overall maximum yields of intermediates 2
and especially 3 suggest that oxygen also acts as an oxidant
during their formation. The oxygen level in argon-purged samples
might be low enough to preclude quenching of the triplet states
but still large enough (1 equiv. at least) to oxidize the intermedi-
ates. Formate 4 was not initially formed in the absence of oxygen.
The chemical yield (headspace GC/MS) of CO was slightly higher
(13%) compared to those of aerated and oxygenated samples
(8%).

We paid a special attention to the formation of aldehyde 11
as the last identified intermediate on the pathway leading to 2,
particularly because NMR experiments did not provide any
evidence of its presence in the spectral region typical for
aldehydes. On the other hand, the formation of 11 and its
hydrate 12 was unambiguously detected by ESI-MS, particularly
in the mixture of CH;CN/H,0 (9:1, v/v; Figure S9).

Mechanism

We identified major intermediates (MS) and monitored their
concentrations (NMR) in the course the photoreaction of 1
carried out under various conditions. Our experiments sug-
gested the order of their appearances, 1—7—5(—11)—2, and
their maximum concentrations and the absence of other
(photo)products gave us the first evidence about their
interrelationships. Scheme 3 shows the proposed overall mech-
anism based on the results from all experimental and computa-
tional studies. The scheme depicts structures of intermediates
detected by our analytical methods (black), plausible short-lived
species (red), and possible but undetected intermediates (blue).

The first reaction step of triplet excited 31*°%%1 js the C—S
bond heterolytic cleavage resulting in the dithiane ring open-
ing. The formation of a carbocation intermediate followed by
the nucleophilic attack of a solvent, such as methanol, to give 7
would be a plausible pathway analogous to the reactions
observed for meso-methyl BODIPY"'""'® or xanthene'” deriva-
tives (Scheme 1). The concentration of intermediate 7 was
always found to be very low, suggesting that the photo-
chemical efficiency of its subsequent photodegradation is very
high. If undetected hemithioacetal 15 is formed in the presence
(or traces) of water instead, it must be promptly converted into
a different species, such as 5 or 9. Indeed, the hydrolysis of
hemithioacetals is known to be diffusion-controlled under acid
or base catalysis.***¥ Thiolate as conjugate base of a moder-
ately strong acid is a mediocre leaving group (although better
than alcoholates), which can be liberated, for example, from a
4-hydroxyphenacyl PPG upon irradiation.” The photochemical
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opening of 1,3-dioxolane rings attached to 4-coumarinyl® or 2-
(2-hydroxy-4-methoxyphenyl)*® cages has also been reported.
However, the former study showed that six-membered 4-
coumarinyl-1,3-dioxanes are photochemically inert because of
the inherently higher thermodynamic stability of a six-mem-
bered ring.™

The presence of oxygen in solution partially quenches the
triplet state 31*, but higher concentrations of dissolved O, lead
to dithiane oxidation. The oxidation products may undergo
further reactions or eventually give the same final product 3.
Cationic pyronin chromophores, such as 1, are known to be in
equilibrium with neutral xanthydrol 16 in the presence of
water®” (Scheme 4) or with their methoxy analogs in methanol.
Only some of them were detected by our analytical techniques
(e.g., 6,9, 17). The absorption spectra of such species are largely
hypsochromically shifted (4,,.,~460 nm),*” thus they cannot be
directly excited at the irradiation wavelength used in our
experiments. The equilibrium constant for pyronin-based (=P)
xanthydrol 16 ([POH]/[PT][OH"]) of —2.6"" suggests that their
participation in any chemical transformation is minimal. This
was evidenced in an experiment, in which the light source was
periodically turned off and on (Figure S41). The intensities of
the MS signals of major intermediates 11, 7, 5 remained
constant during the light-off phase, therefore, their trans-
formations were initiated photochemically.

In contrast, the changes in the signal intensities of
intermediates lacking the xanthene-core conjugation, such as 6,
9, and 17 (Figure S41), were found photochemically inert. The
photochemistry of 1 in methanol solution containing furfur-
ylalcohol (0.1%vol.) provided no evidence of the presence of
singlet oxygen trapping products. Therefore, we suggest that
the formation of singlet oxygen is negligible and does not
interfere with the reaction course. Cyclic thioethers readily
undergo single-electron-transfer oxidation due to their low
oxidation potential, which was utilized in the photochemical
ring-opening of 1,3-dithiane to give carbonyl compounds in the
presence of oxygen via dithianyl radical cation
intermediates.”®*? Such a radical cation undergoes either
single-electron transfer to form dithioacetal dication to trigger
the C—S bond cleavage and subsequent hydrolysis to give
ketone,®" or it can be attacked by air oxygen or superoxide
radical anion to form persulfides.*®*? Dithiane oxidation was a
significant pathway observed only in oxygen saturated solu-
tions, however, we observed no EPR signal in the irradiated
mixtures (see Supporting Information for more details), thus we
have not further investigated this process.

Additional photon is needed for the phototransformation of
7 into hemiacetal 5, which is analogous to the conversion of 31*
into 10. Compound 5 was always observed as one of the
principal intermediates and its maximum concentration typi-
cally reached 60% (NMR). Its further transformation to hydrate
12, which is in equilibrium with aldehyde 11, evidently took
place via the triplet excited state (see quenching with oxygen
above; Scheme 3), but we should also not exclude a dark
hydrolysis as a minor pathway.

The most difficult part of this investigation was to clarify the
mechanism of the conversion of 11 to 2 (and subsequently 3).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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This transformation involves bond umpolung, requires the
presence of oxygen, and consists of several steps (Figure S12).
However, we were not able to detect any additional associated
intermediates. The C—C bond is cleaved and the overall reaction
is oxidation. Oxygen (O,) has a dual effect on the reaction; it
slows down some of the individual reaction steps but is
required as a reactant (oxidant). We proposed nine possible
reaction mechanisms for this transformation (Figures S12-521).
Quantum chemical calculations at the M06L-D3/def2TZVP PCM
(MeOH) level of theory®% allowed us to rule out five proposed
mechanisms and one was excluded based on the absence of
suggested photoproducts (Supporting Information).

Finally, the three remaining plausible reaction mechanisms
of the formation of 2 from aldehyde 11 are: (A) the formation of
pyronin-9-carboxylic acid 13 via oxidation of aldehyde 11 and
its photochemical conversion to 3, (B) a single-electron
reduction of 11 and subsequent oxidation, and (C) a solvent-
assisted Dakin-like reaction®’ to give 2 as the key intermediate
on the way to 3 (Scheme 3).

In pathway A, carboxylic acid 13 could simply be formed by
a dark autoxidation of aldehyde 11 in the presence of
oxygen'®® via radical photoinitiation (Scheme 3).7” The result-
ing acyl radical could efficiently couple with ground-state
oxygen to form peroxy acid 18,7 which would react with
another molecule of aldehyde and rearrange to give a Criegee-
like intermediate, which disproportionates into two molecules
of acid 13.7*’% Our previous work suggested that pyronin-9-
carboxylates, analogous to xanthene-9-carboxylic acid,”® could
release carbon monoxide (CO) upon irradiation via a putative o-
lactone intermediate (19, Scheme 5), observed, for example, in
atmospheric photochemistry of methacrolein.”®”” Another
example is the 9-acridinecarboxaldehyde oxidation to give 9-
acridinecarboxylic acid and 9(10H)-acridinone, observed as a
minor byproduct.”®

Although CO was detected as a reaction side-product in less
than 10% yield, we searched for the presence of carboxylic acid
13 and its methyl ester 14 in irradiated samples by ESI-MS.
Small amounts of both compounds were detected upon
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Scheme 5. Formation of a putative a-lactone intermediate 19 and subse-
quent CO liberation.

irradiation of 1 in methanol, and thus they were synthesized
independently to elucidate their roles in the reaction mecha-
nism (Scheme S2). Upon the irradiation of 13 and 14 under the
reaction conditions identical to those used in the photolysis of
1, their photodegradation quantum efficiency was at least
100 times lower than that of 1 (Figures S38 and S40). The
compounds were almost unreactive even in the mixture with
other intermediates formed upon irradiation of a solution of 1
(Figure S39). Therefore, we excluded both 13 and 14 as key
intermediates of the 11—3 reaction; their contribution as a
source of CO has to be insignificant. Direct photodecarbonyla-
tion of aldehyde 11 was also considered but this hypothesis
suffered from two drawbacks. The formation of C9 radical was
found to be endothermic by 50 kcalmol™" (M06L-D3/def2TZVP,
PCM (MeOH); Figure S19), and the transition-state energy of the
CO dissociation via the direct homolytic C—C bond cleavage
should also be very high as we could not localize the transition
state in our DFT calculations. However, the products are
~89 kcalmol™" higher in energy than aldehyde 11; Figure S20).
In addition, the direct decarbonylation of 11 should give
pyronin 10 formed by the reduction of pyronin C9 radical
(Figure S19). Because 10" is unreactive under the given
conditions as evidenced by the photolysis of an authentic
sample of 10 by 592-nm light in this work, it should accumulate
in the reaction mixture, which was not observed. Therefore, the
decarbonylation of 11 was rejected as the major pathway.

The second plausible reaction, pathway B, involves pyronin-
9-peroxyradical-9-carbaldehyde 20 as the key intermediate and
starts with the photoreduction of the triplet excited state of
electron-deficient aldehyde 11 in the presence of an electron
donor (Scheme 3), such as a sulfur-containing dithiane frag-
ment, observed in structurally similar rhodamines.®*®" The
reaction gives pyronin 11° and thiyl radicals.®” Intermediate 11°
could react with triplet ground-state oxygen to form 20,
which would further fragment to an acyl radical® and CO. An
analogous reaction was proposed for methacrolein undergoing
oxidation with atmospheric oxygen.”®’” This pathway is the
most probable decarbonylation step, although it is still a minor
process in the overall reaction.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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The most important evidence in our investigation was that
methyl formate (as we demonstrated above, formic acid can be
rapidly esterified in methanol) was produced in high chemical
yields (~60%) along with high amounts of successive methoxy
intermediate 2 and ketone 3. We propose that the third
reaction mechanism of the 11—3 transformation involves a
water- or methanol-assisted Dakin-like reaction in the presence
of oxygen (pathway C, Scheme 3).*” The original Dakin method
uses an excess of hydrogen peroxide and sodium hydroxide at
elevated temperatures. Interestingly, flavin also catalyzes Dakin
oxidation of aromatic aldehydes in the presence of oxygen or
hydrogen peroxide as sacrificial oxidants under mild
conditions. >

These examples have led us to suggest the most plausible
mechanism of this reaction sequence. A tentative 9-hydro-
peroxy intermediate (21), formed by the reaction of pyronin
radical 22 with oxygen (O,) and an H-atom source with a weak
C—H bond ([H]), such as thiols formed upon dithiane ring
opening (Scheme 3), at the meso-carbon, can undergo a direct

GO ;

CHO

AG298

(pathway Cb)

dissociation to give product 3 and formic acid (pathway Ca,
Scheme 6; note that energies are given relative to the energy of
23) with an activation energy of 22.8 kcalmol™ (green lines;
Figure S15). Alternatively, 21 can rearrange to form peroxy
anion 23, which lies 7.5 kcalmol™" higher in energy than 21. The
structure of this hydroperoxy intermediate 23 has not been
determined experimentally (either NMR or ESI-MS) in this work,
although it figures as the key reactant in three reaction
pathways. It can undergo a 1,2-aryl migration (pathway Cb,
Scheme 6) to give an undetected 9-formyloxypyronin 24 in a
Dakin-like process, a hydrogen migration (pathway Cc) to form
carboxylic acid 13 or a proton shuttle via 25 to produce
dioxetane 26 (pathway Cd, Scheme 6). All these reaction path-
ways possess very similar activation energies. Pathways Cb and
Cc require the participation of a protic solvent molecule in the
transition state (e.g., water or methanol; the energies in
Scheme 6 are calculated with a methanol assistance). The
hydrogen migration (pathway Cc) is slightly energetically
preferred to the Dakin rearrangement (Cb; Figure S15). Pathway
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Cd involving dioxetane 26 and leading to product 3 proceeds
with the same activation energy as that of Cc. A stepwise Dakin-
like dissociation to give formyloxy intermediate 24 must be
assisted by a proton-shuttle molecule, such as protic methanol
or water. The calculated relative energies of the corresponding
intermediates and transition states were found to be close to
each other (within ~2kcalmol™") for methanol- and water-
assisted pathways (Figure S15).

The nucleophilic substitution of the formyloxy group at the
C9 position in 24 with methanol results in the formation of
methoxypyronin  2.2% Both Sy1-like or addition-elimination
mechanisms are possible. Intermediate 2 was found as one of
the most persistent intermediates, the concentration of which
reached ~40% yield ("H NMR) in a typical reaction setup.
Finally, 2 is slowly converted into ketone 3 in the presence of
water, even in the absence of light, as reported before.””

Conclusions

This paper presents a thorough mechanistic study of the
photochemistry of 9-dithianyl-pyronin 1 in methanol using
advanced steady-state and transient spectroscopic and analyt-
ical techniques as well as quantum-chemical calculations.
Several photoreactive intermediates were determined, and the
roles of dioxygen and nucleophilic protic solvents in the
reaction mechanism were established. The photoreaction was
shown to proceed through pyronin-9-carbaldehyde 11 as the
key intermediate and we suggested three plausible pathways
for its conversion to the final photoproducts, xanthen-9-one
derivative 3 and formate 4: (A) the formation of pyronin-9-
carboxylic acid 13 via oxidation of aldehyde 11 and its
photochemical conversion into xanthen-9-one 3, (B) single-
electron reduction of 11 and its subsequent oxidation, and (C)
either the direct dissociation of oxidized intermediate to formic
acid and xanthen-9-one 3 or a solvent-assisted Dakin-like
reaction to give methoxy derivative 2 as an intermediate on the
way to 3. The photochemistry of compound 1 induced by
visible-light irradiation at 592 nm in the presence of oxygen
involves several redox processes and a C—C bond cleavage (~
80-90 kcalmol™).®” Despite the complexity of the overall
mechanism, we show that although the xanthen-9-yl moiety is
not a suitable photolabile protecting group for aldehydes in
this particular case, our mechanistic investigations provided
many useful and sometimes surprising insights into the (photo)
reactivity of substituted xanthene/pyronin dyes, the photo-
bleaching of which can be a serious obstacle in their
applications.

Experimental Section

Detailed Information on the Structural Assignment of
Detected lons

lon at m/z 497 (Figure 3): The first intermediate on the degradation
pathway of 1 is the ion at m/z 497. This ion is detected right in the
beginning of the reaction. Formally, it can be formed by addition of
methanol or two oxygen atoms to 1. If the reaction proceeds in
ethanol, CD;0D or propan-2-ol, we observed a mass shift of these
adducts to m/z 511, m/z 501, and m/z 525, respectively, confirming
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the reaction with an alcohol. However, the signal at m/z 497 was
also present and its intensity remained relatively constant during
the whole course of irradiation. Collision-induced dissociation of
ions at m/z497 showed a dominant elimination pathway of
64 mass units, which correspond to SO, (Figure S7). Therefore, the
structure of this ion most probably corresponds to oxidized 1 with
one sulfide group transformed to sulfone 8.°” lons appearing in the
beginning of the reaction corresponding to the adduct with alcohol
could either be the products of an attack of methanolate at the C9-
carbon atom of xanthene forming 6 (detected as protonated ions;
this species should be photochemically inactive)® or a product of
the ring opening (7). Either 6H" or 7 appear at low abundances
for a short reaction time, therefore, we could not further character-
ize them.

lon at m/z 407 (Figure 3): The signal at m/z407 corresponds to
hemiacetal 5 (Figure 2). The assignment was based on the agree-
ment of the infrared photodissociation spectrum of this ion and the
calculated IR spectrum of 5 (Figure S48). Further evidence for the
structural assignment of 5 was based on the results from irradiation
experiments performed in methanol-d, or D,"®0 (CH;CN/D,"®0
mixture, 99:1, v/v), in which the corresponding MS signals of
deuterium- and '®O-labeled structures, respectively, were detected
(Figures 3 and S9). The main dissociation pathway of 5 under CID
conditions was found to be the loss of methanol (32 mass units,
Figure S7) with the concomitant formation of a new species at m/
z 375 (later assigned to aldehyde 11, Figure 4). Similarly, 1-d yields
5-d (m/z408) upon irradiation and 5-d loses methanol (32 mass
units, Figure S10) in CID to form aldehyde 11-d (m/z376). The
aldehyde 11-d loses CO in the MS experiment to form 9-(*H)-
pyronin 10-d (m/z 348, Figure S10). In addition, the photolysis of 1
in CH,"®OH gave the expected analogous species at m/z 409,
whereas the irradiation of 1 in ethanol and propan-2-ol led to the
formation of analogous intermediates at m/z421 and 435,
respectively. Finally, the photolysis of 1 in CD,0D gives the ion at
m/z 411 that undergoes equilibration after dilution of the mixture
with CH;OH (Figure S44). We also analyzed the 'H-"C HSQC NMR
spectra of 1 irradiated in CD;0D, and the observed 'H signal at 0 =
6.47 ppm (HO—CHR—OCHS;, R=pyronin; Figure S64) was correlated
with the "C signal at 0=93.5 ppm (HO—CHR—OCH,; Figure S64);
both signals are in the typical range expected for hemiacetals. The
maximum chemical yield of 5 was ~60% (based on a quantitative
NMR analysis).

lon at m/z391 (Figure 3): These ions correspond to either
carboxylic acid 13 or formyloxy intermediate 24. Two isomers of 13,
carboxylic acid 13a and zwitterion 13 b, which could exist as an a-
lactone (see Scheme 5), can be proposed (Figure 7). Helium tagging
infrared photodissociation (IRPD) spectrum of this ion (m/z391)
does not show any bands in the range of 1700-2000 cm™". The lack
of a clear carbonyl stretching band suggests that the detected ions
do neither correspond to zwitterion 13b nor to formyloxy
intermediate 24. Also, all other ions studied by IRPD spectroscopy
(Figures 5, S2, and S3) have a conjugated xanthene backbone,
which gives well-resolved spectra in the 1400-1700 cm™' range.®
Here, the spectrum is more convoluted which can be associated
with the protonation of one of the piperidine moieties. Hence, the
IRPD spectrum represents ion 13 in the form of zwitterion 13b.
Zwitterions in the gas phase lie considerably higher in energy than
their neutral forms (see the relative energies in Figure 7); however,
it has been reported earlier that protic solvents support electro-
spray ionization transfer of solution-favored protonated forms.”
lon 13 predominantly eliminates CO in the collision-induced
dissociation, followed by the CO, elimination. This is again
consistent with the structure of zwitterion 13 b.

lon at m/z 375and m/z 393 (Figure 3): Species at m/z 375 and m/
z 393 were detected upon irradiation of 1 in a CH;CN/H,0 mixture,
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Figure 7. (a) Helium tagging infrared photodissociation spectrum of mass-
selected ions at m/z 391. (b) Theoretical infrared spectra of carboxylic acid
13a, its zwitterion 13 b, and formyloxy derivative 24 calculated at the B3LYP-
D3/6-311+ G** level of theory. Theoretical vibrational frequencies were
scaled by 0.975. Gaussian broadening (FWHM of 5 cm™') was applied to the
theoretical infrared spectra for better comparison with the experimental
infrared photodissociation spectra.

and we assigned them to pyronin-9-carbaldehyde 11 and pyronin-
9-yl dihydrate 12, respectively (Figure 3). We did not detect these
species in a methanolic solution with low water content, most likely
because the equilibrium between 8 and 11 and their corresponding
methoxy hemiacetals and acetals was shifted strongly toward the
latter. The IRPD spectrum of the ion at m/z375 is in close
agreement with the calculated IR spectrum of 11 (Figure 4). The
CID spectrum shows the elimination of CO to form ions at m/z 347,
presumably 9-H-pyronin 10 (Figure S8). We have also detected a
hydrate of 11, ion 12 (m/z393). Hydrate 12 loses a molecule of
water upon collisions to form 11.

lon at m/z 439 (Figure 3): The intermediate at m/z 439 was assigned
to an adduct of 5 and methanol, 9 (Figure 3), based on the
agreement of its IRMPD spectrum with the calculated one (Fig-
ure S45). The experiments performed under the same conditions in
CD,0D provided the ion at m/z 447, whereas an analogous adduct
at m/z469 was found in ethanol and the ion at m/z440 upon
irradiation of 1-d in methanol. We did not observe any distinct NMR
signals of these species; however, the reaction pathway might be
different under different experimental conditions. Because the
concentration of the starting material 1 was about two orders of
magnitude higher in NMR experiment solutions, the probability of
bimolecular processes is much higher but, at the same time, an
internal optical filter effect is more pronounced.

lon at m/z377 (Figure 3): The ion at m/z377 was previously
assigned to 9-methoxy pyronin 2,% the longest-lived intermediate
observed in the UV-vis spectra. Upon irradiation of 1 in CD;0D and
CH,'®0H, the signal at m/z 377 mass-shifted to m/z380 and 379,
respectively (Figure 3). In ethanol, an analogous species at m/z 391
was observed. No incorporation of ®0 into the molecule of 2 was
observed when 1 was irradiated in a CH;CN/D,"0 solution. The
OCD; group in this intermediate, which was generated in CD;0D,
was exchanged for the OCH; group after dilution of the solution
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a with CH;OH (Figure S43). The main dissociation pathway in CID and
in the photodissociation spectrum is the loss of the methyl group
S (Figure S7 and Figure 4, respectively). The IRPD spectrum provided
Z; a good agreement with the predicted one (Figure S50). We also
=], assigned the 'H NMR signals at =82 ppm to two aromatic
hydrogens which are spatially closest to those of the methoxy
b) group (Figure S63) and we estimated the yield of its formation
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