W) Check for updates

Communications
doi.org/10.1002/cptc.202100159

European Chemical
Societies Publishing

ChemPhotoChem

Photophysical and Electrochemical Properties of
Pyrimidopteridine-Based Organic Photoredox Catalysts

+ [b

Tobias Taeufer”,”™ Miguel A. Argliello Cordero*,™ Andranik Petrosyan,” Annette-E. Surkus,”
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Herein we describe the synthesis and photophysical and
electrochemical characterization of pyrimidopteridine-based
photoredox catalysts. The pyrimidopteridines can be obtained
from the corresponding N-oxides through photo-mediated
oxygen atom transfer to a sacrificial acceptor molecule on
gramscale. The presence of a triplet excited state was evidenced
by means of transient absorption spectroscopy. Pyrimidopter-
idines are potent excited state oxidants with excited state
reduction potentials exceeding +2.10 V vs. SCE in MeCN. The
catalytic activity is illustrated in the photo-mediated oxidative
annulation of 2-phenylbenzoic acid.

The development and investigation of photocatalytic sys-
tems is of paramount interest in organic chemistry." The
constant progress in this field fortifies the applicability of
photoredox catalysis.”! In addition to many transition metal-
based photocatalysts, which undoubtedly have excellent and
effective photo-physicochemical properties, the demand for
metal-free photosensitizers is increasing.”! Owing to the
structural diversity of organic photoredox catalyst remark-
ably high oxidation potentials in the photo-excited state are
accessible.” The comparatively low cost, low toxicity, and
high abundance of organic photocatalysts, renders this
substance class especially attractive.”’ In some instances,
organic photoredox catalysts may imitate co-factors present
in mammalian monooxygenases which reveal the possibility
of developing bio-mimetic reactions.” The role of riboflavin
has been intensively studied both in- and ex-vitro. The facile
modulation of the redox reactivity and accessibility of
multifaceted reactive intermediates render flavins essential
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co-factors in enzymes and synthetically versatile heterocyclic
photoredox catalysts.”” The group of Maki first synthesized
structurally-related tetraalkylated pyrimidopteridine-N-ox-
ides in 1986, revealing its potential as a stoichiometric
oxygen atom transfer reagents in various photo-mediated
reactions which led to biomimetic N-demethylation,”® C—H
oxygenation® and oxidative C—C bond cleavage.'”

Recently, our group described the gram-scale synthesis
of flavin related 1,3,7,9-tetraalkyl-2,4,6,8-tetraoxo-[5,4-g]
pteridine 5-oxide (PPTNO) and characterization of its photo-
physical properties, qualifying these heteroarene-N-oxides as
potent organic photoredox catalysts for seminal
applications." Thorough investigations concerning the
photo-mediated decarboxylative Giese-type reaction and the
photo-mediated hydroamination of stilbenes with primary
amines, revealed the potency of the deoxygenated 1,3,7,9-
tetraalkyl-2,4,6,8-tetraoxo-[5,4-glpteridine (PPT) as catalyti-
cally active species."”” Herein, we describe a convenient
methodology for the deoxygenation of pyrimidopteridine-N-
oxides (PPTNO) and the characterization of the photo-
physical and electrochemical characteristic of pyrimidopter-
idine (PPT) photoredox catalysts (Figure 1).

The deoxygenation of heteroarene-N-oxides can be accom-
plished through various methodologies."™® The deoxygenation
of pyrimidopteridine-N-oxides was previously accomplished
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through oxygen atom-transfer to anilines® and styrenes."¥ The
most reliable methodology, in our hands, was the deoxygena-
tion by photo-mediated oxygen atom transfer (OAT) to trans-
stilbene. The corresponding pyrimidopteridines (PPT) were
obtained in excellent yields (Scheme 1).

The E/Z-isomerization of stilbene is also promoted under
these reaction conditions. Thus, an isomerization of the starting
material and a mixture of cis- and trans-stilbene oxide was
observed. Furthermore, oxidative cleavage of stilbene oxide
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Scheme 1. Photochemical deoxygenation of pyrimidopteridines (1-4).
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Figure 2. Normalized UV/Vis absorption and emission spectra (in MeCN, 20
uM) (top), cyclic voltammograms (CV, in MeCN, 1 mM, 40 mV s) (bottom
left) and differential pulse voltammograms (DPV in MeCN, 1 mM, 40 mV s
(bottom right) of PPTs (1-4) against the Fc*/Fc redox couple.

resulted in the formation of benzaldehyde as a minor side-
product.

Next, the obtained pyrimidopteridines were examined
concerning their photophysical properties (Figure 2). All PPT
heteroarenes (1-4), here dissolved in MeCN, show an absorp-
tion maximum between 359 and 363 nm. The emission spectra
of 1-3 exhibit a maximum between 383 and 385 nm. Hetero-
aromatic tetralkyl-substituted pyrimidopteridines (1-3) possess
a very rigid molecular structure, resulting in a small Stokes shift
of only 20 nm (0.19 eV). Single crystal X-ray crystal structures
for compounds 1-4 are reported in the Supporting
Information."

The emission spectra of 1, 2 and 3 exhibit close to mirror-
image symmetry with respect to the absorption and the
quantum yields are between 59 and 66%. In contrast, the
emission spectrum of phenyl-bearing 4 has a broad shape
with a maximum at 427 nm, indicative of an enhanced
charge-transfer character in the excited state in the presence
of aryl substituents on the pyrimidopteridine core. To check
this notion the emission of 4 was also recorded in benzene
which exhibits a much lower relative permittivity of 2.3 than
MeCN with a permittivity of 38. The Stokes shift in benzene
is indeed quite small, see Figure 2, demonstrating that the
excited state has a large dipole moment and strong charge-
transfer character. This results also in a decreased quantum
yield of 10%. The fluorescence lifetimes of all compounds
were determined to be between 2.1 and 2.9ns. The E;,
values listed in Table 1 correspond to the energy at the
intersection of the absorption and emission spectra in MeCN
and are between 372-376 nm (3.30-3.33 eV) for PPT 1-4.
Since structurally related flavins exhibit rather high triplet
yields" we performed transient absorption (TA) measure-
ments with an ultrafast pump-probe setup to check for the
appearance of long lived dark states.

Figures 3a and 3b show TA spectra of 2 and 4 in MeCN
after optical excitation at 360 nm. For 2 ground state bleach
(GSB) and stimulated emission (SE) are observed in the near
UV as well as an excited state absorption (ESA) band at
around 490 nm. The features show some changes within the
experimentally accessible time window of 2 ns but a large
fraction of the TA persists for longer times. The dynamics
was analysed by a multiexponential global fit, see Figure 3c.
To include the depopulation of the S, state one decay time
was set to the fluorescence lifetime of 2.8 ns and to account
for a long-lived dark state another decay time was set to

Table 1. Photophysical and electrochemical properties of PPT photoredox catalysts.

Ao Armax Py T Eoo £ 72 £ EV, Ed" Eo” Erd” Eo*
Compound [nm] [nm] [%] [ns] V] [V vs Fc*/Fc]@ [V vs SCE] ® [V vs Fc*/Fc] @ [V vs SCE] @
MePPT (1) 361 383 66 2.89 +3.33 —1.58 +1.82 -1.20 +2.20 +1.75 —1.51 +2.13 —1.13
PrPPT (2) 363 385 59 2.82 +3.31 —-1.59 +1.80 —1.21 +2.18 +1.72 —1.51 +2.10 —-1.13
BuPPT (3) 363 385 63 2.90 +3.31 —1.59 +1.82 —1.21 +2.20 +1.72 —1.49 +2.10 —1.11
PhPPT (4) 359 427 10 2.14 +3.30 —1.54 +1.87 —-1.16 +2.25 +1.76 —1.43 +2.14 —1.05

[a] Potentials were measured using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) relative to Fc*/Fc. [b] Referenced to SCE by adding
0.38 V to the value relative to Fc*/Fc."™ [c] E, , values corresponding to the energy at the intersection of the excitation and emission spectra. [d] Calculated

by ™ = Epo + Er;gv and £, " = Egpy — Eoo-
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Figure 3. TA spectra of 2 (left) and 4 (right) after excitation at 360 nm at the
given delay times (a and b), kinetics at selected probe wavelengths and
related time traces of a global multiexponential fit (c and d), and DAS
labelled by the corresponding decay times (e and f). Both substances were
measured in MeCN using kuvettes with a thickness of 1 mm. The optical
density was approximately 0.6 for each solution at the excitation wave-
length.

infinity. The decay associated spectrum (DAS) of the 2.8 ns
component reflects, as expected, the disappearance of the
SE around 390 nm, a partial recovery of the GSB and the rise
of an ESA band at 560 nm, see Figure 3e. The long-lived
component exhibits a large GSB contribution, too, and a
broad ESA whose red wing resembles the ESA formed during
the S, decay. The long lived state is most probably the triplet
state since it exhibits no emission and for flavins TA experi-
ments revealed similar features due to population of triplet
states.” There, the ESA is located more to the red but this is
in line with the lower S, energy of flavins compared to the
PPTs. Since the GSB contributions of the 2.8 ns and the long-
lived component are of similar strength we estimate that
about half of the molecules in the S, state undergo
intersystem crossing while the rest decays radiatively back to
the ground state. The fit also contains two faster compo-
nents whose DAS have a significant amplitude only around
the excitation wavelength of 360 nm. The fastest one with a
time constant of 0.8 ps is assigned to vibrational redistrib-
ution processes and the other one with a decay time of 48 ps
to a reminiscence of orientational relaxation. The latter
assignment is based on additional measurements with
parallel and perpendicular polarizations of pump and probe
in which this component is very strong and exhibits opposite
signs. In the here presented measurements the polarizations

ChemPhotoChem 2021, 5, 999-1003 www.chemphotochem.org

emission from the optically populated S, state and the rise of
the charge transfer fluorescence at 450 nm. The 0.3 ps time
can therefore be identified with the duration of the electron
transfer step. The 1 ps component reflects a further red shift
of the charge transfer fluorescence which might be caused
by relaxation of the solvent shell. The small 66 ps contribu-
tion is again a reminiscence of orientational relaxation. The
component with a time constant of 2130 ps describes the
decay of the charge transfer fluorescence and a partial
recovery of the GSB while the long-lived component consists
of the remaining GSB and a broad ESA. The latter is again
attributed to the triplet state which is populated from the
electron transfer state by a rather large fraction of the
molecules.

The redox properties in the ground state (E’/2 and £7))
were determined by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) against the ferrocene redox couple
Fc™/Fc (Figure 2). In addition, the measured values are reported
with respect to the reference system of a saturated calomel
electrode (SCE)."® All compounds show an irreversible anodic
oxidation above +2.20V vs SCE and a reversible reduction at
approximately —1.20V vs SCE in MeCN. The excited state
potentials of the pyrimidopteridines PPTs were determined
using the optical and electrochemical data. The observed
heterocycles are excellent excited state oxidants with excited
state reduction potentials E,.,* above +2.10 V vs SCE in MeCN.
The excited state reduction potentials are systematically lower
than those of the corresponding N-oxides by approximately
0.15V, however by utilizing the deoxygenated heteroarene a
disturbing initial oxygen atom transfer can be circumvented in
a photocatalytic reaction.

Mechanistically, the deoxygenation of pyrimidopteridine-N-
oxides proceed via excitation of the N-oxide (E,;* >2.26 V vs
SCE in MeCN)"” and subsequent single electron oxidation of
stilbene (EYf, =1.56V vs SCE in MeCN)." The nucleophilic
attack of the N-oxide oxygen to the radical cation of stilbene is
followed by homolytic N—-O bond cleavage and radical
recombination to form stilbene oxide (6) and plain pyrimidop-
teridine (Scheme 2).

The catalytic activity of the deoxygenated pyrimidopter-
idines PPT was tested in the photo-mediated oxidative
annulation of 2-phenylbenzoic acid (7), according to a protocol
previously reported by Gilmour and co-workers."® The desired
cyclization product 6H-benzo[c]chromen-6-one (8) was ob-
tained in 66-86% isolated yield under unoptimized reaction
conditions (Scheme 3). The yields correlate with the excited
state reduction potentials of the respective PPTs.

In summary, we reported the synthesis, photo- and
electrochemical characterization and application of pyrimi-
dopteridine based photoredox catalysts. The described

1001 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Scheme 2. Mechanistic proposal for the photomediated deoxygenation of
pyrimidopteridine-N-oxide (PPTNO) in the presence of stilbene.
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Scheme 3. Oxidative annulation of 2-phenyl benzoic acid (7).

heteroarene based photosensitizers are potent photooxi-
dants with excited state reduction potentials exceeding
+2.10V vs SCE in MeCN. 1, 2, and 3 exhibit in MeCN a
fluorescence quantum yield of about 60% and a S, lifetime
of 2.8-2.9 ns while in 4 the quantum yield is decreased to
10% and the lifetime to 2.1 ns. TA measurements indicate
that a large fraction of optically excited molecules experi-
ence intersystem crossing. In 4, in addition, a fast electron
transfer within 0.3 ps after the excitation occurs. We have
demonstrated that the corresponding pyrimidopteridine-N-
oxides serve as photoredox-active pre-catalyst to pyrimidop-
teridines which is activated by photo-mediated oxygen atom
transfer (OAT) to an appropriate oxygen atom acceptor. The
synthesis of four pyrimidopteridines through photo-medi-
ated deoxygenation in the presence of stilbene for the gram-
scale synthesis of pyrimidopteridines and a plausible mecha-
nistic pathway were described. The catalytic activity of
pyrimidopteridine-based heterocycles is demonstrated in the
photo-mediated oxidative annulation of 2-phenylbenzoic

acid.
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