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N-Arylphenothiazines and N,N-Diarylphenazines as Tailored

Organophotoredox Catalysts for the Reductive Activation

of Alkenes
Madeleine Giraud,”® Mathis Robin Mitha,®

A small library of N-arylphenothiazines, N-
arylbenzo[b]phenothiazines and N,N-diarylphenazines has been
synthesized as strongly reducing organophotocatalysts without
the need for sacrificial reagents or electrochemistry. Their opto-
electronic properties and their suitability as organophotoredox
catalysts for the efficient activation of olefins was investigated
using the addition of methanol to a-methylstyrene as a model
reaction. The findings were supported by DFT calculations.
Three photocatalysts were identified that allowed quantitative
yields with 10 mol % catalyst loading and 20 h irradiation by a
365 nm LED. The catalyst loading was gradually reduced to
0.5 mol % and the irradiation time was reduced to only 20 min.
These experiments revealed that N,N-diisobutyl-4’-(10H-pheno-

Introduction

Over the last decade, photoredox catalysis has become a
versatile and powerful synthesis method in modern organic
chemistry. Light, preferably in the UV—A or visible range, allows
activation barriers to be overcome using photoinduced electron
transfer pathways that are inaccessible via the conventional
thermal approach. Photoredox catalysis expands the reper-
toire of synthetic methods and overcomes limits of thermally
activated synthetic methods,? in particular for late-state
functionalizations.”! The majority of currently available photo-
catalytic methods use transition metal complexes, in particular
with ruthenium and iridium, due to their photophysical proper-
ties and their (photo)chemical robustness.”! However, the use of
metal-free organic chromophores as photoredox catalysts in
combination with light from energy-saving LEDs can signifi-
cantly improve sustainability. In the initial phase of this
research, eosin y,® rhodamine 6G,” mesityl-”? and
aminoacridinium,® naphthochromenones,” and
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thiazin-10-yl)-[1,1"-biphenyl]-4-amine is the most efficient pho-
tocatalyst among the N-arylphenothiazines. This chromophore
combines high electron density introduced by the diisobutyla-
mino phenyl group with high absorptivity at 365 nm caused by
the phenylene bridge to the phenothiazine core. In an attempt
to shift the excitation wavelength into the visible light range for
selectivity and sustainability purposes (potential use of sunlight
as a light source), N-arylbenzo[b]phenothiazines N,N-diarylphe-
nazines were designed that exhibit a red-shifted and broad
absorbance shoulder into the visible range, but only N,N-
diarylphenazines allow photocatalysis and the one-electron
activation of alkenes by visible light (450 nm LED).

4,6dicyanobenzenes"” were established for organophotoredox
catalysis (Figure 1)."” These organic chromophores offer a
broad variety of different molecular scaffolds. Structural
changes alter the physicochemical properties and allow tuna-
bility. Such synthetic tunability of organophotoredox catalysts is
crucial to obtain the best-performing chromophore for specific
reactions.”®'" Although originally invented for the metal-free
atom transfer radical polymerisation (ATRP), N,N-diarylphena-
zines, N-arylphenothiazines and N-arylbenzo[blphenothiazines
also fulfil these requirements."? They show significant potential
for organophotoredox catalysis because (1) they are syntheti-
cally well accessible, (2) their modular structure allows for the
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Figure 1. Absorption maxima A,,,, in correlation to redox potentials in the
excited state E*,, of [Ir(ppy)s], [Ru(bpy);]** and selected organophotoredox
catalysts to aim for strongly reducing photocatalysts.
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introduction of electron-donating or electron-withdrawing
groups at the core and at the aryl group to tune the
optoelectronic properties, (3) they are photochemically stable,
and (4) they are strongly reducing photoredox catalysts.

The development of strongly reducing photoredox catalysts
is an important task, enabling the photoactivation of less
activated substrates, such as alkyl olefins and aryl chlorides, by
single-electron reduction.™ This requires advanced photoredox
catalytic concepts such as (1) the consecutive photoelectron
transfer concept (conPET) with perylene bisimides as
photocatalysts," (2) the sensitization-initiated electron transfer
(Senl-ET), but both concepts are limited to aryl chlorides with
electron-withdrawing groups and N-heterocycles,"™ (3) the use
of the acridine radical with an excited state potential of —3.36 V
vs SCE, pre-reduced by the sacrificial reagent (iPr),NEt,"® (4) the
electron-primed photoredox catalysis (epPRC),!"” and finally (5)
the reductive electrophotocatalysis to obtain excited radical
anions of dicyanoanthracene with a reduction potential of
—3.2V.'¥ We aim for strongly reducing photocatalysis without
the need for sacrificial reagents or electrochemistry. Here we
present a small library of organophotoredox catalysts 1-17
comprised of N,N-diarylphenazines. N-arylphenothiazines, and
N-arylbenzo[b]pheno-thiazines. By elucidating structure-activity
relationships, the goal of this library is to derive tailored
organophotocatalysts with strongly negative excited state
reduction potentials to efficiently activate alkenes. Our™ and
others’ recent results® show that these structure-activity
relationships are crucial for efficient organophotoredox cataly-
sis. Despite the strong reduction power of these chromophores,
the goal is also to shift the excitation into the visible light range
to gain selectivity and sustainability through the potential use
of sunlight as a light source.

Results and Discussion
Synthesis of Organophotoredox Catalysts

The library of potential photoredox catalysts X contains the
N,N-diphenylphenazine 5, N-arylphenothiazines 6-15 and N-
arylbenzo[b]phenothiazine 16, 17 with structural variations by
differently substituted aryl groups derived from the basic
chromophores 1,27 2,2 323 and 4 (Figure 2).** They are
typically excited in the UV—A range, ideally by a 365 nm LED.
The reducing power of the organophotoredox catalysts is
determined by the reduction potential in the excited state,
E.«(X**/X*), which is controlled by the N-aryl substituents. It
therefore seemed to be reasonable to focus on electron-
donating substituents at the aryl groups. Based on the
unsubstituted 2, this was first realized by methyl groups in 6
and 7" by methoxy groups in 8-11%? and by the
diisobutylamino group in 3, using different substitution pat-
terns. 12 and 13 introduce the diphenylamino group as a
replacement of the dialkylamino group. 14 carries two tert-butyl
groups at the phenothiazine core to prevent stacking and to
enhance the solubility in MeCN and MeOH. In 15, the
diisobutylaniline part and the phenothiazine core are separated
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Figure 2. Library of organophotoredox catalysts 1-17 based on N,N-
diphenylphenazine 1 and N-arylphenothiazines 2-4 as core structures.
Amino substituents have been inserted based on 1. 6-11 were modified
with methyl and methoxy substituents based on 2. Inspired by 3, the amino
substituents for 12 and 13 were changed. Based on 3, the core of 14 was
modified and 15 was extended by an phenylene linker. A benzene was fused
with 3 to 16, additionally modified by an amino substituent to 17.

by a phenylene bridge. The larger chromophore should increase
its absorptivity at 365 nm. 16 and 17 contain extended =-
systems, both with a naphthalene group instead of the simple
phenyl group and a benzo[blphenothiazine core to bath-
ochromically shift the absorbance into the direction of the
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visible light range. N,N-diarylphenazines show such a red-
shifted absorption with a tailing band into the visible light
range already as the unmodified chromophore 1. 5 is derived
from and carries two diisobutylamino groups to gain stronger
reduction potential in the excited state, similar to 3 for the N-
arylphenothiazines.

The arylation of the core structures phenothiazine (18),
benzo[blphenothazine (19) and phenazine (20) at the nitrogen
was performed by Buchwald-Hartwig aminations (Figure 3).*”
According to the general procedure arylbromide, NaO'Bu,
Pd,(dba); and PCy; are dissolved in dry toluene and heated at
120°C (for all details see the Supporting Information).”

Spectroscopic and Electrochemical Characterization

N-arylphenothiazines, based on 2, generally possess absorption
maxima in the UV—A range around 320 nm (Figure4 and
Table 1). The tailing of this absorption band is typically used for
excitation by the 365 nm LED. This general absorption feature is
not significantly altered by any of the electron-donating groups
in the chromophores 6-15% (Figures $23-528). That shows
that simple substituents at the phenyl group do not signifi-
cantly influence the optical properties of the N-arylphenothia-
zines. Only the extinction coefficients of 12 and 13 are relatively
high (approximately 24,500 M~'cm™") due to the additional N-
phenyl groups that enlarge these chromophores. The chromo-

| 7] NaotBu
7 Pdy(dba)s
B PCvs 7

toluene el
120 °C

18 (19) 20

Figure 3. General procedure for the phenylation of the core structures
phenothiazine (18), benzo[b]lphenothazine (19.) and phenazine (20) at the
nitrogen by Buchwald-Hartwig aminations to the organophotoredox cata-
lysts 1-17.57

124 __.5 r12
LED emission — .14 -
365 nm 405 nm 450 nm 15
1.0 L1.0
—_——17
r
0.8 -08
kL
I
o064 & ro6 §
< \ i £
\ I
0.4 N \\ 04
1
\\ \\ r
0.2 N Lo2
& Mow ]
s b
T~ 3s o )
0.0 ¥ r———t r 0.0
300 350 400 450 500 550 600 650

Alnm

Figure 4. Normalized UV/Vis absorption and emission of the representative
chromophores 5, 14, 15 and 17, together with the emission of the 365 nm,
405 nm and 450 nm LEDs applied for the photocatalytic experiments.
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Table 1. UV/Vis absorption maxima A, (>300 nm) with extinction coef-
ficients €., and €545, and fluorescence maxima A, of 1-17 in MeCN.

X Xabs/NM Aem/NM €ma/LMol™ cm™ €365nm/L Mol ecm™
120 370 467 6,000 5,900
100
22l 320 443 3,400 500
3% 317 449 8,100 1,000
424 316 373 5,000 1,100
5 375 476 2,900 2,700
100"
6 322 447 4,600 800
7% 328 444 4,800 1,200
8wl 322 448 3,900 700
9e7al 317 441 3,800 500
10 316 444 3,500 500
11 319 444 4,400 700
12 300 444 24,700 600
138 303 444 24,300 300
14. 319 407 5,300 900
15 324 445 33,300 3,200
16 350 453 3,800 3,600
1,300®!
17 325 442 11,300 5,500
1,600®!

[a] €450nm- [0] €405nm-

phore of 15 was extended in a different way, by a phenylene
bridge. As a result, its extinction coefficient is significantly
increased to 33,300 M~'ecm™' at 324 nm. The higher extinction
of 15 should allow lower catalyst loading which is advanta-
geous for photocatalysis and sustainability (vide infra). The third
alternative structural approach to enlarge the chromophore size
is to fuse the phenothiazine core with benzene. Accordingly,
the  absorption  maximum  of the resulting  N-
arylbenzo[b]lphenothiazine 16 is red-shifted to 350 nm and
shows a broad shoulder due to the n-extended phenothiazine
core with a higher extinction at 365 nm, too, similarly to 15.
Unexpectedly, such red-shifted absorption is not observed for
the dimethylamino-substituted 17 (A,,,=325 nm) but there is
still a red-shifted absorbance shoulder. In principle, this allows
excitation by a 405 nm LED at the border of the visible light
range.

The fourth type of extended chromophores is realized in
the N,N-diarylphenazines 1 and 5 that have broad absorption
maxima at 370 nm and 375 nm, respectively, with a slight tail
up to about 475 nm (Figure 4). This allows their excitation in
the visible light range, even with blue light (450 nm LED),
although their extinction there is rather small (=100 M 's™").
Unexpectedly, the introduction of the two diisobutylamino
groups in 5 lowered the exctinction at 365 nm significantly.

For the evaluation of the N-arylphenothiazines 2-4, 6-15, N-
arylbenzo[blphenothiazines 16-17 and the N,N-diarylphena-

© 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

85UBD17 SUOWWOD BA 1RSI0 3(eot|dde 3y} Aq peusenob afe 9 VO ‘SN 0 S3INJ 104 A%eIqIT BUIUO /B UO (SUO PUOD-PL-SWBHALIOD A8 | IMA 1 1[oU1UO//StY) SUORIPUOD PUe SW L 38U 835 *[7202/TT/0Z] U0 ARIqITaUNUO ABIIM ' INISU| JBunssey Aq L800v202 208/200T 0T/I0p/Liod A8 M Areiq1jeul|uo-adouns-Ansiupyo//sdiy wouy papeoiumod ‘o ‘d0z ‘0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC > .
doi.org/10.1002/ejoc.202400847

European Journal of Organic Chemistry

zines 1, 5 as organophotoredox catalysts, cyclic voltammetry
(CV) was performed (Table 2). The reduction potential of the
photocatalyst X in the excited state, E,;*(X**/X*) is the most
critical value for the photocatalytic activity and calculated from
the reduction potential E,(X**/X) derived from CV and E,
derived from UV/Vis absorption and fluorescence (Table 2). The
initial electron transfer in the photocatalytic cycle is tuned by
the N-aryl substituent(s), whereas the oxidation potential for
the second electron transfer, E,(X**/X), closing the cycle, is
controlled by the phenothiazine or phenazine core. For the N-
arylphenothiazines, the weak electron-donating effect of the
methyl groups in 6 and 7 do not significantly alter the excited
state potential, E,* is found at values of —2.5V, similarly to 2.
The stronger methoxy groups in 8-11 shift the potential E;* to
—25V——2.7V, but not as strongly as the diisobutylamino
group in 3 and 14, increasing the critical E,* potentials to the
remarkable value of —29V. Although the diphenylamino
groups in 12 and 13 combine both inductive and mesomeric
electron-donating effects there are slightly weaker electron-
donating substituents in comparison to the diisobutylamino
groups, resulting in E,* potentials in the range of —2.7-—2.8 V.
The extension of the n-conjugated chromophore by the
phenylene bridge in 15 reduces the E,* potential slightly from
—2.9V--2.7V although this chromophore bears the strongly
electron-donating  diisobutylamino group. The extended
benzo[blphenothiazine core is an unsuccessful type of redox
tuning because the E,* potentials of 16 and 17 are significantly
decreased to —2.0 V and —2.3 V. respectively.

Table 2. Reduction pote.ntials E,(X**/X), E;(X**/X) in the groundstate, Eq,
and E.«(X**/X) in the excited state of N-arylphenothiazines 2-4 and 6-15,
N-arylbenzo[b]-phenothiazine 16 and 17, and N,N-diarylphenazine 1 and 5
(determined by cyclic voltammetry against Fc/Fc, converted to SCE®").

X E,(X*T/X)V E,(0CT /XN Ego/eV E(X* /X
1 0.13 0.94 2.96 -28
23 0.75 1.50% 3.20 —2.5
3@ 0.45 0.92 3.35 -29
4 0.71 - 3.55 —28
50! 0.03 0.75. 293 -29
6 0.65 1.49 3.16 —2.5
7 0.63 1.55 3.11 —25
8 0.66 1.47 327 -27
9 0.71 1.40 3.28 —25
10 0.69 1.45 3.25 —26
1 0.73 1.36 3.16 —24
129 0.66 0.96. 3.50 -28
134 0.65 0.97 3.30 —2.7
14 0.45 0.91 3.39 -29
15¢ 0.63 0.83 3.36 —2.7
16 1.03 - 3.03 -2.0
17 0.73 0.94 3.04 -23

[a] Irreversible potential. [b] Additional potential at E=1.23 V. [c] Addi-
tional irreversible potential at E=1.33V. [d] Additional irreversible
potential at E=1.42 V. [e] Additional irreversible potential at E=1.43 V.
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The N,N-diarylphenazine 1 shows as an unmodified chromo-
phore already the strongly negative E,* potential of —2.8 V.
Unexpectedly, the diisobutylamino group in 5 (vs. 1) does not
exhibit an as strongly electron-donating effect on the E.*
potential (—2.9 V) as the N-arylphenothiazines 3 and 14 (vs. 2).
This shows that structure-activity relationships cannot be simply
transferred from one chromophore type to the other, even if
they are quite similar.

Photoredox Catalytic Addition of Methanol

As a model reaction for the evaluation of the photocatalytic
capabilities of 1-17, the nucleophilic Markovnikov-type addition
of alcohols, here simply methanol, to olefins, here a-methylstyr-
ene (21), is used. After excitation of the photoredox catalyst X
(X=1-17) an electron is transferred onto the substrate 21
(Figure 5). The resulting substrate radical anion 21°" is immedi-
ately protonated and the neutral radical 21H® is formed. The
second electron transfer to X** converts the substrate into the
electrophilic cation 21H* and reacts with the nucleophile, here
methanol, to the final addition product 22. The mesomeric
stabilization of both the radical 21H® and the cation 21H™
explains the Markovnikov regioselectivity of this addition.

The standard conditions include 10 mol% of the photo-
catalyst X, the use of a 365 nm LED, and an irradiation time of
20 h. The vyields (Table3) were determined by 'H NMR
spectroscopy.”® The potential of 21 lies between that of a-
phenylstyrene, E.4(S/S*")=-2.3V, and that of styrene, E 4(S/
S*7)=—2.6 V.B? After excitation of the photoredox catalyst an
electron can only be transferred onto the substrate 21 if the
oxidation potential in the excited state is sufficiently high. This
threshold becomes evident by the photocatalytic experiments:
Nearly all members of our chromophore library photocatalyze
the conversion of the substrate 21 into the product 22, only the
N-arylbenzo[blphenothiazines 16 and 17 with an excited state
potential of only —2.0 V and —2.3 V do not show any significant
photocatalytic activity, neither at 365 nm nor at 405 nm. Our N-
arylbenzo[b]lphenothiazines are therefore not capable of alkene
activation by one-electron reduction, not even, if they are
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f Photoredox catalytic x't H

cycle
\\ v
e e /k
"X — Q
o Ph
21H*

MeOH

+ OMe

PhJ\ BT P <
211 22

Figure 5. Proposed mechanism for the photoredox catalyzed addition of
MeOH to a-methylstyrene (21) into p.roduct 22 with Markovnikov
orientation, ET =electron transfer, irr.adiation by 365 nm, 405 nm or 450 nm
LED.[B]
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Table 3. Yields for the conversion of substrate 21 (170 pmol in 1 mL weakly electron-donating methyl groups show comparable
MeOH) into product 22 by using photocatalysts 1-17. Irradiation by| yields to 9 and 10 with the strongly electron-donating methoxy
365 nm, 405 nm or 450 nm LEDs for 20 h at 35°C with vigorous stirring.” groups in ortho- and meta-position. The para-position of the
X Anm mol % t/h yield/% methoxy substituent in 8 further increases the yield compared
1 365 10 20 quant. to 9 and 10. The two methoxy groups make photocatalyst 11 as
] 3 quant. efficient as 8. Unexpectedly, with 12 and 13 only low to
05 3 9 moderate yields of 17% and 39% were achieved, although they
bear the electron-donating diphenylamino groups. This is not
05 ! » only due to their relatively low E,* potentials but can also be
0.5 033 88 explained by the irreversible E, potentials found in the cyclic
450 10 20 quant. voltammograms of 12 and 13 (Figures S45 and S46) that
1 3 47 indicate their photocatalytic instability. Their unspecific photo-
0.5 3 37 degradation during irradiation is one of the reasons why 21 is
2 365 10 20 54 poorly converted. Quantitative yields were only achieved with
3 365 10 20 quant. the chromophores 1, 3, 5, 14, and 15. This is a prerequisite for
1 3 7 advanced photocatalytic experiments. The catalyst loading was
05 3 % gradually reduced to 1 mol% and further to 0.5 mol% using
reduced irradiation times of 3 h, 1h and finally only 20 min.
4 365 10 20 24 These experiments revealed that 15 is the most efficient catalyst
5 365 10 20 quant. among the N-arylphenothiazines, as only with this photocatalyst
1 3 quant. excellent yields (98 %) were still possible under these challeng-
0.5 3 99 ing conditions (0.5 mol%, 3 h) when irradiated at 365 nm. Even
0.5 1 90 after irradiation for only 1 h a yield of 54% was still obtained.
0.5 033 79 The other N-arylphenothiazines 1, 3 and 14 bearing only the
450 10 20 quant. diisobutylamino group, could not give as high yields under the
1 3 31 same demanding conditions. 15 is an example of successful
05 3 6 structural tuning because it combines the strong reduction
potential in the excited state E,*(15°*/15%)=—2.7 V influenced

6 365 10 20 66 . . . . -
by the diisobutylamino group with the high extinction
7 365 10 20 4 coefficient of €345,m=23,200 M'cm™' caused by the phenylene
8 365 10 20 72 group. The phenazines 1 and 5 as the third type of
9 365 1.0 20 48 chromophore in this library also show remarkable photo-
10 365 10 20 57 catalytic activity, because comparably high yields (88% and
1 365 10 20 73 79%) of product 22 were obtained under the advanced
12 365 10 20 17 photocatalytic conditions with only 0.5 mol% chromophore
13 365 10 20 39 and 20 min irradiation at 365 nm. More remarkably, both also
12 365 10 20 quant. allow the quantitative conversion of substrate 21 with visible
: 3 51 light (450 nm LED), but only with high catalyst loadings of
10 mol% and 20 h of irradiation. At this wavelength, the more
0> 3 46 demanding photocatalytic conditions (0.5 mol%, 3 h) signifi-
15 365 10 20 quant. cantly reduce the yield of product 22-37% (with 1) and to only
1 3 98 6% (with 5). The photocatalyst tuning of N,N-diphenylphena-
0.5 3 98 zines by the two diisobutylamino groups fails because the
0.5 1 54 photocatalytic activity of 5 is not better than that of 1. This
16 365 10 20 7 stands in contrast to the N-arylphenothiazines and the positive
405 10 20 @ effect of electron-donating substituents on their photocatalytic
17 365 10 20 5 activity, as discussed above. Additional experiments were
o = - e conducted with 5 and 15 in MeCN, using only stoichiometric
amounts of MeOH. However, this significantly reduced the yield
[a] Traces only. of 22, especially at low catalyst concentrations of 1 mol% and

modified with the strongly donating dimethylamino group (17).
This type of structural tuning does not work for this
chromophore type. The redox tuning by different electron-
donating groups of the N-arylphenothiazines 6-11 works and
gives yields between 48%—73 %. The catalysts 6 and 7 with the
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only 3 h of irradiation (Table S2). The instability of the photo-
catalysts is not enhanced in those experiments.
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DFT Calculations of Conformation, HOMO and LUMO

In order to gain a better understanding of the photoreactivity,
DFT calculations of the chromophores 1-17 and their respective
radical cations were carried out at the B3-LYP®*/def2-TZVP>
level of theory with DFT-D4 dispersion correction,*® using
TURBOMOLE®” (version 7.7.1). As frequency analysis did not
show any imaginary frequencies, it was confirmed that only
energy minimum structures were obtained. For all calculated
molecules, the quasi-equatorial intra-configuration was revealed
to be the minimum energy structure. This was expected due to
the electron-donating properties of the substituents on the
nitrogen.®®

In the ground state, both N-arylphenothiazines 2-4, 6-15
and N-arylbenzo[b]phenothiazines 16, 17 show a curved
“butterfly” conformation along the S—N axis, which has already
been reported for other phenothiazine derivatives.?*** The
corresponding radical cations, on the other hand, have a more
planar geometry, as already described by us and by Miiller et al.
for 3. The N,N-diarylphenazines 1, 5 show a planar
geometry in both states.

We focused on the calculations of the frontier orbitals of the
N-arylphenothiazines and N-arylbenzo[b]phenothiazines. The
calculated HOMOs and LUMOs of 13, 14, 15 and 17 are
visualized representatively (Figure 6, for the HOMOs and LUMOs
of the other compounds, see Figures S51-S67). The HOMO is
localized on the phenothiazine core. The LUMO is localized on
the aryl substituent and is critical for photocatalytic activity
because the photoinduced electron transfer from here initiates
the photoredox catalytic cycle. Its energy is influenced by the
electron-donating property of the substituent(s) on the aryl
group. This correlation can be seen for the N-arylphenothiazines
2, 3, and 6-14 with different photocatalytic activity, as
discussed above. However, the photocatalytic activity of 12 and
13 with the diphenylamino group is lower than that of 14 with
the diisobutylamino group. In addition to the possible reasons
mentioned above, this could be explained by the calculated
LUMO of 13 showing a significant delocalization not only on
the phenyl ring of the N-phenylphenothiazine but also on the
two phenyl rings at the amino group. Obviously, this delocaliza-
tion has the positive effect that the molar UV extinction rises.
On the down side, however, it reduces the electron-donating
effect on the initial electron transfer from the photoexcited
electron in the former LUMO and makes 13 a less efficient
photocatalyst than 14. This explains why the structural tuning
by the diphenylamino groups failed. The most efficient photo-
catalyst in the N-arylphenothiazine series is 15. The calculated
LUMO shows electron density not only on the phenylene bridge
but also delocalization over the diisobutylaminophenyl group,
similar to 14. This rationalizes the significantly enlarged
extinction coefficient of 15 (€345 ,y=23,200 M~'cm™") in compar-
ison to 14 (€355 ,m =900 M~'cm™) allowing nearly quantitative
conversions with lower photocatalyst loadings of 0.5 mol% and
shortened irradiation time of 3 h.

With 14, the same photocatalytic conditions result in a
significantly reduced yield of only 46%. As mentioned already
above, 15 combines high electron density introduced by the
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Figure 6. Principal photochemistry of N-phenylphenothiazines and calcu-
lated HOMOs and LUMOs of 13, 14, 15 and 17 (for the others see Supporting
Information). All structures and frontier orbitals were visualized using VMD"*
version 1.9.3.
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diisobutylamino group with high absorptivity at 365 nm caused
by the phenylene group. For the benzo[blphenothiazines 16
and 17 the larger m-conjugated chromophore core should
enable photocatalysis at 405 nm, the threshold to visible light.
These experiments, however, fail and only traces of product 22
could be detected, if at all. The calculated conformation of the
17 shows a significant curvature in the benzo[b]phenothiazine
core of this chromophore. As a result, the delocalization of the
electron-density is not equal throughout the whole
benzo[blphenothiazine core, with only a very low electron
density of the HOMO on the benzo-fused ring. This explains
why 17 principally behaves like a phenothiazine in the photo-
catalysis and only shows conversion by irradiation at 365 nm.
The product yield after irradiation at 365 nm is only 7% (16)
and 2% (17) due to their too low redox potentials E,* as
discussed above. Overall, the tuning of photocatalytic activation
of alkenes by the N-arylbenzo[b]phenothiazines was not
successful.

Despite the described differences between the calculated
LUMOs and HOMOs, there is an obvious correlation between
the calculated LUMO energies of 1-17 and the photocatalytic
yields obtained under identical conditions (10 mol% X, 20 h
irradiation at 365 nm, Figure 7). Higher LUMO energies (less
negative values), result in greater photocatalytic yields for
product 22. This clearly reflects the influence of the LUMO
energy by the electron-donating property of the substituent(s)
on the aryl group. Since the initial photoinduced electron
transfer originates from this molecular orbital it is crucial for the
outcome of the photocatalysis. With the photocatalysts 1, 3, 5,
14 and 15 quantitative yields were obtained for the conversion
of substrate 21 under standard conditions. Only for 15, the
calculated LUMO energy does not fit well enough with the
obtained high yield in photocatalysis. In this case, not only the
electron-donating diisobutylamino substituent but also the
enlarged chromophore must be considered that promotes the
photocatalytic activity by the enhanced absorptivity.

For the activation of aryl chlorides by using 3 as photo-
catalyst we recently evidenced a consecutive two-photon

100 4 15 1e3 14 5
80
o8 °11
6°
o 60+
z 20°10 o7
3 *9
> 404 13
o4
204 012
*16
01+ 17 : . : . )
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
E(LUMO) | eV

Figure 7. Correlation between LUMO energies of 1-17 with the photo-
catalytic yields of product 22 obtained under identical experimental
conditions: Irradiation for 20 h by the 365 nm LEDs at 35 °C with vigorous
stirring and a photocatalyst loading of 10 mol %.
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process.™ It was spectroscopically shown that the phenothia-
zine radical cation 3°* (formed after the initial photoinduced
electron transfer onto the substrate 21) is excited a second time
and undergoes a photoinduced shift of the positive charge to
the N-aryl substituent (Figure 8 top). To support this hypothesis
also for 5, 14 and 15, spectroelectrochemistry was applied to
measure the absorbance of their radical cations 5°F, 14°* and
15°* (Figure 8 bottom). The absorbance of the radical cations
14°* and 15°* overlaps well with the emission of the 365 nm
LED. We therefore assume that a consecutive two-photon
photocatalytic mechanism, similarly to 3, takes place during
irradiation of these two chromophores. In comparison, the
radical cation 5°* shows a smaller overlap with the emission of
the 365 nm LED than 14°*, 15°* which makes a consecutive
two-photon mechanism at 365 nm less likely. Catalyst 5 can
also be excited with visible light at 450 nm, where a consec-
utive two-photon mechanism is enabled by the strong overlap
of the LED emission with the absorption of 5°*. This explains
why a quantitative conversion of 21-22 was achieved after 20 h
of irradiation by the 450 nm LED although the extinction of 5 at
450 nm LED is much smaller than at 365 nm.

-
{‘ Photoredox catalytic [ X' %1
9

cycle

/ﬁ 2h°

+ MeOH I OMe
Ph k
P

365 nm

— 14
— 15"
0.8
< 06
0.4
02
0oL , : ; : . .
300 400 500 600 700 800 900 1000

Alnm

Figure 8. Top: Proposed photocatalytic mechanism with charge shift in the
photocatalyst induced by a second photon in the cycle. Bottom: Spectroelec-
trochemistry with 5, 14 and 15: Absorbance of the radical cations 5°%, 14°*
and 15°7 in comparison to the normalized emission of the 365 nm LED.
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Conclusions

In conclusion, we presented a small library of N-arylphenothia-
zines, N-arylbenzo[b]phenothiazines and N,N-diarylphenazines
1-17 to aim for strongly reducing photocatalysts without the
need for sacrificial reagents or electrochemistry. The goal of this
library was to derive tailored organophotocatalysts to efficiently
activate alkenes. We compared the opto-electronic properties
and the suitability as organophotoredox catalysts using the
Markovnikov-type addition of methanol to the styrene 21 as a
model reaction. These findings were corroborated by DFT
calculations and spectroelectrochemistry. The novel chromo-
phores 5, 14 and 15 allowed quantitative yields with 10 mol %
catalyst loading and 20 h irradiation. Here, the catalyst loading
was gradually reduced to 1 mol% and further to 0.5 mol%
using reduced irradiation times of 3h, 1h and finally only
20 min. These experiments revealed that 15 is the most efficient
catalyst among the N-arylphenothiazines. This chromophore is
the result of successful structural tuning and combines high
electron density introduced by the diisobutylamino group with
high absorptivity at 365 nm caused by the phenylene group. In
a further tuning attempt, the excitation should be shifted into
the visible light range to gain selectivity and sustainability by
the potential use of sunlight as a light source. To enlarge the
chromophore size a benzene was fused with the phenothiazine
core. The resulting N-arylbenzo[b]phenothiazines 16 and 17 are
red-shifted and show a broad absorbance shoulder into the
visible range. However, N-arylbenzo[b]phenothiazines are not
capable of alkene activation by one-electron reduction, even
not, if they are modified with the strongly donating dimethyla-
mino group ion 17. Structural tuning by strongly electron-
donating groups does not work for this chromophore type. The
N,N-diarylphenazine 1 and 5 are larger chromophores than the
N-arylphenothiazines and show a red-shifted absorption with a
slight tail up to about 475 nm allowing their excitation in the
visible light range (450 nm LED). Unexpectedly, the diisobutyla-
mino group in 5 does not exhibit a strong electron-donating
effect which shows that structure.-activity relationships cannot
be simply transferred from chromophore type to the other, not
even, if they are quite similar.
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