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ABSTRACT: The efficient synthesis of photocatalysts with improved photostability from readily available resources is a requirement
for more sustainable and scalable photocatalysis. Herein, we describe a strategy utilizing a high-yielding three-fold C-N cross cou-
pling selective for three out of six arylbromide sites to avoid alkyl groups in the final catalyst structure. A subsequent triple metalation
to form 1,5,5'-trifunctional organometallic reagents enables the coupling and cyclization with simple esters, whereas a third unreacted
functionality is hydrolyzed upon acidic quench. This short reaction sequence results in bis(diarylamino)acridiniums with dramatically
increased photostability, allowing to lower the catalyst loading to 0.100 mol% without loss in yield.

INTRODUCTION

The remarkable advances in photocatalysis strongly impacted
organic synthesis by allowing an accelerated entry into new
chemical space.'™ In discovery chemistry, inventive photocata-
lytic routes empowered many areas of application, while sev-
eral challenges remained for organic processes on scale. In con-
trast to photoinitiator-based reactions, photocatalysts that par-
ticipate in each productive catalytic cycle often require prohib-
itively high loadings. Particularly since precious metal
polypyridyl complexes such as Ir or Ru-based catalysts* are of-
ten employed in initial discovery methods, more sustainable or-
ganic photoredox catalysts are of direct significance for future
industrial use. As a promising alternative, acridinium salts have
shown great potential as highly versatile and modular photo-
catalysts.”® After the pioneering work by Fukuzumi and co-
workers,’ acridinium salts have experienced a continuous evo-
lution towards an optimal synthesis and suitable photophysical
characteristics. As the properties largely depend on the substi-
tution pattern on the core of the acridinium scaffold, synthetic
strategies typically aim to incorporate different functionalities
at the heterocycle.”!? In order to achieve greater diversification,
we previously developed a method utilizing 1,5-bifunctional re-
agents to convert various esters to aminoacridiniums
(Scheme 1, top).”!"""* An unexpectedly high photostability for
the resulting catalysts was thereby discovered despite the pres-
ence of alkyl groups, enabling organophotocatalytic variants of
various pertinent reactions. However, for reactions on large
scales, a further enhancement of the photostability allowing to
reduce loadings is required besides a streamlined access to the
catalysts. Herein, we describe a novel class of catalysts without
alkyl groups to further prevent catalyst decay. As we surmised
that fully aromatic amines are ideal substituents to replace di-
methylamine substituents, we selected diphenylamine and car-
bazoles as potential aromatic amines attached to the acridinium
backbone and evaluated the utility of 1,5,5” trifunctional organ-
ometallic reagents for their synthesis (Scheme 1, bottom).

Scheme 1. Synthesis of aminoacridinium photocatalysts
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RESULTS AND DISCUSSION

Our efforts were guided by initial work on 1,5-bifunctional or-
ganometallic reagent devoid of alkyl groups. We thereby first
examined the introduction of the phenyl moiety to bis(2,4-di-
bromophenyl)amine 2'* by a Pd-catalyzed cross-coupling.
However, after several ineffective attempts, we observed that
Ullmann-reaction conditions' yielded the desired triaryl amine
3 at 200 °C in 60 % isolated yield after column chromatog-
raphy. Interestingly, the steric interactions at the ortho-posi-
tions sufficiently assisted to access intermediate 4 by a selective
Pd-catalyzed double C-N cross-coupling!® to form the required
precursor 4 with an isolated yield of 48 %.



Scheme 2. Synthesis of the 1,5-dibromo-precursor
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Having intermediate 4 in hand, we set our focus on the prepara-
tion of 2,7-diaminosubstituted acridinium catalysts. Exposure
of precursor 4 to elemental magnesium in THF led to the for-
mation of the 1,5-bifunctional organomagnesium reagent which
was combined with different esters, followed by the addition of
HBr. However, careful optimization of conditions to form cata-
lysts Sa-e in yields exceeding 25 % were unfruitful (Scheme 3).
The moderate yields, the harsh conditions of the synthesis of
precursor 3 and the requirement for column chromatography ul-
timately rendered this route undesirable for our objectives.

Scheme 3. Initial photocatalyst synthesis
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To circumvent the high reaction temperature in the Ullmann-
type coupling and the inefficient synthesis of the acridinium cat-
alyst, a new and simplified synthetic route was anticipated with
the readily available triphenylamine selected as preferred start-
ing material (Scheme 4). Since halogenations of triphenylamine
occur with high selectivity in para positions,'” our initial strat-
egy was aiming at a fivefold bromination followed by para-se-
lective cross-couplings with a final transformation of the 1,5-
bifunctional organomagnesium reagent into the desired acri-
dinium photocatalysts. However, suitable conditions for a five-
fold bromination were not identified, whereas a sixfold bromin-
ation of triphenylamine provided excellent yields with a small

excess of Br.'® Although this procedure introduces an addi-
tional bromine moiety, subsequently leading to a trifunctional-
ized reagent, the aqueous acidic workup with HBr after the re-
action with esters was considered to not only induce elimination
to form the aromatic acridinium, but also to protonate the third
unreacted metalated site, rendering defunctionalization unprob-
lematic.

Scheme 4. Synthetic plans
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Notably, a modification of the protocol of Bauld and co-work-

'8 allowed to obtain desired hexabrominated triphenylamine
7 as colorless crystalline solid in 96 % yield after precipitation
from methanol (Scheme 5). With similar conditions as used be-
fore for 4, the para-selective threefold C—N-cross-coupling
gave precursor 8a in an isolated yield of 94 % without the need
for a purification by column chromatography. With this effi-
cient procedure in hand, the introduction of two carbazole moi-
eties was likewise considered for the synthesis of an additional
subclass of photocatalysts. The protocol by Yamakawa and co-
workers'? thereby allowed a highly selective and efficient triple
C—N cross-coupling to obtain carbazole substituted precursor
8b with an isolated yield of 94 %.

-

Scheme 5. Synthetic routes to tribromo precursors
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Having established robust and efficient synthetic pathways to
access precursors 8a and 8b, we set our focus towards the for-
mation of the anticipated acridinium photocatalysts. As poly-
mer formation was previously not observed in the reaction of
esters with 1,5-bifunctional organomagnesium reagents, we an-
ticipated that the 1,5,5’-trifunctional reagents could lead to a
monometalated intermediate after the double addition to couple
and cyclize to the ester. The third functionalized site would thus
be hydrolyzed by HBr in concert with the formation of the ac-
ridinium salts. Notably, the precursor 8a was efficiently con-
verted into the 1,5,5’-trifuntional organomagnesium reagent
with elemental magnesium in THF. The slow addition of a so-
lution of carboxylic acid ester in THF allowed to obtain the de-
sired photocatalysts (Scheme 6) in good yields (76% resp. 72%,
69% on 7.86 mmol scale). Conversely, precursor 8b required an
equimolar mixture of iPrMgCl and sec-BuLi as exchange rea-
gent® for an effective formation of the 1,5,5 -trifunctional rea-
gent. Subsequently exposure of this 1,5,5’-trifunctional mixed
metal reagent to the esters suitably afforded acridiniums 9¢ and
9d, however in somewhat compromised yields (56% and 49%).

Scheme 6. Streamlined photocatalyst synthesis
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It is noteworthy that only minor differences in the photophysi-
cal properties were observed between catalysts bearing two di-
phenylamine groups (catalysts Sa—5e) and the ones bearing
three diphenylamine groups (catalysts 9a+9b) with exited state
redox potentials of Ei»(P*/P7) of +1.74 = 0.3 V (Table 1). Fur-
thermore, catalysts 9¢ and 9d showed very weak emissions,
hampering suitable measurements to evaluate the photophysical
properties. By comparison of the redox potentials of catalysts
5a-Se and 9a-9b with the redox potential of the Fukuzumi

system [MesMeAcr'BFs Ex(P/P7) = —0.57 V; Eix(P*/P7) =
2.06 V], a decrease in E1»(P*/P") of ca. 0.30 V was measured.

Table 1. Electrical and spectrophotometric data

PC Amax Eoo Eip(P/PY) | Eip(P*/P)
(abs) [eV] [VI* [V]
5a 546 nm 2.32 —0.59 +1.73
5b 545 nm 2.33 —0.60 +1.77
5¢ 544 nm 2.32 —0.61 +1.71
5d 547 nm 2.31 —0.60 +1.73
Se 545 nm 2.33 —0.60 +1.73
9a 545 nm 2.33 —0.61 +1.73
9b 547 nm 2.33 —0.62 +1.71

@ Measured in 100 #mol L™! n-BusNPFs in degassed,
dry MeCN against SCE.

Having accessed and analyzed the newly prepared photocata-
lysts, we set out to determine their photostability and perfor-
mance within a photocatalytic reaction. In a first experiment,
the inherent photostability was evaluated using a 0.05 mol L™
solution of catalyst 9a in MeCN irradiated with 465 nm blue
light while monitoring the decrease in concentration by RP-
HPLC (area %). A decrease in concentration of only 13% was
observed over the course of 60 minutes (see Supporting Infor-
mation for details), prompting us to further investigate the sta-
bility of catalyst 9a in a Ni-catalyzed esterification reaction. Re-
markably, in this reaction, we detected a rapid initial decrease
of the photocatalyst to approximately 70% of the original con-
centration within 15 minutes, at which it subsequently plat-
eaued over 2.5 hours (see Supporting Information for details).
This significant increase in stability compared to previous acri-
dinium photocatalysts therefore further encouraged us to inves-
tigate the minimal catalyst loading required for an efficient pho-
tocatalytic reaction.”! To benchmark catalyst performance, we
first utilized 0.50 mol% 9a, giving a 40% yield for product 12
(Table 2).

Table 2. Photocatalytic Ni cross-coupling reaction

| 0
o 10.0 mol% NiCl, * glyme Q\(
o 15.0mol% 2.2-bpy oy
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OMe
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En- | Time | Photo- Loa(j- Wave- .
try | [h]* | catalyst - length Yield [%]°
[mol%] [nm]

1 3 9a 0.50 465 40
2 6 9a 1.00 465 77
3 6 9a 0.50 465 70
4 3 9a 1.00 525 -
5 18 9a 1.00 465 91
6 18 9a 0.50 465 95
7 18 9a 0.10 465 94
8 18 - - 465 -

®50.0 zmol scale, 3.0 mL DMF, ° Yield determined by
'H-NMR



By increasing the reaction time to 6 h using 1.00 and 0.50 mol%
9a, we measured an increase in yield to 77 % and 70%, respec-
tively (entries 2 and 3). Changing the wavelength from 465 nm
to 525 nm proved to be ineffective and no conversion was ob-
served (Entry 4). Intriguingly, by extending the reaction time to
18 h, nearly full conversion could be achieved, even when low-
ering the amount of photocatalyst to 0.10 mol% (entries 5-7).
A further decrease of the catalyst loading led to inconclusive
outcomes likely caused by a combination of effects that requires
further detailed study of both, the reaction and the reactor sys-
tem.

CONCLUSION

In summary, a streamlined synthetic approach to more photo-
stable acridinium salts was developed. A hexabromination fol-
lowed by a selective three-fold C—N cross coupling and a final
acridinium formation using 1,5,5'-trifunctional organometallic
reagents allowed a drastic increase in overall yields. Nine dif-
ferent catalysts where synthesized by this simplified synthetic
procedure and a strong increase in photostability was identified
in a prototypical photocatalytic reaction.

EXPERIMENTAL SECTION

General Information. All experiments were performed under
an argon atmosphere and in oven dried glassware. Solvents and
reagents were obtained from commercial sources and used
without further purification. For details see Supporting Infor-
mation.
2-Bromo-N!,N'-bis(2-bromo-4-(diphenylamino)phenyl)-
N, N*-diphenylbenzene-1,4-diamine (8a): Prepared accord-
ing to a modified literature protocol.'® To a 500 mL two-neck
round bottom flask were added tris(2,4-dibromophenyl)amine
(7, 14,4 g, 20.0 mmol, 1.00 eq.), diphenylamine (10.2 g, 60.0
mol, 3.00 eq.), Pd(OAc), (44.9 mg, 200 umol, 0.100 mol%),
Xantphos (116 mg, 200 pmol, 1.00 mol%), and NaOz-Bu
(17.3 g, 180 mmol, 9.00 eq.). The flask was evacuated and back
filled with argon three times. Toluene (200 mL) was added and
the reaction was stirred at 110 °C for 3 h. After cooling to
40 °C, water (200 mL) was added and the mixture was extracted
with EtOAc (3 x 100 mL). The combined organic layers were
dried over Na,SO,4 and then concentrated under reduced pres-
sure. The residue was suspended in MeOH (100 mL) and the
solvent was removed in vacuo to give the desired product as a

pale brown powder (18.9 g, 96%, m.p. 251.3 — 252.7 °C): Ry

0.50 (cyclohexane:EtOAc 100:3); vmax (neat): 3034w, 1566m,
1458s, 1272s, 1076w, 1031m, 946w, 895w, 816w, 750s, 691s,
637s; '"H-NMR (500 MHz, CDCls, 298 K) § = 7.21 (3H, d, *J
2.6, C3H), 7.17 (12H, td, *J 7.4, *J 4.3, C2’H), 7.00 (12H, m,
C2’H), 6.94 (6H, tt,°J 7.4,%J 1.1, C4’H), 6.85 (3H, dd, *J 8.7,
4J 2.6, C3H), 6.70 (3H, d, °J 8.7, C6H); *C-NMR (125 MHz,
CDCl3, 298 K) 6 = 147.4 (C17), 145.0 (C4), 140.5 (C1), 129.5
(C37), 129.0 (C3), 127.3 (C6), 124.5 (C2%), 123.3 (C4’), 123.0
(C5), 121.7 (C2); ESI-Ms: m/z caled. for CssH3oBrsNg
980.0725 found 980.0698 [M*].
2,7-Bis(diphenylamino)-10-(4-(diphenylamino)phenyl)-9-
(4-fluorophenyl)acridin-10-ium bromide (9a): To a 500 mL
two-neck round bottom flask were added 2-bromo-N',N'-bis(2-
bromo-4-(diphenylamino)phenyl)-N*,N*-diphenylbenzene-1,4-
diamine (8a, 10.8 g, 11.0 mmol, 1.40 eq.) and magnesium
(1.61 g, 66.0 mmol, 8.40 eq.). The flask was evacuated and back
filled with argon three times. THF (48.4 mL) and 1,2-

dibromoethan (3 drops) were added and the mixture was stirred
at 65 °C for 6 h. Methyl 4-fluorobenzoate (1.21 g, 1.02 mL, 7.86
mmol, 1.40 eq.) in THF (60 mL) was added and the mixture was
stirred at 65 °C for 14 h. After cooling to RT, aq. HBr (2.00 mL,
48%) was added. The mixture was extracted with EtOAc (3 x
50 mL), washed with water (100 mL), dried over Na,SOs, con-
centrated in vacuo and purified by column chromatography to
give the desired product as a dark solid (5.08 g, 69%, decomp.
at 150 °C): R, 0.63 (cyclohexane:EtOAc 10:1); '"H-NMR (500
MHz, CDCl;, 298 K) 8 = 7.71 (2H), 7.47 (2H), 7.43 (2H), 7.37
(4H), 7.30 (12H), 7.22 (4H), 7.16 (2H), 7.24 (12H), 6.99 (4H);
BC-NMR (125 MHz, CDCl;, 298 K) § = 151.5, 150.7, 147.2,
146.3, 145.4, 137.4, 132.4, 131.9, 131.8, 130,0, 130,0, 128.7,
128.5, 126.1, 125.9, 125.7, 125.2, 121.7, 120.7, 115.9, 115.7,
112.6; '"F-NMR (377 MHz, CDCl;, 298 K) § = -110.6.
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