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Herein, we describe the discovery and characterization of multiple N-(hetero)aryl, N-benzyl and N-alkyl de-
rivatives of 9-mesityl-3,6-di-tert-butyl-10-phenyl acridinium photocatalyst. The catalytic performances of these
catalysts as photo-oxidant or photo-reductant (via in situ generated acridine radical) were compared in three
model reactions. We also identified improved catalytic conditions for a previous cyanoarene-catalyzed nucleo-

philic amination reaction using a synthesized N-cycloheptyl acridinium catalyst (up to 98 % yield).

Introduction

In photoredox catalysis, late transition-metal (e.g., iridium, ruthe-
nium) polypyridyl complexes have been commonly employed as pho-
tocatalysts, due to their favorable excited redox properties, enhanced
photostability and excited state lifetime. However, the high cost and low
abundance of these metals have prompted the discovery and application
of organic photocatalysts. Organic photocatalysts (OPCs) usually have
extended conjugated systems and absorb visible light to reach excited
states that can also engage in photoredox catalysis. 9-mesityl-3,6-di-tert-
butyl-10-phenyl acridinium salt (1) and its derivatives have found ap-
plications in synthetic transformations such as nucleophilic arene and
alkene functionalization [1]. Modular syntheses that are amenable to
late-stage functionalization [2-8] have enabled access to diverse acri-
dinium derivatives. However, studies on the comparison of their cata-
lytic performances under various reduction and oxidation manifolds
have been limited. Using 1 as a template structure, we set out to examine
the effects of structural changes on the photophysical properties and
various reactivities of acridinium photocatalysts.

Underexplored N-substitutions for acridinium photocatalysts
Our investigation started by identifying underexplored structural

motifs for derivatives of 1. Prior reports suggested that modifications to

* Corresponding authors.

the acridinium core do not significantly change the redox potentials of
the catalysts (vide infra). On the other hand, modifications to the N-
substituent, while also having little effect on redox potentials, can lead
to meaningful changes in excited state lifetimes. Based on these obser-
vations, we synthesized a library of previously unknown catalysts with
various N-substituents (aryl, heteroaryl, benzyl, alkyl) from xanthylium
salts and commercially available amines (Fig. 1b).

We characterized the photophysical properties of the synthesized
catalysts (Table 1), focusing on excited-state reduction potential (E*;eq
= Eg,0 + Ered, vs. SCE) and excited-state lifetime (). For comparison, we
also compiled properties of acridinium catalysts in three prior reports
[2,6,8] that can be accessed via the same synthetic procedure. To
visualize the effect of structural modifications on E*¢q and t, we also
defined a structural difference score. This score is calculated as 1 minus
the Tanimoto similarity [9] of RDKit fingerprints [10] for a synthesized
catalyst and 1. The higher the structural difference score, the more
different a given catalyst structure is compared to 1. Both synthesized
and reported acridinium catalysts are shown for comparison (Fig. 1c).
Compared to 1 (E*eq = +2.10 V, T = 13.8 ns [2]), structural modifi-
cations have little impact on E*;¢q (& 0.2 V), while significant changes to
excited state lifetimes of over +10 ns can be observed. Compared to
derivatives reported in the literature, our library features simple
changes to the N-substituents, but covers a broad range of property
differences. Notably, we observed increased excited-state lifetimes for a
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variety of N-alkyl and N-aryl acridiniums. It has been suggested that a
more hindered C—N bond rotation can result in slower nonradiative
decay pathways, thus increasing excited-state lifetimes [2]. This hy-
pothesis is further evidenced by the observation that multiple C—N
rotamers exist at room temperature (see Supporting Information for
NMR studies) for certain acridiniums (A4, A5, A8).

To examine the effect of various N-substituents on the excited-state
nature of acridinium photocatalysts, we performed time-dependent
density functional theory (TD-DFT) calculations on the optimized S;
geometry of the synthesized acridiniums (see Supporting Information
for more details). These calculations indicate electron transitions from
the mesityl group or the N-substituent to the acridinium core in the
excited state. These orbitals have minimal spatial orbital overlap, sug-
gesting that S; is an intramolecular charge-transfer (CT) state. We also
observed a significant increase in dipole moments from Sy to S; opti-
mized geometries, further supporting the characterization of S; as a CT
state.

Acridiniums in SyAr reaction

Established acridinium photocatalysts such as 1 and 2 are often
employed as strong excited-state oxidants. Thus, we decided to test our
library of novel acridinium photocatalysts under an oxidative manifold,
in the SyAr reaction of anisoles, as reported by Nicewicz and coworkers
[13]. Given that the coupling combination of anisole with 1,3-imidazole
was reported to occur in a modest 39 % yield with 1, we were curious to
observe how our library of catalysts with modified N-substitutions
would perform (Fig. 2a). Unsurprisingly, catalyst A10, being most
structurally and electronically like 1, enabled the reaction to proceed
with similar yields, with low conversion of anisole, likely resulting from
slow catalyst turnover with this substrate pairing. Surprisingly, photo-
catalysts A4 and A5 with alkyl substitution performed the next highest
out of our acridinium library, though did not outperform 1.

Thus, we were interested to observe whether we could exploit the
significantly longer lifetime of N-alkyl substituted acridiniums by
lowering the catalyst loading required. We performed a head-to-head
comparison between A5 and 1 in the reaction of imidazole with ortho-
chloroanisole, which was reported to proceed with high yield. We found
that at a decreased 2 mol% catalyst loading, both acridinium
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Table 1

Experimentally determined photophysical properties of synthesized acridinium
photocatalysts. Detailed characterizations and methods of determination can be
found in the Supporting Information section 4. Discussions on multiple excited-
state lifetimes observed can also be found in the Supporting Information section
4. Ereq: ground state reduction potential, or E;,2(C/C™), vs. SCE; Eq : Excited-
state energy; E*,.q: excited-state reduction potential, or E;,5(C*/C™), vs. SCE;
T: fluorescence lifetime.

Catalyst label Erea (V) Eo,o (eV) E*ea (V) T (ns)

1¢ —0.56 +2.66 +2.10 13.8

2! —0.49 +2.37 +1.88 6.4

Al -0.61 +2.64 +2.03 15.09

A2 —0.59 +2.73 +2.14 0.11, 4.41, 15.02
A3 —0.61 +2.64 +2.03 23.52

A4 —0.64 +2.63 +1.99 26.91

A5 -0.63 +2.66 +2.03 23.18

A6 —0.63 +2.67 +2.04 0.15, 4.93, 18.93
A7 —0.45 +2.68 +2.23 0.3, 8.53, 16.85
A8 -0.59 +2.68 +2.09 0.26, 8.85, 18.45
A9 —0.56 +2.66 +2.10 12.38

A10 —0.62 +2.65 +2.03 6.14

A1l —0.56 +2.66 +2.10 12.58

@ Catalyst properties extracted from [2].
b Catalyst properties extracted from [11,12].

photocatalysts performed comparably to each other (Fig. 2b). Although
the overall yield was much lower than with the standard reaction con-
ditions, our results imply that the longer excited state lifetime of N-alkyl
acridinium photocatalysts could potentially be leveraged in other
reactions.

It is also worth noting that all our tested acridinium photocatalysts
were competent in this reaction. This finding led us to wonder about the
significance of the N-phenyl substitution in 1. Therefore, we decided to
next screen our library in a different reaction that mechanistically em-
phasizes its importance (vide infra).

Acridiniums in photo-debromination reaction
Nicewicz and coworkers also reported 1 to be a highly competent

photocatalyst in a series of dehalogenation reactions, in which the
catalyst acts as a super-reductant capable of reducing various aryl
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Fig. 1. (a) Two commonly used acridinium photocatalysts (1,2) in photoredox catalysis. (b) Syntheses and yields of acridinium derivatives with various N-sub-
stitutions. See Supporting Information for details of experimental conditions. (c) Differences in excited-state reduction potential and excited-state lifetime compared
to 1 due to structural differences. Literature set A [2], B [6], C [8] contain known derivatives of acridiniums 1 and 2.
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Fig. 2. SNAr reaction of anisoles with imidazole catalyzed by various acridi-
nium photocatalysts (*H NMR vyield).

halides (E*ox = —3.36 V) [14]. Mechanistically, the acridine radical
(generated from single electron reduction of the excited state acridi-
nium) can be further irradiated to a twisted intramolecular charge
transfer (TICT) state that is a potent reductant. This TICT state was
proposed to involve the radical anion being localized on the N-phenyl
ring, highlighting the importance of this substitution.

We decided to screen our library of novel acridinium photocatalysts
in the dehalogenation of 4-(trifluoromethyl)phenyl bromide (Fig. 3).
Our initial hypothesis was that N-aryl acridiniums would be competent
in this reaction, while N-alkyl acridiniums, being unable to access the
TICT state due to the lack of n-conjugation, would give comparatively
lower or no yield. As expected, N-aryl substituted acridiniums were
competent catalysts in this reaction (A6, A8, A9). However, to our
surprise, N-heterocyclic (A7), N-benzyl (Al, A2), and N-alkyl (A3)
photocatalysts were similarly competent in this reaction, with N-cyclo-
hexyl acridinium A3 giving a yield (67 %) within error of that reported
for 1 (72 %). The absence of N-aryl substituents for A3 compared to 1
suggests that A3 is unlikely to access a similar TICT state in the case of 1.
Since the ground-state acridine radical is not sufficient to reduce aryl
bromides (the acridine radical of 1 has an Ey of +0.60 V [14]), we
hypothesized that a different excited-state in nature might be respon-
sible for the reducing behavior of A3. To test this hypothesis, we

Photocatalyst (10 mol%)
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performed preliminary TD-DFT calculations on the optimized ground
state (Dg) geometry of the acridine radicals for all synthesized acridi-
nium catalysts (representative examples of A3, A6, A7 shown in Fig. 3),
to characterize the nature of electronic transitions for the low-lying
excited state (D). For N-alkyl acridiniums (A3, A4, A5), the electronic
transition occurs from Tieore t0 T*core With high orbital overlap, indicating
that the D; is a locally excited state. The character of D; in N-aryl
acridiniums, however, depends on the aryl substituent. Acridiniums
with electron-rich aryl substituents (A1, A2, A6, A8, A10) exhibit elec-
tronic transition from 7. to an orbital localized on the core and N-
substituent, suggesting that D; is a mixed locally excited and charge-
transfer state. Conversely, acridiniums with electron-poor aryl sub-
stituents (A7, A9, A11), shows electronic transitions from fcore to T*N-
substituent and have minimal orbital overlap, indicating that the D is an
intramolecular charge-transfer state. Details on the vertical absorption
energy and orbitals are available in the Supporting Information. These
studies showed that the acridine radicals of acridinium catalysts with
various N-substituents all have accessible low-lying excited states (albeit
different in nature), which may help explain the consistent reduction
reactivities observed across catalysts. Further photophysical studies are
still needed to elucidate the nature of the photocatalysts in the photo-
reduction reaction.

Acridiniums in C—H amination

The Doyle lab previously reported a novel cyanoarene photocatalyst,
CF3-4-CzIPN, that can engage in oxidative radical-polar crossover
(ORPCQ) to achieve nucleophilic amination of primary and secondary
benzylic G(sp®)-H bonds [15]. Compared to commonly employed 4-
CzIPN (E*;eq = +1.43 V), cyanoarenes with a high E*,.4, represented
by CF3—4-CzIPN (E*;.q = +1.91 V), are most beneficial for this reaction
by more readily oxidizing the benzylic radical to a carbocation in the
radical-polar crossover step. In addition to an extensive screening of
cyanoarenes, we have also previously screened acridinium catalyst 2
(E*reda = +1.88 V) with a high throughput photoreactor set up and found
that it is effective in catalyzing the amination reaction [15]. Based on
these observations, we hypothesized that more optimal acridinium
catalysts could be identified for this reaction.

On the hypothesis that longer excited state lifetimes would also be
beneficial to the reactivity of the Ritter amination reaction, we tested N-
alkyl and N-benzyl acridinium catalysts and compared their reactivities
with the previously reported best cyanoarene catalyst, CF3—4-CzIPN,
and the commonly used acridinium catalyst 1 (Fig. 4). We started first by
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Fig. 3. Reductive debromination reaction catalyzed by various acridinium photocatalysts (*°F NMR yield) and TD-DFT studies on the Do-D; transition of acridine

radicals for A3, A6, and A7.
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Fig. 4. Nucleophilic C—H amination reaction catalyzed by various acridinium photocatalysts, including two benchmark catalysts CF3—-4-CzIPN and 1 (*H

NMR yield).

switching light source from the originally reported 456 nm to a 390 nm
Kessil lamp to better match the maximum absorption wavelength of our
synthesized acridiniums. Under otherwise identical reaction conditions,
we found that N-alkyl and N-benzyl acridinium catalysts with longer
excited-state lifetimes significantly outperformed both 1 (68 % yield)
and CF3-4-CzIPN (77 % yield). Through this optimization we identified
catalyst A5 as most optimal, which provides the desired product in a
near-quantitative 98 % yield. As a test of our hypothesis, we also
screened N-aryl catalyst A10, which has a relatively short excited-state
lifetime of 6.1 ns and found that the yield decreased significantly.

Following a previously-reported protocol [12], we subjected a so-
lution of catalyst A5 to an excess of single-electron reductant cobalto-
cene to generate its reduced acridine species, A5® (Fig. 5a, step 1). Upon
addition of this reduced photocatalytic intermediate to a solution of
hydrogen atom transfer (HAT) reagent in the absence of light, two sig-
nals are observed in the '°F NMR (Fig. 5a, step 3). The right peak in-
dicates residual HAT reagent in the reaction mixture. Notably, formation
of a new peak (Fig. 5a, step 3, left) is observed, consistent with formation
and fragmentation of the reduced HAT species, generating a new HAT-
derived byproduct. Moreover, when this mixture is then irradiated with
a 390 nm light source, we observe further conversion of the HAT reagent
to its fragmented byproduct (Fig. 5a, step 4). These experiments indicate
the photocatalyst is likely undergoing a reductive quenching cycle to
generate the reduced acridine radical species, which is then responsible
for single-electron transfer (SET) to the HAT reagent, prompting meso-
lytic fragmentation. Increased conversion of the HAT reagent upon
irradiation also suggests that a consecutive photoinduced electron
transfer (conPET) mechanism may be in effect, wherein the reduced
acridine radical undergoes a second photoexcitation event to promote
the subsequent SET to the HAT reagent from its photoexcited state
(Fig. 5B). We hypothesize that the increased excited-state lifetimes of
the N-alkyl and N-benzyl acridiniums increases the kinetic efficiency of
the SET steps in the catalytic cycle. Moreover, the high conformational
flexibility of catalyst A5 may help to prevent back-electron transfer from
the acridine radical intermediate, a common challenge of many ORPC
reactions [16,17]. More in-depth mechanistic and computational studies
of these novel photocatalysts are needed to elucidate the exact nature of
their increased reactivity.

Conclusion

We have synthesized a library of acridinium photocatalysts featuring
underexplored N-(hetero)aryl, N-benzyl and N-alkyl substitutions. We
observed a significant effect of N-substitutions on the excited-state
lifetimes of acridinium photocatalysts. In addition to being competent
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Fig. 5. (a) Mechanistic study on HAT reagent consumption with acridinium
photocatalyst A5. (b) Proposed catalytic cycle.

catalysts in test reactions featuring various oxidative and reductive
pathways, the extended excited-state lifetimes have been shown to
improve the reactivities of an ORPC reaction, providing new mecha-
nistic insights and future directions in acridinium photocatalyst design.
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