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catalytic donors in light-mediated
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Recently, photochemistry of Electron Donor–Acceptor (EDA) complexes employing catalytic amounts of

electron donors have become of interest as a new methodology in the catalysis field, allowing for

decoupling of the electron transfer (ET) from the bond-forming event. However, examples of practical

EDA systems in the catalytic regime remain scarce, and their mechanism is not yet well-understood.

Herein, we report the discovery of an EDA complex between triarylamines and a-

perfluorosulfonylpropiophenone reagents, catalyzing C–H perfluoroalkylation of arenes and

heteroarenes under visible light irradiation in pH- and redox-neutral conditions. We elucidate the

mechanism of this reaction using a detailed photophysical characterization of the EDA complex, the

resulting triarylamine radical cation, and its turnover event.
1 Introduction

Modern photocatalysis explores myriad ways of accelerating
chemical reactions by channeling energy from a light source.
Currently, the paradigm for light-powered reactions in industry
and academia is mostly represented by the use of transition
metal complexes—for example, iridium and ruthenium photo-
catalysts—which pose challenges of elevated cost and contam-
ination of the nal product with oen toxic metals.1 Therefore,
it is highly desirable to nd alternative photocatalytic
approaches based on commercially available organic (metal-
free) molecules. Complementary to the many advances in the
eld of organic photoredox catalysis in the last decade,2,3 the
synthetic potential of EDA complexes has become of great
recent interest through the pioneering studies by Kochi and
later by the groups of Melchiorre and Chatani.4–6

EDA complexes are formed by association of an electron
donor molecule and an acceptor molecule in the ground state.
They are characterized by a reduction of the HOMO–LUMO gap
compared to individual components, and a new charge-transfer
absorption band oen appears in the UV-vis spectra. Irradiation
of EDA complexes with visible light can lead to a single-electron
transfer (SET), which upon the irreversible cleavage of a leaving
group in either the donor or the acceptor, can be exploited to
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trigger further radical reactivity.7 This SET enables new chem-
ical transformations under mild conditions with substrates that
do not absorb visible light, and without the need for an exoge-
nous photocatalyst. However, a caveat of traditional EDA-
mediated synthetic platforms comprises the need for stoichio-
metric amounts of donor and acceptor, where both components
end up in the product structure.8–10 This drawback can be
overcome by a catalytic approach to EDA complex formation, in
which either the donor or acceptor is added in a catalytic
amount, decoupling the complexation/photoactivation steps
from the substrate functionalization.11

In 2019, Fu et al. reported a modied EDA-mediated system
consisting of an electron-decient acceptor (N-(acyloxy)phtha-
limides) in association with a catalytic donor (triphenylphos-
phine) and sodium iodide as an additive, where a substrate of
interest traps the resulting radical species, and the donor is
later regenerated by a one-electron reduction in a turnover event
(Fig. 1a).12 Using this catalytic EDA-system they promoted the
photodecarboxylative alkylation of silyl enol ethers and heter-
oaromatics. Since this seminal work, a limited number of
catalytic donors for EDA-mediated transformations have been
reported (Fig. 1b), categorized into ionic and neutral EDA
systems. Milestone examples of the former category include
Melchiorre's decarboxylative Giese additions employing
dithiocarboxylate anions,13 the use of tetramethylethylenedi-
amine (TMEDA) and phosphonium iodide salts for the mono-
uoromethylation of alkenes,14 Stephenson's 2-
methoxynaphthalene-mediated triuoromethylation and alkyl-
ation of aromatics,15 and the synthesis of benzo[b]phosphine
oxides by the photoredox catalyst Eosin Y.16 On the other hand,
more scarce reports on neutral catalytic EDA systems include
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of catalytic EDA complexes in synthetic chemistry.
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the quinuclidine-catalyzed aminodecarboxylation of tetra-
chlorophthalamide esters,17 and hydroquinones/
organophosphines in the halogen bonding-mediated modi-
cation of arenes and heterocycles,18,19

While all these reports showcase the expansion of the cata-
lytic donor toolbox in the last three years, there still exist chal-
lenges that hamper their efficacy when compared to transition
metal photocatalysts; for example, the instability of most
donors in the catalytic cycle, the need for superstoichiometric
amounts of additives (i.e. acids, bases, or inorganic salts), long
reaction times (>24 h), or catalyst loadings above 10 mol%.
Therefore, it is important to explore new functionalities capable
of addressing such limitations.

Triarylamines are among the most studied electron donors
for their versatility, stability, and the easy tunability of the
electronic levels by permutations of the aryl groups synthesized
in one step by well-established methodologies. The parent
molecule of this family, triphenylamine (TPA), is widely used in
materials chemistry as a redox-active scaffold, spanning
numerous applications such as dyes, semiconductors, or elec-
trochemical redox mediators.20–24 In its ground state, TPA is also
one of the least basic organic amines, making it compatible
with a wide range of functional groups, useable in pH-neutral
© 2023 The Author(s). Published by the Royal Society of Chemistry
reactions, and orthogonal to acid–base processes within the
same system.25 However, until a recent report by Procter and co-
workers26—published aer the preparation of this manu-
script—, triarylamines remained unexplored as catalytic donors
in a general synthetic platform for radical generation and
functionalization of arenes. In their work, a naphthyldiphenyl-
amine donor proved successful in the alkylation and cyanation
of arenes from their corresponding thianthrenium salts.
Nevertheless, in addition to their elegant C–H activation for the
formation of aryl radicals—challenging to form without the use
of highly reducing photoredox catalysts such as 10-phenyl-
phenothiazine27—, it would also be advantageous for the eld to
explore the capability of EDA catalytic triarylamine donors in
the context of Minisci-type reactions onto aromatic substrates.28

For the reasons listed above, we were compelled to study
triphenylamine—the simplest of triarylamines, until now
synthetically relegated to cyclization and dimerization reac-
tions—as a suitable catalytic donor that is not only readily
available, economically accessible, and synthetically tunable;
but also safe, efficient and obtainable from renewable feed-
stocks. In this work, we describe the design of an EDA system
utilizing TPA as a catalytic donor, and study the mechanism
behind its association with a propiophenone redox tag as
Chem. Sci., 2023, 14, 3470–3481 | 3471
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a suitable acceptor for the rst time. Additionally, we explore
the catalytic turnover ability of triarylamines towards the innate
peruoroalkylation and triuoromethylation of electron-rich
arenes and biologically-relevant scaffolds as a benchmark
reaction. Finally, we provide comprehensive photophysical
studies that describe the catalytic cycle in detail, establishing
a general reference framework for the design of future EDA-
mediated catalytic donors and acceptors.
2 Results and discussion
2.1. Design of a catalytic system: triphenylamine in the
context of b-cleavage reactions

The rst step in the design of an acceptor complementary to
TPA in EDA catalysis was to nd a suitable “recognition
element” pertaining to an electron-decient moiety capable of
interacting with the lone pair of the amine. Kannappan and
coworkers studied the charge transfer complexes between
arylamines and aryl ketones and showed that the thermody-
namic stability of such complexes is aided by secondary inter-
actions such as dipole–dipole forces or p-stacking (Fig. 2a).29

Reactions involving ketone b-cleavage have been studied
previously under high intensities of ultraviolet light (450 W
Xenon lamp) with the presence of a suitable leaving group such
as a halogen, acetoxy group, or sulfones.30–33 Thus, we
Fig. 2 Catalytic EDA system design and application.

3472 | Chem. Sci., 2023, 14, 3470–3481
hypothesized that the addition of an electron (photoreduction)
into such scaffolds would lead to the generation of a stabilized
anion and a radical species (Fig. 2b), providing an opportunity
to study the capability of triphenylamine as a catalytic electron
donor in a general synthetic platform.

Recently, the b-cleavage of ketones was included in the
design of a series of alkylating reagents reported by our labo-
ratory, exploiting propiophenone as a photocleavable fragment
(Fig. 2c).34 In this work, inspired by Garćıa-Garibay's engi-
neering of Norrish I reactions35,36 and the captodative effect,37,38

these reagents were capable of homolytic cleavage into three
elements upon irradiation of light with a xenon arc lamp (>295
nm): a propiophenone radical—dubbed “dummy” due to its
stability—, a molecule of SO2 gas, and the radical of interest,
which is then trapped by the aromatic substrate to be func-
tionalized innately.34 Such propiophenone-based reagents have
several advantages versus the well-established peruoroalkyl
iodides: they are thermo- and photostable, and can be used
under redox- and pH-neutral condition in late-stage function-
alization. These “dummy group” reagents allow for easy
installation of peruoroalkyl (peruorooctyl, peruorohexyl,
peruorobutyl and triuoromethyl) group and also alkyl radi-
cals (such as isopropyl and n-hexyl) on electron-rich aromatics
and various biologically relevant substrates.39 However, while
a diverse set of peruoroalkyl and alkyl radicals were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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successfully utilized in this approach, the scope of the substrate
is limited to molecules with minimal absorptions overlap to
that of the “dummy” group (<290 nm) to achieve high photo-
conversion yields. It is noteworthy that while the literature
pertaining to peruoroalkylation reactions is vast,40–44 methods
for the metal-free C–H peruoroalkylation of aromatic mole-
cules through the use of EDA complexes in the catalytic regime
remain limited.18,19,45

We thus hypothesized that these dummy group reagents
constituted the ideal candidates as the benchmark reaction to
test TPA's capability as a catalytic donor (Fig. 2d): rstly, they
contain a benzoyl moiety that can be used as a recognition
element, secondly, their structure is designed for a facile
cleavage leading to the generation of the desired radicals, and
thirdly, the formation of an EDA complex with TPA would allow
for the photoactivation to be initiated under milder conditions
with the use of blue LEDs rather than a high energy ultraviolet
light source.
3 Mechanistic studies: exploring the
EDA catalytic cycle

EDA complexes are evidenced by the appearance of a new
absorption band typically within the visible range of light,
beyond the absorption of pure donor or acceptor. Upon mixing
solutions of TPA in MeCN with ketone C8 (or C6) −1 : 5 ratio,
0.02 M and 0.1 M, respectively—an immediate shi in the
absorption with a new broad feature (attributed to charge
transfer) was observed compared to the absorption prole of the
separate components (Fig. 3a and c). Furthermore, the
sequential dilution of a mixture of TPA (0.005 M) and C6 (0.02
M) showed a quadratic concentration dependency for the
charge transfer band consistent with its bimolecular complex-
ation origin (lmon = 427 nm; Fig. S2a and c†), whereas that of
the p–p* band (lmon = 295 nm; Fig. S2b and d†), linearly
decreased upon dilution as is to be expected based on Beer–
Lambert law, further conrming the bimolecular nature of the
new charge transfer band. Overlapping the emission prole of
our 427 nm LED lamp suggests that this freshly mixed solution
absorbs light from the photoreactor as a result of the EDA
complex formation, having ca. 20% light absorption (absor-
bance of 0.097) at 427 nm (maximum of our photoreactor
incident light) for the given concentrations. Furthermore, aer
irradiating the sample under blue light for ten minutes, the
sample's absorption surged considerably by reaching 64%, and
a new absorption band was formed at ∼660 nm. We attributed
this new species to triphenylamine radical cation (TPAc+),
previously observed upon SET events.46,47

Consistent with TPAc+ formation upon irradiation of the TPA
and acceptor mixture in acetonitrile at room temperature (5
minutes of irradiation under blue light, 427 nm), a strong and
long-lived electron paramagnetic resonance (EPR) signal was
recorded conrming the presence of a radical species, Fig. 3d.
Fitting of the observed EPR spectra suggests a hyperne
coupling (hfc) attributed to a single electron coupled with an N
nucleus (S = 1, hfc ∼8.5 G) and nine H nuclei (3Hpara with
© 2023 The Author(s). Published by the Royal Society of Chemistry
hfcH(para) ∼1.9 G and 6Hortho, hfc ∼1.4 G), which is in line with
the previous reports48–52 and the density functional theory
calculations (Fig. 3e, Table S1†). Such observation not only
conrmed the in situ formation of the TPA radical cation but
also substantiated the formation of an EDA complex, as dis-
cussed in the work of Stamires and Turkevich.53 Importantly, no
EPR signal was observed in a freshly mixed solution of TPA and
the acceptor before irradiation, wherefrom a relatively weak
charge transfer between the donor (TPA) and acceptor (per-
uoroalkyl) may be inferred.53

Quenching of TPA emission in the presence of increasing
amounts of acceptor (C6) provided further insights into the
nature of their interaction, studied through steady-state and
time-resolved uorescence quenching experiments (Fig. 3e and
f). Here we sought to reveal whether the TPA interaction with
the dummy group existed a priori of their excitation (static
quenching, no diffusion required) or rather, following photo-
excitation of TPA, the electronically excited donor and the
acceptor (C6) encounter in solution (dynamic quenching). The
drop in intensity of TPA with increasing C6 (Fig. 3e) was
analyzed using Stern–Volmer formula. A linear relationship was
obtained with a Stern–Volmer quenching constant of KSV ∼3.1
× 103 M−1. Combining this value and the uorescence decay
lifetime of TPA in acetonitrile (1.53 ns, Fig. 3e), a bimolecular
quenching rate constant kq = 2.1 × 1012 M−1 s−1 (Fig. S4a†) was
estimated. The resulting kq far exceeds the diffusion-controlled
rate constant value in acetonitrile, i.e. 2.0 × 1010 M−1 s−1,54

indicating that “dynamic quenching” is not a major pathway
involved in TPA-C6 interaction. Consistent with a preformed
complex, static emission quenching was conrmed in time-
resolved emission studies by the lack of changes in the TPA
emission decay lifetime, recorded from time-correlated single-
photon counting (TCSPC) upon the addition of C6 up to
10−3 M concentrations. In the case of a dynamic process, both
intensity and emission decay lifetime would vary proportionally
to the increasing C6 concentration. Analysis of the quenching
plot using static equilibrium conditions and assuming no
emission from the EDA complex (see ESI Fig. S4, eqn S(2)†)
suggests the formation of a 1 : 1 ratio complex with a binding
constant of K = 1.04 ± 0.40 × 104 M−1, which is signicantly
higher than the previously studied charge transfer complexes
between a similar system of N,N-dimethylaniline and aceto-
phenone derivatives.29,55

To gain further mechanistic insight, we also conducted
transient absorption studies via laser ash photolysis upon
355 nm excitation of TPA in Ar purged acetonitrile solutions,
alone or in the presence of C6. Following excitation in the
presence of C6 we observed the formation of a transient band
with a peak at 660 nm consistent with that previously reported
for TPAc+(Fig. 3g).46,56 Formation of TPAc+ was observed imme-
diately within excitation; however, we noted that the high
sample absorption at the excitation wavelength generated
a thermal wave that prevented accurate spectral assignments
within the rst∼1 ms upon excitation. Notably, excitation of TPA
in the absence of C6 but under otherwise identical conditions,
rendered the spectra of 4a,4b-dihydrocarbazole in the ground
state (DHC0) with a characteristic absorption at 610 nm
Chem. Sci., 2023, 14, 3470–3481 | 3473
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Fig. 3 Mechanistic studies on triphenylamine as an EDA (a) UV-visible spectra of TPA (1 × 10−5 M) and the perfluoroalkylating reagents C8 and
C6 (1 × 10−5 M) (b) Formation of color by the mixture of TPA (0.02 M) and C8 (0.1 M, 5 equiv.) solutions, freshly made (0 min irradiation) and after
10 min irradiation using blue light (10 min, 40 W Kessil lamp 427 nm). (c) Absorption evolution of the EDA complex formed between TPA (0.02 M)
and C8 (0.1 M, 5 equiv.) and its absorption overlap with the employed light source. (d) EPR spectrum of a mixture of C8 with TPA at room
temperature before and after shining light (5 min, 40W Kessil lamp 427 nm). Below the spectra: spin distribution for TPA radical cation calculated
by density functional theory (DFT; B3LYP 6-31g(d)) as a visual reference of spin delocalization. (e) Quenching of TPA (1 × 10−5 M) by forming an
EDA complex with various concentrations of C6. (f) Time-correlated single-photon counting spectra of TPA in the absence of perfluoroalkylating
agent (black), 10 equiv. C6 (green) and 100 equiv. C6 (orange) (1× 10−4 M and 1× 10−3 M, respectively); the decreasing emission intensity and the
constant lifetime upon the addition of the quencher indicate a static quenching. (g) Transient absorption spectrum of TPA (0.005M) and C6 (0.02
M) upon excitation with a 355 nm laser yielding the TPA radical cation. (h) Transient absorption of TPA (0.005 M) showing the formation of 4a,4b-
dihydrocarbazole in the ground state upon excitation with a 355 nm laser.

3474 | Chem. Sci., 2023, 14, 3470–3481 © 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3h). This transient species is consistent with the previously
reported photo-processes of TPA.57–59 In short, for the latter,
upon excitation, rapid intersystem crossing (ISC) from the
singlet excited state (1TPA*) generates TPA in the triplet excited
state (3TPA*) with a quantum yield of 0.9. The 3TPA* in turn,
cyclizes to quantitatively generate 3DHC*, which decays into its
ground state upon intersystem crossing (DHC0). In the absence
of oxygen, DHC0 converts back to TPA. Importantly, while we
were unable to excite at a wavelength where only the EDA
complex absorbs, our LFP results position SET as an active
mechanism operating when TPA is in the presence of C6. Here
TPAc+ is unequivocally observed within the rst few microsec-
onds following excitation. Combined with the absorption and
uorescence studies that indicate the formation of an EDA
complex and the radical formation at lower excitation energies
(427 nm) measured by EPR, transient absorption studies alto-
gether conrm that electron transfer originates from the
complex and not from the excitation of TPA alone.

The observed high stability of the TPA radical cation in the
solution (∼3 h in air, as conrmed by EPR analysis) is likely due
to its low concentration, which suppresses the coupling of
radical cations, as studied by Creason, Wheeler, and Nelson.60

Moreover, we see no evidence for the formation of N,N,N′,N′-
tetraphenyl benzidine (TPB)—the product of dimerization
between two TPA units—neither by GC-MS of reaction mixtures
nor by uorescence spectroscopy (Fig. S3a†),46,61,62 ruling out the
possibility of TPB being a secondary catalyst formed in situ by
photooxidation of TPA.

Finally, we proceeded to conrm the formation of the
desired peruoroalkyl radicals with a trapping experiment
(Fig. 4). These radicals are electrophilic in nature, making them
more prone to addition to electron-rich aromatics. The rst trial
using 1,3,5-trimethoxybenzene as the trapping substrate
provided an NMR yield of 85% when irradiated overnight (14 h)
in the presence of a 25 mol% load of TPA with respect to the C6
peruoroalkylating reagent. The formation of propiophenone
was conrmed by GCMS and NMR, corroborating the proposed
cleavage pathway for the C6 reagent. Regarding controls for this
system, light irradiation is essential for the formation of
product given the yields obtained when running a dark reac-
tion, both at room temperature and 40°C—none and traces,
respectively. Most importantly, when a TPA-free reaction was
run under light irradiation, less than 10% of the product was
formed, indicating that the functionalization of the aromatic
substrate is clearly driven by the addition of the donor. Lastly,
Fig. 4 Radical trapping and control experiments.

© 2023 The Author(s). Published by the Royal Society of Chemistry
we investigated the tolerance of the EDA catalytic cycle to
oxygen. The reaction still proceeds in air, albeit with a 50%
decrease in the yield, which we attribute to possible interference
of oxygen in the radical cascade derived from the cleavage of the
peruoroalkylating reagent furthermore, since commercially
available triphenylamines are usually synthesized through
metal-mediated cross-coupling reactions (e.g. traditional Ull-
mann coupling), we wanted to rule out the possibility of trace
metals such as Cu and Pd promoting the reaction. For this, an
extra control was run with sublimated TPA, giving the same
yield as the commercial-grade reagent (98% purity).

With this information in mind, a proposed mechanism is
depicted in Fig. 5. When present in solution, our TPA catalyst I
and the propiophenone-containing peruoroalkylating reagent
II form a charge transfer complex III (absorbing in the visible
spectra). Upon excitation with blue light at 427 nm, SET creates
a radical pair of the triphenylaminium radical cation and the
radical anion of the peruoroalkylating reagent. Due to
a weakened C–S bond and driven by entropy, this radical anion
breaks into three components: a resonance-stabilized enolate,
an SO2 molecule, and the free peruoroalkyl radical. The latter
thereaer adds to the aromatic substrate V, forming the inter-
mediate VI which is then oxidized by the triphenylaminium
radical cation releasing the functionalized product and regen-
erating the TPA catalyst.
4 Optimization of conditions and
expansion of scope: visible-light
promoted perfluoroalkylation and
trifluoromethylation of aromatics

Having placed the pieces together in our mechanistic puzzle, we
proceeded to optimize the proposed conditions and study the
scope, while using our previously reported UV-light promoted
peruoroalkylating methodology as a ref. 39. In the original
report, 2 equivalents of the propiophenone-based per-
uoroalkylating reagent were used to functionalize electron-
rich aromatics under irradiation of a 300 W xenon arc lamp
with a long-pass lter of >295 nm, reaching almost quantitative
NMR yields for the peruorohexylation of 1,3,5-trimethox-
ybenzene.39 Here we aimed to attain the same yields albeit with
an electron donor—preferably in catalytic amounts—and using
commercial blue LEDs.
Chem. Sci., 2023, 14, 3470–3481 | 3475
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Fig. 5 Proposed mechanism for the catalytic EDA complex formation between TPA and the perfluoroalkylating reagent.
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Firstly, taking the conditions shown in Fig. 4 as our starting
point (Table 1, entry 1), we explored the use of other amines to
study their efficiency and behavior compared to TPA (entries 2–
6). Starting with N,N-dimethylaniline (N,N-DMA) as a reference,
the yield of functionalization decreased to 37%, possibly due to
both a lower affinity towards the C6 reagent and a lower turn-
over number. Also, despite its structural similarity with TPA, N-
methyldiphenylamine (MeDPA) presented a lower yield at 52%.
Such observation could be explained by the known reactivity of
alkylamines in photocatalysis, where upon abstraction of one
electron a-aminoalkylradicals are readily formed.63 Trials with
amines bearing no aromatic substituents (e.g., Hünig's base)
resulted in even lower yield of 25%, suggesting that, while the
amine could reduce the reagent, it acts as a stoichiometric
(sacricial) donor. Additionally, when switching to another
strong organic base such as 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU)—traditionally known as a suitable electron donor in
thermochemistry–the reaction was shut down, suggesting that
the donating power of the amine may not depend on its basicity
in the ground state. Finally, the highly reducing 10-phenyl-
phenothiazine (PTH) photocatalyst showed lower selectivity
towards the monoperuorohexylated product with 21%, in
addition to a 39% yield for the diperuorohexylated product.
These results conrm that the reactivity between TPA and
propiophenone-based redox tags is signicantly different from
3476 | Chem. Sci., 2023, 14, 3470–3481
previous literature reports employing aryl amines, including the
closely related phenothiazines.

Further extension of the reaction time to 24 h resulted in no
change in the yield (entry 7), prompting us to keep the initially
proposed 14 hours as the optimal timeframe. Moreover, by
doubling the crude concentration to around 0.4 M, a slight
decrease in yield was noticed (entry 8), possibly due to
decreased light penetration in the reaction mixture. Next, we
moved on to analyze the inuence of solvent in the reaction
(entries 9–12). Trials to optimize the conditions selecting more
polar solvents (higher chance of EDA complexation)8 such as
isopropanol (IPA), ethyl acetate (EtOAc), methanol (MeOH) and
dimethylsulfoxide (DMSO), showed lower yields compared to
acetonitrile. Next, we proceeded to nd the optimal amount of
TPA in our system. Interestingly, increasing the amine's load
proved counter-productive to the reaction, with yield dropping
to ∼50% when using 50–100 mol% of TPA (entries 13–15). On
the other hand, the use of 5 mol% of TPA allowed us to replicate
a >80% yield observed in our initial radical trapping experi-
ment, with just one h of the original catalyst loading (entry
16). Motivated by this result, we moved on to test whether an
inversion of the equivalents between the aromatic substrate and
the peruoroalkylating reagent would have an effect on the
yield, allowing us to apply these conditions when the substrate
is available in very limited amounts for applications such as
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc07078b


Table 1 Optimization of reaction conditions—perfluoroalkylation of electron-rich aromatics

Entry Amine
Mol%
amine Solvent Product yielda (%)

1 TPA 25 MeCN 85
2 N,N-DMA 25 MeCN 37
3 MeDPA 25 MeCN 52
4 DIPEA 25 MecN 25
5 DBU 25 MeCN Traces
6 PTH 25 MeCN 21, 39b

7 TPA 25 MeCN 80c

8 TPA 25 MeCN 65d

9 TPA 25 IPA 18
10 TPA 25 EtOAc 77
11 TPA 25 MeOH 48
12 TPA 25 DMSO 47
13 TPA 50 MeCN 59
14 TPA 75 MeCN 54
15 TPA 100 MeCN 47
16 TPA 5 MeCN 82
17 TPA 5 MeCN 87e

18 TPA 5 MeCN 88e,f

a NMR yields using dimethylsulfone as a standard. b Yields of mono- and di-functionalized products, respectively. c 24 h reaction. d Double
concentration (0.4 M). e Inverted equivalents of substrate and reagent. f Peruorooctylation. TPA: triphenylamine, N,N-DMA: N,N-
dimethylaniline, MeDPA: N-methyldiphenylamine, DIPEA: N,N-diisopropylethylamine/Hünig's base, DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene,
PTH: 10-phenylphenothiazine.
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late-stage functionalization. By keeping a 5 mol% load of TPA
with respect to the limiting reagent −2.5 mol% with respect to
the peruoroalkylating reagent (a very low loading of catalyst
compared to the literature on EDA catalytic donors), we
successfully obtained a yield of ∼87% (entries 17 and 18).

With these encouraging results we moved on to show the
wide scope of our optimized conditions (Fig. 6). As already
discussed above, peruorooctylation and peruorohexylation
of 1,2,3-trimethoxybenzene resulted in good yields aer puri-
cation, reaching 80% yield for product PF1 and 79% yield for
product PF2. An additional test for peruorobutylation of the
same substrate yielded similar amounts by NMR, albeit a lower
isolated yield for the peruorobutylated PF3. When looking at
less electron-rich aromatics such as 1,4- and 1,2-dimethox-
ybenzene we observed moderate yields of 49% (PF4) and 46%
(PF5), respectively, with high regioselectivity towards the 4-
position in the latter case. On the other hand, an inseparable
mixture of monoperuoroalkylated isomers with approxi-
mately equimolar distribution, as determined by GCMS, was
© 2023 The Author(s). Published by the Royal Society of Chemistry
obtained for 1,2,3-trimethoxybenzene (PF6) with a total yield
of 20%.

We then decided to test substrates that have proved chal-
lenging to peruoroalkylate in the literature, such as those that
absorb at wavelengths similar to the peruoroalkylating reagent.
For example, 2,6-dimethoxynapthalene is strongly absorbing at
295 nm, preventing the cleavage of the dummy group reagent
and the subsequent generation of radicals in solution. However,
when subject to the conditions of this work, peruorooctylation
was successful in the 1-position, giving the product PF7 with
a yield of 43%. Unsubstituted aromatic rings constitute another
challenging family of molecules in peruoroalkylation reactions
due to their less electron-rich character. Nevertheless, the
proposed EDA catalysis proved useful for the peruorohexylation
of naphthalene and the peruorooctylation of benzene in good
yields giving products PF8 and PF9, respectively. Mono-
functionalized products were observed for both substrates, with
the latter having modied reaction conditions—25% v/v in
solution. Lastly, UV light also prevented the application of these
Chem. Sci., 2023, 14, 3470–3481 | 3477
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Fig. 6 Demonstrative scope for the catalytic EDA-mediated perfluoroalkylation of electron-rich aromatics. Note: PF9 is done under modified
conditions (25% benzene v/v as solvent).

Table 2 Optimization of reaction conditions—trifluoromethylation of electron-rich aromatics

Entry Amine mol% amine Volume (mL) Product yielda (%)

1 TPA 0 0.5 Traces
2 TPA 5 0.5 15
3 TMPA 0 0.5 Traces
4 TMPA 5 0.5 64
5 TMPA 10 0.5 63
6 TMPA 2.5 0.5 77
7 TMPA 1 0.5 13
8 TMPA 5 0.25 74
9 TMPA 5 0.5 89b

10 TMPA 2.5 0.5 75c

11 TMPA 2.5 0.25 91
12 TMPA 2.5 0.25 45b,d

13 TMPA 2.5 0.25 45d,e

14 TMPA 2.5 0.25 50c,d

a NMR yields using dimethylsulfone as a standard. b 18 hours of irradiation. c Using 2.5 equivalents of CF3 reagent.
d 440 nm light. e 24 hours of

irradiation.

3478 | Chem. Sci., 2023, 14, 3470–3481 © 2023 The Author(s). Published by the Royal Society of Chemistry
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peruoroalkylating reagents for the addition to olens due to the
generation of inseparable mixtures. When submitting N-meth-
acryloyl-N-methylbenzamide to our conditions, the addition of
the peruorooctyl radical and the subsequent cascade cyclization
with the benzene ring were observed, yielding product PF10 in
45% yield.

In addition to the electron-rich substrates presented here,
our strategy proved applicable for the late-stage functionaliza-
tion of some molecules of biological importance. For example,
a methylated derivative of naproxen proved responsive towards
peruorohexylation in 30% yield to give product PF11. In
addition, similar yields were observed for free caffeine to give
the perurorohexylated product PF12 and its perurooctylated
analogue PF13 under our conditions. Monosubstituted PF14
was also obtained with high selectivity albeit in low yield (15%)
by peruorooctylation of papaverine—an antispasmodic alka-
loid—in its free base form. Finally, we tested our conditions on
dibenzo-18-crown-6, a popular phase-transfer agent, obtaining
the 4-peruorooctylated product PF15 in excellent yield. We
envision that the late-stage peruoroalkylation of aromatic
substrates shown in this work will nd applications beyond this
scope, such as the study of their physical–chemical properties
for the modication of materials, the study of their inter-
actomes in biological systems,64 their use as probes and the
development of new analytical techniques for their binding and
detection,65,66 among others.

The previously described results motivated us to turn next to
a highly-sought reaction in medicinal chemistry: the radical
late-stage triuoromethylation of aromatic scaffolds.67,68 The
introduction of the triuoromethyl moiety allows for the control
of fundamental properties in the drug development process
such as potency, conformation, metabolism and membrane
permeability, making it a valuable transformation for the
Fig. 7 Demonstrative scope for the catalytic EDA-mediated trifluorome

© 2023 The Author(s). Published by the Royal Society of Chemistry
pharmaceutical industry.69,70 Following the same principle as
the previous section, we began to optimize the tri-
uoromethylation of 1,3,5-trimethoxybenzene in the presence
of the CF3 reagent and TPA at 427 nm. Starting with similar
conditions to the optimized peruoroalkylation of aromatics,
TPA reached a yield of only 15% towards the desired product
(Table 2, entries 1 and 2). Such a decrease in the yield against
a different reagent can be explained by the difference in bond
dissociation energies between the carbon atom alpha to the
ketone and the sulfone moiety, showing 174.9 kJ mol−1 and
185.0 kJ mol−1 for C6 and CF3, respectively (calculated using
density functional theory, DFT- B3LYP 6-31g(d)). Nonetheless,
this represented an opportunity to modify the triphenylamine
scaffold without compromising the simplicity of the catalytic
design. In our search for more electron-donating amines, tris(4-
methoxyphenyl)amine (TMPA) appeared to be a viable
commercially-available alternative to TPA. A reaction with
a 5 mol% loading of TMPA showed a signicant increase in
yield at 64% under the same conditions (entries 3 and 4).
Similar to our previous optimization, lower loadings of catalyst
provided higher yields of up to 77% with 2.5 mol% of catalyst
(entries 4–6); however, loadings of #1 mol% led to poor results
(entry 7). On the other hand, using half the amount of aceto-
nitrile brought the yield of the reaction up to 74% (entry 8),
similar to the use of 2.5 equivalents of triuoromethylating
reagent (entry 10). A longer reaction time of up to 18 h further
increased the yield to 89% (entry 9). Combining these factors
together, a yield of 91% was achieved when running the reac-
tion for 18 hours in 0.25 mL of acetonitrile with a 2.5 mol%
loading of TMPA (entry 11). Additionally, we tested the effi-
ciency of this system under a 440 nm light source (entries 12–
14); however, a maximum yield of 50% was obtained even aer
24 hours of irradiation.
thylation of electron-rich aromatics.

Chem. Sci., 2023, 14, 3470–3481 | 3479
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Next, we proceeded to explore the substrate scope for the
triuoromethylation reaction (Fig. 7). As with our per-
uoroalkylation scope, the addition of triuoromethyl radicals
proceeds readily with electron-rich arenes such as trimethox-
yarenes. Aer isolating our rst triuoromethylated product
TF1 at 82%, we tested our conditions against 3,4,5-trimethox-
ytoluene (TF2) and methyl 3,4,5-trimethoxybenzoate (TF3)
resulting in yields of 56% and 45%, respectively. Moreover,
nitrogen-containing heterocycles proved successful with
moderate yields: N-phenylpyrrole (TF4) at 46% and indoles such
as 3-methylindole (TF5) and 2-phenylindole (TF6) with yields of
50% and 38%, respectively. Similarly, as with our per-
uorooctylation of PF10, the triuoromethylation of olens was
proven feasible with the cyclization of N-methyl-N-phenyl-
cinnamamide (TF7) in 42% yield. Lastly, in the context of late-
stage functionalization, triuoromethylation of caffeine
proved more efficient than its peruorohexyl and peruorooctyl
analogues with a yield of 48%. Given this result, we proceeded
to test our conditions on pentoxifylline (TF9)—a hemorheo-
logical agent used in the treatment of muscle pain—resulting in
a 41% yield.

5 Conclusions

We have performed a comprehensive mechanistic study of
peruoroalkylation reactions using Electron Donor–Acceptor
(EDA) complexes of triarylamines as photocatalytic donors and
a-(peruoroalkylsulfonyl)propiophenones as the model
acceptor for the generation of peruorooctyl, peruorohexyl,
peruorobutyl, and triuoromethyl radicals. We have
conrmed the formation of an EDA complex via UV-vis
absorption and uorescence quenching experiments and
studied the mechanism behind its successful turnover under
blue light irradiation. We showed a great synthetic utility of this
catalytic system at low catalytic loading (2.5 mol%) in the
Minisci-type peruoroalkylation and triuoromethylation
reactions for the diversication of aromatics, including the late-
stage functionalization of a biologically-relevant scaffolds in
moderate to good yields. This work opens the new applications
of triarylamines in synthetic chemistry as photocatalysts. We
also envisage that our results will open new avenues for general
applications EDA-mediated systems in photocatalysis.
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