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Abstract: Recently, in a communication to this journal, Qiao, Jang and co-workers described an asymmetric photoredox reaction promoted by
TADF cyanoarene photocatalysts (specifically 4DPAPN (3,4,5,6-tetrakis(diphenylamino)phthalonitrile). The authors claimed that the high
reduction potential required for the reaction in acetonitrile was achieved by the radical anion of the photocatalyst in its excited state, which
initiated the reaction. This mechanism is usually named as consecutive photoinduced electron transfer(ConPeT), in which two photons are
involved, the first one to excite the photocatalyst and generate the radical anion 4DPAPN'— and the second photon to promote 4DPAPN'~ to
its excited state *4DPAPN—. Employing ultrafast transient absorption spectroscopy, here we report that, although two photons are indeed
involved in this transformation, the excited state *4ADPAPN™ is short lived, not emissive, and not quenched by the organic substrate employed
in the reaction, opposite to what claimed by the authors. The photocatalyst in the excited state *4ADPAPN— can generate a solvated electron
that is able to reduce the substrate involved in this chemistry. It is worth noting that a different photochemical mechanism is likely to be operative

in CH,Cl,, where solvated electrons are much less stabilized and reduction of the solvent might occur.

Photocatalysis combines photochemistry and catalysis to drive challenging reactions under mild conditions.[ 2 Most of the reaction
mechanisms involve photoinduced electron transfer processes, also known as photoredox catalysis, by taking advantage of the better
reductive and oxidative properties of the photocatalyst excited states.[¥! To widen the available redox window, the consecutive
photoinduced electron transfer (ConPeT) mechanism* 3 has been proposed: upon absorption of a photon, the photocatalyst (PC) is
promoted to its excited state *PC, which is reductively quenched by a suitable electron donor sacrificial agent to afford the radical
anion PC™". The stable radical anion absorbs a second photon to generate the excited radical anion *PC*~ with a much more negative
reduction potential, capable of reducing the substrate, leading to product formation.

The ConPeT process was proposed as the active reaction mechanism employing several classes of organic chromophores,®
comprising cyanoarenes,”-8 in a variety of reactions, including reduction of aryl halides (the first and the most investigated one), ketyl

radical coupling of carbonyls with N-aryl acrylamidesi*® or styrenes and dienes!*!! and dehalogenation or desulfonylation reactions.*?
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The article by Qiao and Jang™® represents the first example in which ConPeT is combined with asymmetric catalysis. The reaction is
a [3+2] photocycloaddition of cyclopropyl ketones with vinylazaarenes in the presence of the cyanoarene 4DPAPN photocatalyst
(3,4,5,6-tetrakis(diphenylamino)phthalonitrile) and SPINOL derived C1 phosphoric acid (1,1’-spirobiindane-7-7’-diyl phosphoric acid)

as a chiral Brgnsted acid catalyst (Scheme 1).

° 4DPAPN (1.5 mol%)
O N C1 (1.0 mol%)
+ A

O \V4 ‘ _ CH,Cl,, =30 °C, 96 h
1 2 Blue LEDs

4DPAPN

Scheme 1. Investigated reaction

The combination of the photocatalyst and the chiral phosphoric acid gives a very high enantiomeric excess (> 90%) for the final
cyclopentane products, with a good diastereomeric ratio (>19:1). A wide range of cyclopropyl ketones have been successfully converted
to the desired products by reaction with 3-vinylpyridine and other vinyl heterocycles. The catalytic system is based on a synergistic
combination of the chiral phosphoric acid C1, capable of preferentially activating vinylazaarenes by hydrogen-bonding, under reducing
photocatalytic conditions, which are able to open up the cyclopropyl ketones. Although activation of vinylaazarene with chiral phosphoric
acid under photoredox conditions has been described and is well known in literature,[*+1¢l the idea of opening a cyclopropyl ketone
and capturing the radical anion in an enantioselective environment is unprecedented. High reduction potentials are required to open
these cyclopropyl derivatives and the authors hypothesized a ConPeT photochemical mechanism. The proposed mechanism in

acetonitrile is depicted in Figure 1.
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Figure 1. Mechanism proposed by the authors of ref. [13]

It is worth noting that, unexpectedly, substrate 1 acts both as a reductant (process Il) and as an oxidant (process IV). For the sake of
simplicity, process Il reports a reductive quenching of the *4ADPAPN excited state by 1, the authors demonstrated that the *4DPAPN
excited state in acetonitrile solution is not quenched by either 1 or 2, but only by a mixture of 1 and 2. However, there is no clear
explanation for this phenomenon. After the formation of 1*- (process IV), the reaction proceeds by protonation and ring opening, to

give the intermediate X*, followed by the reaction with substrate 2 coordinated to the asymmetric catalyst (C1) to generate the radical
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species Y* (Figure 1). Y* then acts as the reductant of *4DPAPN and event Il is replaced by the event V. The final product 3 is then
formed by deprotonation of Y*.

Similar results were obtained with the photocatalysts 4CzIPN (2,4,5,6-tetrakis(9H-carbazol-9-yl) isophthalonitrile) and 3DPAFIPN
(2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile), while 4DPAIPN (2,4,5,6-tetrakis(diphenylamino)isophthalonitrile), an isomer of
4DPAPN, is unable to promote the reaction (reported yield for 3 = 8%). This is a surprising result given the similar photophysical and
electrochemical properties of the two photocatalysts. For a comparison of the four photocatalysts, see the data reported in Table 1.
Puzzled by this mechanism and inspired by our recent findings that some cyanoarene photocatalysts are strong photoreductants as a

result of the photogeneration of solvated electrons

Table 1. Most relevant photophysical and electrochemical properties (redox potentials in V vs SCE) of photocatalysts in degassed acetonitrile solution at room

temperature.
NC  CN o N
: T : : T
00 mene
T : eN L T
4DPAPN 4DPAIPN
N T i N T :
' N : ; N :
S o
3DPAFIPN 4CzIPN
Photophysical properties Electrochemical properties
habs  Aem Tpr/ traor | E(PC/PCT)/  E(PC**/PC)/
/nm  /nm ns Ius \% \
4DPAPN?2P 465 589 4.6 70 -1.46 +1.27
ADPAIPN&¢ 470 536 3.4 67 -1.66 +1.34
4CzIPN2¢ 430 545 134 182 -1.21 +1.52
3DPAFIPN 364 510 3.2 130 -1.53 +1.28

[a] ref [17]; [b] ref. [13]; [c] ref. [18]; [d] ref [19].

in a consecutive two-photon induced mechanism (ConPies),?” we decided to investigate the photophysical properties of 4DPAPN and
of its radical anion 4DPAPN* .

We performed the study in acetonitrile solution to be consistent with the electrochemical, photochemical and NMR studies reported by
Qiao and Jang in acetonitrile to support the mechanism of Figure 1. It is worth noting that the reaction was also reported by the same
authors in acetonitrile and other solvents in the supporting material. To photogenerate the radical anion 4DPAPN*", we used either
DIPEA (see Sl), as reported by the authors in their photophysical study, or tetrabutylammonium oxalate (TBAOX),?!! as sacrificial donor
in process Il (Figure 1). 4ADPAPN displays an absorption band tailing up to 540 nm and an emission band peaked at 589 nm (green

lines in Figure 2).
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Figure 2. Absorption (solid lines) and emission (dashed lines) in degassed
acetonitrile solution of 4DPAPN 0.15 mM before (green line) and after addition of TBAOx (5.2 mM, black line) and subsequent irradiation at 390 nm (red line). The
absorption spectrum reported in blue is recorded after air bubbling inside the acetonitrile solution. Optical path of 0.2 cm for absorption spectra, and 1 cm for
emission spectra .

The emission intensity decay is biexponential in degassed solution with a short component related to the prompt fluorescence (tpr =
4.6 ns) and a long component related to the thermally activated delayed fluorescence (ttaor = 70 ps). Upon addition of TBAOx (5.2
mM), emission quenching is observed (dashed black lines in Figure 2) and upon irradiation at 390 nm, a new absorption band at lower
energy appears (500-650 nm, red line in Figure 2), which is consistent with the formation of the radical anion 4ADPAPN®" by comparison
with isophtalonitrile-based TADF chromophores reported in the literature.l*8l By air bubbling, an almost complete (>95%) recovery of
the initial spectrum of ADPAPN is observed (blue line in Figure 2).

The formation of the radical anion of 4ADPAPN was also confirmed by EPR under the same experimental conditions described above.
While no EPR signal is observed for a 4ADPAPN solution (0.45 mM) in acetonitrile in the presence of TBAOx (5.2 mM) in the dark, as
soon as irradiation at 390 nm is applied in the EPR cavity, a signal appears (see Figure 3). On the basis of the the spectroscopic
parameters determined through theoretical simulation of the experimental spectrum (a2n=0.30 G, a=n=0.72 G and axn=1.62 G), it has
been attributed to 4DPAPN*". The same radical was also obtained electrochemically in dichloromethane and is reported in the

Supporting Information.

3305 3310 3315 3320 3325
Field/ G
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Figure 3. EPR spectrum of ADPAPN*" recorded at 298K in a degassed acetonitrile solution (a) and the corresponding theoretical simulation obtained with azn=0.30
G, axn=0.72 G and ax=1.62 G (b).

No emission is observed by selective excitation of the radical anion 4ADPAPN* at 560 nm, contrary to what reported by Qiao, Jang and
co-workers.® Therefore, to investigate the reactivity of this anion in the excited state, we performed ultrafast transient absorption

analysis (Figures 4 and 5).
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Figure 4. Transient absorption spectra at different delays of a degassed acetonitrile solution of 4DPAPN*" (a) and the corresponding AA temporal evolution at

significant wavelengths (b). Aex = 600 nm, Asoonm = 0.1, 0.2 cm optical path, 8 pJ/pulse.

Upon excitation of the radical anion 4DPAPN*" at 600 nm, the transient spectrum displays absorption bands in the visible and near
infrared (NIR) spectral region at the end of the pulse (Figure 4a). The signal observed in the 450-900 nm range decays to zero on a
very short timescale, according to a biexponential evolution: t1= 300 fs (close to the instrumental time resolution) and 12 = 23 ps (Figure
4b). The ultrafast component, which account for 95% of the decay, is likely related to the internal conversion from the upper lying
doublet excited states to the lowest doublet excited state D1, while the longer component is attributable to the decay of D1 to the ground
state. It is worth mentioning that in the NIR spectral region, the signal initially decays with two fast processes, similar to what was
observed in the visible region, but, in addition to that, a broad band peaking at ca. 1440 nm remains stable on much longer time scales

(Figure 4b, inset, t3= ~, meaning that it does not decay significantly in the available time window). This band resembles the absorption
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of the solvated electron observed in acetonitrile upon pulse radiolysis (see Figure S5).122 28 A very similar behavior was recently

reported by us in acetonitrile solutions of the photocatalysts 4CzIPN®*~ and 4DAPIPN"" .10

0.006 /a
a end-of-pulse
w—().17 pPS
——0.45 ps
—40.7 ps
0.004 57ns
g
0.002
0.000
500 800 1000 1200 1400 1600
A (nm)
0.005
< 0.004
b 1,~300fs
0.003
0.004 | 1,=80+ 30 ps
0.002
.001
0.003 | 0.00
< 0.000 -
0 2000 4000
0.002 - t/ps
Tpwal0le o 1441nm
0.001 4 1,=21+10ps s 641nm

t/ps

Figure 5. Transient absorption spectra at different delays of a degassed acetonitrile solution of 4DPAPN*" in presence of 1 0.1 M (a) and the corresponding AA

temporal evolution at significant wavelengths (b). ex= 600 nm, Asoonm = 0.06, 0.2 cm optical path, 8 pJ/pulse.

The transient absorption study clearly shows that the D1 excited state of ADPAPN® is extremely short-lived (t = 23 ps), as previously
observed for other organic radical anions.?* 25! Therefore, a diffusional bimolecular quenching process with substrate 1 (process IV,
Figure 1) is extremely unlikely. This was experimentally verified by repeating the transient absorption measurements in the presence
of 1 (0.1 M, see Figure 5): the transient features in the visible spectral range are similar (comparison of Figure 4a and Figure 5a) and
no change in the lifetime of the D1 excited state is observed (Figure 5b). On the other hand, in the NIR spectral region the long-lived
species absorbing at 1440 nm is not detected, as confirmed by the absence of the “infinite” component in the decay of the signal at this
wavelength (Figure 5b, inset). Moreover, as a confirmation of the reaction mechanism, the lifetime of the long-lived component of the
band at 1440 nm shows an inversely proportional dependence on the concentration of substrate 1 (Figure S6). It is worth noting that,

in contrast with previous literature reports on 4,4’-dicyanobiphenyl and 4,4”-dicyano-p-terphenyl radical anions,?! no evidence of pre-
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association between 4DPAPN® and 1 was observed, ruling out the possibility of a static quenching process: upon addition of substrate
1, the amplitude of the transient absorption signal does not decrease significantly (as observed by comparing the end-of-pulse spectra
of Figures 4a and 5a).

Therefore, the mechanism proposed in ref. [13] in acetonitrile solution is not plausible as the process IV (Figure 1) is not observed

experimentally. A possible reaction mechanism involves the reduction of substrate 1 by the photogenerated solvated electron:

*ADPAPN'™ — 4DPAPN + € sow V)
€ sovtl—>1" (V”)

The solvated electron generated in process (VI) has an extremely high diffusivity, allowing photoreactivity to occur at greater distance
from the photocatalyst and for a longer time compared to the usual timescale of ConPeT. Furthermore, these cyanoarene radical anions
were found to be ideal candidates for photogenerating solvated electrons due to an inefficient back recombination of the solvated
electron with the resulting neutral catalyst. Indeed, it has been shown by computational studies that the SOMO of the anions is localized
on the phenyl core, so that the back electron transfer is slowed down by the limited overlap between the orbital that should host the
back-transferred electron and the surrounding solvent molecules.?%

The involvement of solvated electrons in photoredox catalysis has previously been reported in aqueous solution,?”-3% where the
solvated electrons are stable and well-characterised. More recently, reports on the involvement of solvated electrons in organic solvents
have appeared,?°31 put the spectroscopic evidence of the solvated electron and the kinetic study of its interaction with the substrate
are extremely rare.

In the reaction reported in ref. [13], the proposed mechanism was also supported by the following experiments: (i) quenching studies
of the photocatalyst to form the corresponding radical anion, and (ii) absorption and emission spectra of the radical anion and
corresponding quenching studies.

However, conclusive proofs for the involvement of the excited state of 4ADPAPN® are missing. The reported absorption and emission
spectra (Figure 1F of the original paper*®) attributed to 4DPAPN" are likely related to decomposition products, as previously reported
in the literature '8 19 32 Indeed, there is no proof of reversible regeneration of the initial absorption and emission spectra of 4ADPAPN
by air bubbling. Therefore, the Stern-Volmer quenching studies related to the radical anion (section 5.7 of the Supporting Information
of the original papert*®) are meaningless. Furthermore, the quenching studies of 4ADPAPN were not performed correctly: the authors
plotted the ratio of the emission intensities in the presence and in the absence of the quencher (1°/1) as a function of the quencher
concentration to obtain the Stern-Volmer quenching constant. However, this simplified procedure cannot be applied to TADF
chromophores because the recorded emission intensities are the convolution of the prompt and delayed components, so that the two
components have to be deconvoluted or a lifetime analysis has to be performed (see Sl for details).

As previously mentioned, we performed the study in acetonitrile solution to be consistent with the mechanistic analysis reported by
Qiao and Jang. However, the authors screened different solvents and the reaction has been optimised in dichloromethane
(experimental conditions reported in Scheme 1). We would like to point out that the photochemical mechanism might be different in
different solvents. The majority of solvated electron studies have been performed in polar solvents, but excess electrons have been
reported to be stabilized by aggregates of nonpolar molecules, like benzene and toluene.3 The stability of solvated electrons in the
presence of dichloromethane is significantly lower than in acetonitrile: solvated electrons produced in liquid ammonia react with
dichloromethane at 296 K with a rate constant of 1.2 x 10'° M s, a value that is at least two orders of magnitude higher than the rate
constant for the reaction with acetonitrile.*¥ Similarly, it has been reported that hydrated electrons are able to reduce dichloromethane
and generate chloride anions and CH-CI" radicals.l*™ Atthe present stage, the reaction mechanism in dichloromethane remains unclear,

as the 4ADPAPN®" radical anion is short-lived in dichloromethane, preventing an in-depth study with transient absorption spectroscopy.
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We might hypothesise the reduction of dichloromethane, which generates strong reducing agents capable of mediating the reduction
of substrate 1. It is worth noting that the involvement of reduced solvent in a photoredox catalytic cycle has recently been hypothesized
in the literature.l3®

In conclusion, we believe that, although representing a challenging task, it is of paramount importance to clarify the photochemical
mechanism of a reaction in order to advance the field through a better understanding of the key factors that determine the efficiency of
photocatalytic reactions. Transient absorption spectroscopy is a necessary tool when a non-emissive intermediate is involved. This
technique has great potential to solve mechanistic uncertainties®3% and to guide the design of more efficient and sustainable
photocatalytic approaches.

Supporting Information

The authors have cited additional references within the Supporting Information.%-44
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