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Abstract: Molecular photocatalysis has shown tremendous success in sustainable energy and

10 chemical synthesis. However, visualizing the intricate mechanisms in photocatalysis is a
significant and long-standing challenge. By employing our recently developed sensitivity-
enhanced time-resolved electron paramagnetic resonance technique, we directly observed all
radicals and radical ions involved in the photocatalytic addition of a tertiary amine to tert-butyl
acrylate. The full picture of the photocatalytic cycle has been vividly illustrated by the fine

15 structures, chemical kinetics, and dynamic spin polarization of all open-shell intermediates directly
observed in this prototypical system. Given the universality of this methodology, we believe it
greatly empowers the research paradigm of direct observation in both photocatalysis and radical
chemistry.

Introduction

20 Photocatalytic reactions harness the energy of light to facilitate chemical transformations,
enabling various applications such as water splitting, carbon dioxide reduction, pollutant
degradation, and organic synthesis (/,2,3,4,5,6,7,8). A crucial aspect of advancing photocatalysis
is understanding their mechanisms (9,70). In the realm of molecular photocatalysis, the catalytic
cycles generally involve several reactive and short-lived radical intermediates, presenting a

25 formidable challenge for mechanistic studies. Most mechanistic studies have to rely on indirect
methods such as product analysis, apparent kinetics, and spin trapping (/7). The ability to directly
“watch” the evolution of radical intermediates in a photocatalytic reaction has long been a coveted
goal for many chemists.

Over the past decades, transient absorption (TA) and time-resolved electron paramagnetic

30 resonance (TREPR) spectroscopy have been used in the study of transient radical species

(12,13,14,15,16,17,18,19,20,21,22), which offered valuable mechanistic insights into a number of

elementary radical reactions. However, these existing techniques have limitations when it comes

to studying the whole cycle of a photocatalytic reaction. Electronic or vibrational TA spectroscopy

lacks specificity for radicals, hampering the identification of different radical intermediates in the

35 cycle. On the other hand, the current TREPR technique suffers from inherent low sensitivity and

limited observation time window depends on the time-domain of hyperpolarization (17, 23),

making it incapable of observing the complete progression of multi-step reaction cascades. As a

result, direct observation of a photocatalytic cycle with precise characterization and tracking of

each radical intermediate remains unprecedented using existing techniques. This highlights the

40 pressing need for an advanced time-resolved spectroscopic method that provides both fine
structural information and exceptional sensitivity.
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Fig. 1. Watching a photocatalytic radical cascade using the U-PSD EPR technique. (A) Schematic
interpretation of the U-PSD EPR technique. (B) General reaction scheme of the photocatalyzed addition of
amines to olefins. (C) Proposed mechanism of the reaction between pempidine and fert-butyl acrylate. (D)

5 Time-resolved EPR spectra of the three radical intermediates (X-band, 9.33 GHz). The peaks marked with
a black triangle were used to acquire the kinetic profiles of the corresponding radicals. (E) Kinetic traces
of the radicals involved and the field-time map of the reaction. Exp., experimental; Sim., simulated.

We have recently invented a new EPR technique which we named the ultrawide single sideband
phase-sensitive detection (U-PSD) TREPR (Fig. 1A) (24). Unlike the traditional continuous wave

10 (CW) direct detection TREPR, this technique utilizes precisely controlled sequence of laser pulses
and magnetic field modulation to generate a pair of quadrature-modulated EPR signals. These

signals are used by an innovative algorithm to reconstruct a clean single-sideband (SSB)
modulated signal, effectively suppressing 1/f noise. By employing SSB demodulation, we could
accurately retrieve the transient EPR signal, resulting in first-derivative EPR spectra with both

15 high time-resolution and exceptional sensitivity. This advancement enables the detection of weak
signals of transient radicals in a solution-phase chemical reaction over a wide time range, which

was previously not possible with existing TREPR techniques. Herein, we present the first direct
observation of all open-shell intermediates in a full photocatalytic cycle using this technique,

2
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which provides mechanistic insights into the photocatalytic radical reaction with an unprecedented
level of detail.

Results and Discussion

We focused on a representative photocatalytic reaction, the addition of amine a-C-H bonds to
alkenes promoted by visible light (25), which can be catalyzed by several photoredox catalysts
(Fig. 1B). As a model, the reaction of pempidine (N,2,2,6,6-pentamethylpiperidine, PMP) with
tert-butyl acrylate (1) under visible light (450 nm) catalyzed by either an iridium-based
photocatalyst [Ir(dF-CF3-ppy)2(dtbbpy)]PFs (PC1) or an organic photocatalyst 4CzIPN (PC2)
afforded Giese-type adduct 2 in good yields (Table S1). This reaction is believed to proceed
through a typical redox-neutral photocatalytic cycle involving elementary steps of single electron
oxidation, proton transfer, radical addition, and single electron reduction (25), with the formation
of three key radical intermediates R1* to R3¢ (Fig. 1C). Although this catalytic cycle is commonly
proposed previously, it has never been directly observed experimentally.

Holistic observation of the radical cascade

The U-PSD EPR technique has transformed the proposed reaction mechanism into observed
reality. The measurements were done by flowing an acetonitrile solution of PMP, 1, the
photocatalyst, and 4-dimethylaminopyridine (DMAP) through the resonator of the spectrometer
while applying repeated laser pulses at 298 K. In the reaction catalyzed by PC1, three radical
species were identified in different time regions. These species have been unambiguously
identified as the amine radical cation (R1e), a-aminoalkyl radical (R2e), and the radical adduct
(R3e), which was achieved by analyzing the structural information (Figs. S2-4), specifically the
hyperfine splittings (HFSs), extracted from the well-resolved TREPR spectra (Fig. 1D). It is
notable that the acquired TREPR spectra exhibited a hyperpolarized pattern, providing key
information for the SET steps (vide infra).

The kinetic profiles of these species were determined by monitoring the non-overlapping EPR
peaks (Fig. 1E, left). The kinetic plots indicated the sequential formation of R1e, R2e, and R3e,
with distinct lifetimes in the reaction system. This aligns well with the proposed reaction pathway
of R1e — R2+ — R3e. The observed kinetic traces provide valuable information about the lifetime
of these radicals as well as their spin dynamics (Fig. S5). A field-time map constructed using the
acquired TREPR data exhibited the panorama of the evolution of radical intermediates over the
reaction time course (Fig. 1E, right, see Fig S6 for details).
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Fig. 2. Observing the SET oxidation of pempidine by the excited
photocatalyst. (A) The photoinduced SET reaction. (B) EPR spectra of R1e
under Boltzmann distributed spin state (simulated, black) and generated with
PC1 (red) and PC2 (blue). (C) The geminate radical pair mechanism of the
photoinduced SET. ISC, Internal system crossing; BET, back electron transfer;
RP, radical pair.

Photoinduced single-electron oxidation of the amine substrate

In addition to identifying and tracing of all radical intermediates, we were able to acquire more
detailed information about each individual step. We then focused on the initial SET step of the
radical cascade resulting in the formation of the amine cation radical R1e through the photoinduced
SET between PMP and PC1 or PC2 (Fig. 2A). The measurements were done using simplified
reaction system only consisting of PMP and the photocatalyst. The TREPR spectra acquired by
integrating 0-2 ps after the laser pulse (Fig. 2B, red and blue spectra) confirmed the formation of
the same radical intermediate with different photocatalysts, as identical splitting pattern were
observed. The simulated steady-state EPR spectrum of R1e (Fig. 2B, black spectrum) revealed
HFSs from N and 0-C-H (an =2.05 mT, 3an =2.76 mT), which are in agreement with previously
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reported data for similar alkyl amine radical cations (26). The value of an close to 2.0 mT suggests
a planar geometry at the nitrogen atom in this radical cation (27).

It is important to note that the experimental TREPR spectra of R1e generated with photocatalysts
PC1 (Fig. 2B, red spectrum) and PC2 (Fig. 2B, blue spectrum) exhibited significant extent of
hyperpolarization due to the chemically-induced dynamic electron polarization (CIDEP) (28).
Interestingly, the polarization center of the two spectra matched the spectral centers of the reduced
form of photocatalysts (g = 1.9875 and 2.0034 for PC1™ and PC2", respectively, see Fig. S8).
This observation indicates that the radical cation R1e originates from the geminate radical pairs

generated by excited state SET, providing direct evidence for
the electron transfer step (Fig. 2C). Remarkably, the
observed absorption/emission (A/E)-type polarization
pattern in both cases (see Fig. S7 for detailed analysis)
indicates that the photoinduced SET with both
photocatalysts occurs through the formation of an initial
singlet radical pair ('RP) (29,30, 31). Thus, the singlet
excited states of both [Ir(dF-CFs-ppy)2(dtbbpy)]PFs and
4CzIPN had a significant contribution to their photoredox
activity in this reaction, which is in line with a recent study
on the photoinduced SET between 4CzIPN and azide anion
(22). This observation offers explicit information for the
state of excited photocatalyst involved in the SET process.

Generation of a-aminoalkyl radical

Since the amine radical cation is believed to be a highly
active intermediate, directly observing its transformation is
of significant interest. With the help of the U-PSD EPR
technique, we could elucidate the reactivity of the amine
radical cation R1e through clear experimental evidence (Fig.
3A).

We performed the study on the reaction between PMP and
PC1 in the presence of different concentrations of DMAP as
the base. Without an external base, R1e was found to be the
major radical species observed in the TREPR spectrum (Fig.
3B, red spectrum). However, upon addition of DMAP, a new
radical species started to appear while R1e was disappearing
(Fig. 3B, blue spectrum). This new radical species was
assigned as the a-aminoalkyl radical R2e based on its
spectral characteristics. It was found that higher
concentrations of DMAP resulted in a higher degree of
conversion of R1e to R2¢ within the same time period (Fig.
3B, green spectrum). This observation indicates that the
formation of R2e from R1e involves a deprotonation process,
and DMAP is a more efficient base than PMP itself.

The spectral signature of R2¢ (Fig. 3B) indicates the HFS
from both *N and a-C-H (an = 0.71 mT, 2au = —1.42 mT),
which align with previously documented values of a-

A s

Me |  Me e | Me
e DMAP-H 2
R1 R2-
B
[DMAP] = 0 mM (exp.) — R2.

(EEH_S/)\/\/_/\/\/\r\/\/\/\”\

A

[DMAP] = 1 mM (exp.)
(0-5ps)

[DMAP] = 2.5 mM (exp.)
(0-5 ps)

an —
R2¢ (sim.) =

) A R T

R1e ( | i

|
| g=2.0034, 8, =0.71 mT, 2a, =1.42mT |

T T 1 T T T T L 1
327 328 329 330 331 332 333 334 335 33€
Field (mT)

//‘

—OmM S0 k=38x105MTest
—1mM

ps (10857")

o 1 2 3
c(DMAP) (mM)

Intensity (a.u.)

0 5 10 15

Time (ps)

Fig. 3. Observing the formation
of radical R2e. (A) The
deprotonation reaction of Rle. (B)
The TREPR spectra (0-5 ps
integration after the laser pulse)
with different DMAP
concentrations. The peak marked
with a black triangle was used to
acquire the kinetic profiles. (C)
Kinetic profiles of Rle with
different DMAP concentrations.

https://doi.org/10.26434/chemrxiv-2023-tbw7q ORCID: https://orcid.org/0000-0002-5461-0360 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-tbw7q
https://orcid.org/0000-0002-5461-0360
https://creativecommons.org/licenses/by-nc-nd/4.0/

aminoalkyl radicals (32). Compared with the coupling constant in the methyl radical (3an =—2.30
mT), the smaller amplitude from a-C-H of R2e suggests a pyramidalization of the a-aminoradical
center (27), and the HFS of N originates from spin delocalization.

For this deprotonation step, we not only observed the spectroscopic change but also acquired its

5 kinetics by tracing the decay of R1e (Fig. 3C) and the formation of R2e (Fig. S9). As the

concentration of base increased, the decay of R1e became faster, corresponding to the decrease in

build-up intensity of the cation radical R1e. By fitting the kinetic traces of this series, the second-

order rate constant for the proton transfer step was determined to be 3.8x10® M!-s7! (Fig. 3C,

inset, see Fig. S13 and Table S2 for details), accounting for the expected high reactivity of the

10 amine radical cation. To the best of our knowledge, the transformation of amine radical cation to
a-aminoalkyl radical has never been observed in such level of detail (33).
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steps. (A) The reaction cascade from R1e to the final product. (B) The TREPR
15 spectra of the radical R3e: Black (simulated steady-state spectrum), red (R3e

generated with PC1), blue (R3e generated with PC2), green (independently

generated R3¢ without a photocatalyst). The peak marked with a black triangle

was monitored to acquire the kinetic profiles. (C) Kinetic profiles of R3e with

different concentrations of tert-butyl acrylate. (D) Schematic interpretation of
20 the polarization mechanism of R3e.

Radical addition and subsequent SET reduction

To further investigate the fate of the a-aminoalkyl radical R2e (Fig. 4A), we conducted TREPR
measurements for the reaction system consisting of PMP, DMAP, acceptor 1, and different
photocatalysts. With both PC1 and PC2, the same radical intermediate was observed in the

25 carefully time-gated TREPR spectrum to observe the late-stage of the reaction (Fig. 4B, red and

6
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blue spectra). In order to identify the nature of the observed radical, we performed an additional
experiment involving the reaction between PMP, di-tert-butylperoxide (DTBP), and 1 to
independently generate the radical intermediate under non-photocatalytic conditions (see Fig. S10
for details) (34). The acquired spectrum confirmed the formation of the identical radical

5 intermediate, assigned as the radical adduct R3¢ (Fig. 4B, green spectrum). This radical exhibits
degenerated hyperfine splitting from a- and B-C-H (3an =—1.99 mT), as revealed by the simulated
steady-state EPR spectrum (Fig. 4B, gray, see Figs. S4, S11, S12 for details), which is in consistent
with previously reported data for a-carbonyl radicals (35,36).

By monitoring the designated peak corresponding to the radical adduct R3e in the
10 PMP/DMAP/1/PC1 reaction system with varying concentrations of the acceptor 1, we observed
concentration-dependent changes in the kinetic profile of this radical intermediate (Fig. 4C). Non-
linear fitting of the acquired kinetic data allowed us to obtain the second-order rate constant of
8.2x10°> M!-s! for the radical addition (Fig. 4C, inset, see Fig. S14 and Table S3 for details),
which is consistent with the magnitudes of the reported rate constants for the addition of a-
15 aminoalkyl radicals to methyl acrylate (34).

The remaining puzzle of the whole photocatalytic cycle is the reaction pathway of R3e,
specifically, how this radical transforms into the final product. It is believed that this step proceeds
through an SET reduction/protonation process, supported by the redox potentials of R3e and PC*
(37,38,39). Additionally, another viable pathway involves hydrogen atom transfer (HAT) from the

20 amine a-C-H bond, considering the bond dissociation energies (40,41). However, due to the lack
of direct experimental evidence, the mechanism of this step remains an unanswered question.

Direct observation provided valuable mechanistic insights for this step. Looking into the TREPR
spectra of R3¢ formed with PC1 and PC2, we found that the observed E/A-type polarization fits
the spectral centers of the reduced form of photocatalysts, Ir(Il) and 4CzIPN"", respectively (Fig.

25 4B, red and blue spectra). This is in line with a characteristic free radical pair (F-pair) CIDEP
mechanism (Fig. 4D, up), disclosing the interaction between R3¢ and PC*™ (30). This clearly
supported the SET reduction pathway in the present reaction. By comparison, we found that
independently formed R3¢ in the absence of reduced photocatalyst exhibited E/A-type polarization
with a different center (Fig. 4B, green spectrum), which fits into a scenario of F-pair CIDEP caused

30 by self-termination of R3¢ (Fig. 4D, down) (30). The polarization pattern of the TREPR spectra
served as an important probe for elucidating the mechanism of the SET process.

Summary

The present study demonstrates the U-PSD EPR technique as a powerful tool for elucidating the
mechanistic complexity of radical transformations. It enables direct observation of radical cascade
35 reactions, providing fine structure, kinetics, and spin dynamics of each radical intermediate, which
makes visualization of a molecular photocatalytic cycle possible. The comprehensive mechanistic
understanding gained by direct observation can aid in the rational design of more efficient
photocatalytic systems. We believe that this research has the potential to make a significant impact

in the field of radical research.
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