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Enamine-derived radicals are crucial intermediates in

singly occupied molecular orbital (SOMO) catalysis.

However, observing them directly is elusive and

remains a long-standing challenge. Here, an ad-

vanced time-resolved electron paramagnetic reso-

nance technique was employed to characterize and

monitor the key intermediates in photoredox trans-

formations by primary aminocatalysis on a microsec-

ond timescale. The transient enamine radical cation,

generated by single electron transfer (SET), and the

deprotonated form of α-imino radical intermediates

were directly observed for the first time, both spec-

troscopically and kinetically. In reactions with sty-

rene, enamine radical cation was found to be faster

than α-imino radical by one order of magnitude. This

revealed the subtle role of deprotonation associated

with secondary enamine radical cation in the photo-

redox transformations by primary aminocatalysis.

Keywords: aminocatalysis, radical chemistry, elec-

tron paramagnetic resonance, direct observation,

time-resolved technique

Introduction
Enamine, being an electron-rich species, possesses in-

herent nucleophilicity and finds extensive applications in

various α-functionalization reactions of carbonyl com-

pounds.1–3 Apart from the conventional approach involv-

ing activation of the highest occupied molecular orbital

(HOMO), enamine exhibits remarkable redox properties

and can undergo facile oxidation through single electron

transfer (SET) processes to form enamine radical cation.

This open-shell intermediate can be engaged in various

coupling reactions, serving as the foundation for the

development of singly occupied molecular orbital

(SOMO) catalysis, as pioneered by MacMillan and

coworkers4–11 and further developed by others.12–16 Over

the past decade, a diverse array of SOMO-based trans-

formations of enamines, including alkylation,5,11,17 allylic

alkylation,4,10 and arylation,9,18 have been successfully

established (Figure 1a). We have made much progress

in practicing SOMO catalysis with primary amine
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catalysts.19–27 Despite the remarkable synthetic value of

these transformations, direct observation of the key

SOMO radical intermediate is still quite limited. By using

mass spectroscopy, Engeser and coworkers28 detected

the enamine radical cation under chemical oxidation

conditions, supporting the existence of α-imino radical-

type intermediate by a SET of an enamine. However, to

date, there still lacks direct evidence for the in situ

formation of these proposed transient radical intermedi-

ates under synthetic conditions, especially under typical

photoredox conditions. Moreover, the elucidation of their

fine structure and reactivity remains impossible. We be-

lieve that detailed spectroscopic characterization of the

key radical intermediate involved in photoredox catalytic

SOMO-activation of enamines, as well as elucidating its

reactivity would be of great value.

In previous studies, we showcased a C–H dehydro-

genative allylic alkylation between β-ketoesters and styr-

enes employing a ternary catalytic system comprising a

chiral primary amine, a photoredox catalyst, and a coba-

loxime cocatalyst (Figure 1b).24 In this transformation, the

enamine generated from the chiral primary amine cata-

lyst and the β-ketoester was believed to be the key

intermediate. It was proposed that the enamine interme-

diate was engaged in SET with the Ir catalyst, leading to

the formation of an enamine radical cation and an ester

substituted α-imino radical intermediate, which were

responsible for the observed SOMO reactivity. However,

despite many devoted experimental efforts, these

intermediates have not been directly observed

experimentally, hampering a deeper understanding of

the catalytic system.

Recently, we developed an advanced time-resolved

electron paramagnetic resonance (TREPR) technique,

named the ultrawide single sideband phase-sensitive

detection (U-PSD) TREPR.29 This technique is particularly

suitable for detecting weak signals of transient radicals

under near synthetic conditions, providing a first-deriva-

tive EPR spectrum with a high time resolution. By apply-

ing the U-PSD TREPR, we were able to directly observe

the enamine radical cation and α-imino radical intermedi-

ates involved in the chiral primary amine-catalyzed ally-

lation of β-ketoesters for the first time. The acquired

TREPR spectra and kinetic profiles allowed us to confirm

the authentic identity of the chiral radicals and quantify

their reactivities, clarifying the structure-activity relation-

ships of these transient intermediates.

Results and Discussion
We chose the preformed enamines 1-3, condensed

from primary amines A1-A3 and ethyl cyclopentanone-

2-carboxylate as our model substrates. The sample

solutions containing [Ir(ppy)2(dtbbpy)]PF6 ([Ir]) and

preformed enamines 1-3 were subjected to U-PSD

TREPR measurements, as described in our previous

works.29 The radical of interest was generated through

the photoinduced electron transfer between the [Ir] and

the enamine substrate with an ns-pulsed optical

parametric oscillators (OPO) laser system operating at

an excitation wavelength of 450 nm (Figure 2a).

We first used enamine 1 as the substrate, and gained

a clear TREPR spectrum by integrating 0–2 μs after

laser pulses (Figure 2b), showing awell-resolved splitting

pattern (a(N) = 0.57 mT, a(H) = 0.23 mT, a(H) = 0.64 mT,

2a(H) = 3.44 mT). The hyperfine splittings (HFSs)

obtained from this spectrum agree well with the

density functional theory (DFT) computational results

(Figure 2c). The large HFS from H1 (compared to β–H in

cyclopentyl radical)30 and the small HFS from N (com-

pared to N atom in planar amine radical cation)31 indicat-

ed that the unpaired electron was mainly populated on

the α-carbonyl carbon atom, which was in agreement

with the calculated electron spin density isosurface

(see Supporting Information Table S5 for population

analysis).

To further ascertain the existence of the N–H bond in

the radical intermediate, we conducted a control experi-

ment with deuterated 1 (Figure 2b). The splitting pattern

changed significantly, attributed to the deuteration of

the N–H moiety in the imino radical. This observation

indicated the presence of the N–H bond in the interme-

diate. Notably, when enamine 2 without a tert-butyl

substituent was subjected to TREPR measurement,

the resulting spectrum showed a splitting pattern

similar to that of R1 [a(N) = 0.61 mT, a(H) = 0.51 mT,

Figure 1 | Formation and reactivity of α-imino radical

intermediates. (a) General mechanistic scheme. (b) This

work.
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2a(H) = 1.03 mT, 2a(H) = 3.39 mT], except for an extra H3

in the spin system (Figure 2d, Supporting Information

Figure S1). This indicated the generation of radical R2

that resembled R1. Surprisingly, when the tertiary amine

moiety in the enamine was switched from morpholine

to piperidine, the splitting pattern changed significantly

[a(N) = 0.58 mT, a(H) = 0.20 mT, a(H) = 2.76 mT,

a(H) = 3.05 mT, Figure 2e]. We have prepared protonat-

ed 3 and conducted experiments under standard condi-

tions to obtain the protonated radical, resulting in a

spectrum that is different from R3 (Supporting

Information Figure S3). Remarkably, prior to

Figure 2 | Direct observation of the generation of α-imino radical intermediates. (a) The model reactions used in this

study. (b) Normal and deuterated 1 (53%D incorporation) gives different TREPR spectra. (c) Fitted and DFT computed

HFSs of R1. (d) The experimental and simulated TREPR spectra of R2 derived from 2. (e) The experimental and

simulated TREPR spectra of R3 derived from 3. TREPR, time-resolved electron paramagnetic resonance; DFT, density

functional theory; HFSs, hyperfine splittings.
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measurement, deuterating enamine 3 did not impact the

acquired spectrum of R3 (Supporting Information Figure

S2), contrasting with the behavior observed with R1.

Hence, we deduced that the disparity arose from the

deprotonation of N–H due to the enhanced basicity of

the tertiary aminemoiety. This finding also pointed to the

fact that the pKa of the enamine radical cation lay

between the pKaH of the morpholine (for N-methylmor-

pholine, pKaH = 15.59 in MeCN)32 and piperidine (for

N-methylpiperidine, pKaH = 18.24 in MeCN) moieties.33

To gain more insight into the deprotonation step, we

measured enamine 1 in the presence of an external base,

4-dimethylaminopyridine (DMAP) (Figure 3a). Since its

basicity was similar to that of the piperidine moiety (for

DMAP, pKaH = 17.95 in MeCN),34 we envisioned that it

could abstract the proton in R1. As expected, when the

concentration of DMAP increased, we observed a pro-

gressive shift in the splitting pattern of the TREPR spec-

tra, transitioning from a spectrum corresponding to R1

(Figure 3b left, blue spectra) to the one corresponding to

deprotonated R1a (Figure 3b left, orange spectra). Nota-

bly, the spectrum of R1a resembled that of R3 due to the

same structural motif of the α-imino radical. Furthermore,

the TREPR time-field map measured with 1 mM of DMAP

revealed the temporal evolution of the spectrum, cor-

roborating the aforementioned shift (Figure 3b right).

Figure 3 | (a) Deprotonation of R1 with DMAP. (b) TREPR spectra with a constant delay (0–2 μs) when different

concentrations of DMAP were added to the system (left, four spectra); the field-time map (original instrumental data)

when c(DMAP) = 1 mM, with spectra sliced with different time delay (right, one colored contour and two spectra).

(c) The titration experiment for the determination of the pKa of R1. DMAP, 4-dimethylaminopyridine; TREPR, time-

resolved electron paramagnetic resonance.
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The half-lifetime of R1 under this condition was ∼100 ns

(corresponding to a k2 of ∼6 × 109 M−1s−1), suggesting a

diffusion-controlled deprotonation. This rapid deproto-

nation process also accounts for the direct formation of

R3 when enamine 3 was employed. Furthermore, the

U-PSD TREPR method enabled the determination of the

pKa value of radical cation R1 through a titration-

type experiment (Figure 3c, Supporting Information

Figure S5). The formation of radicals via photoinduced

SET process from 1 was conducted in the presence of a

buffer containing DMAP and the protonated form,

DMAPH+. By correlating the acquired peak intensity with

the acidity of the buffer solution, a well-fitted titration

curve was generated, revealing that the pKa of radical R1

was 16.5 in MeCN, consistent with the initial estimation.

The aforementioned results enabled us to further eval-

uate the reactivity of R1 and R3. We employed

4-fluorostyrene (4) as a trapping agent for both radical

species and monitored their decay at varying concentra-

tions of 4 (see Supporting Information Tables S1–S4 and

Figure S4 for details). The obtained bimolecular rate

constants of the reactions between R1/R3 and 4 revealed

that R1 reacted with 4 at one order of magnitude faster

compared to R3 (Figure 4). This agreed with the consen-

sus that electron-deficient radicals react faster with elec-

tron-rich alkenes due to enhanced polarity match.35 In a

subsequent kinetic study involving R1 and the more

electron-rich 4-MeO-styrene (5), we found that the elec-

tron-rich olefin reacted more rapidly than the electron-

deficient one (Figure 4a, right), supporting the

Figure 4 | Quenching kinetics of α-imino radicals reveals the reactivity difference between R1, R3, and R1a. (a) Kinetic
data for R1. (b) Kinetic data for R3. (c) Kinetic data for R1a.
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aforementioned polarity match. Notably, when R1 was

converted in situ to R1a in the presence of excess DMAP

(10 mM), the determined quenching kinetics was consis-

tent with that of R3 (Figure 4b,c), providing further

evidence that the enamine radical cation shows greater

reactivity than the α-imino radical towards styrene.

The observed difference in reactivity implied that in the

photoredox catalytic reaction of secondary enamines,

the enamine radical cation (e.g. R1 at its protonated

status) was the key reaction intermediate in the radical

addition to styrenes. We previously observed that mor-

phine-derived primary amine catalyst A1 performed

much better than piperidine-derived catalyst A3 in the

reaction shown in Figure 1b, with the product yields being

86% and <5%, respectively.24 The present study has pro-

vided a plausible rationalization of this finding and

highlighted the important role of proton transfer in this

type of radical reaction. This direct observation of tran-

sient radical species in the photoredox catalysis involving

enamines grants us deepermechanistic insights that hold

immense promise for the rational design of radical-

mediated catalysis.

Supporting Information
Supporting Information is available and includes details

for experimental procedures, spectra simulation, kinetic

fitting, and compound characterization (PDF).
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