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Abstract: A highly enantioselective protocol has been recently described as allowing the synthesis
of five-membered cyclic imines harnessing the selective generation of a β-Csp3-centered radical of
acyl heterocyclic derivatives and its subsequent interaction with diverse NH-ketimines. The overall
transformation represents a novel cascade process strategy crafted by individual well-known steps;
however, the construction of the new C-C bond highlights a crucial knot from a mechanistically
perspective. We believe that the full understanding of this enigmatic step may enrich the current
literature and expand latent future ideas. Therefore, a detailed mechanistic study of the protocol has
been conducted. Here, we provide theoretical insight into the mechanism using quantum chemistry
calculations. Two possible pathways have been investigated: (a) imine reduction followed by radical–
radical coupling and (b) radical addition followed by product reduction. In addition, investigations
to unveil the origin behind the enantioselectivity of the 1-pyrroline derivatives have been conducted
as well.

Keywords: photocatalysis; density functional theory; pyrroline derivative; radical addition; radical–
radical coupling; asymmetric synthesis

1. Introduction

It is unarguable that radical-based transformations are currently powerful synthetic
tools for enabling unconventional bond constructions and disconnections [1–6]. In par-
ticular, deep investigations have been performed for the plausible involvement of pho-
toredox catalysis when seeking to design molecules appreciated in the pharmaceutical
area [7–11]. The latter has resulted in a wide library of otherwise unachievable routes
for molecular building; in particular, imines have proven to be reliable redox-active scaf-
folds in several transformations for crafting nitrogen-bearing compounds [12]. For in-
stance, imines may behave as one-electron acceptors during a photoredox catalytic cycle,
thus unlocking C-centered radical reactivity and hypothesizing a persistent radical effect
(PRE) [13–18] (Scheme 1a). By means of this strategy, several interesting hetero-coupling
reactions have been described; however, obtaining ethylene diamine derivatives (via pina-
col coupling) consistently remains an undesired side reaction. Conversely, it is found that
neutral imines might act as SOMOphiles in the presence of previously formed pseudo-
nucleophilic radicals and afterwards the resulting nitrogen-centered species can be reduced
(Scheme 1b) [19,20]. Conceptually, these two general ideas are diverse from each other;
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nevertheless, several factors may operate to determine the fate of the mechanism as it is
properly indicated in most of the reports that summon these principles.
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Scheme 1. General reactivity of imines in photoredox catalysis: (a) Radical-radical coupling, (b) Radical addition.

As a mind-refresher [21], it would be useful to explain the logic that was followed for
the blueprint crafting (Scheme 2). Using the distance between the two key atoms of the
transformation as a design guideline (final desired position of 1,5-N and C), we envisioned
a unified two-stage process consisting of: (1) the generation of a Csp3 radical by distal
functionalization of acyl heterocycles, followed by its radical coupling or addition to a
suitable ketimine, and (2) an intramolecular cyclization giving place to the five-member
cyclic imine. Thus, we envisioned that the β-C-H bond dissociation energy (BDE) after
enolization may vary in several kcal/mol using a rhodium type catalyst [21]. Therefore, the
creation of a chiral environment using a centrochiral complex could command stereocontrol
in the process and the crucial carbon-centered radical formation might be feasible by a
hydrogen atom transfer (HAT).
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Scheme 2. The blueprint crafting of our previous work [21].

Delightfully, the obtained results applying the protocol described proved the synthetic
utility, although some concerns regarding the mechanistic proposal remained unclear until
now. In this study, theoretical insight on the relevant reactions of each mechanism is
provided by computing the reaction pathway for each case, locating the rate determining
step, and discussing the differences between both. Finally, the crucial aspects that steer the
enantioselectivity of the reaction were also investigated.

2. Results and Discussion

Herein, Scheme 3 presents the catalytic cycles proposed in Reference [21] for the
two plausible mechanisms, labeled as pathway A and pathway B. Both proposals begin
with a hydrogen atom transfer (HAT). We have explored the potential energy surface
corresponding to this step. It is a process without an enthalpic barrier in which the
interaction of DABCO·+ with I results in a stable complex, followed by the H abstraction
(see Supplementary Information). As a result of the HAT process, a radical species (II)
is produced. As the HAT reaction does not show an enthalpic barrier, this is not the rate
determining step of any of the proposed mechanisms.



Catalysts 2021, 11, 922 4 of 10Catalysts 2021, 11, x FOR PEER REVIEW 4 of 11 
 

 

 
Scheme 3. Catalytic cycles proposed in Reference [21] for the two mechanisms (pathway A and pathway B). 

In pathway A, the photocatalytic cycle involves the reduction of the imine 2 by the 
iridium photocatalyst, leading to the radical-anion species 2·−. Subsequently, both radical 
intermediates interact in a radical–radical coupling, generating species IV that evolves 

Scheme 3. Catalytic cycles proposed in Reference [21] for the two mechanisms (pathway A and pathway B).



Catalysts 2021, 11, 922 5 of 10

In pathway A, the photocatalytic cycle involves the reduction of the imine 2 by the
iridium photocatalyst, leading to the radical-anion species 2·−. Subsequently, both radical
intermediates interact in a radical–radical coupling, generating species IV that evolves
towards the final product through a cyclization process. Pathway B shows a different
scenario. Firstly, the addition of radical II to the imine 2 is suggested to take place,
yielding the radical intermediate III-B. This compound can be further reduced by a single-
electron transfer (SET) process, producing the anion IV and regenerating the photocatalyst
ground state. Finally, intermediate IV evolves into species 3 in the same schedule of
pathway A. Based on these assumptions, the radical–radical coupling, radical addition,
and photoreduction steps have been separately studied for each proposed mechanism.

Energetic aspects of mechanism A are shown in Figure 1. The first step is a charge
transfer from the catalyst (IrII → IrIII) to the imine 2, delivering 2·−. The thermodynamics
of this reaction implies an energy input of about 95 kJ·mol−1 when reactants and products
are considered at an infinite distance. However, charge transfer processes occur at finite
distances and another intermediate situation, where reactants are approaching, has been
consistently studied. The obtained results are summarized in Figure 2. As shown, the
energy of the first electronic excited states, computed using TD-DFT, are given when the
distance between the photocatalyst and the imine ranges from 10 to 30 Å. Most of these
states correspond to excitations within orbitals in the photocatalyst; however, the third one
is a charge transfer state with an electron promoted from the photocatalyst to the imine.
The energy of the charge transfer state as a function of the distance can be fitted to a simple
Coulomb interaction with the form:

E(r) = A− B
r

where A and B are adjustable parameters. A is the excitation energy at an infinite distance.
Our fitted value of 71.02 kJ·mol−1 misses the redox energy by ~20 kJ·mol−1, which is
fair considering the simplicity of the model and the fact that the geometries of the imine
and catalyst were fixed in the scan. The parameter B, with a value of 311.72 Å·kJ·mol−1,
contains the strength of the interaction, i.e., the charge of both species and effect of the
dielectric constant of the solvent. The very good agreement obtained between the simple
Coulomb model and the TD-DFT excitation energy values mainly reflects the fact that in
this state a cationic (photocatalyst) and an anionic (imine) species are interacting. Charge
transfer typically takes place at a distance of ~10 Å [22], corresponding to 40 kJ·mol−1

of energy necessary for the process (see bottom-left, Figure 2). Starting from this point,
the second step in the mechanism consists of a radical–radical coupling. As reported in
Figure 1, the resulting intermediate IV is obtained through a barrierless process (stabilized
in 27 kJ·mol−1). Notice in the figure that a transition state has been located in the potential
energy surface; it would correspond to the addition of II− to 2.

The results of the second considered pathway, mechanism B, are summarized in
Figure 3. In this situation, the radical intermediate II directly reacts with the imine via
radical addition. This step is energetically quite demanding as it requires ~80 kJ·mol−1.
However, the radical product III-B is easily reduced in the second step of the mechanism
which consists of a single electron transfer (SET) from the photocatalyst. In this step, IrII is
oxidized to IrIII and the radical III-B is stabilized into IV.
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Figure 1. Relevant points in the potential energy of the two steps in mechanism A: single electron transfer in the reduction of
imine by the photocatalyst (see details in Figure 2) and radical–radical coupling. Relative energies in kJ·mol−1 are referred
to the separated reactants and have been corrected with the zero-point energy E+ZPE.
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Figure 2. (a) Excitation energy of the first ten states in the [IrII . . . 2] complex at several distances calculated with TD-DFT.
Excited state number three (highlighted with a blue arrow) is a charge-transfer state that corresponds to the redox reaction
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E(r) = A − B/r (red line) showing the Coulomb stabilization of the redox reaction as a function of the photocatalysts
imine distance.
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Thus, as the HAT reaction does not present an enthalpic barrier, the rate determin-
ing step in each mechanism is: imine reduction in mechanism A vs. radical addition
to imine in mechanism B. Although preliminary results suggested that the first step in
mechanism A is a higher-energy process as the charge transfer occurs in a range of ~10 Å,
its energy demand is strongly reduced. Therefore, pathway A results the most favor-
able energetically. This is consistent with the fact that testing the organic photocatalyst
4CzIPN (a neutral organophotocatalys), which is frequently used as surrogate for metallic
photocatalysts, [23] did not afford the expected product. By contrast, a different metallic
photocatalyst [Ir(ppy)2(bpy)]PF6, a cationic photocatalyst with comparable redox proper-
ties to the carbazole derivative, favors the ionic interaction, promoting the reaction.

Lastly, the enantioselectivity of the final products had been investigated. To do
this, the first step of both pathways, the hydrogen atom transfer (HAT), was analyzed.
Thus, Figure 4a shows the two possible hydrogen abstraction sites of compound I; clearly,
one of them is much more accessible (blue arrow in the figure) than the other that is
sterically hindered. After the HAT process, the radical structure (II) adopts a stable
planar configuration that helps in delocalizing the unpaired electron. The addition to
this compound can take place through two faces. Again, one of them is sterically hin-
dered and only the other is favored, also highlighted with a blue arrow in Figure 4b,
explaining the enantioselective synthesis of the 1-pyrroline derivatives. A comparison
between the energetic profiles of the addition to both possible options is provided in the
Supporting Information.
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3. Computational Details

All calculations were done in the framework of the Density Functional Theory (DFT)
with the Gaussian16 [24] package. We have used the well-known B3LYP hybrid func-
tional [25,26] in combination with the Def2SVP split valence basis set [27]. Weak interactions
(e.g., dispersion forces) have been included with the Grimme’s D3 approach [28]. Solvent
(acetonitrile) effects have been introduced with the PCM model [29–31], thus considering the
environment and allowing us to describe changes in the electronic density of the chemical
species due to the polarizable medium. In the geometry optimization, all the structures
have been proved to be a minimum or a first order transition state in the potential energy
surface through the analysis of the second derivatives. Electronic excitation energies have
been computed within the Time-Dependent Density Functional Theory (TD-DFT) [32,33]
with the same combination of the basis and functional. All calculations were performed in
absence of symmetry constrains and with the “integral = ultrafine” option.

4. Conclusions

In summary, a theoretical study of two possible mechanisms proposed to explain the
recent visible-light enantioselective synthesis of 1-pyrroline derivatives [21] was performed.
For both plausible mechanisms, the two key steps have been considered. In the first
plausible mechanism, mechanism A, a single electron transfer is followed by a radical–
radical coupling. In the second plausible mechanism, mechanism B, a radical addition first
takes place and then a single electron transfer occurs. An in-depth study of the potential
energy surface in these reactions has shown that mechanism A presents the lowest barriers,
being the charge transfer the rate determining step and the radical–radical coupling a
barrierless process. Reduction in the charge-transfer must occur at a distance between the
photocatalyst and the imine around 10 Å. Finally, we also investigated the origin of the
enantioselectivity of the pyrroline derivatives. The hydrogen atom transfer of one of the
reactants involved in the mechanism conducts to a radical compound with one of its faces
sterically unhindered. Hence, addition reactions can take place only through one possible
side of the attack.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080922/s1, Figure S1: HAT reaction: Energy as a function of the C-H distance.
Geometries at the points indicated with arrows are shown, Figure S2: HAT reaction: Energy profile
showing critical points. Geometry of the intermediate after hydrogen transfer is shown, Figure S3.
Enantioselective addition: Energy profile showing critical points of the favored and non-favored

https://www.mdpi.com/article/10.3390/catal11080922/s1
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faces. Relaxed scan of the C-C bond which is being formed in the non-favored face is also given.
Energetic profile of the HAT reaction, energetic profile of the addition reaction through the hindered
face, optimized geometries of all the compounds studied.
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7. Iwanejko, J.; Wojaczyńska, E. Cyclic imines–preparation and application in synthesis. Org. Biomol. Chem. 2018, 16, 7296–7314.

[CrossRef]
8. Otero, A.; Chapela, M.-J.; Atanassova, M.; Vieites, J.M.; Cabado, A.G. Cyclic Imines: Chemistry and Mechanism of Action: A

Review. Chem. Res. Toxicol. 2011, 24, 1817–1829. [CrossRef]
9. Stivala, C.E.; Benoit, E.; Aráoz, R.; Servant, D.; Novikov, A.; Molgó, J.; Zakarian, A. Synthesis and biology of cyclic imine toxins,

an emerging class of potent, globally distributed marine toxins. Nat. Prod. Rep. 2015, 32, 411–435. [CrossRef]
10. Silva, M.; Pratheepa, V.K.; Botana, L.M.; Vasconcelos, V. Emergent Toxins in North Atlantic Temperate Waters: A Challenge for

Monitoring Programs and Legislation. Toxins 2015, 7, 859–885. [CrossRef] [PubMed]
11. Molgó, J.; Marchot, P.; Aráoz, R.; Benoit, E.; Iorga, B.I.; Zakarian, A.; Taylor, P.; Bourne, Y.; Servant, D. Cyclic imine toxins from

dinoflagellates: A growing family of potent antagonists of the nicotine acetylcholine receptors. J. Neurochem. 2017, 142, 41–51.
[CrossRef]

12. Garrido-Castro, A.F.; Maestro, C.M.; Aleman, J. α-Functionalization of Imines via Visible Light Photoredox Catalysis. Catalyst
2020, 10, 562. [CrossRef]

13. Leifert, D.; Studer, A. The Persistent Radical Effect in Organic Synthesis. Angew. Chem. Int. Ed. 2020, 59, 74–108. [CrossRef]
14. Studer, A. The Persistent Radical Effect in Organic Synthesis. Chem. Eur. J. 2001, 7, 1159–1164. [CrossRef]
15. Fischer, H. The Persistent Radical Effect: A Principle for Selective Radical Reactions and Living Radical Polymerizations. Chem.

Rev. 2001, 101, 3581–3610. [CrossRef]
16. Studer, A. Tin-free radical chemistry using the persistent radical effect: Alkoxyamine isomerization, addition reactions and

polymerizations. Chem. Soc. Rev. 2004, 033, 267–273. [CrossRef] [PubMed]
17. Jeffrey, J.L.; Petronijevic, F.R.; MacMillan, D.W.C. Selective Radical–Radical Cross-Couplings: Design of a Formal β-Mannich

Reaction. J. Am. Chem. Soc. 2015, 137, 8404–8407. [CrossRef] [PubMed]
18. Uraguchi, D.; Kinoshita, N.; Kizu, T.; Ooi, T. Synergistic Catalysis of Ionic Brønsted Acid and Photosensitizer for a Redox Neutral

Asymmetric α Coupling of N Arylaminomethanes with Aldimines. J. Am. Chem. Soc. 2015, 137, 13768–13771. [CrossRef]
[PubMed]

19. Pantaine, L.R.E.; Milligan, J.A.; Matsui, J.K.; Kelly, C.B.; Molander, G.A. Photoredox Radical/Polar Crossover Enables Construction
of Saturated Nitrogen Heterocycles. Org. Lett. 2019, 21, 2317–2321. [CrossRef]

20. Patel, N.R.; Kelly, C.B.; Siegenfeld, A.P.; Molander, G.A. Mild, Redox-Neutral Alkylation of Imines Enabled by an Organic
Photocatalyst. ACS Catal. 2017, 7, 1766–1770. [CrossRef]

21. Rodríguez, R.I.; Mollari, L.; Alemán, J. Light-Driven Enantioselective Synthesis of Pyrroline Derivatives by a Radical/Polar
Cascade Reaction. Angew. Chem. Int. Ed. 2021, 60, 4555–4560. [CrossRef]

22. Arias-Rotondo, D.M.; McCusker, J.K. The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design. Chem. Soc. Rev.
2016, 45, 5803–5820. [CrossRef] [PubMed]

http://doi.org/10.1039/B913880N
http://doi.org/10.1021/cr300503r
http://www.ncbi.nlm.nih.gov/pubmed/23509883
http://doi.org/10.1039/C4CC09268F
http://www.ncbi.nlm.nih.gov/pubmed/25572775
http://doi.org/10.1021/acs.joc.6b01449
http://doi.org/10.1021/acs.chemrev.6b00018
http://www.ncbi.nlm.nih.gov/pubmed/27109441
http://doi.org/10.1021/acs.chemrev.6b00057
http://www.ncbi.nlm.nih.gov/pubmed/27285582
http://doi.org/10.1039/C8OB01874J
http://doi.org/10.1021/tx200182m
http://doi.org/10.1039/C4NP00089G
http://doi.org/10.3390/toxins7030859
http://www.ncbi.nlm.nih.gov/pubmed/25785464
http://doi.org/10.1111/jnc.13995
http://doi.org/10.3390/catal10050562
http://doi.org/10.1002/anie.201903726
http://doi.org/10.1002/1521-3765(20010316)7:6&lt;1159::AID-CHEM1159&gt;3.0.CO;2-I
http://doi.org/10.1021/cr990124y
http://doi.org/10.1039/b307652k
http://www.ncbi.nlm.nih.gov/pubmed/15272366
http://doi.org/10.1021/jacs.5b05376
http://www.ncbi.nlm.nih.gov/pubmed/26075347
http://doi.org/10.1021/jacs.5b09329
http://www.ncbi.nlm.nih.gov/pubmed/26456298
http://doi.org/10.1021/acs.orglett.9b00602
http://doi.org/10.1021/acscatal.6b03665
http://doi.org/10.1002/anie.202013020
http://doi.org/10.1039/C6CS00526H
http://www.ncbi.nlm.nih.gov/pubmed/27711624


Catalysts 2021, 11, 922 10 of 10

23. Shang, T.Y.; Lu, L.H.; Cao, Z.; Liu, Y.; He, W.-M.; Yu, B. Recent advances of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN) in photocatalytic transformations. Chem. Commun. 2019, 55, 5408. [CrossRef]

24. Frish, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian16 Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2019.

25. Lee, C.T.; Yang, W.T.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785. [CrossRef] [PubMed]

26. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648. [CrossRef]
27. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence triple zeta valence and quadruple zeta valence quality for H to Rn:

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]
28. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]
29. Miertuš, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilization of AB initio molecular

potentials for the prevision of solvent effects. Chem. Phys. 1981, 55, 117–129. [CrossRef]
30. Miertuš, S.; Tomasi, J. Approximate evaluations of the electrostatic free energy and internal energy changes in solution processes.

Chem. Phys. 1982, 65, 239–245. [CrossRef]
31. Pascual-ahuir, J.L.; Silla, E.; Tuñón, I. GEPOL: An improved description of molecular surfaces. III. A new algorithm for the

computation of a solvent-excluding surface. J. Comput. Chem. 1994, 15, 1127–1138. [CrossRef]
32. Bauernschmitt, R.; Ahlrichs, R. Treatment of electronic excitations within the adiabatic approximation of time dependent density

functional theory. Chem. Phys. Lett. 1996, 256, 454–464. [CrossRef]
33. Casida, M.E.; Jamorski, C.; Casida, C.K.; Salahub, D.R. Molecular excitation energies to high-lying bound states from time-

dependent density-functional response theory: Characterization and correction of the time-dependent local density approximation
ionization threshold. J. Chem. Phys. 1998, 108, 4439–4449. [CrossRef]

http://doi.org/10.1039/C9CC01047E
http://doi.org/10.1103/PhysRevB.37.785
http://www.ncbi.nlm.nih.gov/pubmed/9944570
http://doi.org/10.1063/1.464913
http://doi.org/10.1039/b508541a
http://doi.org/10.1063/1.3382344
http://doi.org/10.1016/0301-0104(81)85090-2
http://doi.org/10.1016/0301-0104(82)85072-6
http://doi.org/10.1002/jcc.540151009
http://doi.org/10.1016/0009-2614(96)00440-X
http://doi.org/10.1063/1.475855

	Introduction 
	Results and Discussion 
	Computational Details 
	Conclusions 
	References

