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ABSTRACT: N-heterocyclic carbenes (NHCs) are well-known as
ligands and organocatalysts, but there is no recognition for their
catalytic role as a stabilizer through electrostatic interaction rather
than electron donation. By utilizing the electrostatic interaction, we
herein describe the success of a visible-light-triggered radical−radical
cross-coupling of N-alkenoxypyridinium salts and NaI, giving a
variety of α-iodo ketones. Computational studies characterize the stabilization role of NHCs.

As ligands and organocatalysts, N-heterocyclic carbenes
(NHCs) serve a prominent role in developing novel

catalytic processes.1 Recently, there has been emerging interest
in harnessing the synergistic interplay of NHCs2 and
photochemistry3 to discover new activation modes that offer
more efficient and selective alternatives to orthodox
approaches. In 2012, Rovis and co-workers first reported the
photoredox/NHC dual-catalyzed α-acylation of tertiary amines
with aldehydes.4 Very recently, significant progress has been
achieved in the field of cooperative NHC catalysis and light
activation by the research groups of Sun,5 Ye,6 Hopkinson,7

Scheidt,8 and Studer.9 All these strategies were based on the
formation of NHC-derived intermediates,10 which can directly
react with partners under the excitation of light (Scheme 1A).
As such, these approaches often require judiciously choosing
the carbonyl compounds to generate the NHC-derived
intermediates and the corresponding reaction partners, which
could be an impediment to the reaction generality. Addition-
ally, expensive metal-based photocatalysts or harmful UV-light
were generally required for these transformations. In this
context, the discovery of new applications of NHCs with the
excitation of visible light which allows flexible and various
substitution patterns is of great value and highly desirable.
The interaction between Lewis bases and alkali metal cations

plays an important role in organic synthesis, catalysis, and
medicinal chemistry.11 In 2017, Krieck and Westerhausen and
co-workers established that the electrostatic interaction of
NHC and NaI enabled the construction of new architectures
(Scheme 1B).12 In this study, we drew inspiration from the
photochemistry of an electron donor−acceptor (EDA)
complex,13 which serves as an alternative and complementary
approach to photoredox catalysis to avoid using expensive
metal complexes and organic dyes. As shown in Scheme 1C,
we hypothesized that the NHC-stabilized NaI can form an
EDA complex with an electron acceptor, which could be
activated by visible light to undergo single electron transfer
(SET), generating an alkyl radical and iodine radical. In

addition, the generated iodine radical could be stabilized by the
NHC,14 which may benefit the subsequent radical−radical
coupling.
Iodine compounds have versatile applications in various

synthetically important bond formations, synthesis of drugs,
contrastors, and radioactively labeled markers.15 In 2015, Li
and co-workers developed an elegant UV-light-induced
approach to aryl iodides via the radical coupling of sodium
iodide.16 Recently, Fu and Shang reported a novel PPh3/NaI
mediated photocatalytic decarboxylative alkylation via PPh3−I•
species, in which the cation−π interaction of PPh3 and Na+

was crucial for the EDA complex formation. Intriguingly, no
iodination product was observed in their system.17

With this knowledge, a mixture of N-alkenoxypyridinium
salt18 and NaI in MeCN was irradiated with blue LEDs (λ =
455 nm) at room temperature. The iodination product 2 was
obtained in 51% yield, while no reaction was observed in the
absence of light (Scheme 2A), indicating the formation of an
EDA complex between 1 and NaI. Encouraged by this
promising result, we envisioned that our hypothesis could be
devised to improve the efficiency of the iodinations, and we
were pleased to find that the desired product 2 was obtained in
85% yield in the presence of precatalyst A. A catalyst screening
showed that other precatalysts B−D and PPh3 gave poorer
yields. The reaction outcome was further improved to 92%
yield by using LiNTf2 as an ion exchange additive to increase
the solubility of NHC salt (Scheme 2B). Unfortunately, further
optimization of the catalyst loading (10 mol %) gave a
decreased 65% yield. To understand this radical−radical
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coupling process, we turned to characterize the EDA complex
and the role of the NHC. While neither N-alkenoxypyridinium
salt 1 nor NaI showed significant UV/vis absorption in the
visible region of the spectra, an obvious red shift of absorption
was observed in the spectrum of the reaction mixture 1 and
NaI, supporting the formation of an EDA complex (Scheme
2C, left). The addition of NHC A further enhanced the red
shift of absorption, thus facilitating the EDA complex
formation. The plausible mechanism shown in Scheme 2C
(right) would possibly explain the role of NHC. Irradiation of
EDA complex of 1 and NaI generates the alkyl radical, iodine
radical, and 2,6-lutidine. The following radical−radical
coupling gives the iodination product. Concomitantly, the
NHC is formed via deprotonation of the corresponding
azolium salt by the in situ generation of 2,6-lutidine. The
electrostatic interaction of NHC···NaI would facilitate the
formation of the EDA complex. In addition, the 2c−3e
interaction of NHC could stabilize the generated iodine
radical, thus improving the efficiency of the iodinations.
With the optimized conditions in hand, we subsequently

examined the generality of the method (Scheme 3). We
successfully converted a range of unfunctional alkenoxy-
pyridiniums into the corresponding α-iodo ketones, with
acyclic and cyclic alkyl groups being tolerated (2−8). The
substrates with various functional groups, such as ether (9),
esters (10−12), amide (13), dimethyl malonate (14), chlorine
(15 and 16), and sulfonyl (17) groups, also proceeded well

without an apparent change in the yield. This was also true for
the alkenyl substituents but gave a somewhat decreased yield
(18 and 19). In addition, the di-iodination product 20 was
successfully prepared in 50% yield by using a substrate bearing
the OTs group. This was also true for the substrates bearing
aryl groups, providing the products 21−24 in 42−69% yield.
To further gain insight into the reaction mechanism, we

performed density functional theory (DFT) and time-depend-
ent DFT (TDDFT) calculations (see Supporting Information
(SI) section 5 for computational details), using truncated
NHC and alkenoxypyridinium (namely, NHC and 1a+,
respectively).19 According to the computational results, Figure
1A illustrates our proposed catalytic cycle. On the ground state
(S0), 1a+, NaI, and NHC first form a ternary EDA complex
gIM. Note that the bond distances of Na−I (3.08 Å) and
(NHC)C−Na (2.48 Å) in gIM are close to those (3.03 and
2.50 Å, respectively) in the crystal structure of the NHC−
NaI−THF system (Scheme 1B). The N−O bond cleavage in
gIM requires a barrier of 34.7 kcal/mol (Figure S1 in the SI
section 5). The high barrier rationalizes why the reaction could
not take place in the absence of blue light irradiation (supra
inf ra).

Scheme 1. Motivation and Synthetic Strategy Scheme 2. Optimization of the Reaction Conditions
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The HOMO and LUMO of gIM are dominated by an
iodine lone pair and a π* orbital of 1a+, respectively (Figure
1B). The LUMO features somewhat antibonding character on
the N−O bond, thus a transition of an electron to LUMO
would favor the cleavage of the bond to generate radicals.
TDDFT calculation indicated that the vertical excitation of an
electron from HOMO to LUMO results in the first excited
state (S1) costs 72.6 kcal/mol (394.4 nm). Relaxing the
structure of gIM in the S1 state gave the photoactivated EDA
complex gIM*. The next process is to cleave the N−O bond in
gIM*, which presumably proceeds via a transition state but
attempts to locate the transition state in the S1 state were
unsuccessful. Nevertheless, a potential energy surface (PES)
scan with the N−O bond as the reaction coordinate
demonstrates that gIM* is only a very shallow minimum in
the S1 state (Table S1 in SI section 5). Thus, under light
irradiation, the N−O bond can be broken facilely, leading to a
weakly bonded diradical (DIRA) and releasing lutidine.
Subsequently, the diradical dissociates, giving the C2H5C(O)-
CH2

• radical and a radical ion NHC-NaI•+ which then
interacts with NTf2

− to give an NHC-stabilized iodine radical
(NHC-I•) via 2c−3e bonding and NaNTf2. Finally, the

resultant two radicals combine, affording the α-iodo ketone
product.
Although gIM* is only a shallow minima in the S1 state, the

location of the excited EDA complex facilitates the character-
ization of the photoactivation process. When the NBO charge
populations of gIM and gIM* are compared in Figure 1C, the
excitation increases the charge on iodine from −0.96 to
−0.14e, while it decreases the total charge on the lutidine
fragment from 0.99 to 0.04e. The charge variations indicate
that the photoactivation promotes SET from iodide to the
lutidine moiety of 1a+. Compared to gIM, because the electron
redistribution weakens the Coulomb attraction between Na+

and I− and the Coulomb repulsion between Na+ and the 1a+

moiety, the Na−I bond is elongated from 3.08 to 3.40 Å and
the Na−O bond is shortened from 2.69 to 2.37 Å. In line with
our expectation (supra inf ra), the N−O bond is indeed
elongated from 1.37 to 1.44 Å, which favors the cleavage of the
bond. The charges on NHC and the carbenic carbon remain
nearly unchanged, indicating no significant electron donation
between them.
It is interesting that NHC A significantly outperforms other

Lewis bases. After understanding the model system, we next
considered real systems. Individual reactants (NaI, NHC A-D,

Scheme 3. Scope of the Reactiona

aYield of isolated products 2−24 after chromatography.

Figure 1. Computational results (A−D). Key bond lengths in C are
given in angstroms and NBO charges in e. Binding energies in D are
given in kcal/mol, and absorption wavelengths, in nm.
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PPh3, and 1) are all inactive to blue light with absorption
wavelengths (<300 nm), but the EDA complexes shown in
Figure 1C have significantly increased the absorption wave-
length (>380.0 nm). The calculated wavelengths are in
reasonable agreement with the wavelength (455 nm) of the
blue light we used, considering the accuracy of the TDDFT
method which we estimated probably to have an error bar of
50 nm.20 In addition, the increased wavelengths are consistent
with the observed red shift shown in Scheme 2C. As compared
in Figure 1D, the Lewis bases only affect the wavelengths
slightly but the stabilities of the EDA complexes substantially.
In the absence of an NHC, coordination of two acetonitrile
solvent molecules to sodium is optimal for the formation of the
complexes. In the presence of an NHC, the complex with
NHC A is more stable than others with NHCs B−D, which
could be a reason for the inferiority of these NHCs.
Compared to NHC A, PPh3 forms a less stable EDA

complex (ΔG = 4.3 versus −3.2 kcal/mol of NHC A). Figure 2

compares the structures of the EDA complexes of NHC A and
PPh3. In the former, NHC A forms an “umbrella” to optimally
interact with Na+ via electrostatic interaction, which is not the
case for the EDA complexes of PPh3, as well as those of NHC
B−D, emphasizing the importance of the geometrical unique-
ness of NHC A. We further compared the binding energies of
NHC A and PPh3 with NaI. The large binding energy (−5.3
kcal/mol) of NHC A validates the stabilization effect of NHCs
on NaI salt via electrostatic interaction. PPh3 even has a
positive binding energy (1.5 kcal/mol) with NaI. In addition,
NHC A is stronger than PPh3 in stabilizing the iodine radical
(PPh3 + A−I ̇ → PPh3−I

̇ + A + 4.1 kcal/mol). These

advantages of NHC A over PPh3 could be the causes why
NHC A outperforms PPh3 in our reaction.
In summary, we have developed a photocatalytic cross-

coupling of N-alkenoxypyridinium salts and sodium iodide to
afford various α-iodo ketones. Our DFT studies characterize
that the electrostatic interaction of NHC−Na+ facilitates the
formation of the EDA complex. In addition, NHC also
stabilizes the generated iodine radical via 2c−3e bonding. We
anticipate that the presented synthetic method could be
applied in the pharmaceutical and organic chemistry arenas.
The unveiling of the method of NHC in stabilizing EDA
complexes and the mechanistic understanding of the photo-
activation process could enrich the photochemistry of EDA
complexes and inspire the new development of visible light-
induced radical reactions.
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554, 41−49. (g) Zou, Y.-Q.; Hörmann, F. M.; Bach, T. Iminium and
enamine catalysis in enantioselective photochemical reactions. Chem.
Soc. Rev. 2018, 47, 278−290. (h) Chen, Y.; Lu, L.-Q.; Yu, D.-G.; Zhu,
C.-J.; Xiao, W.-J. Visible light-driven organic photochemical synthesis
in China. Sci. China: Chem. 2019, 62, 24−57. (i) Kancherla, R.;
Muralirajan, K.; Sagadevan, A.; Rueping, M. Visible Light-Induced
Excited-State Transition-Metal Catalysis. Trends Chem. 2019, 1, 510−
523. (j) McAtee, R. C.; McClain, E. J.; Stephenson, C. R. J.
Illuminating Photoredox Catalysis. Trends Chem. 2019, 1, 111−125.
(k) Wei, Y.; Zhou, Q.-Q.; Tan, F.; Lu, L.-Q.; Xiao, W.-J. Visible-Light-
Driven Organic Photochemical Reactions in the Absence of External
Photocatalysts. Synthesis 2019, 51, 3021−3054. (l) Zhou, Q.-Q.; Zou,
Y.-Q.; Lu, L.-Q.; Xiao, W.-J. Visible-Light-Induced Organic Photo-
chemical Reactions through Energy-Transfer Pathways. Angew. Chem.,
Int. Ed. 2019, 58, 1586−1604.
(4) DiRocco, D. A.; Rovis, T. Catalytic Asymmetric α-Acylation of
Tertiary Amines Mediated by a Dual Catalysis Mode: N-Heterocyclic
Carbene and Photoredox Catalysis. J. Am. Chem. Soc. 2012, 134,
8094−8097.
(5) Yang, W.; Hu, W.; Dong, X.; Li, X.; Sun, J. N-Heterocyclic
Carbene Catalyzed γ-Dihalomethylenation of Enals by Single-Electron
Transfer. Angew. Chem., Int. Ed. 2016, 55, 15783−15786.
(6) (a) Dai, L.; Xia, Z.-H.; Gao, Y.-Y.; Gao, Z.-H.; Ye, S. Visible-
Light-Driven N-Heterocyclic Carbene Catalyzed γ- and ϵ-Alkylation
with Alkyl Radicals. Angew. Chem., Int. Ed. 2019, 58, 18124−18130.
(b) Gao, Z.-H.; Xia, Z.-H.; Dai, L.; Ye, S. N-Heterocyclic Carbene
Catalyzed Photooxidation: Intramolecular Cross Dehydrogenative
Coupling of Tetrahydroisoquinoline-Tethered Aldehydes. Adv. Synth.
Catal. 2020, 362, 1819−1824. (c) Xia, Z.-H.; Dai, L.; Gao, Z.-H.; Ye,
S. N-Heterocyclic carbene/photo-cocatalyzed oxidative Smiles
rearrangement: synthesis of aryl salicylates from O-aryl salicylalde-
hydes. Chem. Commun. 2020, 56, 1525−1528. (d) Dai, L.; Ye, S.
Photo/N-Heterocyclic Carbene Co-catalyzed Ring Opening and γ-
Alkylation of Cyclopropane Enal. Org. Lett. 2020, 22, 986−990.
(7) Mavroskoufis, A.; Rajes, K.; Golz, P.; Agrawal, A.; Ruß, V.;
Götze, J. P.; Hopkinson, M. N. N-Heterocyclic Carbene Catalyzed
Photoenolization/Diels−Alder Reaction of Acid Fluorides. Angew.
Chem., Int. Ed. 2020, 59, 3190−3194.
(8) Davies, A. V.; Fitzpatrick, K. P.; Betori, R. C.; Scheidt, K. A.
Combined Photoredox and Carbene Catalysis for the Synthesis of
Ketones from Carboxylic Acids. Angew. Chem., Int. Ed. 2020, 59,
9143−9148.
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