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Photo-redox chemistry
• Photo-redox catalysts

4

• Synthetically elaborated organic dyes.
• Metal complexes with polyheteroaryl ligands.
• Exogenous compounds.

Paixao et al. ACS Catal. 2016, 6, 1389-1407.



Electron donor-acceptor complex (EDA complex)

• Generating radical species without exogenous photo-redox catalysts or metals.
• Induce various radical reaction under mild condition.
• Expand the chemical space. (new selectivity and substrate scope, etc)
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; Electron rich,
Low ionization potential
( i.e., reductant, nucleophile )

; Electron poor,
high electron affinity
( i.e., oxidant, electrophile )

Melchiorre et al. J. Am. Chem. Soc. 2020, 142, 5461-5476.



Theoretical background 6

• Competition with BET is unavoidable 
problem in EDA complex.

[Charge transfer band of EDA complex] [Back electron transfer (BET)]

• EDA complex exhibits new absorption 
band in longer wavelength.

BET

Paixao et al. ACS Catal. 2016, 6, 1389-1407.
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overlooked so long, and highlight the accomplishments that
were crucial for developing the existing tools. In addition to
charting the ideas, challenges, and milestone reactions that
were essential for progress in the field, we will discuss future
directions and identify the key advances that are needed to
fully exploit the potential of the EDA complex photochemistry.

■ BACKGROUND AND PIONEERING SYNTHETIC
APPLICATIONS

Chemists are familiar with the appearance of strong color on
combining two colorless organic compounds. The observation
that iodine forms different colored solutions in different
solvents prompted Hildebrand to investigate this phenomenon
in a series of studies, which covered a time span of about 40
years.12 Eventually, spectroscopic investigations showed that
benzene and mesitylene form 1:1 complexes of considerable
stability with iodine.12b In 1952, this series of studies, among
others,13 inspired Robert Mulliken to propose a quantum-
mechanical theory to rationalize the formation of these
complexes.10 According to the Mulliken charge-transfer theory,
the association of an electron-rich substrate (a donor D with a
low ionization potential, IP) with an electron-accepting
molecule (an acceptor A having a high electronic affinity,
EA)14 can elicit the formation of a new complex in the ground
state, the EDA complex (Figure 1a, KEDA being the association
constant for the complex formation). The physical properties
of an EDA complex differ from those of the separated
substrates. This is because new molecular orbitals are formed
from the electronic coupling of the D and A frontier orbitals
(HOMO/LUMO). This new chemical entity is characterized
by the appearance of a new absorption band, the charge-
transfer band (hνCT), associated with an ΨGS → ΨES electronic
transition (Ψ is the wave function, associated with ground and
excited states). In many cases, the energy of this transition lies
within the visible range. Upon excitation of the EDA complex
(orange box in Figure 1a), the ΨES is populated, which
translates in an intracomplex transfer of an electron from D to
A to generate a radical ion pair characterized by a net charge
separation (light blue box). This complex may ultimately
furnish reactive radicals. The EDA complex photochemistry may
therefore of fer the possibility of using visible light to activate
substances that would not normally absorb in the visible spectrum.
Initial research efforts focused on the photophysical

characterization of EDA complexes.8,9 For example, since the
energetic gap of the electronic transition is proportional to the
electron affinity of A and the ionization potential of D, cyclic
voltammetry measurements14 were used to assess the feasibility
of a donor and acceptor pair to undergo EDA complex
formation.15 In contrast, EDA complex photochemistry
initially found limited application in chemical synthesis.16

This is probably due to the difficulties of avoiding an
unproductive back electron transfer (BET) from the radical
ion pair, which restores the ground-state EDA complex (Figure
1a). If other possible processes leading to reactive radicals and
eventually to the products are kinetically not competitive with
the BET, then the photoactivation of the EDA complex will be
synthetically unproductive.
To overcome this limitation and transform EDA complex

activation into a productive synthetic approach, one strategy
relies on the presence of a suitable leaving group (LG) within
the radical anion partner ([D+•,A−•] in Figure 1b), which can
trigger an irreversible fragmentation event rapid enough to
compete with the BET. This can productively render two

reactive radical intermediates, which can initiate synthetically
useful transformations (Figure 1b). The viability of this
approach was demonstrated by seminal contributions in
1970s. For example, Cantacuzene,17 Bunnett,18 Russell,19

Kornblum,20 Kochi,21 and others22 showed that the EDA
complex photochemistry could trigger synthetically useful
radical processes under mild reaction conditions (Figure 2).

Specifically, Cantacuzene and Bunnett investigated the
participation of enamines and enolates (structure 1) as donors
in charge-transfer interactions with aryl and perfluoroalkyl
iodides of type 2, to form an EDA aggregate (EDA-1, Figure
2a).17,18 Following the mechanistic pattern depicted in Figure
1b, the native iodide functionality, embedded within the
acceptor core of 2, served as a suitable leaving group to foster
the fragmentation of the radical anion, preventing an
unproductive BET. The net process was a photochemical
alkylation/arylation of carbonyl compounds via an electron
transfer substitution reaction, which could not be achieved
under thermal activation. Russell expanded this substitution
protocol to other halogen native moieties, demonstrating that
electron-poor benzyl chlorides 4 could participate in EDA
complex formation with stoichiometric donor enamines
(Figure 2b).19 Kornblum used akin acceptors 4 in combination
with nitrogen-centered nucleophiles 3 to form a photoactive
EDA-2 that could trigger displacement of the chloride.20,23

Kochi’s laboratory identified electron-rich arenes of type 5 as
effective donors in EDA complex activation (Figure 2c).21a

Charge-transfer interaction with tetranitromethane 6 produced
the photoactive EDA-3, which promoted the nitration of the
electron-rich aromatic ring. Kochi also demonstrated that alkyl
stannanes 7 could engage tetracyanoethylene (TCNE) 824 in
the formation of a photoactive EDA-4.21b In contrast with
previous examples, where the leaving group was a native
functionality within the acceptor core, here the fragmenting
group (i.e., the metal center) favoring radical formation is
embedded within the donor structure. Excitation of EDA-4
and intracomplex SET, followed by fragmentation of the
radical cation, generated a metal cation and an alkyl radical,
which were both embedded in the core of the final product.
These early examples demonstrated the potential of the

EDA complex photochemistry as a radical generation strategy
useful for synthetic transformations. However, there was no

Figure 2. Seminal examples reporting the use of EDA complex
photochemistry for synthetic applications. RF: perfluoroalkyl residue.
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Irreversible fragmentation 
(Leaving groups)
→ Avoid unproductive BET.

Electron
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Enamine,
Enolate
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Amine Anisole Alkyl 

stannene

Organo
iodide Nitroarene Tetranitromethane TCNE (a) Cantacuzene et al. J. Chem. Soc., Perkin Trans. 1 1977, 1365-1371. 
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Kornblum et al. J. Org. Chem. 1991, 56, 3475-3479. 

(c) Kochi et al. J. Am. Chem. Soc. 1987, 109, 7824-7838. 
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emphasis on the real potential benefits for chemical synthesis,
probably because synthetic photochemistry was at the time
considered a specialized area requiring specific experimental
expertise. Overall, these early studies were viewed more as
unique chemical reactions than as integral parts of a larger
research field. It was not until 2013 that the photoactivity of
EDA complexes was recognized as an independent field of
synthetic research, which could provide an overarching and
powerful strategy in visible-light-driven radical synthesis.

■ SYNTHETIC RENAISSANCE OF EDA COMPLEX
PHOTOCHEMISTRY

In 2013, independent efforts by Chatani25 and our laboratory26

revisited and reintroduced EDA complex photochemistry as a
useful radical generation strategy for chemical synthesis
(Figure 3). To better contextualize these studies and provide

the historical context that motivated them, it is important to
appreciate how deeply the advent of photoredox catalysis, in
2008,4,27 attracted the interest of the synthetic community.
Photoredox catalysis provides access under very mild
conditions to open-shell species, whose unique reactivity
allows transformations that are not accessible through polar
pathways. This created new opportunities to apply radical
chemistry in synthesis. The 2013 studies on EDA complex
photochemistry were developed in the context of a photoredox
system, and arose from the serendipitous observation (linked
to control experiments) that an exogenous photoredox catalyst
was not needed.28

During the development of a photoredox protocol for the
arylation of heteroaromatics 9 with iodonium salts 10 (Figure
3a), Chatani and co-workers observed that, when using

electron-rich pyrroles 9a as substrates, the corresponding
product 11a could also be obtained in the absence of the
exogenous iridium photoredox catalyst.25 The photoredox
catalyst was used to generate aryl radicals via SET reduction of
10. With pyrroles 9a, however, simple visible light illumination
of the substrates was enough to trigger the radical process. The
researchers rationalized this unusual reactivity with the
formation of a yellow-orange complex EDA-5 (Figure 3a),
generated in solution upon association of substrates 9a and 10.
Optical absorption spectroscopic studies confirmed the
appearance of a new absorption band in the visible region
(the charge-transfer band hνCT). Irradiation of the colored
EDA complex (EDA-5), followed by irreversible extrusion of
aryl iodide, generated the radical intermediates I and II, which
furnished the C2-arylated product 11a.29

Concomitantly, prompted by the interest in asymmetric
organocatalysis,30 our laboratory had been investigating the
direct α-alkylation of aldehydes 12 with electron-deficient alkyl
bromides 13, including benzyl and phenacyl bromides,
catalyzed by the chiral amine 14 (Figure 3b).26 Previous
studies27a on similar reactivity established the need for a
photoredox catalyst to generate radicals via reductive cleavage
of the alkyl bromide 13. However, a control experiment
revealed that, for specific substrates 13, the reaction could
efficiently proceed in a stereoselective fashion without an
external photoredox catalyst.26 The chemistry did not proceed
at all without light illumination, and evidence was collected
supporting a radical manifold. Mechanistic studies revealed the
ability of the electron-rich chiral enamines III, generated upon
condensation of the amine catalyst 14 with aldehyde 12, to
trigger the formation of visible-light-absorbing EDA complexes
(EDA-6) with electron-deficient dinitrobenzyl and phenacyl
bromides 13. An intracomplex SET, induced by irradiation of
EDA-6, afforded the chiral radical ion pair IV. By facilitating an
irreversible cleavage of the carbon−halogen bond, the bromide
within IV avoided an unproductive BET securing access to the
reactive open-shell intermediate V. Optical absorption
spectroscopic studies confirmed the formation of the
enamine-based complex EDA-6, which could absorb in visible
frequency regions where the individual components (enamine
III and bromide 13) could not. Quantum yield measure-
ments31 established that the reaction proceeded through a self-
propagating radical chain mechanism.32 This implies that the
photochemical activity of the enamine-based EDA-6 served as
an initiation to sustain a chain process. The propagation
manifold relied on the ability of the α-aminoalkyl radical (not
shown in Figure 3b), emerging from the trap of radical V from
the ground-state chiral enamine III, to regenerate V upon SET
reduction of organic bromides 13. This study demonstrated
that transiently generated catalytic intermediates, such as chiral
enamines, can engage in the formation of photoactive EDA
complexes and trigger asymmetric radical processes that are
not achievable with ground-state organocatalysis. Broadly
speaking, this study demonstrated that the synthetic potential
of organocatalysis can be enhanced when combined with
photochemical reactivity to unlock reaction pathways inacces-
sible via thermal activation.33

Collectively, the reports highlighted in Figure 3 showcased
the synthetic potential of the EDA photochemistry and revived
interest in this radical generation strategy. The synthetic
community has since developed a variety of synthetically useful
photochemical procedures. This Perspective, instead of
providing an exhaustive list of reactions, critically describes

Figure 3. (a) Visible-light-induced C2-arylation of pyrroles in the
absence of a photocatalyst: EDA-5 formed upon association of two
stoichiometric substrates. (b) Enantioselective catalytic α-alkylation of
aldehydes enabled by irradiation of an enamine-based EDA complex:
EDA-6 formed upon association of a transient catalytic chiral
intermediate III with substrate 13. LED: light-emitting diode; CFL:
compact fluorescent lamp; EWG: electron-withdrawing group;
MTBE: methyl tert-butyl ether; TMS: trimethylsilyl. The filled gray
circle represents a bulky substituent on the chiral organic catalyst.
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reactive open-shell intermediate V. Optical absorption
spectroscopic studies confirmed the formation of the
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propagating radical chain mechanism.32 This implies that the
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not achievable with ground-state organocatalysis. Broadly
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• Pyrrole and iodonium cation • Enamine and benzyl bromide

Serendipitous observation (linked to control experiment).
→ Reintroduced EDA complex photochemistry.

Chatani et al. Chem. Lett. 2013, 42, 1203-1205. Melchiorre et al. Nat. Chem. 2013, 5, 750-756.
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• Electron donor and acceptor finally end up in product scaffold.
• Electronically biased substrates.
→ Low applicability in synthesis.

[Coupling of stoichiometric donor and acceptor]

developments since 2013, charting the ideas and advances that
were crucial in developing the photochemical synthetic tools.
We categorize the selected examples in two classes, based on
whether the intermediates involved in EDA complex formation
are present in stoichiometric (in analogy to the chemistry
reported in Figure 3a) or catalytic amounts (in analogy to
Figure 3b). EDA complexes can also be thermally activated to
trigger synthetic transformations.34 This ground-state EDA
complex reactivity falls outside of the scope of this Perspective.

■ PHOTOACTIVITY OF STOICHIOMETRIC EDA
COMPLEXES

Direct Coupling between Donor and Acceptor
Substrates. The most straightforward synthetic application
of the EDA complex activation strategy is based on the light-
driven coupling of two substrates, the donor and the acceptor
(Figure 4a). The viability of the resulting radical processes is

strictly dependent on the intrinsic electronic properties of the
two partners, which should be prone to forming a photoactive
EDA complex. The structural moieties of the substrates, which
are responsible for EDA complex formation, would both
eventually end up in the core of the final product. Critical for
reactivity is the presence of a suitable leaving group (blue circle
in Figure 4a), which is generally a native functionality (e.g.,
halides) adorning the structure of one of the substrates. As
explained above (Figure 1b), this leaving group is essential to
securing, upon photoinduced SET, an irreversible fragmenta-
tion that productively affords open-shell intermediates,
responsible for the formation of the product. The net process
is a selective coupling reaction, although these photochemical
processes are often based on radical chain propagation
manifolds and not on radical coupling events.32

This strategy has been used to promote carbon−carbon
bond-forming processes. Generally, electron-rich aromatic
compounds have served as donors, while electron-poor alkyl
halides have been used as acceptors. The halides act as suitable
leaving groups. Along these lines, a photochemical strategy was
developed for the direct alkylation of 3-substituted indoles 16
with electron-accepting benzyl 13 and phenacyl bromides 17
(Figure 4b).35

The most significant result was the successful isolation and
full characterization by X-ray single-crystal spectroscopic
analysis24 of a visible-light-absorbing EDA complex (EDA-7),
whose photochemical activity triggered the alkylation process.
Remarkably, the latter analysis established that the average
interplanar distance between the 3-methylindole and the 2,4-
dinitrobenzyl bromide fragments (3.33 Å) is significantly lower
than the van der Waals separation for aromatic molecules (3.40
Å),36 which is consonant with intermolecular binding forces
being at work in the solid state. Irradiation of EDA-7 by a
compact fluorescence lamp (CFL) bulb induced the formation
of the radical ion pair VI, which evolved into the radicals VII
and VIII upon extrusion of the bromide anion. The low
quantum yield of the process (Φ = 0.2) indicated that a radical
combination could be responsible for delivering the C2-
alkylated indole 18. Similar photochemical C−C bond-forming
processes have been developed, using an array of electron-rich
aromatics.37 For example, König and co-workers used a
photoactive EDA complex (EDA-8), formed upon aggregation
of aniline derivatives 19 and electron-poor bromothiophenes
20, to forge a C(sp2)−C(sp2) bond within product 21 (Figure
4c).37a

α-Ketoacids of type 22 have also been reported to be
suitable donors for productive EDA complex formation with
different acceptors, including imines38 and alkyl boronic
acids.39 In particular, the latter strategy enabled the 1,2-radical
addition to the carbonyl system of 22 (Figure 5). The radical

addition to a carbonyl compound, in particular ketones, is a
difficult process. This is because it is generally hampered by the
strong tendency of the resulting alkoxyl radical to undergo β-
fragmentation, which makes the process reversible.40 The EDA
complex photochemistry provided an effective strategy to
overcome this limitation, highlighting its potential applicability
to difficult synthetic problems. Specifically, the chemistry is
triggered by the boron complex formation between α-ketoacids
22 and alkyl boronic acids 23, which act as Lewis acids. The
resulting complex can be represented as either the Lewis acid−
base pair EDA-9a or the boron anhydride EDA-9b (Figure 5).

Figure 4. (a) General strategy for the coupling of electron-rich
(donor) and electron-poor (acceptor) stoichiometric substrates via
EDA complex activation. (b) Photochemical C2-alkylation of indoles
and the X-ray structure of the photoactive complex EDA-7, formed
upon association of 3-methylindole and 2,4-dinitrobenzyl bromide.
(c) Photochemical C(sp2)−C(sp2) coupling between aniline
derivatives 19 and bromothiophenes 20.

Figure 5. 1,2-Radical addition to carbonyl compounds driven by light-
irradiation of EDA-9.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective
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as well as the synthetic power and sophistication attained by
these systems. Stoichiometric processes will be presented first,
followed by more recent catalytic enantioselective trans-
formations. All reactions discussed here are reported to be
unproductive in the dark.
3.1. Stoichiometric Processes. 3.1.1. Metal Additions to

Tetracyanoethylene (TCNE): Unifying Thermal and Photo-
chemical Mechanisms. TCNE is a very strong electron-
acceptor in solution (Ered

0 = 0.24 V vs SCE, in MeCN).46 This
makes it an excellent partner to EDA complex formation, and
numerous electron-donors have been used for studies in this
context.69

In 1979, Kochi and co-workers developed an important study
(the first one) comparing the mechanisms of thermal and
photochemical electron transfers mediated by EDA complex of
tetraalkyltin derivatives 3 (donor) and TCNE 4 (acceptor).70

As the authors highlight, this insertion reaction is of special
importance as it is a rare example where both thermal and
photochemical mechanisms can be separately identified and
studied. Physicochemical parameters, including the wavelength
of absorption maxima (λmax) from the corresponding CT bands,
the equilibrium constants of EDA complex formation (KEDA),
and molar absorptivities (εEDA) were measured. All CT bands
were observed to fall at least in some extent in the visible region
(with 345 nm ≤ λmax ≤ 437 nm). In addition, low formation
constants (KEDA ≤ 7.7) and molar absorptivity (εEDA ≤ 500
M−1cm−1) were observed, which was attributed to the weak
interaction between the σ HOMO of R4Sn 3 and the π*
LUMO of TCNE 4 (Scheme 7).

The selectivity for the thermal insertion of TCNE into mixed
tetraalkyltin derivatives, such as Et2Me2Sn, is remarked to
follow the cleavage of the weakest alkyl-tin bond and could be
measured by 1H NMR. Taking into account the statistical
component, Et2SnMe2 and EtSnMe3 have demonstrated
essentially the same selectivity for Me/Et addition. Qualita-
tively, the authors observed the same trend for other
tetraalkyltin derivatives.
When performing the same addition photochemically, Kochi

and co-workers employed reaction conditions in which the
thermal process did not compete, namely, using a 1000W high
pressure Hg lamp irradiating at 436 nm, at −35 °C, in
acetonitrile (reaction times typically in the range of 5−10 h
were observed)
The photochemical reaction of TCNE 4 with numerous

tetraalkyltin derivatives 3 was performed. Under 436 nm

irradiation, Me4Sn (and Et4Sn) adds to TCNE with a quantum
yield Φ = 1, where neither TCNE or Me4Sn exhibits any
significant absorption (Scheme 8).

Irradiation of the EDA complex formed between tBu2SnMe2
and TCNE also using this same wavelength (436 nm) leads to
the concomitant formation of tert-butyl and TCNE radicals,
without any observation of methyl radicals (as noted via
electron spin resonance, ESR), while irradiation under a shorter
wavelength, 262 nm, produces the same radical species but with
a slightly higher quantum yield. Under visible-light irradiation
(again at 436 nm), attempts to observe alkyl radicals using
Et4Sn,

iBu4Sn, and secBu4Sn were unfruitful. Under similar
reaction conditions, inside the experimental error, the photo-
chemical reaction of Et2SnMe2 with TCNE exhibits the same
selectivity for Et/Me addition in respect to the corresponding
thermal process.
Overall, these previous observations (added to others),70a

allowed the establishment of the EDA complex 5, derived from
the combination of R4Sn 3 and TCNE 4, as a common
intermediate in both processes, thermal and photochemical.
Both reaction pathways have been remarked to proceed via the
same general mechanism, that is, an electron-transfer event
leading to a radical ion pair 7, followed by the fragmentation of
unstable tin radical cation (this one being characterized as a
“dark” process) to afford triad 8. Finally, triad 8 combines to
afford the addition product 6 (Scheme 9).
The authors corroborated the involvement of the EDA

complex 5 in the electron-transfer event (as opposed to a
participation as a spectator species, cf. the kinetic dilemma of
Scheme 5), because the rate for the overall transformation kT
correlates with the constant of formation KEDA, and the fact that
an intimate relationship is noted between both the photo-
chemical and thermal activations in the electron-transfer event
(Scheme 10).
Based on the same selectivities observed for the insertion of

mixed alkyl tin derivatives R1
2SnR

2
2 into TCNE 4 (e.g., in the

case of Me2SnEt2 previously discussed), for the thermal and
photochemical processes, as well as the correlation between
KEDA and kT, it was concluded that the same radical ion pair of
type 7 must be involved in both processes.
Therefore, this study unified the mechanism of thermal and

photochemical electron transfer, as it strongly suggests the
involvement of common intermediates: 5, 7, and 8.

3.1.2. Radical-Nucleophilic Substitution (SRN1) Reactions.
Photoinduced SRN1 reactions between nucleophiles (Nu−) and
organic halides (RX, often R = Ar) have been well studied,
especially in the 1970s,71 when the mechanism of this reaction
received considerable attention (Scheme 11).
The mechanism of SRN1 reactions is generally accepted as

involving a radical chain propagation step, which can be
initiated by different events: (i) the homolysis of the C−X
bond of ArX; (ii) SET from the Nu− to the excited ArX, thus
generating a radical anion that enters the propagation chain;

Scheme 7. Study on the Thermal and Photochemical
Electron Transfer between Tetraalkyltin Derivatives 3 and
TCNE 4

Scheme 8. Example of Photochemical Addition of Me4Sn to
TCNE Carried Out during the Work of Kochi and Co-
Workers

ACS Catalysis Review
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corresponding products 31 in higher yields in relation to the
electron-donating substituents (e.g., Me 31c). This observation
can be presumably related to the formation of stronger
encounter complexes, when electron-withdrawing groups are
present in the diaryl iodonium acceptor.
3.1.6. Aromatic Perfluoroalkylation of α-Cyano Arylace-

tates. In 2014, the Melchiorre group developed a methodology
for the aromatic perfluoroalkylation of α-cyano arylacetates 35
employing perfluoroalkyl iodides 36 via the visible-light
irradiation of the EDA complex formed between these two
components (Scheme 17).81 The development of a strong
yellow-orange solution, upon the mixture of reagents, indicated
the formation of an EDA complex, which could be confirmed
by the bathochromic shift in the visible region of the UV−vis
absorption spectrum, from 360 nm for the isolated enolate of
35, to around 400 nm for the mixture. However, differently
from an anticipated solvent-cage combination of two radicals, in
this case, an approximate 2:1 ratio for the para-/ortho--
substituted aromatic compound 37 and an above-unit quantum
yield (Φ = 3.8) for this process suggested that an homolytic
aromatic substititution (HAS) pathway, proceeding via a radical
chain mechanism, was occurring. Interestingly, during the
optimization studies of this transformation, the authors
remarked only partial conversion of the starting material 35
into product 37, even after prolonged reaction times. In a series
of control experiments, they realized that the anion of the
perfluoroalkylated compound 37 was also being formed and it
strongly absorbed in the visible region, which inhibited the
reaction completion. In order to address this issue, an
additional organic phase of tetradecafluorohexane (HexF) was
added (in a 1:5 ratio to MeCN) in order to sequestrate the
generated perfluoroalkylated compound to a different phase.
The choice of a biphasic system and 1,1,3,3-tetramethyl
guanidine (TMG) improved the yields and shortened the

reaction times, thus establishing the optimized conditions for
this transformation (Scheme 17).
The protocol could be applied for a variety of α-cyano

arylacetates bearing electron-donating substituents. The sub-
stitution pattern on the aryl ring of α-cyano arylacetates 35
turned out to be an important factor influencing selectivity:
para-substituents leads to selective perfluoroalkylation, while
substituents at ortho or meta positions generate lower
selectivities. Corroborating a HAS pathway, the presence of
electron-withdrawing groups on the aromatic moiety of 35 has
a pronounced negative effect on the efficiency of the reaction
(yields lower than 40%).

3.1.7. Alkylation of Indoles. In 2015, the Melchiorre group
reported the alkylation of indoles via the visible light irradiation
of EDA complexes formed between indoles 42 and an
alkylating agent (benzyl or phenacyl bromides) 43. The UV−
vis absorption spectrum of the solution containing the two
components exhibits a bathochromic shift above 430 nm, where
neither individual components absorbs. An intense orange/red
color is also observed for the reaction mixture. These facts
suggest the involvement of an EDA complex between the
indole 42 and the alkylating agent 43.
Regarding the scope of the reaction, electron-deficient benzyl

and phenacyl bromides reacted satisfactorily with 3-methyl-
indole. In the same manner, a wide range of 2- and 3-
substituted 1H-indoles and tetrahydrocarbazoles successfully
reacted as donors. It is interesting to note that, based on the
redox potentials of 3-methylindole (Eoxid

0 = −0.69 V vs SCE, in
MeCN, see Figure 5) and phenacyl bromide (Ered

0 = −0.73 V vs

Scheme 16. EDA Complex-Photoinduced Arylation of
Arenes Using Iodonium Salts, under Irradiation with White
LEDs (λ = 400−750 nm)a

aIn parentheses are the yields of the corresponding photocatalyzed
process promoted by [Ir(ppy)2(bpy)]PF6 (1 mol %) (ppy: 2-
phenylpyridine, bpy: 2,2′-bipyridine).

Scheme 17. Aromatic Perfluoroalkylation and
Trifluoromethylation of α-Cyano Arylacetates via Visible-
Light Irradiation of EDA Complexesa

aTMG: 1,1,3,3-tetramethylguanidine, HexF: tetradecafluorohexane,
ATRA: atom-transfer radical addition, SET: single-electron transfer.
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overlooked so long, and highlight the accomplishments that
were crucial for developing the existing tools. In addition to
charting the ideas, challenges, and milestone reactions that
were essential for progress in the field, we will discuss future
directions and identify the key advances that are needed to
fully exploit the potential of the EDA complex photochemistry.

■ BACKGROUND AND PIONEERING SYNTHETIC
APPLICATIONS

Chemists are familiar with the appearance of strong color on
combining two colorless organic compounds. The observation
that iodine forms different colored solutions in different
solvents prompted Hildebrand to investigate this phenomenon
in a series of studies, which covered a time span of about 40
years.12 Eventually, spectroscopic investigations showed that
benzene and mesitylene form 1:1 complexes of considerable
stability with iodine.12b In 1952, this series of studies, among
others,13 inspired Robert Mulliken to propose a quantum-
mechanical theory to rationalize the formation of these
complexes.10 According to the Mulliken charge-transfer theory,
the association of an electron-rich substrate (a donor D with a
low ionization potential, IP) with an electron-accepting
molecule (an acceptor A having a high electronic affinity,
EA)14 can elicit the formation of a new complex in the ground
state, the EDA complex (Figure 1a, KEDA being the association
constant for the complex formation). The physical properties
of an EDA complex differ from those of the separated
substrates. This is because new molecular orbitals are formed
from the electronic coupling of the D and A frontier orbitals
(HOMO/LUMO). This new chemical entity is characterized
by the appearance of a new absorption band, the charge-
transfer band (hνCT), associated with an ΨGS → ΨES electronic
transition (Ψ is the wave function, associated with ground and
excited states). In many cases, the energy of this transition lies
within the visible range. Upon excitation of the EDA complex
(orange box in Figure 1a), the ΨES is populated, which
translates in an intracomplex transfer of an electron from D to
A to generate a radical ion pair characterized by a net charge
separation (light blue box). This complex may ultimately
furnish reactive radicals. The EDA complex photochemistry may
therefore of fer the possibility of using visible light to activate
substances that would not normally absorb in the visible spectrum.
Initial research efforts focused on the photophysical

characterization of EDA complexes.8,9 For example, since the
energetic gap of the electronic transition is proportional to the
electron affinity of A and the ionization potential of D, cyclic
voltammetry measurements14 were used to assess the feasibility
of a donor and acceptor pair to undergo EDA complex
formation.15 In contrast, EDA complex photochemistry
initially found limited application in chemical synthesis.16

This is probably due to the difficulties of avoiding an
unproductive back electron transfer (BET) from the radical
ion pair, which restores the ground-state EDA complex (Figure
1a). If other possible processes leading to reactive radicals and
eventually to the products are kinetically not competitive with
the BET, then the photoactivation of the EDA complex will be
synthetically unproductive.
To overcome this limitation and transform EDA complex

activation into a productive synthetic approach, one strategy
relies on the presence of a suitable leaving group (LG) within
the radical anion partner ([D+•,A−•] in Figure 1b), which can
trigger an irreversible fragmentation event rapid enough to
compete with the BET. This can productively render two

reactive radical intermediates, which can initiate synthetically
useful transformations (Figure 1b). The viability of this
approach was demonstrated by seminal contributions in
1970s. For example, Cantacuzene,17 Bunnett,18 Russell,19

Kornblum,20 Kochi,21 and others22 showed that the EDA
complex photochemistry could trigger synthetically useful
radical processes under mild reaction conditions (Figure 2).

Specifically, Cantacuzene and Bunnett investigated the
participation of enamines and enolates (structure 1) as donors
in charge-transfer interactions with aryl and perfluoroalkyl
iodides of type 2, to form an EDA aggregate (EDA-1, Figure
2a).17,18 Following the mechanistic pattern depicted in Figure
1b, the native iodide functionality, embedded within the
acceptor core of 2, served as a suitable leaving group to foster
the fragmentation of the radical anion, preventing an
unproductive BET. The net process was a photochemical
alkylation/arylation of carbonyl compounds via an electron
transfer substitution reaction, which could not be achieved
under thermal activation. Russell expanded this substitution
protocol to other halogen native moieties, demonstrating that
electron-poor benzyl chlorides 4 could participate in EDA
complex formation with stoichiometric donor enamines
(Figure 2b).19 Kornblum used akin acceptors 4 in combination
with nitrogen-centered nucleophiles 3 to form a photoactive
EDA-2 that could trigger displacement of the chloride.20,23

Kochi’s laboratory identified electron-rich arenes of type 5 as
effective donors in EDA complex activation (Figure 2c).21a

Charge-transfer interaction with tetranitromethane 6 produced
the photoactive EDA-3, which promoted the nitration of the
electron-rich aromatic ring. Kochi also demonstrated that alkyl
stannanes 7 could engage tetracyanoethylene (TCNE) 824 in
the formation of a photoactive EDA-4.21b In contrast with
previous examples, where the leaving group was a native
functionality within the acceptor core, here the fragmenting
group (i.e., the metal center) favoring radical formation is
embedded within the donor structure. Excitation of EDA-4
and intracomplex SET, followed by fragmentation of the
radical cation, generated a metal cation and an alkyl radical,
which were both embedded in the core of the final product.
These early examples demonstrated the potential of the

EDA complex photochemistry as a radical generation strategy
useful for synthetic transformations. However, there was no

Figure 2. Seminal examples reporting the use of EDA complex
photochemistry for synthetic applications. RF: perfluoroalkyl residue.
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Sacrificial donor and redox auxiliary

This boron complex EDA-9 was confirmed to have a 1:1
composition in the substrates and to absorb in the visible
region. Irradiation furnished alkyl radicals IX, which could add
on the activated carbonyl of another molecule of the boron
anhydride EDA-9b. Interception of the oxygen-centered
radical within the resulting intermediate X by the vicinal
boron atom prevented an unproductive β-scission, while
feeding a radical chain manifold by regenerating the alkyl
radical IX. Hydrolysis of the boracycle XI, followed by
telescoped esterification, delivered lactate products 24. Here,
the complex EDA-9 served as the radical precursor and
activated the carbonyl to facilitate the alkyl radical addition.
An alternative strategy for productive EDA complex

formation is to generate stoichiometric transient highly
electron-rich intermediates from stable weakly polarized
substrates. Our laboratory used this strategy for the photo-
chemical perfluoroalkylation of arenes (Figure 6a).41 The

presence of a base unmasked an electron-rich enolate, which
was generated in situ upon facile deprotonation of α-cyano
arylacetates 25, which bear a highly acidic proton. The enolate
formed a colored EDA complex (EDA-10) upon association
with electron poor perfluoroalkyl iodides (RFI, where RF
indicates the perfluoroalkyl fragment). The photoactivity of
EDA-10 afforded electrophilic perfluoroalkyl radicals (RF·),
which could be intercepted by the aryl moiety of substrate 25
via a homolytic aromatic substitution (HAS) pathway.
Quantum yield determination (Φ = 3.8, λ = 400 nm)
established a radical chain mechanism as the main reaction
pathway, implying that the EDA complex photoactivity served
as an initiation step.
Since perfluoroalkyl iodides are particularly prone to EDA

complex formation, they have been extensively used as
acceptors.42 One recent representative example is a photo-

chemical EDA complex strategy for the dearomative
functionalization of naphthols 26 (Figure 6b).42a Treating 26
with cesium carbonate secured the formation of the
naphtholate anion, which acted as the donor for the formation
of EDA-11. The donor ability of enolates, generated in situ
upon deprotonation of oxindoles 27, was also used to trigger
the formation of aryl radicals by means of the photoactivity of
the colored EDA-12, formed by association with aryl iodides
(Figure 6c).42b This approach was used for the C3-arylation of
oxindoles 27.
All the protocols discussed above deal with the formation of

novel C−C bonds. The photoactivity of stoichiometric EDA
complexes could also be used to design efficient carbon-
heteroatom coupling procedures. For carbon−sulfur bond-
forming methods,43 one often requires forcing experimental
conditions or specialized catalytic systems, mostly relying on
the use of transition metals.44 Miyake recently developed a
metal-free alternative for the formation of the C−S bond in
aryl thioethers 30 (Figure 6d).43a

This reactivity is based on the charge-transfer interaction
between an electron-rich thiolate, formed upon deprotonation
of aryl thiol 28, and an electron-poor aryl halide 29. Irradiation
by white light emitting-diodes (LEDs) of the resulting EDA
complex (EDA-13) generated radicals XII and XIII, which
delivered products 30 upon radical coupling. The mild
experimental conditions of this photochemical process secured
an excellent functional group tolerance, as demonstrated by the
late-stage functionalization of diuretic remedy hydrochlor-
othiazide (structure 30a in Figure 6d).

Eluding Structural Constrictions: Using Sacrificial
Donors and Redox Auxiliaries. The methods highlighted
above enable the coupling of two substrates, which are also
involved in the EDA complex formation. Therefore, the
diversity of the reaction products is somehow restricted by the
need to select highly polarized reagents with donor and
acceptor properties, which eventually end up in the product
scaffold. One strategy to evade this limitation is to use
sacrificial donor compounds that elicit EDA complex
formation by aggregation with electron-poor substrates (Figure
7a). Upon light-induced radical formation, the resulting open-

Figure 6. Survey of photoactive EDA complexes, formed upon in situ
generation of the donor counterpart from weakly polarized substrates,
and their use for the construction of C−C (a−c) and C−S bonds (d),
TMG: 1,1,3,3-tetramethylguanidine; RF: perfluoroalkyl residue.

Figure 7. (a) General strategy for radical formation based on the use
of a stoichiometric sacrificial donor to drive EDA complex formation.
The structure of the radical trap, which is not involved in the radical
formation process, ends up in the final product. (b) Photochemical
generation of perfluoroalkyl radicals for the synthesis of quinoxalines;
RF: perfluoroalkyl residue.
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shell intermediate is intercepted by an external substrate, which
serves as a trap. This approach has an enhanced synthetic
versatility since the radical trap does not need specific
electronic properties to elicit EDA complex formation. For
example, stoichiometric amounts of secondary amines 31 have
been used as sacrificial donors to activate perfluoroalkyl iodides
(RFI 32) via EDA complex formation (EDA-14, Figure 7b).45

Visible-light irradiation of EDA-14 generates perfluoroalkyl
radicals (RF·,XIV), which add on isocyanide 33, acting as an
external radical trap. The ensuing intermediate XV triggers a
cyclization to afford radical XVI, which abstracts an iodine
from RFI to form the quinoxaline product 34 while propagating
a radical chain via regeneration of RF·.
Another limitation of the EDA complex-based synthetic

strategies discussed so far is that one substrate must be both
electronically biased and bear a fragmenting functionality. This
is necessary to form an EDA aggregate and trigger the
fragmentation needed for radical formation. Generally, simple
and easily available substrates adorned with native function-
alities (mostly halides within acceptors) were used for this
purpose. The use of native fragmenting groups is advantageous
in terms of the availability of the reagents, but it requires the
EDA complex formation to be elicited exclusively by the
electronic properties of the substrate’s main core. This means
that only highly polarized radicals can be generated. For
example, in the previous contribution reported in Figure 7, it is
the electron-poor nature of the perfluoralkyl fragment within
RFI that secures the formation of the EDA complex, while the
iodide is a mere fragmenting group. The resulting perfluor-
oalkyl radical is therefore electronically biased (highly
electrophilic). In an alternative strategy, which proved useful
to expand the synthetic potential of EDA complex photo-
chemistry, a reaction partner is decorated with a purposely
installed activating group, which serves as both redox-auxiliary
(RA, blue circle in Figure 8a) and leaving group. The
substrate’s main core does not need to be electronically biased

here, since the EDA complex formation is facilitated by the
electronic properties of the redox-auxiliary/fragmenting group.
The radical emerging from the excitation of the EDA complex
is therefore electronically unbiased.
This strategy was elegantly exploited by Daniele Leonori to

generate nitrogen-centered radicals (NCRs) using appropri-
ately functionalized dinitro-substituted O-aryl oximes 35 as
bench-stable precursors (Figure 8b).46 The electron-poor
dinitro aryl moiety on the oxime substrate served as a redox
tag to elicit the formation of an EDA complex (EDA-15) upon
aggregation with electron-rich triethylamine, as supported by
UV−vis analyses. Upon photoinduced SET, EDA-15 delivered
the ion pair XVII. Here, the reduced electron auxiliary acted as
a leaving group, extruding the stable phenoxide 38. The
resulting iminyl radical underwent a 5-exo-trig cyclization to
give the C-centered radical XVIII.47 The latter can either
abstract a hydrogen atom from the cyclohexadiene additive, or
be oxidized by 38 to deliver cyclic imines 36 and 37,
respectively. This iminyl radical generation from dinitro-
substituted aryl oximes was also used to synthesize
imidazoles,48a cyclic sulfonimides,48b phenanthridines, and
quinolines.48c Further studies highlighted the ability of
potassium carbonate to participate as donor in similar EDA
complexes to form amidyl radicals.48d

The main advantage of installing suitable redox auxiliaries is
the possibility of generating unbiased radicals, not bearing any
stabilizing/activating functionality. Often, the redox auxiliary is
easily installed on readily available substrates. Chen’s group
implemented a protocol for generating alkyl radicals from
alcohol precursors, simply by adorning the native hydroxyl
moiety of the substrate with a N-phthalimide fragment (Figure
9a).49a The aromatic ring of the resulting N-(alkoxy)-

Figure 8. (a) General representation of the use of a redox auxiliary
that drives both the formation of an EDA complex and, upon
photoexcitation and fragmentation, the generation of an electronically
unbiased radical. (b) Photochemical generation of nitrogen-centered
radicals by the installation of an appropriately functionalized dinitro-
substituted auxiliary on the O-aryl oximes 35. RA: redox auxiliary;
CHD: cyclohexadiene; HAT: hydrogen atom transfer.

Figure 9. (a) N-phthalimide as a redox auxiliary that activates
alcohols and forms an EDA complex (EDA-16) with Hantzsch ester:
generation of alkyl radicals XXII. (b) Pyridinium salts as redox
auxiliaries for the activation of primary amines and the generation of
alkyl radicals.
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shell intermediate is intercepted by an external substrate, which
serves as a trap. This approach has an enhanced synthetic
versatility since the radical trap does not need specific
electronic properties to elicit EDA complex formation. For
example, stoichiometric amounts of secondary amines 31 have
been used as sacrificial donors to activate perfluoroalkyl iodides
(RFI 32) via EDA complex formation (EDA-14, Figure 7b).45

Visible-light irradiation of EDA-14 generates perfluoroalkyl
radicals (RF·,XIV), which add on isocyanide 33, acting as an
external radical trap. The ensuing intermediate XV triggers a
cyclization to afford radical XVI, which abstracts an iodine
from RFI to form the quinoxaline product 34 while propagating
a radical chain via regeneration of RF·.
Another limitation of the EDA complex-based synthetic

strategies discussed so far is that one substrate must be both
electronically biased and bear a fragmenting functionality. This
is necessary to form an EDA aggregate and trigger the
fragmentation needed for radical formation. Generally, simple
and easily available substrates adorned with native function-
alities (mostly halides within acceptors) were used for this
purpose. The use of native fragmenting groups is advantageous
in terms of the availability of the reagents, but it requires the
EDA complex formation to be elicited exclusively by the
electronic properties of the substrate’s main core. This means
that only highly polarized radicals can be generated. For
example, in the previous contribution reported in Figure 7, it is
the electron-poor nature of the perfluoralkyl fragment within
RFI that secures the formation of the EDA complex, while the
iodide is a mere fragmenting group. The resulting perfluor-
oalkyl radical is therefore electronically biased (highly
electrophilic). In an alternative strategy, which proved useful
to expand the synthetic potential of EDA complex photo-
chemistry, a reaction partner is decorated with a purposely
installed activating group, which serves as both redox-auxiliary
(RA, blue circle in Figure 8a) and leaving group. The
substrate’s main core does not need to be electronically biased

here, since the EDA complex formation is facilitated by the
electronic properties of the redox-auxiliary/fragmenting group.
The radical emerging from the excitation of the EDA complex
is therefore electronically unbiased.
This strategy was elegantly exploited by Daniele Leonori to

generate nitrogen-centered radicals (NCRs) using appropri-
ately functionalized dinitro-substituted O-aryl oximes 35 as
bench-stable precursors (Figure 8b).46 The electron-poor
dinitro aryl moiety on the oxime substrate served as a redox
tag to elicit the formation of an EDA complex (EDA-15) upon
aggregation with electron-rich triethylamine, as supported by
UV−vis analyses. Upon photoinduced SET, EDA-15 delivered
the ion pair XVII. Here, the reduced electron auxiliary acted as
a leaving group, extruding the stable phenoxide 38. The
resulting iminyl radical underwent a 5-exo-trig cyclization to
give the C-centered radical XVIII.47 The latter can either
abstract a hydrogen atom from the cyclohexadiene additive, or
be oxidized by 38 to deliver cyclic imines 36 and 37,
respectively. This iminyl radical generation from dinitro-
substituted aryl oximes was also used to synthesize
imidazoles,48a cyclic sulfonimides,48b phenanthridines, and
quinolines.48c Further studies highlighted the ability of
potassium carbonate to participate as donor in similar EDA
complexes to form amidyl radicals.48d

The main advantage of installing suitable redox auxiliaries is
the possibility of generating unbiased radicals, not bearing any
stabilizing/activating functionality. Often, the redox auxiliary is
easily installed on readily available substrates. Chen’s group
implemented a protocol for generating alkyl radicals from
alcohol precursors, simply by adorning the native hydroxyl
moiety of the substrate with a N-phthalimide fragment (Figure
9a).49a The aromatic ring of the resulting N-(alkoxy)-

Figure 8. (a) General representation of the use of a redox auxiliary
that drives both the formation of an EDA complex and, upon
photoexcitation and fragmentation, the generation of an electronically
unbiased radical. (b) Photochemical generation of nitrogen-centered
radicals by the installation of an appropriately functionalized dinitro-
substituted auxiliary on the O-aryl oximes 35. RA: redox auxiliary;
CHD: cyclohexadiene; HAT: hydrogen atom transfer.

Figure 9. (a) N-phthalimide as a redox auxiliary that activates
alcohols and forms an EDA complex (EDA-16) with Hantzsch ester:
generation of alkyl radicals XXII. (b) Pyridinium salts as redox
auxiliaries for the activation of primary amines and the generation of
alkyl radicals.
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This boron complex EDA-9 was confirmed to have a 1:1
composition in the substrates and to absorb in the visible
region. Irradiation furnished alkyl radicals IX, which could add
on the activated carbonyl of another molecule of the boron
anhydride EDA-9b. Interception of the oxygen-centered
radical within the resulting intermediate X by the vicinal
boron atom prevented an unproductive β-scission, while
feeding a radical chain manifold by regenerating the alkyl
radical IX. Hydrolysis of the boracycle XI, followed by
telescoped esterification, delivered lactate products 24. Here,
the complex EDA-9 served as the radical precursor and
activated the carbonyl to facilitate the alkyl radical addition.
An alternative strategy for productive EDA complex

formation is to generate stoichiometric transient highly
electron-rich intermediates from stable weakly polarized
substrates. Our laboratory used this strategy for the photo-
chemical perfluoroalkylation of arenes (Figure 6a).41 The

presence of a base unmasked an electron-rich enolate, which
was generated in situ upon facile deprotonation of α-cyano
arylacetates 25, which bear a highly acidic proton. The enolate
formed a colored EDA complex (EDA-10) upon association
with electron poor perfluoroalkyl iodides (RFI, where RF
indicates the perfluoroalkyl fragment). The photoactivity of
EDA-10 afforded electrophilic perfluoroalkyl radicals (RF·),
which could be intercepted by the aryl moiety of substrate 25
via a homolytic aromatic substitution (HAS) pathway.
Quantum yield determination (Φ = 3.8, λ = 400 nm)
established a radical chain mechanism as the main reaction
pathway, implying that the EDA complex photoactivity served
as an initiation step.
Since perfluoroalkyl iodides are particularly prone to EDA

complex formation, they have been extensively used as
acceptors.42 One recent representative example is a photo-

chemical EDA complex strategy for the dearomative
functionalization of naphthols 26 (Figure 6b).42a Treating 26
with cesium carbonate secured the formation of the
naphtholate anion, which acted as the donor for the formation
of EDA-11. The donor ability of enolates, generated in situ
upon deprotonation of oxindoles 27, was also used to trigger
the formation of aryl radicals by means of the photoactivity of
the colored EDA-12, formed by association with aryl iodides
(Figure 6c).42b This approach was used for the C3-arylation of
oxindoles 27.
All the protocols discussed above deal with the formation of

novel C−C bonds. The photoactivity of stoichiometric EDA
complexes could also be used to design efficient carbon-
heteroatom coupling procedures. For carbon−sulfur bond-
forming methods,43 one often requires forcing experimental
conditions or specialized catalytic systems, mostly relying on
the use of transition metals.44 Miyake recently developed a
metal-free alternative for the formation of the C−S bond in
aryl thioethers 30 (Figure 6d).43a

This reactivity is based on the charge-transfer interaction
between an electron-rich thiolate, formed upon deprotonation
of aryl thiol 28, and an electron-poor aryl halide 29. Irradiation
by white light emitting-diodes (LEDs) of the resulting EDA
complex (EDA-13) generated radicals XII and XIII, which
delivered products 30 upon radical coupling. The mild
experimental conditions of this photochemical process secured
an excellent functional group tolerance, as demonstrated by the
late-stage functionalization of diuretic remedy hydrochlor-
othiazide (structure 30a in Figure 6d).

Eluding Structural Constrictions: Using Sacrificial
Donors and Redox Auxiliaries. The methods highlighted
above enable the coupling of two substrates, which are also
involved in the EDA complex formation. Therefore, the
diversity of the reaction products is somehow restricted by the
need to select highly polarized reagents with donor and
acceptor properties, which eventually end up in the product
scaffold. One strategy to evade this limitation is to use
sacrificial donor compounds that elicit EDA complex
formation by aggregation with electron-poor substrates (Figure
7a). Upon light-induced radical formation, the resulting open-

Figure 6. Survey of photoactive EDA complexes, formed upon in situ
generation of the donor counterpart from weakly polarized substrates,
and their use for the construction of C−C (a−c) and C−S bonds (d),
TMG: 1,1,3,3-tetramethylguanidine; RF: perfluoroalkyl residue.

Figure 7. (a) General strategy for radical formation based on the use
of a stoichiometric sacrificial donor to drive EDA complex formation.
The structure of the radical trap, which is not involved in the radical
formation process, ends up in the final product. (b) Photochemical
generation of perfluoroalkyl radicals for the synthesis of quinoxalines;
RF: perfluoroalkyl residue.
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Catalytic EDA complex 11

• Specific pair of electron donor and acceptor.
⟺ Limited to selected substrates.

• Quinuclidine + Tetrachlorophthalimide • Eosin Y + Pyridinium

Lakhdar et al. J. Am. Chem. Soc. 2016, 138, 7436-7441.Bach et al. ACS Catal. 2019, 9, 9103-9109.
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Catalytic electron donor ; NaI + PPh3

• Combination of simple compound (PPh3 + NaI) warks as catalytic donor.
• EDA complex formation with several acceptors.
• Visible light.

13

Giese radical addition, 
Minisci reaction ···

moiety in 47a produced the catalyst radical cation XXXI and,
upon CO2 extrusion, the open-shell intermediate XXI. Radicals
XXI are then intercepted by acid-activated heteroarenes 65 in a
Minisci manifold. The crucial step of this mechanism is the
catalyst turnover: the radical cation XXXII, generated upon
C−C bond formation, is reduced by the Ph3P−I· intermediate
XXXI, which was proposed to be a persistent radical.68 This
SET event delivers the alkylated heteroaromatic product 66
while turning over the Ph3P/NaI catalytic system. Quantum
yield determination (Φ = 0.15) is consonant with a closed
radical catalytic cycle being operational. The triphenylphos-
phine plays a key role in this catalytic machinery. It is crucial
for facilitating, upon association with iodine, the intermolecular
EDA complex formation (EDA-23) and stabilizing the iodine
radical as a Ph3P−I· intermediate. The supposed persistency of
the latter radical intermediate secured an effective catalyst
turnover through SET reduction. The same NaI/PPh3 catalytic
system was then used to promote the formation of radicals via
photoinduced SET reduction of other radical precursors,
including hypervalent iodine reagent 67 and pyridinium salts
44. The ensuing photochemically generated radicals were later
intercepted by suitable electron-rich radical traps. However,
since the quantum yield of these processes was not measured, a
radical chain manifold (which would not require an effective
catalyst turnover) could not be excluded.
Bosque and Bach expanded the concept of using a catalytic

electron donor species to trigger visible-light-mediated radical
reactions via EDA complex formation. They demonstrated that
3-acetoxyquinuclidine (q-OAc, 69) could be used in a catalytic

fashion (Figure 16).69 Combination with electron-poor
tetrachlorophthalimide ester 68 affords the colored complex

EDA-24. Blue-light irradiation triggers an intracomplex SET
from the catalyst (q-OAc) to the tetrachlorophthalimide
moiety, leading to decarboxylation and formation of the α-
amino radical XXXIII. The latter intermediate is then oxidized
by the catalyst radical cation (q-OAc+•, XXXIV): this step
turns the catalyst over and affords iminium ion XXXV, which is
trapped by the previously liberated tetrachlorophthalimide
anion 43, delivering the final product 70. The low value of the
quantum yield (Φ = 0.02) is consonant with a closed catalytic
cycle with no radical propagation chain being operative.
Overall, q-OAc 69 triggers a redox-neutral pathway, since it
acts first as a donor for an intracomplex SET within the EDA
complex, and then can get back the electron from intermediate
XXXIII. The crucial aspect for catalysis here relies on the rigid,
geometrically constrained structure of the catalyst’s quinucli-
dine core, which prevents a possible degradation path
proceeding through α-deprotonation70 of the radical cation
q-OAc+•, XXXIV.
Sami Lakhdar has recently reported a different, interesting

catalytic approach for EDA complex photochemistry.71 In
contrast to the examples in Figures 15 and 16, here the catalyst
does not directly activate substrates toward radical formation
(Figure 17a). Instead, the donor catalyst forms an EDA
complex with an electron-poor additive. The resulting
photoactivity affords an open-shell intermediate (A· in Figure
17a) that is eventually responsible to generate radicals (R·),
which participate in the process leading to the final products.
This means that neither partners of the photoactive EDA
complex (the catalyst and the additive) end up in the product’s
structure. This catalytic strategy was used to photochemically
generate hydrogen atom transfer (HAT) agents, which could
then promote radical cascade reactions upon activation of
diphenylphosphine oxide 72 (Figure 17b).71 Specifically, the
ground-state association between eosin Y (73), present in
catalytic amounts, and pyridinium salts 74, used as additives,
formed EDA-25.72 The formation of this photoactive aggregate
was confirmed by both UV−vis and X-ray spectroscopic
analyses. Upon irradiation of EDA-25, photoinduced SET
afforded the oxidized form of 73 (73+•) along with ethoxy
radical XXXVI, generated upon reductive fragmentation of the

Figure 15. (a) General strategy for catalysis in EDA complex
photochemistry: a donor catalyst that can photochemically generate
radicals and then be turned over. (b) Photocatalytic radical alkylations
mediated by the catalytic combination of triphenylphosphine and
sodium iodide; TFA: trifluoroacetic acid.

Figure 16. Use of 3-acetoxyquinuclidine as an external electron-donor
catalyst for visible-light-mediated radical processes via EDA complex
formation; q-OAC: 3-acetoxyquinuclidine; BOC: tert-butyloxycarbon-
yl.
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pyridinium salts 74. The ethoxy radical XXXVI, due to its
propensity for hydrogen abstraction, became the real promoter
for radical formation. Acting as a HAT agent, it activated
diphenylphosphine oxide 72 to form the phosphorus-centered
radical XXXVII. This intermediate then started a radical

cascade sequence: addition to acetylene 71 generated the
C(sp2)-centered radical XXXVIII, which triggered a cyclization
leading to cyclohexadienyl intermediate XXXIX. The latter
intermediate transferred an electron to the oxidized catalyst
73+• to deliver, after deprotonation, product 75 while closing
the catalytic cycle. The low quantum yield value (Φ = 0.19)
was consonant with this photochemical mechanism.
The reported catalytic systems have shown potential for

expanding the synthetic applicability of EDA complex
photochemistry. Further applications are expected, for
example, driven by the identification of more effective and
general catalyst turnover events or by the use of catalytic
electron acceptors.

EDA Complex Photochemistry and Asymmetric
Enzymatic Catalysis. The utility of the EDA complex
photochemistry in stereoselective catalytic radical processes
can be expanded to include biocatalysis.73 Recent advances
highlighted the ability of some enzymes, dependent on
photoactive cofactors,74 to alter their native reactivity upon
light excitation and catalyze completely different processes
than those for which they evolved. This strategy holds great
potential, given that charge-transfer interactions between
substrates can be facilitated by the spatial proximity secured
by the enzyme active sites. In addition, the functions of a
natural enzyme can be opportunely enhanced and tuned by
directed evolution.75 As a general approach (Figure 18a),
specific electron-rich cofactors can serve as donors in EDA
complex formation with electron-poor substrates, which are
brought in close proximity upon selective binding within the
enzyme active site (symbolized as a light blue oval). The SET
event triggered by the direct excitation of the EDA complex
delivers an open-shell radical intermediate (R· in green circle),
which is still bound to the active site. The chiral environment
provided by the enzyme then secures a high stereocontrol over

Figure 17. (a) A different strategy for catalysis in for catalysis in EDA
complex photochemistry: a donor catalyst that aggregates with an
additive to form a radical promoter (A·), which is responsible to
generate reactive radicals: here, none of the EDA partners is
incorporated in the product’s structure. (b) Photochemical synthesis
of benzo[b]phosphole oxides triggered by HAT agent XXXVI,
generated upon light excitation of EDA-25; HAT: hydrogen atom
transfer.

Figure 18. (a) Schematic representation of the synergistic use of enzymatic catalysis and EDA complex activation for the development of
asymmetric processes. (b) Photobiocatalytic enantioselective radical dehalogenation of α-bromolactones. (c) Photochemical flavoenzymes-
catalyzed stereoselective radical cyclization of olefin-tethered α-chloroamides; SET: single-electron transfer; LED: Light-emitting diode; HAT:
hydrogen atom transfer; LKADH: Lactobacillus kef iri alcohol dehydrogenase; NADP(H): nicotinamide adenine dinucleotide phosphate; GDH-
105: glucose dehydrogenase-105.
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Background
[Aryl triflate]

• Iodide is known to reduce various organic molecules. →  Reduction of RAE via EDA complex.
✕ UV irradiation or high temperature is required. →  Visible light excitation with PPh3.
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[Hypervalent iodine]

Studer et al. Angew. Chem. Int. Ed. 2013, 52, 10792-10795.Li et al. J. Am. Chem. Soc. 2017, 139, 8621-8627.
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ABSTRACT: Atom transfer radical addition and Heck-type reaction between alkenes and ethyl iododifluoroacetate by using
organophosphine compounds as catalysts have been developed. The reaction proceeds under mild reaction conditions with
excellent functional group tolerance and high chemo- and regioselectivities. Mechanistic study indicates that the reaction might
be initiated via noncovalent interactions between an organophosphine catalyst and a carbon−iodine bond.

Difluoromethylene (CF2) is an important fluorinated motif
found in many biologically active compounds and

functional materials. The selective incorporation of a difluoro-
methylene group can modify biologically relevant properties of
a compound, such as metabolic stability, basicity, lipophilicity,
and bioavailability.1,2 The traditional route to such compounds
uses fluorinating agents such as DAST or its derivatives to
convert a ketone into the corresponding difluoroalkyl group.3

A number of useful and elegant catalytic chemistries for late-
stage installation of a difluoroalkyl group into organic
compounds have been developed since 2010,4 including
nucleophilic chemistry,5 electrophilic chemistry,6 radical
difluoroalkylation,7 and metal−difluorocarbene coupling
(MeDiC).8 Among the four catalytic modes mentioned
above, there is growing recognition of the significance of
radical chemistry in difluoroalkylation reaction. Transition
metal catalysts and photoexcited catalysts are identified as two
of the most effective systems for generating difluoroalkyl
radical intermediates under mild reaction conditions. As a
milestone in the realm of radical fluoroalkylation, Melchiorre’s
group realized a new electron transfer process for generateing
perfluoroalkyl radical species by visible-light irradiation of in
situ-formed electron donor−acceptor (EDA) complexes, which
arose from the interaction of activated substrates and
perfluoroalkyl iodides. They advanced this EDA complex
activation concept to develop a photochemical aromatic
perfluoroalkylation of α-cyano aryl acetates9 and enantiose-
lective perfluoroalkylation of β-ketoesters.10 Expending upon
their pioneering researches, our group reported a catalyst-free
approach for installing trifluoromethyl and perfluoroalkyl
groups within uracils and cytosines.11 However, in the

achieved precedents, specific substrates or an excess of amines
was required to generate the photochemical activity of EDA
complexes.12 Therefore, the development of new catalyst
systems based on noncovalent interaction attracted a great deal
of our interest.
On the other hand, organophosphine was found to be an

efficient electron donor. Given their excellent performance in
organic chemistry, especially in transition metal-catalyzed
reactions,13 exploitation of their new features has attracted
intense interest. Normally, the reaction catalyzed by organo-
phosphine species was proceeded via a nucleophilic process,
and rare examples of radical chemistry were reported.14 We
envisioned that the catalytic amount of organophosphine
would combine with ethyl iododifluoroacetate to form a
noncovalent interaction, which could induce a radical
intermediate, thus leading to the discovery of unprecedented
transformations (Scheme 1).
To verify this hypothesis and study the organophosphine

catalysis reaction, we chose alkenes and ICF2COOEt as

Received: July 4, 2019
Published: August 12, 2019

Scheme 1. Reaction Design Based on the Noncovalent
Interactions between P and the C−I Bond
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We consider the data for (MeO),(S)P*-Br- separately because of the relatively 

large change relative to the R3P-Br radicals. There is a clear fall in spin on bromine 
and corresponding gain in spin on phosphorus on going from R3P-Br to 
(MeO),(S)P-Br-. This suggests that the effective electronegativity of phosphorus 
is considerably reduced in the methoxy derivative. This is most unexpected because 
of the greater electronegativity of the ligands, which is exemplified in the decrease in 
the p : s ratio on phosphorus for the methoxy derivative. This inconsistency in trend 
is most curious and requires further study. 

TABLE 3 .-ORBITAL POPULATIONS ESTIMATED FROM E.S.R. PARAMETERS', 
radical 

R,P*-CI 

R3P---Br 

RSP*-I 

R2S*-CI 

R2S-I 
R2S*-Br 

atom 

P 
Cl 
P 
Br 
P 
Br 
P 
I 
CI 
Br 
I 

a: 
0.164 
0.0131 
0.136 
0.026 
0.180 
0.022 
0.148 
0.030 
0.050 
0.026 
0.033 

4 
0.58 
0.26 
0.46 
0.36 
0.59 
0.32 
0.48 
0.38 
0.30 
0.43 
0.43 

total 

0.744 
0.291 
0.596 
0.386 
0.77 
0.34 
0.468 
0.4 10 
0.35 
0.456 
0.463 

Calculated from the following parameters, estimated from the wavefunctions given by Froese 

(3fP)/G = 3664, (35Cl) = 1666, ("Br) = 8341, (12'1) = 7294.5 
(J. Chern. Phys., 1966, 45,1417). 

A" 
2B" 1 ("P) = 201.4 ("Cl) = 100.7 (81Br) = 493.5 (12'1) = 453.2 

Calculated from averages of the values given in tables 1 and 2. 

Also, we should relate the present results with those assigned to the radical 
Me$-Br by Lucken and Ma~eline.~* This radical was detected in X-irradiated 
dimethyl(9-fluoreny1)sulphonium bromide, the presence of two methyl groups being 
established by the observation of a nearly isotropic multiplet splitting of x 9 G. 
Curiously, the 81Br hyperfine tensor components (366.2, 85.8 and 85.8 G) indicate 
a considerably smaller spin-density on bromine than we have obtained for similar 
radicals. One possibility is that this species is formed from the parent sulphur cation, 
R(Me),S-+, to give [R(Me),S*-Brlf. However, the increase in s-character in the 
orbital on sulphur should lead to a marked increase in spin-density on bromine 
relative to the R,S*-Br radicals, which is opposite to the observed change. Thus 
we agree that the Me,S--Br formulation is to be preferred. This work was per- 
formed at room temperature ; we therefore tentatively suggest that some libratory 
motion has caused partial averaging of the tensor components. 

ASPECTS OF MECHAN ISM 

There are two major routes to the o* radicals studies in this work, as shown in 
eqn (5)-(8) for the phosphorus derivatives : 

R3P --+ R3Po++e- (5)  
(6) R3P.+ + hal- --+ R3P-hal, 

or : 
hal- + halo + e- (7) 

R3P + halo 3 R,P.-hal. (8) 
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Petersen et al.  J. Chem. Soc. Faraday Trans. II. 1979, 75, 210‒219.

[Reaction example]

[Observation of Ph3P-I· by ESR]

S81	
	

9. Proposed Full Catalytic Cycles 

 

 

 

Figure S4: Proposed full catalytic cycles. (A) Catalytic cycle of decarboxylative alkylation of 
silyl enol ether. (B) Catalytic cycle of Minisci-type decarboxylative alkylation of N-heteroarenes. 
(C) Catalytic cycle of decarboxylative alkenylation of RAEs. 
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[Complexation of NaI and PPh3]

Exergonic by 4.6 kcal/mol



Simulations of charge transfer energetics

[DFT calculation]

PPh3 stabilizes the iodide radical.
→ Relatively favorable formation of PhP3-I· radical.
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ORGANIC CHEMISTRY

Photocatalytic decarboxylative
alkylations mediated by
triphenylphosphine and sodium iodide
Ming-Chen Fu1, Rui Shang1,2*, Bin Zhao1, Bing Wang1, Yao Fu1*

Most photoredox catalysts in current use are precious metal complexes or synthetically
elaborate organic dyes, the cost of which can impede their application for large-scale
industrial processes. We found that a combination of triphenylphosphine and sodium
iodide under 456-nanometer irradiation by blue light–emitting diodes can catalyze the
alkylation of silyl enol ethers by decarboxylative coupling with redox-active esters in the
absence of transition metals. Deaminative alkylation using Katritzky’s N-alkylpyridinium
salts and trifluoromethylation using Togni’s reagent are also demonstrated. Moreover,
the phosphine/iodide-based photoredox system catalyzes Minisci-type alkylation of
N-heterocycles and can operate in tandem with chiral phosphoric acids to achieve
high enantioselectivity in this reaction.

T
he power of light-induced electron trans-
fer for catalytic organic synthesis (1–8)
has been demonstrated by the remarkable
recent progress in photoredox catalysis (9, 10).
The photoredox catalysts in current use are

mostly precious metal complexes (11–15) and syn-
thetically elaborate organic dyes (16), which have
charge-separated excited states (17–19) accessible
by absorption of visible light (Fig. 1A). Photo-
induced intermolecular charge transfer through
assembly of donor and acceptor molecules by
noncovalent interactions is awell-known process

in photochemistry (Fig. 1A), which may not re-
quire each substrate (donor or acceptor) to absorb
at the desired wavelength individually (20, 21).
Such irradiation-induced intermolecular charge
transfer is applied in organic photovoltaics (22)
and traditional photochemistry (23) but is seldom
used as a principle to construct a catalytic redox
cycle for organic synthesis.
We posited that a photoredox catalytic cycle

based on light-induced intermolecular electron
transfer without direct excitation of the catalyst
and substrates could obviate the need for expen-

sive dyes. Specifically, we targeted light-induced
intermolecular electron transfer from sodium
iodide to an aliphatic redox-active ester (RAE)
(24–26) to induce radical decarboxylation con-
trollably and thereby deliver an alkyl radical useful
in organic synthesis (Fig. 1B).

Simulations of charge
transfer energetics

Sodium iodide is known to reduce aryl bromide
and triflate to the respective aryl radicals for the
aromatic Finkelstein reaction, but only under
high-energy ultraviolet (UV) irradiation (27, 28).
Through density functional theory (DFT) calcula-
tions (see supplementarymaterials), we estimated
that electron transfer from sodium iodide to
the RAE N-(cyclohexanecarbonyl)phthalimide is
endergonic by 56.2 kcal/mol, but only by 44.3 kcal/
mol in the presence of triphenylphosphine (PPh3)
because of the favorable formation of the Ph3P–I•
radical (calculated to be exergonic by 11.9 kcal/
mol) (29, 30). A Ph3P–I• species was observed by
electron paramagnetic resonance spectroscopy
in the 1970s (30). Theoretical calculations (see
supplementary materials) and natural bond
orbital analysis suggest a reduction potential of
0.69 V versus saturated calomel electrode (SCE),
and spin densities delocalized across I and P are
0.44 and 0.42, respectively (Fig. 1B). The calcu-
lations also suggested that complexation of NaI
and PPh3 is exergonic in acetonitrile through the
cation-p interaction (exergonic by 4.6 kcal/mol).
The assembly of NaI and PPh3 with the RAE
N-(cyclohexanecarbonyl)phthalimide to form a
charge transfer complex (CTC) via coulombic inter-
action is calculated to be exergonic by 3.8 kcal/mol

RESEARCH
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Fig. 1. Redox catalysis based on light-induced
intermolecular electron transfer from sodium
iodide to redox-active ester. (A) Light-
induced intramolecular charge transfer
(CT) and light-induced intermolecular donor
(D)–acceptor (A) charge transfer through
self-assembly via noncovalent interactions.
L, ligand; M, metal. (B) Estimated Gibbs
energy change of intermolecular electron
transfer from NaI and NaI/PPh3 component
to aliphatic N-(acyloxy)phthalimide (NPhth) to deliver an alkyl radical, and a possible iodide/phosphine redox cycle. (C) Photoactivation of assembled
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absence of transition metals. Deaminative alkylation using Katritzky’s N-alkylpyridinium
salts and trifluoromethylation using Togni’s reagent are also demonstrated. Moreover,
the phosphine/iodide-based photoredox system catalyzes Minisci-type alkylation of
N-heterocycles and can operate in tandem with chiral phosphoric acids to achieve
high enantioselectivity in this reaction.

T
he power of light-induced electron trans-
fer for catalytic organic synthesis (1–8)
has been demonstrated by the remarkable
recent progress in photoredox catalysis (9, 10).
The photoredox catalysts in current use are

mostly precious metal complexes (11–15) and syn-
thetically elaborate organic dyes (16), which have
charge-separated excited states (17–19) accessible
by absorption of visible light (Fig. 1A). Photo-
induced intermolecular charge transfer through
assembly of donor and acceptor molecules by
noncovalent interactions is awell-known process

in photochemistry (Fig. 1A), which may not re-
quire each substrate (donor or acceptor) to absorb
at the desired wavelength individually (20, 21).
Such irradiation-induced intermolecular charge
transfer is applied in organic photovoltaics (22)
and traditional photochemistry (23) but is seldom
used as a principle to construct a catalytic redox
cycle for organic synthesis.
We posited that a photoredox catalytic cycle

based on light-induced intermolecular electron
transfer without direct excitation of the catalyst
and substrates could obviate the need for expen-

sive dyes. Specifically, we targeted light-induced
intermolecular electron transfer from sodium
iodide to an aliphatic redox-active ester (RAE)
(24–26) to induce radical decarboxylation con-
trollably and thereby deliver an alkyl radical useful
in organic synthesis (Fig. 1B).

Simulations of charge
transfer energetics

Sodium iodide is known to reduce aryl bromide
and triflate to the respective aryl radicals for the
aromatic Finkelstein reaction, but only under
high-energy ultraviolet (UV) irradiation (27, 28).
Through density functional theory (DFT) calcula-
tions (see supplementarymaterials), we estimated
that electron transfer from sodium iodide to
the RAE N-(cyclohexanecarbonyl)phthalimide is
endergonic by 56.2 kcal/mol, but only by 44.3 kcal/
mol in the presence of triphenylphosphine (PPh3)
because of the favorable formation of the Ph3P–I•
radical (calculated to be exergonic by 11.9 kcal/
mol) (29, 30). A Ph3P–I• species was observed by
electron paramagnetic resonance spectroscopy
in the 1970s (30). Theoretical calculations (see
supplementary materials) and natural bond
orbital analysis suggest a reduction potential of
0.69 V versus saturated calomel electrode (SCE),
and spin densities delocalized across I and P are
0.44 and 0.42, respectively (Fig. 1B). The calcu-
lations also suggested that complexation of NaI
and PPh3 is exergonic in acetonitrile through the
cation-p interaction (exergonic by 4.6 kcal/mol).
The assembly of NaI and PPh3 with the RAE
N-(cyclohexanecarbonyl)phthalimide to form a
charge transfer complex (CTC) via coulombic inter-
action is calculated to be exergonic by 3.8 kcal/mol
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induced intramolecular charge transfer
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Fig. 1. Redox catalysis based on light-induced
intermolecular electron transfer from sodium
iodide to redox-active ester. (A) Light-
induced intramolecular charge transfer
(CT) and light-induced intermolecular donor
(D)–acceptor (A) charge transfer through
self-assembly via noncovalent interactions.
L, ligand; M, metal. (B) Estimated Gibbs
energy change of intermolecular electron
transfer from NaI and NaI/PPh3 component
to aliphatic N-(acyloxy)phthalimide (NPhth) to deliver an alkyl radical, and a possible iodide/phosphine redox cycle. (C) Photoactivation of assembled
complex of N-(acyloxy)phthalimide with NaI and PPh3 through coulombic and cation-p interactions. SET, single electron transfer.
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Investigation of key reaction parameters

✕ Cation interaction with RAE.

✕ Electron donating capacity.

(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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Fig. 2. Key reaction-controlling parameters of NaI and PPh3–catalyzed decarboxylative
alkylation. (A) Parameters affecting decarboxylative alkylation of silyl enol ethers. (B) Parameters
affecting decarboxylative alkylation of N-heteroarenes. (C and D) UV-Vis absorption spectra
of reactant mixtures. Concentration of each substance in UV-Vis measurement is identical to
the concentration used in reactions. Me, methyl; TFA, trifluoroacetic acid.
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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Red shift was observed.
→ Formation of EDA complex between NaI/PPh3 and RAE.
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7.3 UV-vis absorption spectroscopic measurements 

	

Stock solutions of 1, 2, 4, PPh3, NaI and TFA were prepared with the same concentration 
used in the reaction. The solutions were prepared in the presence of air using CH3CN as solvent. 

   
Figure S1: UV/vis absorption spectra of the combination between different starting 

materials recorded in CH3CN as solvent 
 
7.4 Quantum yield measurements 
 
The quantum yield of the reaction was measured by chemical actinometry using 440 nm blue 
LEDs using potassium ferrioxalate following the procedure of E. E. Wegner (J. Am. Chem. Soc. 
1966, 88, 394), J. N. Demas (J. Phys. Chem. 1981, 85, 2766) and F. Glorius (Org. Lett. 2018, 20, 
1546). 
 
0.737 g of potassium ferrioxalate trihydrate was dissolved in 10 mL H2SO4 (0.05 M) and stored in 
the dark. Then, a buffer solution was prepared by dissolving 2.5 g of sodium acetate and 0.5 mL of 
H2SO4 (95-98%) in 50 mL of distilled water. 
 
General Protocol to assess the photon flux of the 440 nm blue LEDs: 
To a 10 mL Schlenk flask containing a stirring bar, 1 mL of the actinometer solution was added. 
Then, the solution was irradiated for 60 s. Immediately, a 100 µL aliquot was taken and added to a 
10 mL volumetric flask containing 15 mg of 1, 10-phenanthroline in 3 mL of the buffer solution. 
The flask was filled with distilled water. The absorbance of this solution was then measured at 510 
nm by UV/Vis spectrophotometry. In a similar manner, this procedure is repeated with the 
actinometer solution stored in the dark. Using then the Beer’s Law, the number of moles of Fe2+ 
produced by light irradiation is obtained by: 
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Substrate scope of decarboxylative alkylation of silyl enol ether

and irradiation—were essential for the reaction
(Fig. 2A).Moreover, addition of 10mol% of iodine
to the reaction mixture entirely suppressed the
reaction (35). This poisoning effect rules out a
productive role for iodine or I3

– in the redox cycle
and highlights the important role of PPh3 in
keeping the iodine radical trapped as the putative
persistent R3P–I• species. The classic CTC I2•PPh3
was also ineffective.
We next explored the dependence of the re-

action on irradiation wavelength. Across the
spectrum (Fig. 2A and table S1), green LEDs

emitting at 520 nm were ineffective, whereas
blue and purple LEDs at wavelengths of 456 nm,
440 nm, and 427 nm were comparably effective.
Shorter wavelengths than these resulted in lower
yields. Investigation of reaction parameters for
decarboxylativeMinisci-type alkylation (36, 37)
of 4-methylquinoline (Fig. 2B) gave results sim-
ilar to those observed for the alkylation of silyl
enol ether (Fig. 2A), except that for the Minisci
reaction, both sodium iodide and PPh3 could be
used in catalytic quantities (5 to 20 mol %; see
table S4 for a detailed parameter study). Sever-

al commonly used low-boiling solvents, such as
trifluoromethyltoluene, acetone, acetonitrile, and
dioxane, effectively dissolved 10mol % of NaI and
afforded alkylation products in high yield (>85%).
Control experiments showed that for the Minisci
alkylation, PPh3, NaI, irradiation, and a Brønsted
acid additive to increase the electrophilicity of the
N-heteroarene were all essential (Fig. 2B). Once
again, addition of 10mol % of iodine completely
suppressed the reaction. The quantum yield of
the decarboxylative Minisci alkylation (Fig. 2B)
was measured to be 0.15, a value suggesting a
closed catalytic cycle rather than a radical chain
process initiated by electron transfer (38, 39).
Cyclohexyl iodide was not detected in the re-
action mixtures of the silyl enol ether or the
N-heteroarene, and a control experiment using
cyclohexyl iodide as alkylation reagent did not
yield any desired alkylation products.
To provide further understanding of the NaI/

PPh3 photoredox system, wemeasured UV-visible
(UV-Vis) absorption spectra. Reactant concen-
tration effects on the UV-Vis absorption spectrum
in a light-induced intermolecular donor-acceptor
charge-transfer reaction were reported byMiyake
and co-workers for C–S coupling of aryl halides
(40).We performed aUV-Vis absorptionmeasure-
ment using a solution of the same concentration
as the real reactionmixture (Fig. 2, C andD), from
which it was apparent that neither NaI, PPh3,
nor the combination of NaI and PPh3 has any
absorption in the visible region (Fig. 2D). Silyl
enol ether and 4-methylquinoline showed ab-
sorption features only in the UV (<350 nm). The
redox-active ester showed an absorption onset
around 390 nm. The mixture of redox-active
ester (1) with either silyl enol ether (2) or 4-
methylquinoline (4) did not show any significant
change of the absorption onset compared with
redox-active ester (1) alone, which suggests that
no intermolecular charge transfer took place.
However, an obvious redshift of absorption
onset, tailing into the wavelength range of blue
LED irradiation, was observed when the NaI/
PPh3 component was mixed with redox-active
ester. This redshift supports the formation of a
charge-transfer complex (41, 42) between NaI/
PPh3 and redox-active ester in the reaction mix-
ture (see Fig. 1C).

Application to alkylation of silyl enol
ethers and N-heteroarenes

Next, we explored the reaction scope for ketone
synthesis through decarboxylative alkylation of silyl
enol ethers (Fig. 3). A broad range of functional
groups such as ether (6), alkyl chloride (7), ter-
minal alkyne (8), terminal alkene (9), ester (10),
amide (12), sulfide (23), aryl fluoride (27), aryl
bromide (28), aryl chloride (29), aryl iodide
(30), trifluoromethyl (33), acidic methyl sulfone
(34), and even aryl pinacol boronate (43) proved
compatible. Redox-active esters derived from var-
ious natural and unnatural amino acids were re-
active to give a-aminoalkylation products in good
yields. The scalability of this reaction was demon-
strated by preparation of 2.9 g of amino acid de-
rivative 18. The low cost of this NaI/PPh3 catalytic
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Fig. 3. Scope for decarboxylative alkylation of silyl enol ether. Reaction conditions: redox-active
ester (0.2 mmol, 1.0 equiv), silyl enol ethers (0.4 mmol), NaI (0.3 mmol), PPh3 (20 mol %),
CH3CN (2 ml), 15 hours, room temperature (r.t.), 456-nm blue LEDs. Isolated yields are reported.
*Reaction on 8.0 mmol scale. Boc, tert-butyloxycarbonyl.
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and highlights the important role of PPh3 in
keeping the iodine radical trapped as the putative
persistent R3P–I• species. The classic CTC I2•PPh3
was also ineffective.
We next explored the dependence of the re-

action on irradiation wavelength. Across the
spectrum (Fig. 2A and table S1), green LEDs

emitting at 520 nm were ineffective, whereas
blue and purple LEDs at wavelengths of 456 nm,
440 nm, and 427 nm were comparably effective.
Shorter wavelengths than these resulted in lower
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CH3CN (2 ml), 15 hours, room temperature (r.t.), 456-nm blue LEDs. Isolated yields are reported.
*Reaction on 8.0 mmol scale. Boc, tert-butyloxycarbonyl.
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Fig. 3. Scope for decarboxylative alkylation of silyl enol ether. Reaction conditions: redox-active
ester (0.2 mmol, 1.0 equiv), silyl enol ethers (0.4 mmol), NaI (0.3 mmol), PPh3 (20 mol %),
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Minisci-type addition to heterocycle

(Fig. 1C). The energy barrier of the electron trans-
fer process from iodide to the phthalimide moiety
was estimated to be 61.2 kcal/mol using Marcus
theory, within 1.5 kcal/mol of the photon en-
ergy that 456-nm blue LEDs can provide. The
analogous electron transfer process in the ab-
sence of PPh3 must overcome a higher barrier
of 86.5 kcal/mol (Fig. 1C; see supplementary
materials). Further computational studies on
the excited state of the CTC assigned the S0-to-
S1 excitation to electron transfer from iodide to
the p* orbital of the phthalimide moiety with an
excitation energy of 2.85 eV, which corresponds
to a wavelength of 436 nm (fig. S3). On the basis
of the above theoretical analysis, we explored a
simple combination of NaI and PPh3 as a photo-
redox catalyst for decarboxylative alkylation re-
actions (31, 32).

Investigation of key reaction parameters

The optimized reaction conditions for decarbox-
ylative alkylation using NaI/PPh3 are shown in
Fig. 2. Decarboxylative cyclohexyl addition to
trimethyl[(1-phenylvinyl)oxy]silane delivered
a-cyclohexylacetophenone in 82%yieldunder blue
LED irradiation of 20mole percent (mol %) PPh3
and 150 mol % NaI in acetonitrile (see table S1
for details of optimization) (33, 34). The reaction
requires further desilylation by a base to form
the a-alkylated ketone. Because NaI is so in-
expensive, itwasused in superstoichiometric quan-
tity (1.5 equivalent) both as electron-transfer catalyst
and base to trap the trimethylsilyl (TMS) cation.
Extremely pure (99.999%) NaI without any

metal contamination was tested and gave the
same results observed with the commonly avail-
able reagent-gradematerial (purity >99.0%). The
results of testing other alkali halides are shown in
Fig. 2A. Lithium and potassium iodideweremuch
less effective than NaI, and a soluble quaternary
ammonium iodide was entirely ineffective. The
observed alkali metal cation effect revealed that
the sodium cation has an important role in the
electron transfer activation step, as indicated by
DFT study in Fig. 1C (formation of the CTC by LiI,
NaI, and KI is exergonic by 1.1 kcal/mol, 3.8 kcal/
mol, and 2.9 kcal/mol, respectively, as indicated
by DFT calculation). Other sodium halides (fluo-
ride, chloride, and bromide) were also ineffective.
As noted above, phosphine is crucial to facilitate

intermolecular charge transfer and stabilizes the
iodine radical as a R3P–I• species (30). Thus, we
also screened a series of phosphineswith different
electronic and steric properties (Fig. 2A, second
row). The results showed that the electronic proper-
ties of triarylphosphines did not significantly affect
the reaction efficiency, as using tris(4-fluorophenyl)
phosphine and tris(4-methoxyphenyl)phosphine

gave comparable yields. However, highly electron-
deficient tris(4-pentafluorophenyl)phosphine
was completely ineffective, probably due to its
lack of electron-donating capacity to facilitate
electron transfer of the iodide salt. The use of

tricyclohexylphosphine lowered the yield, as
did the sterically bulky triarylphosphine ligand
2-(diphenylphosphino)biphenyl, which likely
hindered formation of the CTC (Fig. 2A). All
three components—phosphine, sodium iodide,
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Fig. 2. Key reaction-controlling parameters of NaI and PPh3–catalyzed decarboxylative
alkylation. (A) Parameters affecting decarboxylative alkylation of silyl enol ethers. (B) Parameters
affecting decarboxylative alkylation of N-heteroarenes. (C and D) UV-Vis absorption spectra
of reactant mixtures. Concentration of each substance in UV-Vis measurement is identical to
the concentration used in reactions. Me, methyl; TFA, trifluoroacetic acid.
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Fig. 5. General applicability of NaI/PAr3
photoredox system. (A) Decarboxylative
alkenylation of RAEs. (B) Deaminative
alkenylation of Katritzky’s N-alkylpyridinium
salts. (C) Trifluoromethylation using
Togni’s reagent. *Using PPh3 instead of
P(p-MeO-C6H4)3. †Using P(p-F-C6H4)3
instead of P(p-MeO-C6H4)3. ‡Yield
measured by 1H nuclear magnetic
resonance using diphenylmethane as
internal standard.

Fig. 6. A proposed full catalytic
cycle of NaI/PPh3 photoredox catalysis.
Catalytic cycle of decarboxylative
alkylation with N-heteroarene is
demonstrated as an example.
See fig. S4 for proposed full catalytic
cycles for reactions with silyl enol
ether and alkene.
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Substrate scope of minisci-type radical addition

system is appealing for industrial application to
large-scale syntheses.
The scope of Minisci-type alkylation (Fig. 4A)

spanned redox-active esters derived from sec-
ondary (46, 49) and tertiary (50–53) aliphatic

carboxylic acids,a-amino acids (54–59),a-hydroxy
acids (47,48), and peptides (63) (36). The catalyst
loading for a gram-scale reaction could be re-
duced to 5 mol % of NaI and 5 mol % of PPh3 to
give 2.78 g of alkylation product 62 in 80%

yield. Besides 4-methyl quinoline, other sub-
stituted quinolines were also reactive (64, 70).
Alkylation took place on the C4 position of the
quinoline ring when C2-substituted quinolines
were tested (65, 71). Isoquinolines (66–68),
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Fig. 4. Minisci-type decarboxylative alkylation. (A) Scope for Minisci-
type decarboxylative alkylation of N-heteroarenes. Reaction conditions:
N-heteroarenes (0.2 mmol, 1.0 equiv), redox-active ester (0.3 mmol),
NaI (10 mol %), PPh3 (20 mol %), TFA (0.2 mmol), acetone (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported.
*PhCF3 as solvent. †N-heteroarenes (8.0 mmol, 1.0 equiv),
redox-active ester (8.8 mmol, 1.1 equiv), NaI (5 mol %), PPh3

(5 mol %), TFA (8.0 mmol), acetone (40 ml), 15 hours, r.t., 456-nm
blue LEDs. ‡(±)-1,1′-binaphthyl-2,2′-diyl hydrogenphosphate
(5.0 mol %) instead of TFA (0.2 mmol). (B) Merging NaI/PPh3

photoredox catalysis with chiral phosphoric acid (PA) catalysis
for enantioselective Minisci-type a-aminoalkylation. Reaction
conditions: N-heteroarenes (0.1 mmol, 1.0 equiv), redox-active
ester (0.15 mmol), NaI (20 mol %), PPh3 (20 mol %), chiral PA

(5.0 mol %), 1,4-dioxane (2 ml), 20 hours, r.t., 456-nm blue LEDs.
Isolated yields are reported; enantiomeric excesses were
determined by high-performance liquid chromatography (HPLC).
(C) Scope of enantioselective Minisci-type decarboxylative
a-aminoalkylation by relay of NaI/PPh3 redox catalysis with chiral
anion catalysis. Reaction conditions: N-heteroarenes (0.2 mmol,
1.0 equiv), redox-active ester (0.3 mmol), NaI (10 mol %),
PPh3 (10 mol %), (R)-TRIP-PA (5 mol %), 1,4-dioxane (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported;
enantiomeric excesses were determined by HPLC. Absolute
stereochemistry of products was assigned by analogy to 73.
*N-heteroarenes (0.3 mmol), redox-active ester (0.2 mmol). †NaI
(20 mol %), PPh3 (20 mol %), (R)-TRIP-PA (10 mol %). Cy, cyclohexyl;
Et, ethyl; t-Bu, tert-butyl; Ac, acetyl; i-Pr, isopropyl.
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N-heteroarenes (0.2 mmol, 1.0 equiv), redox-active ester (0.3 mmol),
NaI (10 mol %), PPh3 (20 mol %), TFA (0.2 mmol), acetone (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported.
*PhCF3 as solvent. †N-heteroarenes (8.0 mmol, 1.0 equiv),
redox-active ester (8.8 mmol, 1.1 equiv), NaI (5 mol %), PPh3

(5 mol %), TFA (8.0 mmol), acetone (40 ml), 15 hours, r.t., 456-nm
blue LEDs. ‡(±)-1,1′-binaphthyl-2,2′-diyl hydrogenphosphate
(5.0 mol %) instead of TFA (0.2 mmol). (B) Merging NaI/PPh3

photoredox catalysis with chiral phosphoric acid (PA) catalysis
for enantioselective Minisci-type a-aminoalkylation. Reaction
conditions: N-heteroarenes (0.1 mmol, 1.0 equiv), redox-active
ester (0.15 mmol), NaI (20 mol %), PPh3 (20 mol %), chiral PA

(5.0 mol %), 1,4-dioxane (2 ml), 20 hours, r.t., 456-nm blue LEDs.
Isolated yields are reported; enantiomeric excesses were
determined by high-performance liquid chromatography (HPLC).
(C) Scope of enantioselective Minisci-type decarboxylative
a-aminoalkylation by relay of NaI/PPh3 redox catalysis with chiral
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PPh3 (10 mol %), (R)-TRIP-PA (5 mol %), 1,4-dioxane (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported;
enantiomeric excesses were determined by HPLC. Absolute
stereochemistry of products was assigned by analogy to 73.
*N-heteroarenes (0.3 mmol), redox-active ester (0.2 mmol). †NaI
(20 mol %), PPh3 (20 mol %), (R)-TRIP-PA (10 mol %). Cy, cyclohexyl;
Et, ethyl; t-Bu, tert-butyl; Ac, acetyl; i-Pr, isopropyl.
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their deprotonation could play important roles
in determining product enantioselectivity.
We elected to use RAEs derived from amino

acids as precursors to N-acyl a-amino alkyl rad-
icals (Fig. 2A, radical generation), which are
prochiral, nucleophilic radicals that possess
hydrogen bond donor functionality. It is well
established that facile alkyl radical generation
occurs from RAEs upon acceptance of a sin-
gle electron (38–40), and there are a number of
recent examples of photoredox catalysts being
used as electron donors for this purpose, in-
cluding in conjunction with RAEs derived from
N-acyl amino acids (20, 41, 42) and to achieve
Minisci-type additions (20). In line with these
previous studies, we envisaged a reductive photo-
redox cycle, in which fragmentation of the RAE
is induced via electron transfer from an Ir(II)
species generated off-cycle (see figs. S1 to S4 for
fluorescence-quenching studies). After regen-
eration of Ir(III) and subsequent excitation, the
catalyst should function as the single-electron
oxidant required to rearomatize the heteroarene
(Fig. 2A, III to 3).
To assess whether asymmetric induction could

be achieved, we selected 4-methylquinoline as
a test substrate. Irradiation from blue LEDs in
the presence of 2 mole percent (mol %) of photo-
catalyst [Ir(dF(CF3)ppy)2(dtbpy)]PF6 and 5mol %
of chiral Brønsted acid catalyst (R)-TRIP in
ethyl acetate enabled efficient coupling of
4-methylquinoline (2a) and the RAE derived
from N-acetyl-L-phenylalanine (1a) to give 3a in
94% yield after 14 hours (Fig. 2B). The enantio-
meric excess of the product was determined to
be 94%; the absolute stereochemistry of the hydro-
chloride salt was determined by x-ray crystallog-
raphy. Analysis of the RAE used in this reaction
showed that it was racemic, indicating that the
stereocenter had epimerized during either syn-
thesis or purification. We evaluated a selection
of N-protecting groups on the amino acid por-
tion, and acetyl was found to be optimal in terms
of both yield and enantioselectivity (table S1).
Various solvents were compatible, with dioxane
found to give highest enantioselectivities, and
the photocatalyst loading could be reduced to
1 mol % (tables S2 and S3). Numerous N-acetyl
amino acids are commercially available, as are
both catalysts in this process. Control experiments
without the photocatalyst, Brønsted acid catalyst,
or visible light irradiation all gave no conversion
to product (table S4).
Encouraged by this result, we evaluated a

range of amino acid–derived RAEs (Fig. 3A)
and found the scope to be broad. Nonaromatic
amino acids reacted with comparably high en-
antioselectivity; for example, the RAE derived
from N-Ac-alanine gave 94% enantiomeric ex-
cess (e.e.) (3b). Branching in the alkyl chain was
well tolerated, as observed in the RAE derived
from N-Ac-valine (3c, 97% e.e.). The catalyst over-
rode influence from an adjacent stereocenter,
as demonstrated in the application of each
enantiomer of TRIP to the RAE derived from
N-Ac-isoleucine (3d and 3e, both >20:1 diaster-
eomeric ratio). Remote arenes, esters, and pro-

tected amines were well tolerated (3f, 3g, and
3h), as was the sulfide of methionine (3i). The
carbon-iodine bond of iodotyrosine (3j) was
untouched under the mild conditions, as was
the electron-rich indole heterocycle in trypto-
phan (3k). O-Ac-tyrosine was also appended ef-
fectively (3l).
Although most of the RAEs used in Fig. 3 were

derived from enantiopure amino acids, almost
all exhibited negligible optical rotation, which
we attribute to ready epimerization of the RAEs
during synthesis or purification. The main ex-
ception to this was the RAE derived from valine,
which appeared to be configurationally sta-
ble: The RAEs derived from L- and D-valine ex-
hibited equal but opposite values of specific
rotation, and chiral high-performance liquid
chromatography (HPLC) analysis corroborated
this observation. Control experiments with sev-
eral substrates using (R)-TRIP showed that both
RAEs gave the same enantiomer of product with
the same enantiomeric excess, thus demonstrat-
ing that the stereochemistry of the RAE does not
influence the stereochemical outcome (tables
S5 and S6).
We next evaluated the scope of compatible

quinolines (Fig. 3B). For unsubstituted quin-

oline, we anticipated that mixtures of regio-
isomers may arise as a result of competitive
C2 and C4 addition. However, we were pleased
to discover that under our conditions, very high
(>20:1) regioselectivity for the C2 position was
obtained, together with excellent enantioselec-
tivity (3m, 96% e.e.). Methoxy (3n), chloride (3o),
and fluoride (3p) substituents were tolerated
on the benzo portion, and in all cases excellent
regioselectivity was observed for addition at the
C2 position. Regioselectivity in Minisci-type ad-
ditions is known to be dependent on a range of
variables, including solvent, acid, and the na-
ture of the radical (37, 43). In our case, use of a
polar solvent (N,N-dimethylacetamide) resulted
in a switch to moderate C4 selectivity, in line
with previous studies (20, 37). Interestingly, use
of acetyl as the N-protecting group on the RAE
and use of TRIP as catalyst were both found
to be crucial to achieving the very high observed
regioselectivity for C2 addition; variation of
either resulted in only moderate C2 selectivity
(tables S9 and S10). Substitution was well tol-
erated on the pyridine portion of the quinoline
and could encompass 4-phenyl (3q), 3-methyl
(3r), and a fused benzene ring (3s). An aryloxy
group could be included in the 4-position, which
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Fig. 2. Reaction development. (A) Hypothesis for enabling enantioselective Minisci-type addition.
(B) Initial reaction evaluation on 4-methylquinoline, structures of the catalysts used in this study,
and x-ray structure of 3a. dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)-pyridinyl; dtbpy =
4,4′-bis(tert-butyl)bipyridine; Ph, phenyl; Et, ethyl; iPr, isopropyl.
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system is appealing for industrial application to
large-scale syntheses.
The scope of Minisci-type alkylation (Fig. 4A)

spanned redox-active esters derived from sec-
ondary (46, 49) and tertiary (50–53) aliphatic

carboxylic acids,a-amino acids (54–59),a-hydroxy
acids (47,48), and peptides (63) (36). The catalyst
loading for a gram-scale reaction could be re-
duced to 5 mol % of NaI and 5 mol % of PPh3 to
give 2.78 g of alkylation product 62 in 80%

yield. Besides 4-methyl quinoline, other sub-
stituted quinolines were also reactive (64, 70).
Alkylation took place on the C4 position of the
quinoline ring when C2-substituted quinolines
were tested (65, 71). Isoquinolines (66–68),
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Fig. 4. Minisci-type decarboxylative alkylation. (A) Scope for Minisci-
type decarboxylative alkylation of N-heteroarenes. Reaction conditions:
N-heteroarenes (0.2 mmol, 1.0 equiv), redox-active ester (0.3 mmol),
NaI (10 mol %), PPh3 (20 mol %), TFA (0.2 mmol), acetone (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported.
*PhCF3 as solvent. †N-heteroarenes (8.0 mmol, 1.0 equiv),
redox-active ester (8.8 mmol, 1.1 equiv), NaI (5 mol %), PPh3

(5 mol %), TFA (8.0 mmol), acetone (40 ml), 15 hours, r.t., 456-nm
blue LEDs. ‡(±)-1,1′-binaphthyl-2,2′-diyl hydrogenphosphate
(5.0 mol %) instead of TFA (0.2 mmol). (B) Merging NaI/PPh3

photoredox catalysis with chiral phosphoric acid (PA) catalysis
for enantioselective Minisci-type a-aminoalkylation. Reaction
conditions: N-heteroarenes (0.1 mmol, 1.0 equiv), redox-active
ester (0.15 mmol), NaI (20 mol %), PPh3 (20 mol %), chiral PA

(5.0 mol %), 1,4-dioxane (2 ml), 20 hours, r.t., 456-nm blue LEDs.
Isolated yields are reported; enantiomeric excesses were
determined by high-performance liquid chromatography (HPLC).
(C) Scope of enantioselective Minisci-type decarboxylative
a-aminoalkylation by relay of NaI/PPh3 redox catalysis with chiral
anion catalysis. Reaction conditions: N-heteroarenes (0.2 mmol,
1.0 equiv), redox-active ester (0.3 mmol), NaI (10 mol %),
PPh3 (10 mol %), (R)-TRIP-PA (5 mol %), 1,4-dioxane (2 ml),
15 hours, r.t., 456-nm blue LEDs. Isolated yields are reported;
enantiomeric excesses were determined by HPLC. Absolute
stereochemistry of products was assigned by analogy to 73.
*N-heteroarenes (0.3 mmol), redox-active ester (0.2 mmol). †NaI
(20 mol %), PPh3 (20 mol %), (R)-TRIP-PA (10 mol %). Cy, cyclohexyl;
Et, ethyl; t-Bu, tert-butyl; Ac, acetyl; i-Pr, isopropyl.
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[Reaction mechanism]

[Substrate scope]
Phipps et al. Science. 2018, 360, 419‒422.
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Fig. 5. General applicability of NaI/PAr3
photoredox system. (A) Decarboxylative
alkenylation of RAEs. (B) Deaminative
alkenylation of Katritzky’s N-alkylpyridinium
salts. (C) Trifluoromethylation using
Togni’s reagent. *Using PPh3 instead of
P(p-MeO-C6H4)3. †Using P(p-F-C6H4)3
instead of P(p-MeO-C6H4)3. ‡Yield
measured by 1H nuclear magnetic
resonance using diphenylmethane as
internal standard.

Fig. 6. A proposed full catalytic
cycle of NaI/PPh3 photoredox catalysis.
Catalytic cycle of decarboxylative
alkylation with N-heteroarene is
demonstrated as an example.
See fig. S4 for proposed full catalytic
cycles for reactions with silyl enol
ether and alkene.
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EDA complex with pyridinium EDA complex with Togni’s reagent

• Applicable to various electron acceptors.
→ Wide substrate activation.
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[Reaction mechanism]

1. Iododecarboxylation using LiI/PPh3 [Investigation of key reaction parameters]

Shang et al. Org. Lett. 2020, 22, 8572-8577.
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reaction conditions, ample substrate scope with broad
functional group tolerance, high chemoselectivities, and key
mechanistic insights in the combinational electron-donor−
acceptor (EDA) formation21 and phosphine catalysis.22

To commence our study, 2-nitrobiphenyl (1a) was selected
as model substrate to evaluate the reaction conditions of
divergent reduction upon hydrogenation and amination (Table
1). The synergistic NaI/PPh3 catalytic system combined with

PhSiH3 as hydrogen donor was found to be effective for the
reductive hydrogenation. Hence, the 2-aminobiphenyl product
(2a) was produced with yields ranging from 45% to 98% when
performing in different media including DCM, Et2O, EtOAc,
and CHCl3. While the sustainable EtOAc gave excellent yield,
CHCl3 was the best solvent (Table 1, entries 1−4). Among
other phosphines (Table 1, entries 5−7), while tri-o-
tolylphosphine did not work, tris(4-fluorophenyl)phosphine
and tris(4-methoxyphenyl)phosphine afforded 2a in good
yields. Aliphatic tricyclohexylphosphine also completely
prohibited the reduction (Table 1, entry 8). Then some
other reductants including TEOA, triethylamine (TEA), and
Et3SiH, dramatically reduced the yields (Table 1, entries 9−
11). We also tested other halides instead of NaI, where NaCl,
NaBr, KI, and NH4I were all inferior (Table 1, entry 12). The
results of control experiments suggested that NaI, PPh3, and
light stimulation are all critical for the reductive hydrogenation
(Table 1, entries 13−15). In comparison, the nitro reduction
also proceeded when stoichiometric PPh3 was utilized in the

absence of PhSiH3. To our delight, however, the carbazole
product (3a) via intramolecular Cadogan amination was
formed as the major product (Table 1, entry 16). In this
respect, a series of optimizations of reaction conditions were
performed for the reductive amination of 2-nitrobiarenes [see
the Supporting Information (SI) for details (Table S1)]. The
formation of 3a was obviously improved when the reaction was
conducted in 1,4-dioxane, with 2a further suppressed (Table 1,
entry 17). Control experiments reveal that the reaction in the
absence of NaI afforded 3a in only 14% yield (Table 1, entry
18).
With the established reductive reactivities by the visible-

light-induced NaI/PPh3 catalytic system, we first extended it to
aniline formation from substituted nitroarenes especially with
reducible functional groups (Scheme 2). The substrates

bearing either electron-withdrawing or electron-donating
groups worked well to exclusively afford the corresponding
aniline products. The reducible carbon−halogen bonds other
than nitro remained without any detectable collapse with Cl
(2c, 2s, 2u), Br (2h, 2l), or even I (2d, 2i, 2m). Among others
including aldehyde (2f), ketone (2j, 2o, 2v), carboxyl (2g, 2u),
and cyano (2e, 2k, 2n), the reduction also occurred only in the
nitro group. In other words, 100% nitro reductive selectivities
were observed in all examples of competitive reduction.
Incomplete conversion of some nitroarenes was observed to
result in lower than 90% yield (2i, 2k, 2q−2t). Notably,
nitropyridines bearing chloro and bromo also proceeded
through exclusive nitro reduction (2w, 2x). Finally, 8-
nitroquinoline worked with moderate conversion (2y).
However, other nitro heterocycles, such as those containing
thiazole, imidazole, indazole, etc., failed to give the
corresponding reduction products in this system.
Subsequently, the generality and substrate scope of the NaI/

PPh3-mediated reductive aminations of o-nitrobiarenes were
probed (Scheme 3). Moderate to good yields were obtained

Table 1. Optimization of Reaction Conditionsa

yieldb (%)

entry PR3 reductant solvent 2a 3a

1 PPh3 PhSiH3 DCM 60 trace
2 PPh3 PhSiH3 Et2O 45 trace
3 PPh3 PhSiH3 EtOAc 90 nd
4 PPh3 PhSiH3 CHCl3 98 nd
5 P(o-tol)3 PhSiH3 CHCl3 trace trace
6 P(p-FPh)3 PhSiH3 CHCl3 80 trace
7 P(PMP)3 PhSiH3 CHCl3 75 trace
8 PCy3 PhSiH3 CHCl3 trace trace
9 PPh3 TEOA CHCl3 12 trace
10 PPh3 TEA CHCl3 trace trace
11 PPh3 Et3SiH CHCl3 10 trace
12c PPh3 PhSiH3 CHCl3 <20 nd
13d PPh3 PhSiH3 CHCl3 nd nd
14 PhSiH3 CHCl3 24 nd
15e PPh3 PhSiH3 CHCl3 trace nd
16f PPh3 CHCl3 16 52
17f PPh3 dioxane 8 82 (78)
18e,f PPh3 dioxane trace 14

aReaction conditions: 1a (0.2 mmol), NaI (40 mol %), PPh3 (20 mol
%), reductant (2 equiv), solvent (2.0 mL), irradiation with a 35 W
blue LEDs at 60 °C for 72 h under argon atmosphere; bYield
determined by GC analysis of the crude reaction mixture using 1,3,5-
trimethylbenzene as the internal standard, and yield in parentheses
indicates isolated yield. cNaCl, NaBr, KI, or NH4I instead of NaI.
dReaction in dark. eWithout NaI. f2.5 equiv of PPh3.

Scheme 2. NaI/PPh3-Mediated Photochemical Reduction of
Nitroarenes

aIsolated yield of 10 mmol scale reaction.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c01654
Org. Lett. 2021, 23, 5349−5353

5350

when substituted o-nitrobiarenes were employed, with a range
of compatible functionalities including chloro, cyano, ester,
amide, and formyl (3a−3h). The C−F amination did not
occur when o-fluorophenyl was attached (3i). Then 11H-
benzo[a]carbazoles were generated in moderate to excellent
yields when the reactants bore a naphthyl moiety (3j−3m).
Notably, 2-(5-chloro-2-nitrophenyl)naphthalene afforded the
corresponding benzo[a]carbazole (3k) in almost quantitative
yield (96%). Among others, aza-carbazoles (3n and 3o) were
smoothly delivered from the starting 3-nitro-2-phenylpyridines,
albeit in relatively low yield. Moreover, aza-benzo[a]carbazole
3p produced in 35% yield. While o-nitrostilbenes did not work,
o-nitrochalcone could proceed through reductive amination to
afford the 2-benzoylindole product 3q. Finally, pyrido[1,2-
b]indazole products were generally formed in modest yields
when 2-(2-nitrophenyl)pyridines were employed (3r−3u).
Notably, majority of starting materials was recovered in the
cases of those with low yields such as 3c and 3n−3u. The
aniline side products were generally formed in trace amounts.
We also tried to modify the reaction conditions to improve the
reactivity of these reactants, but we failed.
With the established reactivities of our mild visible-light-

driven nitroarene reduction mediated by NaI/PPh3, we were
attracted to depict its photoactivating action models. First, we
performed UV−vis spectroscopic absorption experiments on
various combinations of 1a, PPh3, and NaI in a solution of the
same concentration as the real reaction mixture (Figure 1a).
The results reveal that the combination of PPh3 and NaI
features the same absorption with PPh3, only in the UV (<360
nm). With the participation of o-nitrobiphenyl, either single
component or combinations display an absorption in the
visible region with an onset around 440 nm. Further, we did
density functional theory (DFT) calculations to support the
proposed photoactivating action models (Figure 1b). Without
the iodide additive, the electron-poor nitroarene 1a and the
electron-rich PPh3 interact via a Coulombic attraction with a
P−O distance of 3.57 Å and a π−π interaction with a shortest
π-stacking distance of approximately 3.44 Å. This assembly

leads to the formation of the atom transfer complex Int-1. It is
calculated to be endergonic by 2.2 kcal/mol, which is much
lower than the generation of dioxazaphosphetane intermediate
from trialkyl phosphines including Radosevich’s phospha-
cycle.15,22 On the other hand, the additional NaI seems to
affect the interaction of 1a and PPh3 slightly, but the
Coulombic interaction of it with both 1a and PPh3 forms a
new atom transfer complex (Int-2) (endergonic by 1.7 kcal/
mol). The complex Int-2 is expected to absorb photons to
initiate the first deoxygenation process.23 Moreover, the time-
dependent DFT (TD-DFT) calculation on the excited state of
Int-2 assigned a S0-to-S4 excitation, which was predicted to be
558 nm. This peak has almost exclusively charge-transfer
excitation characteristic (98%) from I-PPh3 fragment to
PhNO2 fragment (HOMO-3 to LUMO).
To obtain more mechanistic information on the NaI/PPh3-

mediated reduction of nitroarenes, some control experiments
were carried out. First, aniline (2z) was found to be the only
reduction product within 12 h with major nitrobenzene (1z)
recovered, while potential intermediate products such as
nitrosobenzene (4), azoxybenzene (5), and azobenzene (6)
were not observed (Scheme 4a). Moreover, when these
compounds instead of 1z were subjected to the standard
conditions, the target aniline was not formed in all cases with
or without light stimulation (Scheme 4b−d). These results
suggest that the presence of nitroarenes could probably be a
critical factor for the late-stage reduction of intermediate
products. Hence, compounds 4−6 were treated with additional
1-bromo-4-nitrobenzene in catalytic amounts (Scheme 4e−g).
Aniline was indeed generated as the major product in those
reactions. We speculate that the combination of nitrobenzene,
NaI, and PPh3 forms a EDA complex20a that absorbs photons
to not only decompose into nitrosobenzene or the Ph-N(OH)
intermediate but also transfer energy to enable late-stage
reduction of intermediate products.4a

In summary, the combination of nitroarenes with NaI and
PPh3 was found to generate an EDA complex that absorbs
photons to enable reductive hydrogenation of nitroarenes. This
mild photoredox catalytic system has been demonstrated to be
highly selective for nitro reduction because a pad of reducible
functional groups are accommodated in it. With stoichiometric

Scheme 3. NaI/PPh3-Mediated Photochemically Reductive
Amination of 2-Nitrobiarenes

Figure 1. (a) UV−vis absorption spectra of reactant mixtures, (b)
Predicted excited states molecular orbital diagrams of Int-2.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c01654
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3. Reduction of nitroarene

heteroatoms on the aliphatic ring 2g also worked well to give the
desired products 3ae–3ag in good yields. 1-Phenylcyclopropyl or
adamantyl-possessing NHP esters 2h–2i were delivered in mod-
erate yields, but 3° bridge ring-containing NHP ester 2j furn-
ished 3aj in high yield, probably due to the electron-withdrawing
ester group. Alkyl NHP esters 2k–2p derived from various natural
and unnatural amino acids were reactive to give substituted
allylic amine products 3ak–3ap. Cinnamic acids could be trans-
formed into their amine derivatives in one step, demonstrating
the potential of this method for rapid, post-synthetic natural
product or drug modification.

In order to gain insight into the reaction mechanism, the
radical inhibitor TEMPO, hydroquinone and BHT were added
to the present reaction (Scheme 2), and the formation of
product 3aa was totally suppressed. These results suggest that
an alkyl radical intermediate might be involved in this trans-
formation. In addition, treatment of cyclopropyl NHP ester 2q
with 2a under the optimized reaction conditions furnished the
ring-opening product 3aq in 70% yield; it also demonstrated
that the alkyl radical was generated from the NHP ester.

Consequently, a possible mechanism for the dual decarbox-
ylative alkylation protocol is proposed (Scheme 3).13 Initially,
the triphenylphosphine, sodium iodide and alkyl NHP esters 2
assemble to form the chromophore I via coulombic inter-
actions. Under blue-LED irradiation, the chromophore I
induces electron transfer from iodide to alkyl NHP esters 2 to
generate NaNPhth and the alkyl radical through extrusion of

CO2, and PPh3 stabilizes iodine radicals to generate Ph3P-I•

species II. Then addition of the alkyl radical across the CvC
bond of α,β-unsaturated carboxylic acids 1 selectively occurs to
form benzylic radical intermediate A. Deprotonation of the
intermediate A with NaNPhth gives HNPhth and the radical
intermediate B, which is directly oxidized by Ph3P-I• species II
to produce the intermediate C, and finally the intermediate C
could release CO2 to deliver the desired product 3.

In summary, we have developed a new visible-light-induced
dual decarboxylative alkenylation of α,β-unsaturated carboxylic
acids with alkyl N-hydroxyphthalimide esters through a combi-
nation of triphenylphosphine and sodium iodide. This reac-
tion provided a facile and efficient approach for the prepa-
ration of α,β-alkylated styrenes. Moreover, the reaction features
mild conditions, good functional group tolerance and excel-
lent stereoselectivity.
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Table 3 Variations of the alkyl NHP esters (2)a

a Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), NaI (1.5 equiv.),
PPh3 (20 mol%), DMA (2 mL), room temperature, argon, and 10 h. E/Z
was determined by 1HNMR analysis of the crude mixture. Scheme 3 Possible mechanism.

Scheme 2 Control experiments.
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N-hydroxyphthalimide esters, which applied to a wide range of
redox-active esters derived from aliphatic carboxylic acids (1°,
2° and 3°) and α-amino acids.

Herein, we report a new, metal-free photocatalytic dual decar-
boxylative alkenylation between α,β-unsaturated carboxylic acids
and alkyl NHP esters in combination with triphenylphosphine
and sodium iodide (Scheme 1c). It should be noted that a wide
range of redox-active esters derived from aliphatic carboxylic
acids (1°, 2° and 3°) and α-amino acids were found to be compa-
tible. This method offers an efficient approach to access
α,β-alkylated styrenes with highly regio- and stereo-specificity.

We commenced the study by optimizing annulation reac-
tion conditions using 4-methoxycinnamic acid 1a and N-acy-
loxyphthalimide 2a as the model reaction partners (Table 1).
To our delight, the desired decarboxylative coupling product
3aa was isolated in 90% yield under blue LED irradiation of
20 mol% PPh3 and 1.5 equiv. of NaI in DMA at room tempera-
ture for 10 h (entry 1). Other iodides, including LiI, KI and
n-Bu4NI were examined, each of which exhibited good catalytic
activity but was less efficient than NaI (entries 2–4). Other
halides such as NaF, NaCl and NaBr were entirely ineffective
(entry 5). Next, we screened a series of phosphines with
different electronic and steric properties, and the result
showed that PPh3 was the most efficient catalyst for stabilizing
the iodine radical as an R3P-I• species (entries 6–8). Among the
solvents examined, DMA was the best option compared with
other solvents such as DMSO, DMF, 1,4-dioxane and MeCN
(entries 9–12). All three components phosphine, sodium
iodide and visible blue light were essential for the reaction
(entries 13–15). Gratifyingly, the reaction (entry 16) scale up to

1 g of acid 1a was successful in construction of 3aa in 85%
yield in 36 h (for more details see the ESI†).

With the optimized reaction conditions in hand, we
exploited the substrate scope of α,β-unsaturated carboxylic
acids 1 in coupling with alkyl NHP esters 2a. As shown in
Table 2, a wide range of cinnamic acids 1b–1e with both elec-
tron-donating and electron-withdrawing substituents at the
para-position of the phenyl ring reacted smoothly with alkyl
NHP esters 2a to give the corresponding styrenes 3ba–3ea in
76–93% yields. The cinnamic acid 1f with no group on the
phenyl ring was well tolerated. Furthermore, ortho-substituted
and meta-substituted cinnamic acids 1g–1j were also suitable
substrates in this transformation, but these showed lower reac-
tivity than para-substituted cinnamic acids. To our delight, the
electron-withdrawing substrate such as 3-(pyridin-2-yl)acrylic
acid 1k gave 3ka in 95% yield. 3-(Naphthalen-2-yl)acrylic acid
1l was also an effective substrate in this protocol, and the
desired product 3la was isolated in 71% yield. Unfortunately,
2-hexenoic acid 1m was not suitable for this reaction, possibly
due to the lower stability of the alkyl radical compared with
that of the benzylic radical.

Subsequently, we examined the scope of alkyl NHP esters in
this decarboxylative alkenylation reaction. As outlined in
Table 3, a variety of functionalized alkyl NHP esters 2b–j com-
prising 1°, 2°, and 3° alkyl groups were all suitable substrates
and provided 3ab–3aj in moderate to good yields. The 1° alkyl
functional groups, such as aryl 2b, terminal alkene 2c, and
terminal alkyne 2d, led to 3ab–3ad in 73–82% yields. The 2°
alkyl groups containing linear alkyl 2e, cycloalkyl 2f and

Table 1 Screening of optimal reaction conditionsa

Entry Variation from the optimal conditions Yield [%]

1 None 90
2 LiI instead of NaI 40
3 KI instead of NaI 57
4 n-Bu4NI instead of NaI 60
5 NaF, NaCl, and NaBr instead of NaI <5%
6 P(4-MeC6H4)3 instead of PPh3 81
7 P(4-FC6F4)3 instead of PPh3 84
8 PCy3 instead of PPh3 33
9 DMSO instead of DMA 62
10 DMF instead of DMA 60
11 1,4-Dioxane instead of DMA 43
12 MeCN instead of DMA 35
13 Without NaI 0
14 Without PPh3 0
15 Without blue LEDs 0
16b None 85

a Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), NaI (1.5 equiv.),
PPh3 (20 mol%), DMA (2 mL), room temperature, argon, and 10 h. E/Z
was determined by 1HNMR analysis of the crude mixture. b 1a (1 g)
and 36 h.

Table 2 Variations of α,β-unsaturated carboxylic acids (1)a

a Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), NaI (1.5 equiv.),
PPh3 (20 mol%), DMA (2 mL), room temperature, argon, and 10 h. E/Z
was determined by 1HNMR analysis of the crude mixture.

Communication Organic & Biomolecular Chemistry
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2. Decarboxylative cross-coupling

Reaction mechanism

Li et al. Org. Biomol. Chem. 2020, 18, 5589‒5593. Huang et al. Org. Lett. 2021, 23, 5349-5353.
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• Combination of the simple compounds (NaI + PPh3). 
→ Application to large-scale synthesis.

• PPh3 enables SET from iodide to acceptors by visible light irradiation.

• Wide substrate activation.
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moiety in 47a produced the catalyst radical cation XXXI and,
upon CO2 extrusion, the open-shell intermediate XXI. Radicals
XXI are then intercepted by acid-activated heteroarenes 65 in a
Minisci manifold. The crucial step of this mechanism is the
catalyst turnover: the radical cation XXXII, generated upon
C−C bond formation, is reduced by the Ph3P−I· intermediate
XXXI, which was proposed to be a persistent radical.68 This
SET event delivers the alkylated heteroaromatic product 66
while turning over the Ph3P/NaI catalytic system. Quantum
yield determination (Φ = 0.15) is consonant with a closed
radical catalytic cycle being operational. The triphenylphos-
phine plays a key role in this catalytic machinery. It is crucial
for facilitating, upon association with iodine, the intermolecular
EDA complex formation (EDA-23) and stabilizing the iodine
radical as a Ph3P−I· intermediate. The supposed persistency of
the latter radical intermediate secured an effective catalyst
turnover through SET reduction. The same NaI/PPh3 catalytic
system was then used to promote the formation of radicals via
photoinduced SET reduction of other radical precursors,
including hypervalent iodine reagent 67 and pyridinium salts
44. The ensuing photochemically generated radicals were later
intercepted by suitable electron-rich radical traps. However,
since the quantum yield of these processes was not measured, a
radical chain manifold (which would not require an effective
catalyst turnover) could not be excluded.
Bosque and Bach expanded the concept of using a catalytic

electron donor species to trigger visible-light-mediated radical
reactions via EDA complex formation. They demonstrated that
3-acetoxyquinuclidine (q-OAc, 69) could be used in a catalytic

fashion (Figure 16).69 Combination with electron-poor
tetrachlorophthalimide ester 68 affords the colored complex

EDA-24. Blue-light irradiation triggers an intracomplex SET
from the catalyst (q-OAc) to the tetrachlorophthalimide
moiety, leading to decarboxylation and formation of the α-
amino radical XXXIII. The latter intermediate is then oxidized
by the catalyst radical cation (q-OAc+•, XXXIV): this step
turns the catalyst over and affords iminium ion XXXV, which is
trapped by the previously liberated tetrachlorophthalimide
anion 43, delivering the final product 70. The low value of the
quantum yield (Φ = 0.02) is consonant with a closed catalytic
cycle with no radical propagation chain being operative.
Overall, q-OAc 69 triggers a redox-neutral pathway, since it
acts first as a donor for an intracomplex SET within the EDA
complex, and then can get back the electron from intermediate
XXXIII. The crucial aspect for catalysis here relies on the rigid,
geometrically constrained structure of the catalyst’s quinucli-
dine core, which prevents a possible degradation path
proceeding through α-deprotonation70 of the radical cation
q-OAc+•, XXXIV.
Sami Lakhdar has recently reported a different, interesting

catalytic approach for EDA complex photochemistry.71 In
contrast to the examples in Figures 15 and 16, here the catalyst
does not directly activate substrates toward radical formation
(Figure 17a). Instead, the donor catalyst forms an EDA
complex with an electron-poor additive. The resulting
photoactivity affords an open-shell intermediate (A· in Figure
17a) that is eventually responsible to generate radicals (R·),
which participate in the process leading to the final products.
This means that neither partners of the photoactive EDA
complex (the catalyst and the additive) end up in the product’s
structure. This catalytic strategy was used to photochemically
generate hydrogen atom transfer (HAT) agents, which could
then promote radical cascade reactions upon activation of
diphenylphosphine oxide 72 (Figure 17b).71 Specifically, the
ground-state association between eosin Y (73), present in
catalytic amounts, and pyridinium salts 74, used as additives,
formed EDA-25.72 The formation of this photoactive aggregate
was confirmed by both UV−vis and X-ray spectroscopic
analyses. Upon irradiation of EDA-25, photoinduced SET
afforded the oxidized form of 73 (73+•) along with ethoxy
radical XXXVI, generated upon reductive fragmentation of the

Figure 15. (a) General strategy for catalysis in EDA complex
photochemistry: a donor catalyst that can photochemically generate
radicals and then be turned over. (b) Photocatalytic radical alkylations
mediated by the catalytic combination of triphenylphosphine and
sodium iodide; TFA: trifluoroacetic acid.

Figure 16. Use of 3-acetoxyquinuclidine as an external electron-donor
catalyst for visible-light-mediated radical processes via EDA complex
formation; q-OAC: 3-acetoxyquinuclidine; BOC: tert-butyloxycarbon-
yl.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://dx.doi.org/10.1021/jacs.0c01416
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Synthetic Methods Driven by the Photoactivity of Electron Donor−
Acceptor Complexes
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ABSTRACT: The association of an electron-rich substrate with an electron-accepting molecule can generate a new molecular
aggregate in the ground state, called an electron donor−acceptor (EDA) complex. Even when the two precursors do not absorb
visible light, the resulting EDA complex often does. In 1952, Mulliken proposed a quantum-mechanical theory to rationalize the
formation of such colored EDA complexes. However, and besides a few pioneering studies in the 20th century, it is only in the past
few years that the EDA complex photochemistry has been recognized as a powerful strategy for expanding the potential of visible-
light-driven radical synthetic chemistry. Here, we explain why this photochemical synthetic approach was overlooked for so long. We
critically discuss the historical context, scientific reasons, serendipitous observations, and landmark discoveries that were essential for
progress in the field. We also outline future directions and identify the key advances that are needed to fully exploit the potential of
the EDA complex photochemistry.

■ INTRODUCTION
Chemists have long been fascinated by the use of visible light
to trigger chemical processes.1 Besides offering a sustainable
way to synthesize molecules,2 photochemistry has the potential
to unlock reaction manifolds that are unavailable to conven-
tional thermal pathways. This is because the chemical reactivity
of electronically excited molecules differs fundamentally from
that in the ground state.3 Despite its intrinsic potential,
synthetic photochemistry was for a long time a specialized area
with limited practical applications, mastered by only a few
chemists. In recent years, this situation has changed
dramatically and many photochemical methods have been
developed, greatly expanding the synthetic toolbox of modern
chemists. Progress within the field has mainly been spurred by
photoredox catalysis.4 This strategy relies on the use of colored
photocatalysts that harvest the energy of visible light to activate
readily available bench-stable substrates and to generate
reactive radicals5 under very mild reaction conditions.6

Recently, the synthetic community has recognized the
potential of a photochemical approach that intrinsically differs
from photoredox catalysis, since it does not rely on the use of
an exogenous photoredox catalyst. This strategy exploits the
association of an electron acceptor substrate A and a donor
molecule D (Lewis acids and bases, respectively) to bring
about the formation of a new molecular aggregation in the
ground state, called an electron donor−acceptor (EDA)
complex7 (Figure 1a). The two components A and D may
not absorb visible light themselves, but the resulting EDA
complex does. Light excitation then triggers an intramolecular
single-electron-transfer (SET) event that can generate radical
intermediates under mild conditions.8 The photophysics of
EDA complexes have been extensively studied since the
1950s.7−10 In contrast, until very recently, they found only
limited application in chemical synthesis. In the past few years,

however, the EDA complex photochemistry has attracted the
interest of a growing number of chemists, providing fresh
opportunities in synthetic chemistry.11

With this Perspective, we will critically assess the synthetic
potential of EDA complex photochemistry. We will provide a
possible rationale for why this photochemical approach was

Received: February 5, 2020
Published: March 5, 2020

Figure 1. (a) Classical EDA complex theory and the factors that
complicate synthetic applications. (b) A general strategy to make the
EDA complex synthetically productive. KEDA: association constant for
the formation of the EDA complex; kSET, kBET, kP: kinetic constants;
ΨGS: wave function associated with the ground state; ΨES: wave
function associated with the excited state; SET: single-electron
transfer; LG: leaving group.

Perspectivepubs.acs.org/JACS

© 2020 American Chemical Society
5461
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This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.
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Incorporation of leaving groups in electron acceptor to suppress BET.
→ Requires equivalent amount of electron acceptor.
⟺ Few examples of catalytic electron acceptor.

Tetrachlorophthalimides as Organocatalytic Acceptors for Electron
Donor−Acceptor Complex Photoactivation
Wei Zhou, Shuo Wu, and Paolo Melchiorre*
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ABSTRACT: Excitation of photoactive electron donor−acceptor (EDA) complexes is an effective way to generate radicals.
Applications in a catalytic regime typically use catalytic donors. Herein, we report that readily available electron-poor
tetrachlorophthalimides can act as effective organocatalytic acceptors to trigger the formation of EDA complexes with a variety of
radical precursors not amenable to previous catalytic methods. Excitation with visible light generates carbon radicals under mild
conditions. The versatility of this EDA complex catalytic platform allowed us to develop mechanistically distinct radical reactions,
including in combination with a cobalt-based catalytic system. Quantum yield measurements established that a closed catalytic cycle
is operational, which hints at the ability of tetrachlorophthalimides to readily turn over and govern each catalytic cycle.

Visible-light excitation of electron donor−acceptor (EDA)
complexes1 is a useful way to generate radicals under mild

conditions. This strategy is attracting growing interest2 because
of the ease of operation and the possibility of activating
colorless substances using light, without exogenous photoredox
catalysts. Initial applications focused on the coupling of two
stoichiometric donor and acceptor substrates.3 Recently,
researchers,4 including us,5 succeeded in implementing the
EDA complex photochemistry within a catalytic regime, thus
expanding the strategy’s efficiency. These protocols relied on
electron-rich catalysts to trigger EDA complex formation upon
aggregation with electron-poor substrates adorned with a
suitable redox auxiliary (RA in Figure 1a). A photoinduced
single-electron transfer (SET) then generated radicals that
could engage in a variety of bond-forming processes.
We recently wondered about the feasibility of developing a

complementary approach for EDA complex catalysis. Specif-
ically, we thought that the use of catalytic acceptors could
allow for the activation of electron-rich substrates not
amenable to previous catalytic protocols (Figure 1b). The
crucial step requires the effective turnover of the catalyst via
SET oxidation of the catalyst radical anion, arising from the
photoactivity of the progenitor EDA complex. A few recent
reports used electron-poor catalysts to elicit EDA complex
activation,6 but these catalysts only proved useful to activate
specific radical precursors and were therefore limited to
selected transformations.
Herein, we report a general and modular class of electron-

acceptor organocatalysts that, although they cannot absorb
visible light themselves, can readily form photoactive EDA
complexes with a variety of electron-rich radical precursors.
Specifically, we used readily available tetrachlorophthalimide-
based catalysts to generate carbon radicals under blue light
excitation and to develop mechanistically distinct reactions,
including in combination with a metal-based catalytic system.
We started our exploration by using cyclopentyl-1,4-

dihydropyridine (DHP 1a, Figure 2a) as the radical precursor

Received: April 2, 2022
Published: May 13, 2022

Figure 1. (a) Photochemistry of EDA complexes using catalytic
donors. (b) A new general class of acceptor organocatalysts for
catalytic EDA complex photochemistry and their use in radical
processes. RA is the redox auxiliary, which drives EDA complex
formation and acts as a fragmenting group.

Communicationpubs.acs.org/JACS

© 2022 American Chemical Society
8914

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919
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ü Catalytic acceptor
ü Effective turnover
ü Wide substrate activation

This work ; Tetrachlorophthalimide as a catalytic electron acceptor.

[General strategy]
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Phthalimide effectively forms EDA complex with various electron donors.

• NaI/PPh3 and Phthalimide

• DHP and Phthalimide

Molander et al. Adv. Synth. Catal. 2021,363, 3507‒3535.

ORGANIC CHEMISTRY

Photocatalytic decarboxylative
alkylations mediated by
triphenylphosphine and sodium iodide
Ming-Chen Fu1, Rui Shang1,2*, Bin Zhao1, Bing Wang1, Yao Fu1*

Most photoredox catalysts in current use are precious metal complexes or synthetically
elaborate organic dyes, the cost of which can impede their application for large-scale
industrial processes. We found that a combination of triphenylphosphine and sodium
iodide under 456-nanometer irradiation by blue light–emitting diodes can catalyze the
alkylation of silyl enol ethers by decarboxylative coupling with redox-active esters in the
absence of transition metals. Deaminative alkylation using Katritzky’s N-alkylpyridinium
salts and trifluoromethylation using Togni’s reagent are also demonstrated. Moreover,
the phosphine/iodide-based photoredox system catalyzes Minisci-type alkylation of
N-heterocycles and can operate in tandem with chiral phosphoric acids to achieve
high enantioselectivity in this reaction.

T
he power of light-induced electron trans-
fer for catalytic organic synthesis (1–8)
has been demonstrated by the remarkable
recent progress in photoredox catalysis (9, 10).
The photoredox catalysts in current use are

mostly precious metal complexes (11–15) and syn-
thetically elaborate organic dyes (16), which have
charge-separated excited states (17–19) accessible
by absorption of visible light (Fig. 1A). Photo-
induced intermolecular charge transfer through
assembly of donor and acceptor molecules by
noncovalent interactions is awell-known process

in photochemistry (Fig. 1A), which may not re-
quire each substrate (donor or acceptor) to absorb
at the desired wavelength individually (20, 21).
Such irradiation-induced intermolecular charge
transfer is applied in organic photovoltaics (22)
and traditional photochemistry (23) but is seldom
used as a principle to construct a catalytic redox
cycle for organic synthesis.
We posited that a photoredox catalytic cycle

based on light-induced intermolecular electron
transfer without direct excitation of the catalyst
and substrates could obviate the need for expen-

sive dyes. Specifically, we targeted light-induced
intermolecular electron transfer from sodium
iodide to an aliphatic redox-active ester (RAE)
(24–26) to induce radical decarboxylation con-
trollably and thereby deliver an alkyl radical useful
in organic synthesis (Fig. 1B).

Simulations of charge
transfer energetics

Sodium iodide is known to reduce aryl bromide
and triflate to the respective aryl radicals for the
aromatic Finkelstein reaction, but only under
high-energy ultraviolet (UV) irradiation (27, 28).
Through density functional theory (DFT) calcula-
tions (see supplementarymaterials), we estimated
that electron transfer from sodium iodide to
the RAE N-(cyclohexanecarbonyl)phthalimide is
endergonic by 56.2 kcal/mol, but only by 44.3 kcal/
mol in the presence of triphenylphosphine (PPh3)
because of the favorable formation of the Ph3P–I•
radical (calculated to be exergonic by 11.9 kcal/
mol) (29, 30). A Ph3P–I• species was observed by
electron paramagnetic resonance spectroscopy
in the 1970s (30). Theoretical calculations (see
supplementary materials) and natural bond
orbital analysis suggest a reduction potential of
0.69 V versus saturated calomel electrode (SCE),
and spin densities delocalized across I and P are
0.44 and 0.42, respectively (Fig. 1B). The calcu-
lations also suggested that complexation of NaI
and PPh3 is exergonic in acetonitrile through the
cation-p interaction (exergonic by 4.6 kcal/mol).
The assembly of NaI and PPh3 with the RAE
N-(cyclohexanecarbonyl)phthalimide to form a
charge transfer complex (CTC) via coulombic inter-
action is calculated to be exergonic by 3.8 kcal/mol
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Fig. 1. Redox catalysis based on light-induced
intermolecular electron transfer from sodium
iodide to redox-active ester. (A) Light-
induced intramolecular charge transfer
(CT) and light-induced intermolecular donor
(D)–acceptor (A) charge transfer through
self-assembly via noncovalent interactions.
L, ligand; M, metal. (B) Estimated Gibbs
energy change of intermolecular electron
transfer from NaI and NaI/PPh3 component
to aliphatic N-(acyloxy)phthalimide (NPhth) to deliver an alkyl radical, and a possible iodide/phosphine redox cycle. (C) Photoactivation of assembled
complex of N-(acyloxy)phthalimide with NaI and PPh3 through coulombic and cation-p interactions. SET, single electron transfer.

• Quinuclidine + Tetrachlorophthalimide

Bach et al. ACS Catal. 2019, 9, 9103-9109.

Fu et al. Science. 2019, 363, 1429‒1434.
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because of its established ability to participate in EDA complex
formation acting as a donor.7 Initial experiments were
conducted with vinylsulfone 2a at 40 °C in dimethylformamide
(DMF) using a blue LED emitting at 456 nm. The choice of
suitable acceptor catalysts was informed by the tendency of
phthalides and tetrachlorophthalides to serve as suitable
electron-poor redox auxiliaries for stoichiometric EDA
complex formation.8 We surmised that these electron-poor
fragments, when embedded within the catalyst structure, could
ensure (i) effective EDA complex formation upon ground-state
aggregation with electron-rich substrates and (ii) effective
turnover upon SET oxidation of the ensuing radical anion of
type I (see mechanistic insight in Figure 1b). We first tested
the catalytic activity of phthalimide A (20 mol %), which failed
to provide the target Giese addition product 3a (entry 1,
Figure 2b). In contrast, tetrachlorophthalimides B and C,
which were prepared in a single step from commercial
reagents, acted as effective EDA acceptor catalysts, affording
3a in high yield (entries 2 and 3, respectively). These different
catalytic performances can be rationalized by considering the
higher electron-acceptor ability of catalysts B and C, as inferred
by their redox properties. Cyclic voltammetry studies, detailed
in Figure 2c and section D3 of the Supporting Information,

showed a well-shaped reversible behavior for B and C. This
hints at a certain kinetic stability of the corresponding radical
anion of type I, which can be crucial for catalyst turnover.
We then evaluated the ability of our EDA acceptor catalysts

to activate electron-rich radical precursors bearing other redox
auxiliary groups than DHP. We found that silicate 1b9 and
trifluoroborate salt 1c10 could also be activated to form a
cyclopentyl radical. Catalyst C performed better than B in
activating 1b and 1c, leading to the Giese product 3a in good
yield (entries 5 and 7, respectively). These results highlight
how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
Investigations were performed to gain mechanistic insights.

The formation of an EDA aggregation in the ground state was
confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

Reduced catalyst B is kinetically stable.
→ Effective turn over.

because of its established ability to participate in EDA complex
formation acting as a donor.7 Initial experiments were
conducted with vinylsulfone 2a at 40 °C in dimethylformamide
(DMF) using a blue LED emitting at 456 nm. The choice of
suitable acceptor catalysts was informed by the tendency of
phthalides and tetrachlorophthalides to serve as suitable
electron-poor redox auxiliaries for stoichiometric EDA
complex formation.8 We surmised that these electron-poor
fragments, when embedded within the catalyst structure, could
ensure (i) effective EDA complex formation upon ground-state
aggregation with electron-rich substrates and (ii) effective
turnover upon SET oxidation of the ensuing radical anion of
type I (see mechanistic insight in Figure 1b). We first tested
the catalytic activity of phthalimide A (20 mol %), which failed
to provide the target Giese addition product 3a (entry 1,
Figure 2b). In contrast, tetrachlorophthalimides B and C,
which were prepared in a single step from commercial
reagents, acted as effective EDA acceptor catalysts, affording
3a in high yield (entries 2 and 3, respectively). These different
catalytic performances can be rationalized by considering the
higher electron-acceptor ability of catalysts B and C, as inferred
by their redox properties. Cyclic voltammetry studies, detailed
in Figure 2c and section D3 of the Supporting Information,

showed a well-shaped reversible behavior for B and C. This
hints at a certain kinetic stability of the corresponding radical
anion of type I, which can be crucial for catalyst turnover.
We then evaluated the ability of our EDA acceptor catalysts

to activate electron-rich radical precursors bearing other redox
auxiliary groups than DHP. We found that silicate 1b9 and
trifluoroborate salt 1c10 could also be activated to form a
cyclopentyl radical. Catalyst C performed better than B in
activating 1b and 1c, leading to the Giese product 3a in good
yield (entries 5 and 7, respectively). These results highlight
how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
Investigations were performed to gain mechanistic insights.

The formation of an EDA aggregation in the ground state was
confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

N

O

O

O
R

O

N

O

O

O
R

O

N

O

O

R
SET

CO2 ++

N

O

O

N

O

O

N

O

O

SET
+

[Redox active ether]

[acceptor catalysts]



Electron donors as radical source 32

Fensterbank et al. Chem. Soc. Rev., 2022, 51, 1470‒1510.

Li et al. Adv. Synth. Catal. 2018, 360, 2781-2795. 

[Trifluoroborate] [silicate]

N
H

MeMe

OEt

O

EtO

O R

N MeMe

OEt

O

EtO

O R

N MeMe

OEt

O

EtO

O

+ R
SET

[Dihydropyridine]

4CzIPN



UV-vis spectroscopy 33

Red shift was observed. → EDA complex formation.
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radical precursors.
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confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.
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how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
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yellow color, while its absorption spectrum showed a
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behavior was observed when mixing catalyst C and silicate 1b
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[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

because of its established ability to participate in EDA complex
formation acting as a donor.7 Initial experiments were
conducted with vinylsulfone 2a at 40 °C in dimethylformamide
(DMF) using a blue LED emitting at 456 nm. The choice of
suitable acceptor catalysts was informed by the tendency of
phthalides and tetrachlorophthalides to serve as suitable
electron-poor redox auxiliaries for stoichiometric EDA
complex formation.8 We surmised that these electron-poor
fragments, when embedded within the catalyst structure, could
ensure (i) effective EDA complex formation upon ground-state
aggregation with electron-rich substrates and (ii) effective
turnover upon SET oxidation of the ensuing radical anion of
type I (see mechanistic insight in Figure 1b). We first tested
the catalytic activity of phthalimide A (20 mol %), which failed
to provide the target Giese addition product 3a (entry 1,
Figure 2b). In contrast, tetrachlorophthalimides B and C,
which were prepared in a single step from commercial
reagents, acted as effective EDA acceptor catalysts, affording
3a in high yield (entries 2 and 3, respectively). These different
catalytic performances can be rationalized by considering the
higher electron-acceptor ability of catalysts B and C, as inferred
by their redox properties. Cyclic voltammetry studies, detailed
in Figure 2c and section D3 of the Supporting Information,

showed a well-shaped reversible behavior for B and C. This
hints at a certain kinetic stability of the corresponding radical
anion of type I, which can be crucial for catalyst turnover.
We then evaluated the ability of our EDA acceptor catalysts

to activate electron-rich radical precursors bearing other redox
auxiliary groups than DHP. We found that silicate 1b9 and
trifluoroborate salt 1c10 could also be activated to form a
cyclopentyl radical. Catalyst C performed better than B in
activating 1b and 1c, leading to the Giese product 3a in good
yield (entries 5 and 7, respectively). These results highlight
how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
Investigations were performed to gain mechanistic insights.

The formation of an EDA aggregation in the ground state was
confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

• Catalyst B and C afforded product in high yield.
• Radical generation via EDA complex. (entry 8~10)

because of its established ability to participate in EDA complex
formation acting as a donor.7 Initial experiments were
conducted with vinylsulfone 2a at 40 °C in dimethylformamide
(DMF) using a blue LED emitting at 456 nm. The choice of
suitable acceptor catalysts was informed by the tendency of
phthalides and tetrachlorophthalides to serve as suitable
electron-poor redox auxiliaries for stoichiometric EDA
complex formation.8 We surmised that these electron-poor
fragments, when embedded within the catalyst structure, could
ensure (i) effective EDA complex formation upon ground-state
aggregation with electron-rich substrates and (ii) effective
turnover upon SET oxidation of the ensuing radical anion of
type I (see mechanistic insight in Figure 1b). We first tested
the catalytic activity of phthalimide A (20 mol %), which failed
to provide the target Giese addition product 3a (entry 1,
Figure 2b). In contrast, tetrachlorophthalimides B and C,
which were prepared in a single step from commercial
reagents, acted as effective EDA acceptor catalysts, affording
3a in high yield (entries 2 and 3, respectively). These different
catalytic performances can be rationalized by considering the
higher electron-acceptor ability of catalysts B and C, as inferred
by their redox properties. Cyclic voltammetry studies, detailed
in Figure 2c and section D3 of the Supporting Information,

showed a well-shaped reversible behavior for B and C. This
hints at a certain kinetic stability of the corresponding radical
anion of type I, which can be crucial for catalyst turnover.
We then evaluated the ability of our EDA acceptor catalysts

to activate electron-rich radical precursors bearing other redox
auxiliary groups than DHP. We found that silicate 1b9 and
trifluoroborate salt 1c10 could also be activated to form a
cyclopentyl radical. Catalyst C performed better than B in
activating 1b and 1c, leading to the Giese product 3a in good
yield (entries 5 and 7, respectively). These results highlight
how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
Investigations were performed to gain mechanistic insights.

The formation of an EDA aggregation in the ground state was
confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

because of its established ability to participate in EDA complex
formation acting as a donor.7 Initial experiments were
conducted with vinylsulfone 2a at 40 °C in dimethylformamide
(DMF) using a blue LED emitting at 456 nm. The choice of
suitable acceptor catalysts was informed by the tendency of
phthalides and tetrachlorophthalides to serve as suitable
electron-poor redox auxiliaries for stoichiometric EDA
complex formation.8 We surmised that these electron-poor
fragments, when embedded within the catalyst structure, could
ensure (i) effective EDA complex formation upon ground-state
aggregation with electron-rich substrates and (ii) effective
turnover upon SET oxidation of the ensuing radical anion of
type I (see mechanistic insight in Figure 1b). We first tested
the catalytic activity of phthalimide A (20 mol %), which failed
to provide the target Giese addition product 3a (entry 1,
Figure 2b). In contrast, tetrachlorophthalimides B and C,
which were prepared in a single step from commercial
reagents, acted as effective EDA acceptor catalysts, affording
3a in high yield (entries 2 and 3, respectively). These different
catalytic performances can be rationalized by considering the
higher electron-acceptor ability of catalysts B and C, as inferred
by their redox properties. Cyclic voltammetry studies, detailed
in Figure 2c and section D3 of the Supporting Information,

showed a well-shaped reversible behavior for B and C. This
hints at a certain kinetic stability of the corresponding radical
anion of type I, which can be crucial for catalyst turnover.
We then evaluated the ability of our EDA acceptor catalysts

to activate electron-rich radical precursors bearing other redox
auxiliary groups than DHP. We found that silicate 1b9 and
trifluoroborate salt 1c10 could also be activated to form a
cyclopentyl radical. Catalyst C performed better than B in
activating 1b and 1c, leading to the Giese product 3a in good
yield (entries 5 and 7, respectively). These results highlight
how the modular nature of the acceptor catalysts can be
leveraged to optimize the activation of electronically different
radical precursors.
Investigations were performed to gain mechanistic insights.

The formation of an EDA aggregation in the ground state was
confirmed through UV/vis spectroscopic analysis (Figure 2d).
After mixing catalyst B with 1a, the solution developed a pale-
yellow color, while its absorption spectrum showed a
bathochromic displacement in the visible region. The same
behavior was observed when mixing catalyst C and silicate 1b
and trifluoroborate salt 1c (details in Figures S9 and S10 in
Supporting Information). In contrast, no EDA complex
formation was observed when mixing substrates 1a−c and 2a

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 40 °C
for 16 h under illumination by a Kessil lamp (λmax = 456 nm, 40 W) using 1.5 equiv of 1. Yield was determined by 1H NMR analysis. *Yield of the
isolated 3a. (c) Cyclovoltammetric study of catalyst B [0.02 M] in DMF vs Ag/AgCl. (d) Optical absorption spectra, recorded in DMF in 1 mm
path quartz cuvettes, of the separate reaction components and appearance of the colored EDA complex between catalyst B and 1a. [1a] = 0.15 M,
[B] = 0.02 M.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c03546
J. Am. Chem. Soc. 2022, 144, 8914−8919

8915

[Giese-type radical addition]



Substrate scope of Giese-type radical addition 35

(see section D2 in Supporting Information for details). We
considered also the possibility that other photochemical
pathways were operational in the generation of radicals, e.g.,
the direct excitation of catalysts B and C followed by SET
activation of the substrates or the excitation of DHP 1a. We
therefore conducted the model reaction using substrates 1a,
1b, and 1c under illumination by green light (λmax = 520 nm),
a wavelength that cannot be absorbed by either the catalysts or
the substrates (Figure 2d). All of these experiments led to the
formation of product 3a, albeit with moderate yields (entries
8−10). Collectively, these results are congruent with the EDA
complex excitation being responsible for radical generation.
Further control experiments established that light and the
tetrachlorophthalide-based catalysts were essential for reac-
tivity (entries 11 and 12, respectively).
We then evaluated the scope of the Giese addition protocol

using different radical precursors and electron-poor olefins
(Figure 3a). In contrast to other methods,11 there is no need

for stoichiometric amounts of additional reagents (e.g., bases,
reductants, hydrogen-atom donors) or for photoredox
catalysts. The tetrachlorophthalimide-based catalyst B was
used for the EDA complex activation of DHP radical
precursors, while the mesitylene catalyst C proved more
effective for alkylsilicates and organotrifluoroborates. Primary
(product 3b), secondary (3a and 3c), tertiary (3d), and α-

heteroatom (3e and 3f) radicals were generated efficiently and
trapped with vinyl sulfone 2a in moderate to good yields.
Other olefins could be used to intercept the photogenerated
radicals, including dimethyl fumarate (products 3g and 3h),
acrylonitrile (3i), cyclopentenone (3j), and dibenzoylethylene
(3k and 3l). The use of bis(phenylsulfonyl)ethene 2b as the
radical trap led to an addition−elimination sequence affording
the vinylation products 4a and 4b in good yields (Figure 3b).
A list of unsuccessful and moderately reactive substrates is
reported in Figure S6 of the Supporting Information. The
process could be readily performed on a synthetically
significant scale (5 mmol). For example, the reaction of tert-
butyl trifluoroborate and 2a offered product 3d in 52% yield
(0.59 g).
Mechanistically, we propose that the Giese reaction

proceeds via a redox-neutral catalytic cycle (Figure 3c).
Excitation of the EDA complex formed between the acceptor
catalyst B or C and the electron-rich substrate 1 would
generate the alkyl radical II along with the catalyst radical
anion I (path detailed in Figure 1b). Interception of II by the
electron-poor olefin 2 would lead to the reactive electrophilic
radical III. SET reduction of III by the catalyst radical anion I
would then afford product 3 while closing the catalytic cycle.
The last SET event, which is crucial for catalyst turnover, is
thermodynamically feasible on the basis of the redox properties
of the radical anion I (Ered = −0.84 for catalyst B) and radical
III (e.g., Ered = −0.54 vs SCE for the radical generated upon
radical trap from fumarate).12 To corroborate this mechanistic
proposal, we measured the quantum yield (Φ) of the reaction
of 1a and 2a catalyzed by B, which was as low as 0.04 (λ = 460
nm, using potassium ferrioxalate as the actinometer; see
section D.4 in Supporting Information). This result indicates
that a radical-chain process is unlikely, confirming the ability of
the EDA catalytic donor to turn over and repeatedly trigger
radical formation.
One of our goals was to identify a general acceptor catalyst

suitable for the design of mechanistically distinct radical
processes. Specifically, we sought to integrate our EDA
complex catalytic platform with a cobalt-based catalytic
process. The literature contains a few reports on the use of
EDA complexes to generate radicals and feed a metal-based
catalytic cycle.13 The synergy of EDA catalysis and metal
catalysis was successfully implemented by combining the
action of the EDA acceptor catalyst C and cobaloxime 714 to
perform the Heck-type coupling of radical precursors 1 with
styrene derivatives 5 (Figure 4a).15

The generality of this dual catalytic protocol, which afforded
products 6, was first investigated with respect to the styrene
component. Electron-poor (products 6b−g) and electron-rich
(adducts 6h and 6i) styrenes bearing ortho-, meta-, or para-
substituents on the aryl ring all reacted smoothly to provide
the corresponding disubstituted alkene products in moderate
to good yields. Vinyl heteroarenes, bearing a pyridine (6j) or a
thiophene (6k) scaffold, were competent substrates. While a
large variety of DHP radical precursors were amenable to this
Heck-type process, alkyl silicates could also be used. Primary
(6l and 6m), secondary (6n−q), and tertiary (6r) carbon-
centered radicals were effectively generated and coupled with
vinylpyridine or styrene. A carbamoyl radical could also be
used effectively (product 6s). We also demonstrated that this
method is suitable for the direct functionalization of
biorelevant compounds, since we installed the fenofibrate
(6t), indomethacin (6u), pregnenolone (6v), pseudouridine

Figure 3. (a) Substrate scope for the Giese reaction catalyzed by EDA
acceptors. Reactions were performed on a 0.2 mmol scale using 1.5
equiv of 1. Catalyst B was used for DHP substrates, and C was used
for silicates and trifluoroborates. Yields refer to isolated products 3
(average of two runs per substrate). #Using K+ as cation of the silicate.
*5 mmol scale reaction. (b) Formal radical vinylation. (c) Proposed
mechanism.
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(see section D2 in Supporting Information for details). We
considered also the possibility that other photochemical
pathways were operational in the generation of radicals, e.g.,
the direct excitation of catalysts B and C followed by SET
activation of the substrates or the excitation of DHP 1a. We
therefore conducted the model reaction using substrates 1a,
1b, and 1c under illumination by green light (λmax = 520 nm),
a wavelength that cannot be absorbed by either the catalysts or
the substrates (Figure 2d). All of these experiments led to the
formation of product 3a, albeit with moderate yields (entries
8−10). Collectively, these results are congruent with the EDA
complex excitation being responsible for radical generation.
Further control experiments established that light and the
tetrachlorophthalide-based catalysts were essential for reac-
tivity (entries 11 and 12, respectively).
We then evaluated the scope of the Giese addition protocol

using different radical precursors and electron-poor olefins
(Figure 3a). In contrast to other methods,11 there is no need

for stoichiometric amounts of additional reagents (e.g., bases,
reductants, hydrogen-atom donors) or for photoredox
catalysts. The tetrachlorophthalimide-based catalyst B was
used for the EDA complex activation of DHP radical
precursors, while the mesitylene catalyst C proved more
effective for alkylsilicates and organotrifluoroborates. Primary
(product 3b), secondary (3a and 3c), tertiary (3d), and α-

heteroatom (3e and 3f) radicals were generated efficiently and
trapped with vinyl sulfone 2a in moderate to good yields.
Other olefins could be used to intercept the photogenerated
radicals, including dimethyl fumarate (products 3g and 3h),
acrylonitrile (3i), cyclopentenone (3j), and dibenzoylethylene
(3k and 3l). The use of bis(phenylsulfonyl)ethene 2b as the
radical trap led to an addition−elimination sequence affording
the vinylation products 4a and 4b in good yields (Figure 3b).
A list of unsuccessful and moderately reactive substrates is
reported in Figure S6 of the Supporting Information. The
process could be readily performed on a synthetically
significant scale (5 mmol). For example, the reaction of tert-
butyl trifluoroborate and 2a offered product 3d in 52% yield
(0.59 g).
Mechanistically, we propose that the Giese reaction

proceeds via a redox-neutral catalytic cycle (Figure 3c).
Excitation of the EDA complex formed between the acceptor
catalyst B or C and the electron-rich substrate 1 would
generate the alkyl radical II along with the catalyst radical
anion I (path detailed in Figure 1b). Interception of II by the
electron-poor olefin 2 would lead to the reactive electrophilic
radical III. SET reduction of III by the catalyst radical anion I
would then afford product 3 while closing the catalytic cycle.
The last SET event, which is crucial for catalyst turnover, is
thermodynamically feasible on the basis of the redox properties
of the radical anion I (Ered = −0.84 for catalyst B) and radical
III (e.g., Ered = −0.54 vs SCE for the radical generated upon
radical trap from fumarate).12 To corroborate this mechanistic
proposal, we measured the quantum yield (Φ) of the reaction
of 1a and 2a catalyzed by B, which was as low as 0.04 (λ = 460
nm, using potassium ferrioxalate as the actinometer; see
section D.4 in Supporting Information). This result indicates
that a radical-chain process is unlikely, confirming the ability of
the EDA catalytic donor to turn over and repeatedly trigger
radical formation.
One of our goals was to identify a general acceptor catalyst

suitable for the design of mechanistically distinct radical
processes. Specifically, we sought to integrate our EDA
complex catalytic platform with a cobalt-based catalytic
process. The literature contains a few reports on the use of
EDA complexes to generate radicals and feed a metal-based
catalytic cycle.13 The synergy of EDA catalysis and metal
catalysis was successfully implemented by combining the
action of the EDA acceptor catalyst C and cobaloxime 714 to
perform the Heck-type coupling of radical precursors 1 with
styrene derivatives 5 (Figure 4a).15

The generality of this dual catalytic protocol, which afforded
products 6, was first investigated with respect to the styrene
component. Electron-poor (products 6b−g) and electron-rich
(adducts 6h and 6i) styrenes bearing ortho-, meta-, or para-
substituents on the aryl ring all reacted smoothly to provide
the corresponding disubstituted alkene products in moderate
to good yields. Vinyl heteroarenes, bearing a pyridine (6j) or a
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large variety of DHP radical precursors were amenable to this
Heck-type process, alkyl silicates could also be used. Primary
(6l and 6m), secondary (6n−q), and tertiary (6r) carbon-
centered radicals were effectively generated and coupled with
vinylpyridine or styrene. A carbamoyl radical could also be
used effectively (product 6s). We also demonstrated that this
method is suitable for the direct functionalization of
biorelevant compounds, since we installed the fenofibrate
(6t), indomethacin (6u), pregnenolone (6v), pseudouridine
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8−10). Collectively, these results are congruent with the EDA
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Further control experiments established that light and the
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tivity (entries 11 and 12, respectively).
We then evaluated the scope of the Giese addition protocol
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(Figure 3a). In contrast to other methods,11 there is no need
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radicals, including dimethyl fumarate (products 3g and 3h),
acrylonitrile (3i), cyclopentenone (3j), and dibenzoylethylene
(3k and 3l). The use of bis(phenylsulfonyl)ethene 2b as the
radical trap led to an addition−elimination sequence affording
the vinylation products 4a and 4b in good yields (Figure 3b).
A list of unsuccessful and moderately reactive substrates is
reported in Figure S6 of the Supporting Information. The
process could be readily performed on a synthetically
significant scale (5 mmol). For example, the reaction of tert-
butyl trifluoroborate and 2a offered product 3d in 52% yield
(0.59 g).
Mechanistically, we propose that the Giese reaction

proceeds via a redox-neutral catalytic cycle (Figure 3c).
Excitation of the EDA complex formed between the acceptor
catalyst B or C and the electron-rich substrate 1 would
generate the alkyl radical II along with the catalyst radical
anion I (path detailed in Figure 1b). Interception of II by the
electron-poor olefin 2 would lead to the reactive electrophilic
radical III. SET reduction of III by the catalyst radical anion I
would then afford product 3 while closing the catalytic cycle.
The last SET event, which is crucial for catalyst turnover, is
thermodynamically feasible on the basis of the redox properties
of the radical anion I (Ered = −0.84 for catalyst B) and radical
III (e.g., Ered = −0.54 vs SCE for the radical generated upon
radical trap from fumarate).12 To corroborate this mechanistic
proposal, we measured the quantum yield (Φ) of the reaction
of 1a and 2a catalyzed by B, which was as low as 0.04 (λ = 460
nm, using potassium ferrioxalate as the actinometer; see
section D.4 in Supporting Information). This result indicates
that a radical-chain process is unlikely, confirming the ability of
the EDA catalytic donor to turn over and repeatedly trigger
radical formation.
One of our goals was to identify a general acceptor catalyst

suitable for the design of mechanistically distinct radical
processes. Specifically, we sought to integrate our EDA
complex catalytic platform with a cobalt-based catalytic
process. The literature contains a few reports on the use of
EDA complexes to generate radicals and feed a metal-based
catalytic cycle.13 The synergy of EDA catalysis and metal
catalysis was successfully implemented by combining the
action of the EDA acceptor catalyst C and cobaloxime 714 to
perform the Heck-type coupling of radical precursors 1 with
styrene derivatives 5 (Figure 4a).15

The generality of this dual catalytic protocol, which afforded
products 6, was first investigated with respect to the styrene
component. Electron-poor (products 6b−g) and electron-rich
(adducts 6h and 6i) styrenes bearing ortho-, meta-, or para-
substituents on the aryl ring all reacted smoothly to provide
the corresponding disubstituted alkene products in moderate
to good yields. Vinyl heteroarenes, bearing a pyridine (6j) or a
thiophene (6k) scaffold, were competent substrates. While a
large variety of DHP radical precursors were amenable to this
Heck-type process, alkyl silicates could also be used. Primary
(6l and 6m), secondary (6n−q), and tertiary (6r) carbon-
centered radicals were effectively generated and coupled with
vinylpyridine or styrene. A carbamoyl radical could also be
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(S)-7-Chloro-1-cinnamyl-4-(cyclopropylethynyl)-4-(trifluoromethyl)-
1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (6x): Synthesized 
according to General Procedure E using DHP 1s (116.0 mg, 0.2 mmol, 1.0 
equiv.) and styrene (104.0 mg, 1.0 mmol, 5.0 equiv.). An E/Z ratio 
of >20:1 was determined by 1H NMR analysis. The crude mixture was 
purified by flash column chromatography on silica gel (15% AcOEt in 
hexanes as eluent) to afford 6x (54.5 mg, 63% yield) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 7.59 – 7.51 (m, 1H), 7.42 – 7.27 (m, 5H), 

7.25 – 7.22(m, 1H), 6.98 (d, J = 8.8 Hz, 1H), 6.58 (dt, J = 16.1, 1.7 Hz, 1H), 6.18 (dt, J = 16.1, 
5.6 Hz, 1H), 4.79 – 4.59 (m, 2H), 1.40 (tt, J = 8.3, 5.1 Hz, 1H), 0.99 – 0.78 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ 148.2, 136.0, 135.4, 133.4, 131.6, 129.1, 128.8, 128.3, 126.6, 
122.1, 117.8, 115.8, 95.8, 66.4, 46.9, 8.94, 8.91, -0.5. 
19F NMR (376 MHz, CDCl3) δ -80.20. 
HRMS: calculated for C23H17ClF3NNaO2 (M+Na+): 454.0792, found 454.0800. 
 
C4. Unsuccessful Substrates 

 

Figure S7: Unsuccessful substrates that offered poor yields (ranging from 0 to <20%) 
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Heck-type reaction with cobaloxime 36

(6w), and efavirenz (6x) scaffold within the Heck-type
products.
The proposed mechanism is depicted in Figure 4b. The

photoactivity of the catalytic EDA complex, formed by
association of the acceptor catalyst C with the electron-rich
radical precursor 1, would lead to the alkyl radical II and the
catalyst radical anion I. Subsequent addition of II to styrene
would furnish a stable benzylic radical intermediate IV. At this
juncture, the EDA catalytic cycle would intersect the
cobaloxime cycle: the catalyst radical anion I would undergo
SET oxidation from the Co(III) catalyst 7 (Ered[CoIII/CoII] =
−0.67 V versus the saturated calomel electrode (SCE) in

MeCN)16 to afford the Co(II) species V while turning over the
EDA acceptor catalyst. The cobalt-based catalytic cycle would
continue with the Co(II) intermediate V intercepting the
benzylic radical IV to form the Co(III) intermediate VI, which
is known to undergo facile β-hydride eliminations.17 This step
would deliver the alkene product 6 and the Co(III)−H
intermediate VII, which, upon reaction with either protic
sources (e.g., protonated pyridine arising from DHPs) or
another molecule of VII, would release H2

16 and regenerate
the Co(III) catalyst 7. The quantum yield of the Heck-type
reaction leading to product 6a was as low as 0.01 (λ = 460 nm,

Figure 4. Dual photochemical EDA complex−cobalt catalytic system for the Heck-type reaction. (a) Scope of the Heck-type process. Reactions
were performed on a 0.2 mmol scale using 5 equiv of 5 and 1 equiv of 1. Yields refer to isolated products 6 after purification (average of two runs).
E/Z ratio was determined by 1H NMR analysis of the crude mixture. #Using K+ as cation of the silicate. (b) Proposed mechanism, with the cobalt
and EDA catalytic cycles intertwined.
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(6w), and efavirenz (6x) scaffold within the Heck-type
products.
The proposed mechanism is depicted in Figure 4b. The

photoactivity of the catalytic EDA complex, formed by
association of the acceptor catalyst C with the electron-rich
radical precursor 1, would lead to the alkyl radical II and the
catalyst radical anion I. Subsequent addition of II to styrene
would furnish a stable benzylic radical intermediate IV. At this
juncture, the EDA catalytic cycle would intersect the
cobaloxime cycle: the catalyst radical anion I would undergo
SET oxidation from the Co(III) catalyst 7 (Ered[CoIII/CoII] =
−0.67 V versus the saturated calomel electrode (SCE) in

MeCN)16 to afford the Co(II) species V while turning over the
EDA acceptor catalyst. The cobalt-based catalytic cycle would
continue with the Co(II) intermediate V intercepting the
benzylic radical IV to form the Co(III) intermediate VI, which
is known to undergo facile β-hydride eliminations.17 This step
would deliver the alkene product 6 and the Co(III)−H
intermediate VII, which, upon reaction with either protic
sources (e.g., protonated pyridine arising from DHPs) or
another molecule of VII, would release H2

16 and regenerate
the Co(III) catalyst 7. The quantum yield of the Heck-type
reaction leading to product 6a was as low as 0.01 (λ = 460 nm,

Figure 4. Dual photochemical EDA complex−cobalt catalytic system for the Heck-type reaction. (a) Scope of the Heck-type process. Reactions
were performed on a 0.2 mmol scale using 5 equiv of 5 and 1 equiv of 1. Yields refer to isolated products 6 after purification (average of two runs).
E/Z ratio was determined by 1H NMR analysis of the crude mixture. #Using K+ as cation of the silicate. (b) Proposed mechanism, with the cobalt
and EDA catalytic cycles intertwined.
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(S)-7-Chloro-1-cinnamyl-4-(cyclopropylethynyl)-4-(trifluoromethyl)-
1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (6x): Synthesized 
according to General Procedure E using DHP 1s (116.0 mg, 0.2 mmol, 1.0 
equiv.) and styrene (104.0 mg, 1.0 mmol, 5.0 equiv.). An E/Z ratio 
of >20:1 was determined by 1H NMR analysis. The crude mixture was 
purified by flash column chromatography on silica gel (15% AcOEt in 
hexanes as eluent) to afford 6x (54.5 mg, 63% yield) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 7.59 – 7.51 (m, 1H), 7.42 – 7.27 (m, 5H), 

7.25 – 7.22(m, 1H), 6.98 (d, J = 8.8 Hz, 1H), 6.58 (dt, J = 16.1, 1.7 Hz, 1H), 6.18 (dt, J = 16.1, 
5.6 Hz, 1H), 4.79 – 4.59 (m, 2H), 1.40 (tt, J = 8.3, 5.1 Hz, 1H), 0.99 – 0.78 (m, 4H). 
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122.1, 117.8, 115.8, 95.8, 66.4, 46.9, 8.94, 8.91, -0.5. 
19F NMR (376 MHz, CDCl3) δ -80.20. 
HRMS: calculated for C23H17ClF3NNaO2 (M+Na+): 454.0792, found 454.0800. 
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[NaI and PPh3]

[Tetrachlorophthalimide]
• One of the few examples of catalytic acceptors.
• Applicable to wide range of electron donors.
• Combination with metal-based catalytic system.

• Tricomponent EDA complex.
• Industrial application to large-scale synthesis.
• Applicable to wide range of electron acceptor.
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[Redox auxiliary]
• Relying on existing redox auxiliaries.
→ Investigation of new EDA-active structure(redox auxiliary).

• Radical generation without conversion to redox auxiliary.
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EDA complex

SET

[Redox auxiliary]
• Relying on existing redox auxiliaries.
→ Investigation of new EDA-active structure(redox auxiliary).

• Radical generation without conversion to redox auxiliary.
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