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ABSTRACT: We describe a photocatalytic system that elicits potent photoreductant activity from conventional photocatalysts by 
leveraging radical anion intermediates generated in situ. The combination of isophthalonitrile and sodium formate promotes diverse 

aryl radical coupling reactions from abundant but difficult to reduce aryl chloride substrates. Mechanistic studies reveal two parallel 

pathways for substrate reduction both enabled by a key terminal reductant byproduct, carbon dioxide radical anion.

Reductive activation of organic molecules via single electron 

transfer (SET) is a fundamental elementary step that underpins 
diverse and powerful synthetic transformations.1–4 Photoredox 

catalysis promotes SET through conversion of energy from vis-
ible light into chemical redox potential and has enabled a suite 

of carbon-carbon and carbon-heteroatom bond-forming reac-
tions.5–9 When considering whether a substate will be suitable 

for photoredox reduction, two primary catalyst parameters are 
initially considered: (1) E1/2(PC•+/PC*) and (2) E1/2(PC/PC•–

).7,10,11 These values reflect redox potentials bounded by the en-
ergy of photons in the visible region, a limitation compounded 

by energy losses to intersystem crossing.12 As a result, many 
abundant but challenging to reduce substrates are excluded 

from photoredox activation based on these guidelines (Figure 

1A).13–15 

Aryl radicals are reactive intermediates that engage in a myr-

iad of synthetically valuable transformations.16–18 Classically, 
aryl radical intermediates are generated from aryl diazonium 

salts, iodides, or bromides.19–29 Aryl chlorides are rarely used as 
radical precursors despite the fact they comprise over two 

thirds30 of commercially available aryl halides (Figure 1B).31–35 
This is a consequence of their resistance to reductive activa-

tion,13 and high C(sp2)–Cl BDE.36,37 König recently pioneered 
an elegant strategy, termed consecutive photoinduced electron 

transfer (conPET), wherein a photochemically generated radi-
cal anion is subsequently excited.38,39 This approach primes the 

photocatalyst with an electron prior to excitation and, in princi-
ple, can generate much deeper reduction potentials through 

E1/2(PC/PC•–*). Indeed, later implementations of this conPET 
strategy unlocked exceptionally challenging reductions.40,41 

However, all recent advances in visible light photoredox meth-

ods that reduce electronically diverse chloroarenes have been 
limited to proteodefunctionalization and borylation reac-

tions.40,42–45  Recent electrophotocatalytic46–49 approaches have 
directly generated these electron- primed photocatalysts cathod-

ically.50,51 While this strategy has begun to expand the range of 
radical coupling reactions that engage aryl chlorides, a general 

approach to leverage the expansive pool of aryl chloride sub-
strates in radical couplings has remained elusive and the need 

for electrochemical equipment remains a barrier in some 

settings.52,53 In particular, net-reductive radical coupling pro-

cesses, such as alkene hydroarylation54–56, have remained elu-
sive for aryl chloride substrates for all modern methods. We 

suspect that the paucity of net-reductive processes is a conse-
quence of the intrinsic challenges of circumventing premature 

reduction of the aryl radical intermediate (Ered(Ph•/Ph–) = +0.05 

V vs. SCE)57 in the presence of a stoichiometric reductant. 

Our group recently used electrochemistry to examine a di-

verse set of organic radical anions for photocatalytic activity in 
the reductive cleavage of strong C(sp2)–O and C(sp2)–N 

bonds.58 These experiments revealed that numerous radical 
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Figure 1. (A) Energy limitations for photoredox catalysis and electron-primed 
photoredox catalysis. (B) Aryl chlorides abundance and reactivity as aryl 
radical precursors. (C) Strategy employing chemical reductants to exploit 
electron-primed photoredox catalysis. All V vs. SCE.

A

B

C



 

anions, including those derived from commonly employed pho-
toredox catalysts, can serve as potent photocatalytic reductants 

upon cathodic reduction. These data fit into a growing body of 
literature from our group59 and others40,60 that suggest photo-

catalyst-based redox events can engender more potent activity 
from conventional photocatalysts. Taken together, these data 

led us to consider whether we could redesign a photocatalytic 
system to favor formation of photoactive radical anion interme-

diates to elicit deeply reducing potentials and expand the reper-
toire of coupling reactions available from aryl chlorides under 

operationally simple conditions (Figure 1C). Herein, we dis-
close that selection of an appropriate reductant to generate and 

maintain an active electron-primed photoredox catalyst in situ 
enables reduction potentials far beyond those expected from 

conventional catalyst selection criteria. These new   reduction 
conditions promote a diverse array of intermolecular coupling 

reactions, including net-reductive coupling processes, from 

readily available aryl chloride substrates.  

We first evaluated a suite of organic compounds recently 

found to possess photocatalytically active radical anion conge-
ners1  for activity in the dehalogenation of PhCl (Ered = –2.8 V 

vs. SCE). Considering only conventional photoredox catalyst 
selection parameters (PC/PC•– and PC*/PC•+), this reduction 

would be exceedingly endothermic (>1 V) for the photocata-
lysts under investigation. Therefore, activity in this assay would 

implicate in situ formation of a distinct and potent reductant. 
Initially, we examined a range of trialkylamine reductants be-

cause these are common reductants in photoredox catalysis, in-
cluding in conPET strategies (Figure 2A).38,40,62  We found that 

each catalyst modestly promoted this energetically demanding 

dehalogenation reaction. The isophthalonitrile catalysts, which 
are both excellent neutral chromophores63 as well as electron-

primed photoredox catalysts,58 promoted the reaction most effi-
ciently albeit still in poor yield. To exclude hydrogen atom 

transfer (XAT) aryl radical generation,64–66 we examined the re-
ductive defunctionalization of anilinium and aryl phosphate 

salts (Table 1). These are each challenging reductive cleavage 
reactions67,68 of non- polarizable leaving groups unlikely to un-

dergo XAT processes. We found both substrates underwent 
productive defunctionalization, albeit in diminished yield (Fig-

ure S3).  

A broader survey of reductants less commonly employed in 
photoredox catalysis (Figure S4) revealed that sodium formate 

substantially enhanced the photoreductant activity of 4-

DPAIPN (Figure 2A). We suspect this improvement occurs be-

cause formate salts undergo a second-order hydrogen atom 
transfer (HAT) process upon oxidation69 that results in formic 

acid and carbon dioxide radical anion.70–73 As a consequence, a 
second reducing equivalent is liberated from formate after ini-

tial oxidation. We suspect that the carbon dioxide radical anion 
can either reduce another equivalent of photocatalyst or pro-

mote the reaction by direct reduction of substrate 
(E1/2(CO2/CO2

•–) = –2.2 V vs SCE).74 In each mechanistic man-

ifold, the SET is rendered irreversible by the release of CO2 gas. 
This scenario contrasts starkly with the trialkylamine reduct-

ants, which result in oxidizing amine radical cation intermedi-
ates (E1/2 (NR3/NR3

•+)= <1 V vs SCE) that could deactivate the 

radical anion photocatalyst via back electron transfer (Figure 

2B).62,75,76  

We next evaluated the potency of this new catalytic system. 

Having established that chlorobenzene could be reduced (–2.8 
V vs SCE), we probed dehalogenation of increasingly electron-

rich aryl chlorides. These experiments revealed that substrates 
with reduction potentials as low as –3.4 V vs. SCE are effi-

ciently reduced. Additionally, these conditions promoted the 
challenging reductive cleavage of both an anilinium and aryl 

phosphate substrate. Taken together, these data clearly impli-
cate processes beyond a conventional photoredox manifold. For 

example, the reduction of 6 would be predicted to be endother-
mic by nearly 2 V     (>40 kcal/mol at room temperature) based 

on the most reducing conventional redox couple of 4-DPAIPN 

(E1/2(PC/PC•–) = –1.5 V vs SCE).77 We next subjected radical 

clock 9 to this formate-driven system to validate the intermedi-

acy of an aryl radical. As anticipated, these conditions furnished 
the five-membered ring product in high selectivity for radical 

cyclization. Despite its exceptionally reducing potentials, we 
suspected that this operationally simple procedure would be 

amenable to high-throughput techniques widely employed in 
medicinal chemistry. To this end, we rapidly evaluated the tol-

erance of complex drug-like scaffolds using a commercially 
available informer plate designed to challenge modern cross-

coupling technology. We found that not only was photocatalytic 
activity retained in the well-plate format but that several of 

these functional group rich molecules were effectively trans-

formed (Figure S6).  
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Although, in principle, aryl radicals are highly versatile syn-
thetic intermediates, premature reduction precludes radical cou-

pling reactions in many cases. This is particularly problematic 
when potent reductants are required. To evaluate selectivity for 

radical coupling, we targeted redox-neutral photo-Arbuzov and 
radical borylation processes. These established aryl radical 

transformations produce biologically relevant aryl phospho-
nates78 and versatile organoboron products.79 In both cases, we 

found that chloroarene substrates readily underwent the desired 
radical coupling process.80 We found that both difficult to re-

duce electron-rich aryl chlorides and substrates bearing poten-
tially reducible functional groups such as esters and amides 

were well-tolerated (Table 2). Furthermore, the catalytic system 

tolerated medicinally relevant heterocycles.  

Next, we evaluated the reductive hydroarylation of alkenes. 

This challenging aryl radical reaction requires precise control 
over the relative rates of radical coupling versus proteodehalo-

genation. HAT is mechanistically required to furnish product 
and cannot be simply suppressed. Initially, we targeted the syn-

thesis of arylethylamines via hydroarylation. Recently, Jui and 
coworkers reported that aryl radical intermediates productively 

couple with vinyl carbamates to produce the arylethylamine 
pharmacophore.56 Although one of the most reducing conven-

tional photocatalysts was employed, the majority of the reaction 
scope was comprised of aryl iodide substrates and only aryl 

chloride substrates bearing withdrawing groups were viable. In-

triguingly, we found that although the vinylcarbamate substrate  
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Table 1. Evaluation of catalytic system.a,b,c

aReactions were run on 0.4 mmol scale. Isolated yield unless otherwise noted. bNMR yield. cGC yield. dReactions were run with 4-DPAIPN (12-15 mol %), NaCHO2 (3 

equiv), P(OEt)3 (5 equiv). eReactions were run with 4-DPAIPN (5 mol %), NaCHO2 (3 equiv), B2pin2 (3 quiv) and Cs2CO3 (3 equiv). fReactions were run with 4-DPAIPN 

(6 mol %), NaCHO2 (3 equiv), N-vinyl carbamate (2.5 equiv) and CySH (5 mol %). gReactions were run with 4-DPAIPN (6 mol %), NaCHO2 (3 equiv), alkene (5 equiv) 

and CySH (5 mol %). hReactions were run with conditions d-g, using either EtN(iPr)2 or NaCHO2 as the reductant. See SI for details.
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is thermodynamically easier to reduce than most chloroarenes 

(Ered = –2.2 V vs. SCE), these potent reductive conditions selec-
tively transformed chlorobenzene into N-Boc phenethylamine 

in high yield. Even as the gap between the chloroarene and vinyl 
carbamate coupling partner widens, synthetically useful aryle-

thylamine yields are still observed. Similar to the other radical 
couplings, we found aryl chlorides bearing reductively sensitive 

functional groups were tolerated. We also found these condi-
tions promoted the coupling of aryl chlorides and unactivated 

alkenes despite the fact that such a hydroarylation remains chal-
lenging with any aryl radical precursor.81 Finally, we questioned 

whether formate was uniquely effective for each of these radical 
coupling reactions or whether alkylamines were suitable termi-

nal reductants. While EtN(i-Pr)2 and 4-DPAIPN promote pho-
toreduction of chlorobenzene, both reactivity and radical selec-

tivity were diminished in each coupling reaction. Of note, com-
petitive proteodehalogenation nearly precluded net-reductive 

hydroarylation when alkylamines were used.82 

Having established a generally applicable catalytic system to 

engage aryl chloride substrates in radical coupling reactions, we 
next conducted a preliminary mechanistic investigation into the 

process. First, we probed whether an electron-primed photore-
dox mechanism–wherein the 4-DPAIPN radical anion is gen-

erated and subsequently excited–was feasible under these con-
ditions. We irradiated a mixture of 4-DPAIPN and sodium for-

mate while monitoring speciation by UV–Vis (Figure 3A). This 
resulted in a decrease in 4-DPAIPN features and growth of new 

features consistent with electrochemically reduced 4-DPAIPN 
(Figure S10). Next, we probed the photoreduction of aryl chlo-

rides. Chlorobenzene was added to the reaction mixture and, 
upon irradiation, the UV–Vis features of 4-DPAIPN were re-

stored (Figure 3B). As expected based on the >1 V underpoten-
tial, no return of 4-DPAIPN was observed upon addition of 

chlorobenzene to 4-DPAIPN radical anion in the absence of 
light. Consistent with this mechanistic picture, Stern–Volmer 

analysis resulted in no measurable quenching of excited 4-

DPAIPN by chlorobenzene. In contrast, formate salts did 

quench the excited state. Cyclohexane thiol, which was added 
to the net-reductive transformations as an HAT co-catalyst, also 

quenches the excited state and likely mediates the electron-

transfer events in these systems by an analogous mechanism 

(see Figure S8). Taken together, these experiments are con-
sistent with our working hypothesis that photooxidation of for-

mate results in the 4-DPAIPN radical anion which can be sub-
sequently excited to photoreduce chlorobenzene and return 4-

DPAIPN.  

While the UV–Vis experiments indicate that an electron-
primed photoredox mechanism is feasible, we recognized that 

carbon dioxide radical anion is sufficiently reducing 
(Ered(CO2/CO2

•–) = –2.2 V vs SCE)74 to promote reductive 

fragmentation of some of the aryl chloride substrates studied 
without the intervention of an electron-primed photoredox 

manifold. To evaluate the relative contribution of direct sub-
strate reduction by CO2

•–, we attempted to generate this radical 

anion directly by homolysis of (PhS)2 under 370 nm light in the 
absence of 4-DPAIPN.83 We envisioned thiyl radical could ab-

stract a hydrogen atom from formate to directly generate CO2
•– 

in situ (Figure S11).72,84,85 These conditions resulted in quanti-

tative conversion of 4-chlorobenzonitrile (Ered = –2.1 V vs 

SCE). However, only 9% conversion of chlorobenzene (Ered = 
–2.8 V vs SCE)  and <5% conversion of chloroanisole (Ered = –

2.9 V vs SCE) were observed under these photocatalyst-free 
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conditions.  In contrast, all three of substrates are dehalogenated 
in comparable efficiency through use of the 4-DPAIPN condi-

tions. We suspect both mechanisms operate in parallel for 
substrates within the bound of the potency of CO2

•– (–2.2 V vs 

SCE) but that an electron-primed photoredox manifold supports 
more thermodynamically demanding reductions. In both cases, 

the CO2
•– reductant byproduct plays an active role either (a) 

reducing the substrate directly or (b) reducing the photocatalyst 

to reactivate it without requiring persistent multiphoton 

excitation (Scheme 1). 

Overall, we have illustrated that use of a formate-based ter-

minal reductant in combination with an isophthalonitrile photo-
catalyst can engage aryl chlorides in diverse synthetically useful 

coupling reactions . We anticipate that these operationally sim-
ple reaction conditions comprise a broadly useful approach to 

photochemically induce difficult reductive processes. Beyond 
the immediate synthetic utility, these results are important be-

cause they challenge the notion that the terminal reductant can 
be viewed as merely an electron-source to turn over the photo-

catalyst. These data fit within a growing body of literature that 
suggests terminal reductant byproducts can play a non-innocent 

role in photoredox catalysis.65,66,75 We suspect that these results 
could also offer an alternative explanation for recent examples 

wherein isophthalonitrile catalysts have appeared to reduce sub-
strates beyond their expected redox potentials66,86 and, more 

broadly, illustrate the importance of radical ion intermediates in 

photoredox catalysis. 

 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on 

the ACS Publications website. 
 

Experimental procedures, characterization data, and spectra 

(PDF) 

 

AUTHOR INFORMATION 

Corresponding Authors 

* Zachary K. Wickens – Department of Chemistry, Univer-

sity of Wisconsin–Madison, Madison, Wisconsin 53706, 

United States; orcid.org/0000-0002-5733-5288; Email: 

wickens@wisc.edu 

* Charles S. Yeung – Discovery Chemistry, Merck & Co., 
Inc., 33 Avenue Louis Pasteur, Boston, MA 02115, United 

States; orcid.org/0000-0001-7320-7190; email: 

charles.yeung@merck.com 

ACKNOWLEDGMENT  

We thank Prof. Alison Wendlandt for helpful suggestions. We 

thank the Stahl, Weix, Yoon, and Schomaker groups for sharing 
their chemical inventory. We thank Dr. Wesley Swords (Yoon 

group) for assistance with Stern-Volmer quenching experi-
ments. We thank Sara Alektiar for cyclic voltammetry data. 

This work was financially supported by the Office of the Vice 
Chancellor for Research and Graduate Education at the Univer-

sity of Wisconsin–Madison with funding from the Wisconsin 
Alumni Research Foundation. Acknowledgement is made to the 

Donors of the American Chemical Society Petroleum Research 
Fund for partial funding of this research (60677-DNI1). Spec-

troscopic instrumentation was supported by a generous gift 
from Paul J. and Margaret M. Bender, NSF (CHE-1048642), 

and NIH (S10OD012245 and 1S10OD020022-1). 

REFERENCES 

 

(1)  Ashby, E. C. Single-Electron Transfer, a Major Reaction 
Pathway in Organic Chemistry. An Answer to Recent Crit-
icisms. Acc. Chem. Res. 1988, 21 (11), 414–421.  

(2)  Zhang, N.; Samanta, S. R.; Rosen, B. M.; Percec, V. Single 
Electron Transfer in Radical Ion and Radical-Mediated 
Organic, Materials and Polymer Synthesis. Chem. Rev. 
2014, 114 (11), 5848–5958.  

(3)  Broggi, J.; Terme, T.; Vanelle, P. Organic Electron Donors 
as Powerful Single-Electron Reducing Agents in Organic 
Synthesis. Angew. Chem., Int. Ed. 2014, 53 (2), 384–413.  

(4)  Eberson, L. Electron-Transfer Reactions in Organic 
Chemistry. In Advances in Physical Organic Chemistry; 
Gold, V., Bethell, D., Eds.; Academic Press, 1982; Vol. 
18, pp 79–185.  

(5)  Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible 
Light Photoredox Catalysis with Transition Metal Com-
plexes: Applications in Organic Synthesis. Chem. Rev. 
2013, 113 (7), 5322–5363.  

(6)  Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photore-
dox Catalysis in Organic Chemistry. J. Org. Chem. 2016, 
81 (16), 6898–6926.  

(7)  Romero, N. A.; Nicewicz, D. A. Organic Photoredox Ca-
talysis. Chem. Rev. 2016, 116 (17), 10075–10166.  

(8)  Skubi, K. L.; Blum, T. R.; Yoon, T. P. Dual Catalysis 
Strategies in Photochemical Synthesis. Chem. Rev. 2016, 
116 (17), 10035–10074.  

(9)  Narayanam, J. M. R.; Stephenson, C. R. J. Visible Light 
Photoredox Catalysis: Applications in Organic Synthesis. 
Chem. Soc. Rev. 2010, 40 (1), 102–113.  

(10)  Teegardin, K.; Day, J. I.; Chan, J.; Weaver, J. Advances in 
Photocatalysis: A Microreview of Visible Light Mediated 
Ruthenium and Iridium Catalyzed Organic Transfor-
mations. Org. Process Res. Dev. 2016, 20 (7), 1156–1163.  

(11)  Capaldo, L.; Ravelli, D. The Dark Side of Photocatalysis: 
One Thousand Ways to Close the Cycle. Eur. J. Org. 
Chem. 2020, 2020 (19), 2783–2806.  

(12)  Arias-Rotondo, D. M.; McCusker, J. K. The Photophysics 
of Photoredox Catalysis: A Roadmap for Catalyst Design. 
Chem. Soc. Rev. 2016, 45 (21), 5803–5820.  

(13)  Roth, H. G.; Romero, N. A.; Nicewicz, D. A. Experimental 
and Calculated Electrochemical Potentials of Common 
Organic Molecules for Applications to Single-Electron 
Redox Chemistry. Synlett 2016, 27 (05), 714–723.  

(14)  Glaser, F.; Kerzig, C.; Wenger, O. S. Multi-Photon Exci-
tation in Photoredox Catalysis: Concepts, Applications, 
Methods. Angew. Chem., Int. Ed. 2020, 59 (26), 10266–
10284.  

(15)  Liu, J.; Lu, L.; Wood, D.; Lin, S. New Redox Strategies in 
Organic Synthesis by Means of Electrochemistry and Pho-
tochemistry. ACS Cent. Sci. 2020, 6 (8), 1317–1340.  

(16)  Meerwein, H.; Büchner, E.; Emster, K. van. Über Die Ein-
wirkung Aromatischer Diazoverbindungen Auf α,β-
Ungesättigte Carbonylverbindungen. J. Prakt. Chem. 
1939, 152 (7–10), 237–266.  

(17)  Sainsbury, M. Modern Methods of Aryl-Aryl Bond For-
mation. Tetrahedron 1980, 36 (23), 3327–3359.  

(18)  Hanson, P.; Hammond, R. C.; Goodacre, P. R.; Purcell, J.; 
Timms, A. W. Sandmeyer Reactions. Part 2. Estimation of 



 

Absolute Rate Constants for Some Hydrogen-Transfer Re-
actions and for the Transfer of Water Ligands on CuII to 
Aryl Radicals by Use of a Pschorr Radical Clock. J. Chem. 
Soc., Perkin Trans. 2 1994, No. 4, 691–696.  

(19)  Ghosh, I.; Marzo, L.; Das, A.; Shaikh, R.; König, B. Visi-
ble Light Mediated Photoredox Catalytic Arylation Reac-
tions. Acc. Chem. Res. 2016, 49 (8), 1566–1577.  

(20)  Wang, C.-S.; Dixneuf, P. H.; Soulé, J.-F. Photoredox Ca-
talysis for Building C–C Bonds from C(Sp2)–H Bonds. 
Chem. Rev. 2018, 118 (16), 7532–7585.  

(21)  Discekici, E. H.; Treat, N. J.; Poelma, S. O.; Mattson, K. 
M.; Hudson, Z. M.; Luo, Y.; Hawker, C. J.; Alaniz, J. R. 
de. A Highly Reducing Metal-Free Photoredox Catalyst: 
Design and Application in Radical Dehalogenations. 
Chem. Commun. 2015, 51 (58), 11705–11708.  

(22)  Devery, J. J.; Nguyen, J. D.; Dai, C.; Stephenson, C. R. J. 
Light-Mediated Reductive Debromination of Unactivated 
Alkyl and Aryl Bromides. ACS Catal. 2016, 6 (9), 5962–
5967.  

(23)  Boyington, A. J.; Riu, M.-L. Y.; Jui, N. T. Anti-Markov-
nikov Hydroarylation of Unactivated Olefins via Pyridyl 
Radical Intermediates. J. Am. Chem. Soc. 2017, 139 (19), 
6582–6585. 

(24)  Cheng, Y.; Gu, X.; Li, P. Visible-Light Photoredox in Ho-
molytic Aromatic Substitution: Direct Arylation of Arenes 
with Aryl Halides. Org. Lett. 2013, 15 (11), 2664–2667.  

(25)  Shirakawa, E.; Hayashi, T. Transition-Metal-Free Cou-
pling Reactions of Aryl Halides. Chem. Lett. 2012, 41 (2), 
130–134. https://doi.org/10.1246/cl.2012.130. 

(26)  Galli, C. Radical Reactions of Arenediazonium Ions: An 
Easy Entry into the Chemistry of the Aryl Radical. Chem. 
Rev. 1988, 88 (5), 765–792.  

(27)  Kvasovs, N.; Gevorgyan, V. Contemporary Methods for 
Generation of Aryl Radicals. Chem. Soc. Rev. 2021, 50 
(4), 2244–2259.  

(28)  Heinrich, M. R. Intermolecular Olefin Functionalisation 
Involving Aryl Radicals Generated from Arenediazonium 
Salts. Chem. Eur. J. 2009, 15 (4), 820–833.  

(29)  Raviola, C.; Protti, S. Leaving Groups in Metal-Free Ary-
lations: Make Your Choice! Eur. J. Org. Chem. 2020, 
2020 (33), 5292–5304.  

(30)  Weix and co-workers conducted an analysis of the com-
mercially available aryl halides and found that aryl chlo-
rides comprise more than 2/3 of the commercial substrates, 
see: Huang, L.; Ackerman, L. K. G.; Kang, K.; Parsons, A. 
M.; Weix, D. J. LiCl-Accelerated Multimetallic Cross-
Coupling of Aryl Chlorides with Aryl Triflates. J. Am. 
Chem. Soc. 2019, 141 (28), 10978–10983.  

(31)  Electron-deficient aryl chlorides are viable substrates for 
the most reducing visible light photocatalysts. For exam-
ples, see refs. 32-35  

(32)  Glaser, F.; Larsen, C. B.; Kerzig, C.; Wenger, O. S. Aryl 
Dechlorination and Defluorination with an Organic Super-
Photoreductant. Photochem. Photobiol. Sci. 2020, 19 (8), 
1035–1041.  

(33)  Shon, J.-H.; Kim, D.; Rathnayake, M. D.; Sittel, S.; 
Weaver, J.; Teets, T. S. Photoredox Catalysis on Unacti-
vated Substrates with Strongly Reducing Iridium Photo-
sensitizers. Chem. Sci. 2021, 12 (11), 4069–4078.  

(34)  Schmalzbauer, M.; Ghosh, I.; König, B. Utilising Excited 
State Organic Anions for Photoredox Catalysis: Activa-
tion of (Hetero)Aryl Chlorides by Visible Light-Absorb-
ing 9-Anthrolate Anions. Faraday Discuss. 2019, 215 (0), 
364–378.  

(35)  Ghosh, I.; Shaikh, R. S.; König, B. Sensitization-Initiated 
Electron Transfer for Photoredox Catalysis. Angew. 
Chem., Int. Ed. 2017, 56 (29), 8544–8549.  

(36)  Blanksby, S. J.; Ellison, G. B. Bond Dissociation Energies 
of Organic Molecules. Acc. Chem. Res. 2003, 36 (4), 255–
263.  

(37)  Costentin, C.; Robert, M.; Savéant, J.-M. Fragmentation 
of Aryl Halide π Anion Radicals. Bending of the Cleaving 
Bond and Activation vs Driving Force Relationships. J. 
Am. Chem. Soc. 2004, 126 (49), 16051–16057.  

(38)  Ghosh, I.; Ghosh, T.; Bardagi, J. I.; Konig, B. Reduction 
of Aryl Halides by Consecutive Visible Light-Induced 
Electron Transfer Processes. Science 2014, 346 (6210), 
725–728. 

(39)  Neumeier, M.; Sampedro, D.; Májek, M.; de la Peña 
O’Shea, V. A.; Jacobi von Wangelin, A.; Pérez-Ruiz, R. 
Dichromatic Photocatalytic Substitutions of Aryl Halides 
with a Small Organic Dye. Chem. Eur. J. 2018, 24 (1), 
105–108.  

(40)  MacKenzie, I. A.; Wang, L.; Onuska, N. P. R.; Williams, 
O. F.; Begam, K.; Moran, A. M.; Dunietz, B. D.; Nice-
wicz, D. A. Discovery and Characterization of an Acridine 
Radical Photoreductant. Nature 2020, 580 (7801), 76–80.  

(41)  Cole, J. P.; Chen, D.-F.; Kudisch, M.; Pearson, R. M.; Lim, 
C.-H.; Miyake, G. M. Organocatalyzed Birch Reduction 
Driven by Visible Light. J. Am. Chem. Soc. 2020, 142 
(31), 13573–13581. 

(42)  Wang, S.; Wang, H.; Koenig, B. Photo-Induced Thiolate 
Catalytic Activation of Inert Caryl-Hetero Bonds for Rad-
ical Borylation. 2020. 
https://doi.org/10.26434/chemrxiv.13298837.v1. 

(43)  Jin, S.; Dang, Hang. T.; Haug, G. C.; He, R.; Nguyen, V. 
D.; Nguyen, V. T.; Arman, H. D.; Schanze, K. S.; Lari-
onov, O. V. Visible Light-Induced Borylation of C–O, C–
N, and C–X Bonds. J. Am. Chem. Soc. 2020, 142 (3), 
1603–1613. 

(44)  Zhang, L.; Jiao, L. Visible-Light-Induced Organocatalytic 
Borylation of Aryl Chlorides. J. Am. Chem. Soc. 2019, 141 
(23), 9124–9128. 

(45)  Cybularczyk-Cecotka, M.; Szczepanik, J.; Giedyk, M. 
Photocatalytic Strategies for the Activation of Organic 
Chlorides. Nat Catal 2020, 3 (11), 872–886.  

(46)  Barham, J. P.; König, B. Synthetic Photoelectrochemistry. 
Angew. Chem., Int. Ed. 2020, 59 (29), 11732–11747.  

(47)  Novaes, L. F. T.; Liu, J.; Shen, Y.; Lu, L.; Meinhardt, J. 
M.; Lin, S. Electrocatalysis as an Enabling Technology for 
Organic Synthesis. Chem. Soc. Rev. 2021.  

(48)  Capaldo, L.; Quadri, L. L.; Ravelli, D. Merging Photoca-
talysis with Electrochemistry: The Dawn of a New Alli-
ance in Organic Synthesis. Angew. Chem., Int. Ed. 2019, 
58 (49), 17508–17510.  

(49)  Yu, Y.; Guo, P.; Zhong, J.-S.; Yuan, Y.; Ye, K.-Y. Merg-
ing Photochemistry with Electrochemistry in Organic 
Synthesis. Org. Chem. Front. 2019, 7 (1), 131–135.  

(50)  Cowper, N. G. W.; Chernowsky, C. P.; Williams, O. P.; 
Wickens, Z. K. Potent Reductants via Electron-Primed 
Photoredox Catalysis: Unlocking Aryl Chlorides for Rad-
ical Coupling. J. Am. Chem. Soc. 2020.  

(51)  Kim, H.; Kim, H.; Lambert, T. H.; Lin, S. Reductive Elec-
trophotocatalysis: Merging Electricity and Light To 
Achieve Extreme Reduction Potentials. J. Am. Chem. Soc. 
2020, 142 (5), 2087–2092.  

(52)  For example, HTE remains particularly difficult for elec-
trochemical processes but is well-established for photo-
chemical systems. Recent work from Lin has advanced an 
attractive HTE plate for electrophotochemistry in undi-
vided cells. However, divided cells are required for all re-
ductive electrophotocatalysis reported to-date, which 
would not  be compatible with this technology, see: ref 53 



 

(53)  Rein, J.; Annand, J. R.; Wismer, M. K.; Fu, J.; Siu, J. C.; 
Klapars, A.; Strotman, N. A.; Kalyani, D.; Lehnherr, D.; 
Lin, S. Unlocking the Potential of High-Throughput Ex-
perimentation for Electrochemistry with a Standardized 
Microscale Reactor. 2021. 
https://doi.org/10.26434/chemrxiv.14173538.v2. 

(54)  ArCl with EWG are in bounds and typically work, albeit 
in diminished yield. For a selected examples, see: 55 and 
56 

(55)  Li, H.; Liu, Y.; Chiba, S. Anti-Markovnikov Hydroaryla-
tion of Alkenes via Polysulfide Anion Photocatalysis. 
Chem. Commun. 2021. DOI: 10.1039/d1cc02185k 

(56)  Boyington, A. J.; Seath, C. P.; Zearfoss, A. M.; Xu, Z.; Jui, 
N. T. Catalytic Strategy for Regioselective Arylethyla-
mine Synthesis. J. Am. Chem. Soc. 2019, 141 (9), 4147–
4153.  

(57)  Andrieux, C. P.; Pinson, J. The Standard Redox Potential 
of the Phenyl Radical/Anion Couple. J. Am. Chem. Soc. 
2003, 125 (48), 14801–14806.  

(58)  Chernowsky, C.; Chmiel, A.; Wickens, Z. Photocatalytic 
Activity of Diverse Organic Radical Anions: Catalyst Dis-
covery Enables Cleavage of Strong C(Sp2)–N and 
C(Sp2)–O Bonds. 2021. 
https://doi.org/10.26434/chemrxiv.14710398.v1. 

(59)  Targos, K.; Williams, O. P.; Wickens, Z. K. Unveiling Po-
tent Photooxidation Behavior of Catalytic Photoreduct-
ants. J. Am. Chem. Soc. 2021, 143 (11), 4125–4132.  

(60)  Connell, T. U.; Fraser, C. L.; Czyz, M. L.; Smith, Z. M.; 
Hayne, D. J.; Doeven, E. H.; Agugiaro, J.; Wilson, D. J. 
D.; Adcock, J. L.; Scully, A. D.; Gómez, D. E.; Barnett, N. 
W.; Polyzos, A.; Francis, P. S. The Tandem Photoredox 
Catalysis Mechanism of [Ir(Ppy)2(Dtb-Bpy)]+ Enabling 
Access to Energy Demanding Organic Substrates. J. Am. 
Chem. Soc. 2019, 141, 17646–17658. 

(61)  Chernowsky, C.; Chmiel, A.; Wickens, Z. Photocatalytic 
Activity of Diverse Organic Radical Anions: Catalyst Dis-
covery Enables Cleavage of Strong C(Sp2)–N and 
C(Sp2)–O Bonds. 2021. 
https://doi.org/10.26434/chemrxiv.14710398.v1. 

(62)  Hu, J.; Wang, J.; Nguyen, T. H.; Zheng, N. The Chemistry 
of Amine Radical Cations Produced by Visible Light Pho-
toredox Catalysis. Beilstein J. Org. Chem. 2013, 9 (1), 
1977–2001. 

(63)  Speckmeier, E.; Fischer, T. G.; Zeitler, K. A Toolbox Ap-
proach To Construct Broadly Applicable Metal-Free Cat-
alysts for Photoredox Chemistry: Deliberate Tuning of Re-
dox Potentials and Importance of Halogens in Donor–Ac-
ceptor Cyanoarenes. J. Am. Chem. Soc. 2018, 140 (45), 
15353–15365.  

(64)  Recent reports from Leonori and coworkers have illus-
trated that a-amino radicals formed in situ from alkyla-
mine oxidation promote aryl radical reactions from aryl io-
dides and bromides via halogen atom transfer (XAT). 
However, the stronger and less polarizable C(sp2)–Cl 
bonds are expected to be less amenable to such a mecha-
nism, see: refs. 65 and 66. 

(65)  Constantin, T.; Zanini, M.; Regni, A.; Sheikh, N. S.; Juliá, 
F.; Leonori, D. Aminoalkyl Radicals as Halogen-Atom 
Transfer Agents for Activation of Alkyl and Aryl Halides. 
Science 2020, 367 (6481), 1021–1026.  

(66)  Constantin, T.; Juliá, F.; Sheikh, N. S.; Leonori, D. A Case 
of Chain Propagation: α-Aminoalkyl Radicals as Initiators 
for Aryl Radical Chemistry. Chem. Sci. 2020, 11 (47), 
12822–12828.  

(67)  Azzena, U.; Denurra, T.; Melloni, G.; Fenude, E.; Rassu, 
G. Electron-Transfer-Induced Reductive 

Demethoxylation of Anisole: Evidence for Cleavage of a 
Radical Anion. J. Org. Chem. 1992, 57 (5), 1444–1448.  

(68)  Xu, H.; Yu, B.; Zhang, H.; Zhao, Y.; Yang, Z.; Xu, J.; Han, 
B.; Liu, Z. Reductive Cleavage of Inert Aryl C–O Bonds 
to Produce Arenes. Chem. Commun. 2015, 51 (61), 
12212–12215.  

(69)  The oxidation potential of formate, +1.25 V vs SCE, is 
within the bound of the excited state reduction potential of 
each catalyst. For the potential of formate, see supporting 
information. The Oxidation Potential of Formate, +1.25 V 
vs SCE, Is within the Bound of the Excited State Reduc-
tion Potential of Each Catalyst. For the CV of Formate, 
See Supporting Information. 

(70)  Gu, X.; Lu, S.; Fu, X.; Qiu, Z.; Sui, Q.; Guo, X. Carbon 
Dioxide Radical Anion-Based UV/S2O82−/HCOOH Re-
ductive Process for Carbon Tetrachloride Degradation in 
Aqueous Solution. Sep. Purif. Technol. 2017, 172, 211–
216.  

(71)  Jacobsen, E.; Roberts, J. L.; Sawyer, D. T. Electrochemi-
cal Oxidation of Formate in Dimethylsulfoxide at Gold 
and Platinum Electrodes. J. Electroanal. Chem. Interf. 

Electrochem. 1968, 16 (3), 351–360.  
(72)  Grills, D. C.; Lymar, S. V. Radiolytic Formation of the 

Carbon Dioxide Radical Anion in Acetonitrile Revealed 
by Transient IR Spectroscopy. Phys. Chem. Chem. Phys. 
2018, 20 (15), 10011–10017.  

(73)  Rosso, J. A.; Bertolotti, S. G.; Braun, A. M.; Mártire, D. 
O.; Gonzalez, M. C. Reactions of Carbon Dioxide Radical 
Anion with Substituted Benzenes. J. Phys. Org. Chem. 
2001, 14 (5), 300–309.  

(74)  Koppenol, W. H.; Rush, J. D. Reduction Potential of the 
Carbon Dioxide/Carbon Dioxide Radical Anion: A Com-
parison with Other C1 Radicals. J. Phys. Chem. 1987, 91 
(16), 4429–4430.. 

(75)  Sevrin, M. J.; Furst, L.; Nguyen, J. D.; Collins, J. L.; Ste-
phenson, C. R. J. Lithium Bis-Catechol Borate as an Ef-
fective Reductive Quencher in Photoredox Catalysis. Tet-
rahedron 2018, 74 (26), 3246–3252.  

(76)  Beatty, J. W.; Stephenson, C. R. J. Amine Functionaliza-
tion via Oxidative Photoredox Catalysis: Methodology 
Development and Complex Molecule Synthesis. Acc. 
Chem. Res. 2015, 48 (5), 1474–1484.  

(77)  Singh, P. P.; Srivastava, V. Recent Advances in Using 
4DPAIPN in Photocatalytic Transformations. Org. Bio-
mol. Chem. 2021, 19 (2), 313–321.  

(78)  Németh, G.; Greff, Z.; Sipos, A.; Varga, Z.; Székely, R.; 
Sebestyén, M.; Jászay, Z.; Béni, S.; Nemes, Z.; Pirat, J.-
L.; Volle, J.-N.; Virieux, D.; Gyuris, Á.; Kelemenics, K.; 
Áy, É.; Minarovits, J.; Szathmary, S.; Kéri, G.; Őrfi, L. 
Synthesis and Evaluation of Phosphorus Containing, Spe-
cific CDK9/CycT1 Inhibitors. J. Med. Chem. 2014, 57 
(10), 3939–3965. 

(79)  Fyfe, J. W. B.; Watson, A. J. B. Recent Developments in 
Organoboron Chemistry: Old Dogs, New Tricks. Chem 
2017, 3 (1), 31–55.  

(80)  We found for most of the reactions studied herein that the 
photocatalyst bleached over the course of the reaction and 
that adding photocatalyst in two batches provided im-
proved yields, see SI for details. For an example of 
isophthalonitrile catalysts being attacked by radical inter-
mediates, see: Grotjahn, S.; König, B. Org. Lett. 2021, 23, 
3146–3150  

(81) For an Example of Unactivated Alkene Hydroarylation, 
See: Ref. 55. 

(82)  While both alkylamine and formate reductants can act as 
hydrogen atom sources, we noted that sodium formate ex-
hibits limited solubility under the reaction conditions. We 



 

suspect that the limited concentration of the reductant di-
minishes premature HAT to the aryl radical relative to ho-
mogeneous alkylamine reductants. 

(83)  Ito, O. Flash Photolysis Study on Reversible Addition Re-
actions of Thiyl Radicals. Res. Chem. Intermed. 1995, 21 
(1), 69–93. 

(84)  For a proposed mechanism for CO2•– generation from 
PhSSPh, see supporting information.  PhSSPh was used as 
the thiyl radical source to initiate the slightly endothermic 

HAT (BDE PhSH = 79 kcal/mol, BDE HCO2– = 86 
kcal/mol, see: ref 84. 

(85)  Dénès, F.; Pichowicz, M.; Povie, G.; Renaud, P. Thiyl 
Radicals in Organic Synthesis. Chem. Rev. 2014, 114 (5), 
2587–2693. 

(86)  McDaniel, K. A.; Blood, A. R.; Smith, G. C.; Jui, N. T. 
Dearomatization of Unactivated Arenes via Catalytic Hy-
droalkylation. ACS Catal. 2021, 11 (9), 4968–4972. 

 

 


