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ABSTRACT: Direct activation of strong bonds in readily available, benchtop substrates offer a 

straightforward simplification, albeit in most cases existing catalytic systems are limited to unlock such 

activation. In recent years, a surge of in-situ generated organic radicals that can act as potent photoinduced 

electron transfer (PET) agents have proved to be a powerful manifold for the activation of remarkably stable 

bonds. Herein we document the use of N,N′-di-n-propyl-1,13-dimethoxyquinacridine (nPr-DMQA•), an 

isolated and stable neutral helicene radical, as a highly photoreducing species. This isolable doublet state 

open shell radical offers a unique opportunity to shed light on the mechanism behind PET reactions of 

organic radicals. Experimental and spectroscopic studies revealed that this doublet radical has a long 

lifetime of 4.6 ± 0.2 ns, an estimated excited state oxidation potential of -3.31 V vs SCE, and can undergoes 

PET with organic substrates. The strongly photoreducing nature of the nPr-DMQA• was experimentally 

confirmed by the demonstration of photo activation of electron rich aryl bromides and chlorides. We further 

demonstrated that nPr-DMQA• can be photochemically generated from its cation analog (nPr-DMQA+) 

allowing catalytic functionalization of aryl halide via a consecutive photoexcitation mechanism (ConPET). 

Dehalogenation, photo-Arbuzov, photo-borylation and C-C bond formation reactions with aryl chlorides 

and bromides are reported herein, as well as the α-arylation of carbonyl using cyclic ketones. The latter 

transformation exhibits the facile synthesis of α-arylated cyclic ketones as critical feedstock chemical for 

diverse useful molecules, especially in the biomedical enterprises. 
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INTRODUCTION 

Over the past decade, photoredox catalysis has received a fast and growing interest from the world of 

synthetic chemistry.1  By combining visible light with a photocatalyst (PC), a large variety of efficient and 

selective transformations have been achieved under mild conditions, during which the excited state PC is 

involved in a single electron transfer (SET) with a substrate or a co-catalyst. However, SET with 

conventional photocatalyst is usually limited to reduction potential down to -2.0 V vs. Saturated Calomel 

electrode (SCE).2 In recent years, several elegant reports have shown that open shell doublet radicals, 

generated in-situ, either electrochemically3  or photochemically, can act as potent photoreducing agents.4 

For example, a two-photon excitation process, commonly purported as consecutive photoelectron transfer 

(conPET) pathway, is proposed as the photochemical generation pathway of potent photoreducing organic 

radicals (Figure 1a, left).5 In that process, the excited state of a close shell single photocatalyst PC* (neutral 

or cationic) is generated upon the first excitation. Then, a sacrificial electron donor can act as a reductant 

and participate in SET with PC* to generate PC● radicals (anionic or neutral). A second successive 

photoexcitation generates the radical excited state PC●* that can act as super photoreducing agent (E1/2
red* 

= -2.3 to -3.4 V vs SCE) (Figure 1a).6 This concept of two-photon excitation process has been reported 

with numerous notable photocatalysts such as PDI,7 DCA,8 anthraquinone,9 Rhodamine 6G,10 

benzo[ghi]perylene (BPI),11  4-DPAIPN,12 3-CzEPAIPN,13 Mes-Acr,14 and Deazaflavin15 (Figure 1b). As 

a common benchmark reaction, photoredox C(sp2)-X bond activation in aryl bromides and chlorides, Birch 

reduction, and sulfonamide cleavage showcased the extreme photoreducing ability of radical photocatalysts 

in most cases. Despite these convincing reports, an intriguing aspect of photoactive open shell doublet 

radicals generated in-situ is that alternative mechanisms cannot be completely ruled out. For example, 

Leonori et. al. recently reported that α-aminoalkyl radical, generated via SET between alkyl amines and a 

close shell excited PC*, can initiate halogen atom transfer (XAT) (Figure 1a, right). 16,17  Therefore, the 

concept of super photoreducing radicals in conPET systems is weakened due to the common usage of amine 

as the sacrificial electron donor. Furthermore, a recent study by Nocera and colleagues questioned the 

viability for radicals generated in-situ during conPET or electrophotocatalysis to act as efficient 

photocatalysts, due to their short-lived excited state which should hamper their participation in bimolecular 

reactions with substrates. They concluded that, instead, a close shell singlet species, such as a Meisenheimer 

complex or side product impurities, formed from the reactive open shell doublet radical can act as the super 

reducing photoreagent (Figure 1a, top).18 To date, stable and isolatable radicals able to undergo 

photoinduced electron transfer during an organic transformation remain elusive. Therefore, the synthesis 

and isolation of such photoactive organic radicals are of great interest in order to shed light on the ability 

for open shell doublet species to act as photoreducing agents. 

As part of our ongoing interest in the photochemical properties of the helical carbenium system, we recently 

reported the use of N,N′-di-n-propyl-1,13-dimethoxyquinacridinium (nPr-DMQA+) tetrafluoroborate19 as an 

organic photoredox catalyst for photoreductions and photooxidations under red light (λmax = 640 nm).20  

Several fundamental organic transformations involving either oxidative quenching or reductive quenching 

pathways have been demonstrated.  During these studies, we identified the neutral helicene radical (nPr-

DMQA•) as a possible radical intermediate in the reductive quenching photocycle. In our contemporary 

studies, we reported the chemical synthesis, isolation, and characterization of nPr-DMQA• as part of a family 

of neutral quinolinoacridine radicals from their quinolinoacridinium cation analogs. 21,22  Our studies 

showed that these radicals are highly persistent in their solid form as well as in solution for several months 

under inert conditions, and reversibly oxidize back to the cation upon exposure to air. 



We now report that the stable helicene radical nPr-DMQA•, first observed by Larsen et. al.22 and isolated by 

our group,21 is a highly photoactive species with strong absorptions of light in the visible region. The excited 

state oxidation potential of this helicene radical has been estimated to be -3.31 V vs SCE which makes it 

one of the strongest photoreductants. This radical can be made on gram scale, isolated, purified and stored 

in a glovebox, which allowed us to investigate its photophysical and photochemical properties, as well as 

its ability to act as a strong photoreducing agent without questioning the involvement of impurities or side 

products. Furthermore, the closed shell cation counterpart, nPr-DMQA+, is photoactive in red light, while 
nPr-DMQA• is not, which offers a unique opportunity to probe the mechanism for the photoactivation of 

aryl bromides and chlorides under blue light excitation. 

      

 

Figure 1: Organic radicals as photocatalyst to activate C(sp2)-X bond in aryl halides. a, Mechanistic 

pathways in photoredox catalysis for C(sp2)-X bond activation. b, Representative examples of transient 

organic radicals (neutral and anionic) as extremely reducing photocatalysts. c, This work isolated nPr-

DMQA radical. 



RESULTS AND DISCUSSION 

Photophysical properties of nPr-DMQA• radical. We recently reported that the chemical reduction of nPr-

DMQA+ allows the synthesis and isolation of the stable double state organic radical nPr-DMQA•.21 

Interestingly this radical was found to possess strong absorption of light in the visible region (391 nm, 440 

nm, 467 nm, and 557 nm) and exhibits emission maxima at 593 nm (Figure 2a, and Figure S1 – S3). The 

life-time of the excited state was determined using time correlated single photon counting (TCSPC, see 

Supporting information). Excitation of nPr-DMQA• resulted in a strong emission band characteristic of nPr-

DMQA•* (λ𝑚𝑎𝑥 𝑒𝑚 = 593 nm) whose average lifetime (τ) was measured to be 4.6 ± 0.2 ns (Figure 2b, and 

Figure S5 – S9).23 Interestingly, the fluorescence lifetime of the open shell doublet radical was found to be 

longer than its singlet cation analog (5.7 ns for nPr-DMQA+*).24 A multi nanosecond scale excited state 

lifetime is suitable for bimolecular electron transfer suggesting that the doublet neutral radical nPr-DMQA• 

could act as an effective PET agent.25  As previously oberved,20d, 21 the cyclic voltammogram of the nPr-

DMQA scaffold in acetonitrile revealed the presence of two reversible events, E1/2 (nPr-DMQA++•/ nPr-

DMQA+) = + 1.27 V and E1/2 (
nPr-DMQA+ / nPr-DMQA•) = – 0.85 V vs SCE when recorded between – 1.5 

V and + 1.5 V vs. SCE (Figure 2c, i) trace). However, when the potential window is extended to reach -

2.0 V vs. SCE, an irreversible event at E1/2 (
nPr-DMQA•/ nPr-DMQA-) = – 1.84 V vs SCE is observed, which 

then triggers the generation of an intermediate with an irreversible event at + 0.67 V vs SCE (Figure 2c, ii) 

trace). Laursen et. al. have previously assigned this intermediate as the neutral close shell singlet nPr-

DMQA-H, which forms by reaction between acetonitrile and the highly reactive nPr-DMQA-. Based on the 

electrochemical and photophysical properties of nPr-DMQA• (E1/2
ox (C+/C•)= - 0.85 V vs SCE, E1/2

red (C•/C-

) = - 1.84 V vs SCE, , and excitation energy E0,0 = 2.15 eV at λex =557 nm and E0,0 = 2.46 eV at λex = 440 

nm, the excited state redox potentials of this helicene radical are estimated to be E*1/2
ox (C+/ C•*)= – 3.03 V 

vs SCE (λex = 557 nm), E*1/2
ox (C+/ C•*) = – 3.31 V vs SCE (λex = 440 nm), and E*1/2

red (C•*/C-) = + 0.45 V 

vs SCE (see supplementary information). As a result, nPr-DMQA• can be described as a mild photooxidant 

and one of the most potent photoreductant. 

Considering recent reports suggesting that in-situ generated close-shell singlets can be involved during 

photochemical transformations,18 we turned our focus on nPr-DMQA-H. Following Lacour et. al. synthetic 

protocol, 26 we have synthesized and studied the electro- and photophysical properties of this neutral close 

shell singlet (see supporting information). The absorption spectroscopy reveals a photo inactive species that 

possesses an absorption at 316 nm and no emission. The cyclic voltammogram of nPr-DMQA-H (Figure 

2c, iii) traces) reveals an irreversible oxidation event at +0.67 V vs SCE, followed by a reversible oxidation 

at + 1.27 V vs SCE which was assigned to the nPr-DMQA++• / nPr -DMQA+ redox couple. Importantly, no 

event is observed at negative potential during the first cycle (solid trace), however the reversible event 

associated to nPr-DMQA+ / nPr-DMQA• appears after the second cycle (doted trace) suggesting that nPr-

DMQA+ is electrochemically generated from the oxidation of nPr-DMQA-H.  Consistent with these 

electrochemical data and the previous observation by Lacour, UV-Vis spectroscopy monitoring of the 

colorless nPr-DMQA-H revealed the slow formation of the green nPr-DMQA+ upon exposure to air in 

acetonitrile (see Figure 2d, left).27 Interestingly, nPr-DMQA-H was stable in acetonitrile in absence of 

oxygen and in the dark, but undergoes photoinduced homolysis to form nPr-DMQA• when irradiated with 

a 440 nm LED. This conversion was also monitored by UV-Vis spectroscopy (Figure S12). These results 

support that even if formed during photocatalysis (vide-infra), the closed shell single nPr-DMQA-H is 

expected to convert back to nPr-DMQA• via photolysis and/or to nPr-DMQA+ under oxidative conditions, 

undermining its involvement as a possible photoinduced electron transfer agent.  



    

 

Figure 2: Characterization of isolated nPr-DMQA radical. a, Absorbance, emission and estimated 

excited oxidation potential of nPr-DMQA•. b, The fluorescence lifetime decay profiles of nPrDMQA• 

(1x10-5 M) in MeCN, τ = 4.4 ns (λex = 420 nm and monitoring emission at λem= 593 nm); c, Redox properties 

of nPr-DMQA•, nPr-DMQA+ and nPr-DMQA-H.   

Photochemical activity of nPrDMQA• radical. The photoactivity of nPr-DMQA• as a potent single 

electron transfer agent was first investigated using UV-visible (UV-Vis) spectroscopy by monitoring, the 

irradiation of a solution containing nPr-DMQA• and excess of 4-bromo anisole (E1/2
red = - 2.90 V vs SCE) 

with a 440 nm and a 640 nm LED (Figure 3a, and Figure S15 - S17). Under 640 nm irradiation or in 

absence of light no change to the UV-Vis spectra were observed (Figure S15 and S17). However, under 440 

nm irradiation we observed the disappearance of the radical nPr-DMQA• absorption band and the 

appearance of the cation nPr-DMQA+ absorption bands (Figure 3a). These observations suggest that the 

excited state nPr-DMQA•* can undergo an oxidative quenching process via SET with aryl halide to generate 

an aryl radical anion and nPr-DMQA+. The photoredox properties of nPr-DMQA• discussed above also 

suggest that in presence of a suitable donor (E1/2 > +0.45 V vs SCE), reductive quenching of nPr-DMQA•* 

can be observed resulting in the formation of the highly reactive nPr-DMQA- which will then rapidly convert 

to the stable singlet closed shell nPr-DMQA-H (vide-supra). UV-Vis spectroscopy monitoring of a solution 

of nPr-DMQA• and a large excess of pyrrolidine under 440 nm LED irradiation revealed the rapid and 



quantitative formation of nPr-DMQA-H (Figure 3b). A large excess of amine was required to drive the 

reaction toward the formation of nPr-DMQA-H and overcome the reverse photolysis of nPr-DMQA-H back 

to nPr-DMQA•. 

To further probe the viability of a photoexcited direct SET between nPr-DMQA• and aryl halides we 

performed a stoichiometric photo-Arbuzov reaction using different light sources (440 nm and 640 nm), 

different DMQA species (nPr-DMQA•, nPr-DMQA+, nPr-DMQA-H), and different aryl bromide substrates 

with a range of reduction potentials (4-bromo benzonitrile 2a, E1/2
red = -1.94 V vs SCE; and 4-bromo anisole 

2b, E1/2
red = -2.90 V vs SCE) (Figure 3c, and  supporting information). Equimolar amounts of aryl bromide 

and DMQA species were irradiated for 16 h with visible light in presence of 3.0 equivalent of the aryl 

radical trapping agent, triethyl phosphite P(OEt)3. Using DMQA+, under either 440 nm or 640 nm 

irradiation, did not produced any aryl activated product consistent with the mild photoreducing potential of 

this singlet cation species (See Figure 3c, entry 1 - 2). On the other hand, when the doublet neutral radical 
nPr-DMQA• was irradiated under 440 nm both aryl halides were activated, with a higher yield for the less 

electron rich bromo benzonitrile (3a, <90% yield) and 3b, 50% yield, Figure 3c, entry 3). Furthermore, 

the red color of the reaction mixture, characteristic of the helicene radical, turned to the blue/green color of 

the helicenium ion supporting the previously observed reversibility between radical and cationic form of 

the DMQA system. Importantly, no product formation for the electron rich 4-bromo anisole was observed 

when red light irradiation (640 nm) was used (Figure 3c, entry 4), consistent with the weak absorption of 
nPr-DMQA• at wavelength higher than 600 nm (Figure 1c). However, full conversion was detected under 

red light with the more easily reducible 4-bromo benzonitrile suggesting that an alternative pathway to PET 

maybe involved with this easily activated substrate (Figure 3c, entry 4). Finally, we noted a similar 

outcome when using nPr-DMQA-H (Figure 3c, entry 5 - 6), which supports the formation of nPr-DMQA• 

under light. These results substantiated our hypothesis that the doublet neutral helicene radical nPr-DMQA•* 

can undergo rapid PET with substrates such as electron rich aryl bromide under 440 nm light. 

To further support these observations and the ability for nPr-DMQA• to undergo single electron transfer 

with aryl halides, we performed transient absorption measurements using a home-built apparatus with 

broadband detection (see supporting information). Transient absorption data was collected for the neutral 

radical in acetonitrile and in an acetonitrile/4-bromo anisole (3.0 equiv.) solution. Figure 3d (i) presents 

the transient absorption data for the nPr-DMQA• neutral radical in acetonitrile. The region corresponding to 

the maximum of the negative ground state bleach signal has been omitted due to pump scatter. Stimulated 

emission signal expected appear at the maximum of the fluorescence emission is not evident as it is 

overlapped with the strong excited state absorption signal. Two excited state absorptions that appear as 

positive signals with maxima at 523 nm and 588 nm are present in the data on either side of the ground 

state bleach. Both excited state absorption contributions fully decay by 48 ps as shown in Figure 3d (i). At 

longer delay times, the only remaining signal arises from the recovery of the ground state bleach, which 

corresponds to the 4.6 ± 0.2 ns excited state lifetime measured by TCSPC. Figure 3d (ii) presents the 

transient absorption for the nPr-DMQA• neutral radical in acetonitrile in the presence of an aryl halide. In 

comparison to the nPr-DMQA• alone in acetonitrile, the addition of the aryl halide produces significant 

changes in the transient absorption data. Both samples have similar nanosecond ground state recoveries 

(negative signal centered at 558 nm) consistent with the measured fluorescent lifetime, with different 

dynamics evident for the positive going contributions on either side of the ground state bleach. The positive 

signal features in the neutral radical in acetonitrile data decay within tens of picoseconds. In contrast, the 

signal for the neutral radical in the presence of an aryl halide has positive features that persist for 



nanoseconds. The maxima of the lower energy positive feature in the data with the aryl halide is peaked at 

615 nm rather than 588 nm for the acetonitrile-only solution. This indicates the in-situ generation of the 

cation nPr-DMQA+ photoproduct whose S0 to S1 transition is peaked at 616 nm. The persistence of the 

cation photoproduct signal is consistent with the previously measured excited state lifetime of 5.7 ns.  

         

Figure 3: a, UV-visible spectroscopic analysis between nPr-DMQA• and aryl halide at 440 nm irradiation. 

b, UV-visible spectroscopic analysis between nPr-DMQA• and amine. c, Photo-Arbuzov reaction to 

evaluate direct SET pathway and a proof of concept for extreme photoreducing ability of photoexcited 

isolated nPr-DMQA•.  d, Transient absorption data at selected time points for nPr-DMQA• in acetonitrile 

with an inset of the transient absorption surface. e) Transient absorption data at selected time points for nPr-

DMQA• in acetonitrile in the presence of an 4-bromo anisole with an inset of the transient absorption 

surface. 

 

Photocatalytic activity of nPr-DMQA radical and mechanism. Inspired by the stoichiometric photo-

Arbuzov experiment and our previous reports on the photoactivity of nPr-DMQA+, we questioned if nPr-

DMQA• can be photochemically generated from nPr-DMQA+ in presence of a light source and an electron 



donor, allowing the use of nPr-DMQA• as potent photoreducing agent for catalytic transformations. 

Consistent with our previous observation, the successful generation of the helicene radical nPr-DMQA• was 

detected in an EPR experiment, as well as using UV-Vis spectroscopy, in presence of three different electron 

donors under both blue and red-light sources (Figure 4a, and Figure S24 – S28). Next, we attempted the 

catalytic reductive dehalogenation of 4-bromobenzonitrile (E1/2 = -1.94 V and BDE = 80 kcal/mol) 28 and 

4-bromoanisole (E1/2 = -2.90 V and BDE > 85 kcal/mol) in presence of pyrrolidine with nPr-DMQA+ or nPr-

DMQA• as a photocatalyst under either blue or red light (Figure 4b, and supporting information). In case 

of 4-bromo anisole, both PCs induced a dehalogenation reaction under blue light with similar yields. The 

near identical yield for both PCs supports a mechanism during which nPr-DMQA+ and nPr-DMQA• are 

involved in the photocatalytic cycle (Figure 4b). However, no product was detected with either PCs when 

low energy light was employed, consistent with the fact that nPr-DMQA• has little to no absorption in red 

light, and that nPr-DMQA+* is not reductive enough to undergo PET with aryl halides. Similarly, with the 

electron poor bromobenzonitrile, both PCs afforded full conversion under blue light (Figure 4b). However, 

unlike with anisole, some conversions were detected with both nPr-DMQA+ and nPr-DMQA• under low 

energy red light. We recently, reported that photochemically generated ammonium radical can initiate XAT 

mechanism with electron poor substrate such as 4-bromobenzonitrile but not with 4-bromoanisole. In the 

present system, pyrrolidine acts as an electron donor and forms pyrrolidinium radical during the 

photoreduction of nPr-DMQA+ to nPr-DMQA• or nPr-DMQA• to nPr-DMQA-. The lower yield observed in 

red light compared to blue light for bromobenzonitrile supports that single electron transfer between nPr-

DMQA•* and aryl halides is the most effective mechanistic pathway. Together, these observations suggest 

that for electron poor substrate such as bromobenzonitrile both SET and XAT mechanism are accessible 

pathways in blue light while XAT is the only viable mechanism under red light. On the other hand, for 

electron rich species such as 4-bromo anisole, SET from nPr-DMQA•* is the only sustainable mechanism. 

Interestingly, at the end of the catalytic transformations under blue light, the reaction mixtures were a pale 

almost colorless solution which rapidly turn to the green color of nPr-DMQA+ when exposed to air. This 

observation suggests that at high conversion (excess amine and low concentration of aryl halide) nPr-

DMQA-H generated from nPr-DMQA•* build up in solution and can be considered as an off-cycle catalytic 

resting state. 

Based on these experimental results and previous reports, we proposed a plausible conPET pathway for the 

photoactivation of electron rich aryl halides using nPr-DMQA+ as photocatalyst under blue light (Figure 

4c). First the photoexcitation of nPr-DMQA+ results in an excited cationic nPr-DMQA+* under blue light 

irradiation. A single electron transfer (SET) from the sacrificial electron donor D (pyrrolidine, DIPEA or 

enamine) generates the neutral helicene radical nPr-DMQA•. As the radical species is photoactive in the 

blue light region the second photoexcitation leads to the excited state helicene radical, nPr-DMQA•*. Now 

the electrochemical potential of this excited neutral radical (E1/2
red < -3.31 V vs SCE in CH3CN, τ = 4.6 ± 

0.2 ns) is strong enough to reduce aryl chlorides and bromides via SET closing the catalytic cycle by 

regenerating the cationic helicenium nPr-DMQA+. Finally, after reduction the aryl halide radical anion 

fragmentate to the corresponding aryl radical which can abstract a hydrogen to form the dehalogenated 

product, or be further coupled with suitable substrates (phosphites, boranes, pyrroles or carbonyls). In a 

non-productive pathway, the excited state helicene radical nPr-DMQA•* can also generate nPr-DMQA- via 

SET with pyrrolidine, followed by the generation of nPr-DMQA-H which can fragmentate back to nPr-

DMQA•. 



          

Figure 4: a, Photochemical generation of nPr-DMQA• and detection by EPR spectroscopy and UV-visible 

spectroscopy. b, Catalytic reductive dehalogenation reaction of aryl bromides. c, Prospective photocatalytic 

mechanism via two-photon excitation process to generate aryl radical from aryl halide.  

 

Photocatalytic dehalogenation of aryl halides. With the photo-excited behavior of nPr-DMQA• and a 

probable mechanism for consecutive photoelectron transfer elucidated, we sought to use this neutral 

helicene radical as a photoreducing catalyst for the functionalization of aryl halides. At first, reductive 

dehalogenation of aryl halides was performed as the benchmark reaction to evaluate the extent of the 

extremely potent reducing behavior of the helicene radical. Dehalogenation of 4-bromo anisole (E1/2
red = -

2.9 V vs SCE) was optimized using nPr-DMQA-BF4 as the photocatalyst under a 440 nm light source. 

Pyrrolidine was identified as an efficient sacrificial electron donor for the generation of nPr-DMQA• from 
nPr-DMQA+, in situ. After optimization (see Table S1), we observed that 5.0 mol% nPr-DMQA-BF4 as the 

photocatalyst in presence of 440 nm blue light and 3.0 equiv. of pyrrolidine furnished the desired 

hydrodebrominated product (anisole) in 94% yield within 16 h. 

Following the identification of optimal reaction conditions, the competency of this strong radical 

photoreductant has been demonstrated by the reduction of a wide range of electronically diverse aryl 



chlorides and bromides (Table 1). Successful dehalogenation of a variety of electron rich and electron poor 

aryl chlorides with reduction potential of -2.9 V vs SCE and lower have been demonstrated in good to 

excellent yields (4a-4f, 81-99 % yield). We then focused on diverse electron rich aryl bromides (4g-4l, 90-

98 % yield) along with a myriad of functional group containing substrates (4m-4s, 71-99 % yield) for 

excellent hydrodebromination reaction. Polyaromatic substrates and heteroaromatic bromides were also 

found to be efficient substrates for reductive dehalogenation (4t-4x, 80-96 % yield). Furthermore, the bis-

reduction of polyhalogenated arenes gave the corresponding bis-dehalogenated products in moderate yield 

(4y and 4z, 73 % and 78 % yield, respectively). In general, aryl halides bearing nitrile (4c, 4o), ester (4d, 

4n), trifluoromethyl (4e, 4s), ketone (4m), free acid (4p), free hydroxy (4q) and free amine (4r) groups 

were well tolerated and found to be excellent substrate for this neutral helicene radical catalyzed photoredox 

dehalogenation method. 

Table 1: Substrate scope for the photoredox reductive dehalogenation of aryl halides enabled by 

neutral helicene radical. 

 

aReactions were run on 0.1 mmol scale. NMR yields are reported with respect to 2,4, 6 trimethoxy benzene as internal 

standard. b10  mol% nPr-DMQA-BF4 and 0.5 M reaction concentration was used. E1/2, half-peak potential; LEDs, 

light-emitting diodes. See ESI for details. 



Photocatalytic functionalization of aryl halides. After successful examination of hydrodehalogenation 

reaction, we decided to extend this radical photocatalysis to other arene-functionalization processes (Table 

2). Aryl phosphonates are important structural motifs found in many pharmaceutically active molecules29 

and easily accessed by photo-Arbuzov reaction using triethyl phosphite, P(OEt)3.30 Addition of 3.0 equiv 

of P(OEt)3 to the optimal reaction condition of hydrodehalogenation reaction furnished aryl phosphonates 

in high isolated yields (Table 2 and S2). Using ConPET enable by nPr-DMQA● allow us to expand scope 

of reactions towards less reactive aryl bromides or aryl chlorides bearing very negative reduction potentials. 

Electron rich aryl halides with substituents in ortho, meta and para position demonstrated excellent reaction 

yields (7a-7c, 81-91 % yield). Aryl bromides and chlorides with electron withdrawing groups also showed 

good conversion to the desired product (7d-7f, 76-89 % yield). In addition to that, polyaromatic substrate 

(7g, 90% yield) and heteroaromatic substrates furnished the corresponding aryl phosphonate in excellent 

yields (7h-7j, 84-92 % yield). Following the photo-Arbuzov reaction, borylation reaction for synthesis of 

aryl borate which is considered as important coupling partner in late-stage derivatization,31 was examined 

with this established ConPET using nPr-DMQA●. The addition of dipinacol diborane to optimized reductive 

dehalogenation condition ended up with the formation of aryl borate in good yields (7k-7l, 79-86 % yield). 

Furthermore, we explored the photoredox generation of aryl radicals from aryl halides for C–C bond-

forming reactions with arene such as N-methyl pyrrole. The desired arylated products were isolated in good 

yields in presence of 3.0 equiv. of N-methyl pyrrole (7m-7n, 88-90 % yield). During these transformations, 

dehalogenation was detected as side reaction. The use of DIPEA (Di-isopropylethylene diamine) as electron 

donor instead of pyrrolidine was found to give more selective result (see supporting information). 

Table 2: Scope for the reductive functionalization of aryl halides under photoredox condition 

catalyzed by neutral helicene radical. 

 
aReactions were run on 0.1 mmol scale. Isolated yields are reported. DIEPA, Di-isopropyl ethylene diamine. LEDs, 

light-emitting diodes. See Supplementary Information for details. 



Photocatalytic α-arylation of cyclic ketones. The α-arylated cyclic ketone scaffolds are medicinally 

significant as well as critical building blocks for numerous pharmaceutical agents and bioactive natural 

products.32 Unsurprisingly, transition-metal catalyzed α-arylation of carbonyls are well established 

reactions in classic organic chemistry. Typically, expensive transition metal catalysts and ligands, harsh 

reaction condition or multistep protocols are employed in the synthesis of medicinally relevant α-arylated 

cyclic ketones.33 Nonetheless, considering the medicinal impact of such metal-mediated methods for the 

synthesis of pharmaceutical drug molecules, a completely organic catalyst based direct α-arylation reaction 

is in high demand.34 Recently, our group reported photoredox α-arylation of carbonyl compounds using an 

electron rich acridinium as photocatalyst. However, scope of aryl halide was limited mainly to aryl iodides 

with moderate to good yields due to the lower excited state potential of our acridinium photocatalyst.35 

Using the present DMQA system as conPET photocatalyst for α-arylation of carbonyls would allow to 

expand the reaction scope to electron rich aryl bromides. In our contemporary report,35 we demonstrated 

that in-situ enamine formation via condensation reaction between the carbonyl and the amine moieties was 

required. We further demonstrated that the cyclic amine, pyrrolidine, provided the highest yield due to the 

rapid enamine formation, and that both the pyrrolidine and its enamine analog acted as sacrificial electron 

donor. The EPR analysis of nPr-DMQA-BF4 in presence of enamine confirms the formation of nPr-DMQA• 

in a photoexcited state. Furthermore, using a readily available enamine (1-pyrrolidino-1-cyclohexene) as 

sacrificial electron donor instead of pyrrolidine, under optimized condition of reductive dehalogenation, 

resulted in the formation α-arylated of cyclohexanone, 85% yield. (See supporting information). Literature 

studies showed that enamine radical cations mainly exhibit the C-center free radical property due its high 

spin population,36 which can lead to radical recombination pathway for generation of alpha-substituted 

product.  Hence, to develop the helicene radical catalyzed α-arylation of carbonyls we employed 

cyclohexanone and pyrrolidine with aryl bromides. Optimizations under catalytic condition showed that 4-

bromoethyl benzoate (1.0 equiv.) in presence of 5 mol% of nPr-DMQA-BF4 and combination of 

cyclohexanone with pyrrolidine (3.0 equiv. each) furnished the desired alpha-arylated product in 86 % yield 

(See Table S4). 

With these optimal conditions for the alpha-arylation of cyclic ketones in hand, we examined the scope 

with respect to the aryl bromide component. As shown in Table 3, para-substituted bromoarenes containing 

functional groups like ester, carbonyl and free acid generated the corresponding alpha-arylated product in 

very good yields (8a-8d, 84-88% yield).  Medicinally significant functional groups like nitrile and 

trifluoromethyl substituted arylbromides were also evaluated. Gratifyingly, substitution in para or meta 

position did not affect the product yield neither in nitrile (8e and 8f, 86 and 82 % yield) nor in 

trifluoromethyl containing substrates (8g and 8h, 75 and 76% yield). Fluorinated bromobenzene and 

unsubstituted bromobenzene were also well accommodated, furnishing alpha-arylated adducts in good yield 

(8i and 8j, 81 and 80% yield). In addition, polyaromatic and heteroaromatic bromoarene like 9-

bromophenanthrene and bromoindole were also found to be excellent substrate for this transformation (8k 

and 8l, 74 and 76% yield). Finally, as a demonstration that this method can be extended to the installation 

of multiple chiral centers containing arenes, alpha-arylation can be accomplished using this new protocol 

to provide the corresponding alpha-arylated cyclic ketone in excellent efficiencies (8m and 8n, 82 and 80% 

yield). Similar to aryl bromides, different cyclic ketones were also evaluated with respect to the optimal 

conditions. As shown in Table 3, a series of differentially substituted cyclohexanone-derived substrates 

were readily coupled with an aryl radical. It is of note that incorporation of both alkyl and aryl substituents 

at positions 4 of the cyclohexanone ring is well-tolerated (8o-8s, 78−84% yield). As expected, the presence 

of single substituent at the 4-position in the cyclohexanone ring induced higher levels of diastereoselectivity 



in product. Disubstituted cyclohexanones at the 4-position of the ring also successfully transformed to the 

corresponding alpha-arylated derivatives in good yield (8t and 8u, 86 and 82 % yield). Spirocyclic 

cyclohexanone derivative and heteroatom containing cyclic ketone were also well tolerated in optimal 

reaction condition (8v and 8w, 80 and 78 % yield). Interestingly, cyclopentanone was also found to be an 

efficient ketone substrate for this transformation with an excellent yield (8x, 85% yield). 

Table 3: Helicene radical catalyzed photoredox ɑ-arylation of cyclic ketones using aryl bromides. 

              

aReactions were run on 0.2 mmol scale. Isolated yields are reported. See Supplementary Information for details. 

 

CONCLUSIONS 

While several reports have supported the involvement of openshell doublet radicals as potent photoreducing 

species, the isolation of a stable photoactive radical that can allow an extensive mechanistic study of 

photoinduced electron transfer during an organic transformation has remained elusive. Herein, we have 

reported that N,N′-di-n-propyl-1,13-dimethoxyquinacridine (nPr-DMQA•), a stable and isolable open shell 

doublet radical, is a photoactive neutral helicene radical. The facile synthesis and isolation of this helicene 



radical asl allowed us to investigate its photophysical properties, photochemical reactivities and 

photocatalytic abilities. First, we reported that nPr-DMQA• possess strong absorption of light in the visible 

region (391nm, 440 nm, 467 nm, and 557 nm), exhibits emission maxima at 593 nm, and an excited state 

lifetime of 4.6 ± 0.2 ns. The photophysical and electrochemical properties of nPr-DMQA• suggest that this 

radical possesses an estimated excited state oxidation potential of -3.31 V vs SCE (E1/2(C+/C•*)) and excited 

state reduction potential of + 0.45 V vs SCE (E1/2(C•*/ C-)). Monitoring by UV-Visible spectroscopy the 

irradiation of  nPr-DMQA• in acetonitrile at 440 nm in presence of electron acceptor (aryl halide) or electron 

donor (amine) revealed that in both cases photoinduced electron transfer occurred leading to the formation 

of the cationic nPr-DMQA+ and the anionic nPr-DMQA- respectively. The anionic nPr-DMQA- was found 

to rapidly convert to the photo-inactive closed shell singlet nPr-DMQA-H. These observations were further 

supported by transient absorption spectroscopy which showed that nPr-DMQA*• undergoes efficient single 

electron transfer with an aryl halides electron acceptor -. We then probed the photoreducing ability of nPr-

DMQA• using stoichiometric photo-Arbuzov reaction with an electron poor (4-bromo benzonitrile) and an 

electron rich (4-bromo anisole) aryl bromide, under both 440 and 640 nm. The results obtained, coupled to 

the control experiments using nPr-DMQA+ and nPr-DMQA-H, substantiate that the helicene radical is a 

potent photoreducing agent under 440 nm irradiation. Similar results were obtained for the catalytic 

dehydrogenation of the same aryl bromides. Experimental and spectroscopic studies suggest that the neutral 

helicene radical act as a strongly reducing species and is photochemically regenerated from the cationic 

helicenium analog, implying that a consecutive photoexcitation mechanism is the most viable mechanistic 

pathway. The strongly photoreducing nature of a neutral helicene radical nPr-DMQA• was further used for 

the well-studied photo-dehalogenation, photo-Arbuzov, photo-borylation and C-C bond formation 

reactions. Additionally, this catalytic system was used in synthesis alpha-arylated cyclic ketones which is 

considered as an important building block for medicinal chemistry.  In summary, we believe that the conPET 

process enabled by this neutral helicene radical, together with its operational simplicity and sustainability, 

will help to understand radical photoredox catalysis as well as considered as alternative way for streamline 

the synthesis of complex functionality in both academia and industry. 
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