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ABSTRACT: We report a radical-based organocatalytic 

method for the direct benzylation of allylic C-H bonds. The 

process uses non-functionalized allylic substrates and read-

ily available benzyl radical precursors and is driven by visi-

ble light. Crucial was the identification of a dithiophosphoric 

acid that performs two distinct catalytic roles, sequentially 

acting as a catalytic donor for the formation of photoactive 

electron donor-acceptor (EDA) complexes and then as a hy-

drogen atom abstractor. By mastering these orthogonal rad-

ical generation paths, the organic catalyst enables the for-

mation of benzylic and allylic radicals, respectively, to then 

govern their selective coupling. The protocol was also used 

to design a three-component radical process, which in-

creased the synthetic potential of the chemistry. 

Benzyl and allyl groups are synthetically relevant fragments, 

so methods to directly join them are needed. However, devel-

oping a catalytic allylic benzylation strategy has proved diffi-

cult. Significant advances have been achieved in the context of 

metal-catalyzed allylic substitutions1 (Figure 1a, path i). These 

methods required the use of hard ‘unstabilized’ benzylic nucle-

ophiles and functionalized allylic substrates along with a metal 

catalyst (e.g. palladium2, nickel,3 iridium,4 or rhodium5). Re-

cently, radicals were used as surrogates of benzylic nucleo-

philes in a palladium-catalyzed allylic substitution,6 securing 

milder reaction conditions (Figure 1a, path ii). However, all 

these metal-based methods rely on prefunctionalized allylic 

precursors bearing a suitable leaving group. A catalytic trans-

formation that directly functionalizes allylic C-H bonds would 

provide a more straightforward approach to benzylic allylation 

chemistry, but this process has not yet been found.  

Here we close this gap in synthetic methodology by develop-

ing a metal-free organocatalytic strategy to accomplish a direct 

allylic C–H benzylation. Our approach was motivated by recent 

studies that combined photoredox and thiol catalysis to perform 

direct C-H allylic functionalizations.7,8 Single-electron transfer 

(SET) oxidation of a thiol catalyst led to a thiyl radical which, 

upon hydrogen atom transfer (HAT), could activate non-func-

tionalized allylic substrates.7 This approach generated allylic 

radicals that were successfully engaged in C(sp3)-C(sp2) and 

C(sp3)-C(sp3) bond formation.8 However, the benzylation of al-

lylic C-H bonds was not developed. Thiols can also catalyze 

other radical generation pathways. Specifically, we recently re-

ported that sulfur anions, acting as catalytic donors, can readily 

form photoactive electron donor-acceptor (EDA) complexes9 

with a variety of radical precursors.10 Excitation with visible 

light generated open-shell intermediates under mild conditions. 

We therefore surmised that the combination of these two mech-

anisms (EDA complex photochemistry and HAT activation) 

available to thiol catalysis could be leveraged to develop a di-

rect allylic benzylation protocol (Figure 1b). Here we detail the 

realization of this idea.  

 

Figure 1. (a) Benzylation of allylic systems is generally achieved via 

metal-catalyzed allylic substitutions using prefunctionalized substrates 

and benzylic nucleophiles (path i) or radicals (path ii). (b) Proposed 

photochemical catalytic strategy for the direct allylic C–H benzylation 

based on an EDA complex/HAT activation sequence mastered by a 

thiol-based organocatalyst. RA: redox auxiliary, which drives EDA 

complex formation and acts as a fragmenting group. 

The process is driven by visible light and uses readily availa-

ble benzyl radical precursors 1 and non-functionalized allylic 

substrates 2. Specifically, we used a thiol-based catalyst that 

performed two distinct roles: it first acted, upon deprotonation 

and formation of the thiolate I, as a catalytic donor for the for-

mation of a photoactive EDA complex with the benzyl substrate 

1, decorated with a redox auxiliary (RA, blue circle in Figure 

1b). Excitation with visible light induced an intracomplex SET, 

leading to a benzyl radical III and a thiyl radical II. The latter 



 

intermediate then served as a hydrogen atom abstractor to acti-

vate the allylic substrate 2 via a HAT mechanism. By mastering 

these two orthogonal radical generation paths, the thiol organo-

catalyst promoted the formation of benzylic and allylic radicals 

III and IV, respectively, and then governed their selective cou-

pling. The net process is the direct benzylation of allylic C-H 

bonds.     

To test the feasibility of our strategy, we used tetrachloro-

phthalimide ester 1a as the benzyl radical precursor (Figure 2a). 

This choice was motivated by the propensity of 1a to engage in 

EDA complex formation acting as an acceptor.11 Cyclohexene 

2a was selected as the C-H substrate since its allylic C-H bond 

dissociation energy (BDE, 83.2 kcal·mol-1)12 makes it prone to 

HAT activation. Initial experiments were conducted in acetone 

using a blue LED (Figure 2b). A variety of thiol-based organo-

catalysts (20 mol%) were screened in the presence of an 

equimolar amount of Na2HPO4, which facilitated the formation 

of the thiolate donor of type I. We first tested the catalytic ac-

tivity of potassium ethyl xanthate C1 (entry 1), which we re-

cently used as an effective catalytic donor for EDA complex 

activation.10 The target cross-coupling product 3a was gener-

ated in a yield as low as 15%, along with 7% of dimer 3ab. The 

silane thiol C2, which was successfully used to activate allylic 

systems via a HAT pathway,7 failed to promote the allylic ben-

zylation, even in the presence of an external photoredox catalyst 

(entries 2 and 3). No reactivity was observed when using thio-

benzoic acid C3 as the catalyst (entry 4).13 The thiophosphoric 

acid C4, which was used by Kanai in direct C-H allylic func-

tionalization processes,8d delivered the target product 3a in 22% 

yield along with 10% of dimer 3ab (entry 5). This result 

prompted us to prepare the more electron-rich dithiophosphoric 

acid C5 (estimated BDE, 83-86 kcal·mol-1),14 which offered 

better results, affording product 3a in 41% yield together with 

11% of 3ab (entry 6). Bulkier catalysts C6 and C7 also proved 

effective, but did not offer significant improvements (entries 7-

8). Control experiments (entries 9-11) established that the base, 

catalyst C5, and light were all essential for reactivity.
 

 

Figure 2. Initial explorations. (a) Model reaction and catalysts tested. (b) Optimization studies: reactions performed on a 0.1 mmol scale at 35 °C 

for 18 h under illumination by a blue LED strip (λmax = 465 nm, 14 W) using 20 equiv. of 2a. Yield determined by 1 H NMR analysis. *Yield of the 

isolated 3a. (c) Optical absorption spectra, recorded in acetone in 1 mm path quartz cuvettes, of the separate reaction components and appearance of 

the colored EDA complex between catalyst C5 and 1a. [1a] = 0.10 M, [C5] = 0.02 M, [Na2HPO4] = 0.02 M. Ir(ppy)3: tris[2-phenylpyridinato-

C2,N]iridium(III); n.d.: not determined.  

We then performed investigations to gain mechanistic in-

sights. The formation of an EDA complex was confirmed 

through UV/Vis spectroscopic analysis (Figure 2c). After mix-

ing catalyst C5 with ester 1a in the presence of Na2HPO4, the 

solution developed a pale-yellow color, while its absorption 

spectrum showed a bathochromic displacement in the visible 

region. Overall, this evidence supports the formation of an EDA 

aggregation in the ground state. In addition, the homocoupling 

products 3ab and 3ac point to the formation of benzylic and 

allylic radicals during the process. 

Adopting the conditions in Figure 2b, entry 6, we evaluated 

the scope of the photochemical allylic C-H benzylation of cy-

clohexene 2a using tetrachloro-phthalimide esters 1, easily de-

rived from carboxylic acids, as benzyl radical precursors. Dithi-

ophosphoric acid C5 was used as the organocatalyst (20 mol%). 

Primary (product 3a), secondary (3b and 3c), and tertiary (3d) 

benzylic groups could be coupled with 2a in moderate yields 

(Figure 3). We also used nonsteroidal anti-inflammatory 

drugs15 bearing a carboxylic moiety as radical precursors, which 

allowed us to install the indomethacin (3f), loxoprofen (3g), and 

flurbiprofen (3h-k) scaffold within the allylation products. 



 

Other alkenes were suitable allyl radical precursors, including 

cyclopentene (product 3i) and substituted cyclohexenes (3j and 

3k). Catalyst C5 was also suitable for the activation of pyri-

dinium salts 4, a class of radical precursors prone to EDA com-

plex formation acting as acceptors.10,16 The phenylglycine-de-

rived pyridinium salt afforded product 3l. A list of unsuccessful 

substrates is reported in Figure S1 of the Supporting Infor-

mation.  

 

Figure 3. Substrate scope for the direct C-H allylic benzylation. Reac-

tions performed on a 0.2 mmol scale. Yields refer to isolated products 

3 (average of two runs per substrate). When applicable, d.r. is ≈1:1. a 

0.1 mmol scale. NPhth: N-phthalimide. 

One limitation of our system is that non-stabilized alkyl radi-

cals did not deliver the desired cross-coupling products, alt-

hough full consumption of the radical precursors (leading to the 

corresponding decarboxylation products) was observed. This 

lack of reactivity is congruent with the radical coupling step en-

visaged in our mechanistic proposal (Figure 1b), which requires 

the radical of type III to have enough kinetic stability (e.g. a 

benzylic radical) to engage in productive C-C bond formation 

with the allylic radical IV, according to the persistent radical 

effect (PRE).17 Cognizant of this requirement, we sought to ex-

pand the synthetic utility of our strategy by intercepting non-

stabilized alkyl radicals V, generated upon catalytic EDA acti-

vation of suitable radical precursors, with styrene derivatives 5 

(Figure 4). The emerging benzylic radical VI would possess the 

persistent character needed for effective radical coupling with 

IV.  

 

Figure 4. Implementing a three-component C-H allylic benzylation. 

This three-component allylic benzylation procedure was suc-

cessfully implemented using 10 mol% of organic catalyst C5, 5 

to 10 equivalents of olefins 2, and performing the reaction at 60 

°C (Figure 5). The domino process offered a consistently higher 

yield than the direct allylic benzylation reported in Figure 3. 

This was due to a higher selectivity, since dimerization products 

were not detected. The process could be readily performed on a 

synthetically significant scale. For example, the reaction of cy-

clohexene 2a with the glycine-derived pyridinium salt 4a was 

conducted on a 1 mmol scale and delivered product 6a (91% 

yield).   

A variety of radical precursors, either phthalimide esters 1 or 

pyridinium salts 4, could be used, offering the corresponding 

products in good to excellent yields (Figure 5a). Electron-poor 

radicals (products 6a-d), non-stabilized primary (6h-l), second-

ary (6e), and tertiary (6f-g and 6m) alkyl radicals were all ame-

nable to this domino allylic benzylation process. Various heter-

ocycles, including a pyrimidine (6d), a pyridine (6k), an ox-

etane (6m) and an azetidine (6n), could be installed in the final 

products. Moreover, complex biorelevant molecules bearing 

non-protected functional groups, such as oleanolic acid (6o), 

dehydrocholic acid (6p), and indomethacin (6q), were success-

fully functionalized. To increase the synthetic utility of our ap-

proach, we implemented a two-step telescoped sequence to 

form the tetrachloro-phthalimide ester 1 in situ and use it with-

out further purification (Figure 5b). This one-pot strategy was 

successfully developed using cyclohexanecarboxylic acid, lead-

ing to product 6e in 56% yield, and to functionalize D-biotin, 

obtaining adduct 6r in 37% yield. 

We next examined the scope of olefins 2 that could be em-

ployed as C-H allylic precursors (Figure 5c). While cyclopen-

tene reacted smoothly to afford product 6s in 75% yield, cy-

clooctene offered a moderate reactivity (6t formed in 39% 

yield). Interestingly, catalyst C5 secured a high regioselectivity 

in the HAT activation of 1-substituted cyclohexenes (products 

6u and 6v), promoting the formation of the less hindered allylic 

radical. Non-symmetrical C-H partners bearing a phthalimide 

functional group (6x) and a boronic ester (6y) were well toler-

ated. Noteworthy, the bulkier catalysts C6 and C7 greatly im-

proved (6x) or even switched (6y’ instead of 6y) regioselectiv-

ity with respect to C5.18 Our organocatalytic photochemical 

process was also suitable for the late-stage functionalization of 

cholesterol, which led to product 6z in good yield. This cou-

pling protocol was also useful to functionalize benzylic C-H 

bonds, including tetrahydronaphthalene (product 6aa) and di-

hydroisobenzofuran (adduct 6bb).  

We eventually evaluated the styrene derivatives 5 suitable for 

this photochemical domino process using 2a as the allylic pre-

cursor (Figure 5d). α-Aryl-styrene derivatives afforded the de-

sired products in good to excellent yields (products 6cc-jj). 

These results are congruent with the stabilization of the benzylic 

radical VI, emerging from the radical trap, which facilitates the 

radical coupling step (Figure 4). Interestingly, a benzodioxole 

and an aldehyde moiety, despite being sensitive to HAT activa-

tion, were left untouched (compounds 6dd and 6ff). A deriva-

tive of fenofibrate, a marketed fibrate medication, was equally 

suitable for the transformation, delivering product 6jj. Styrenes 

(products 6oo and 6pp) and α-alkyl styrene derivatives (6kk-

nn) offered reduced reactivity, but they were still competent 

substrates. In particular, a protected piperidine (6mm) and a bo-

ronic ester (6nn) could be installed in the final products from 

suitably adorned styrenes. 



 

 

Figure 5.  Photochemical organocatalytic three-component C-H allylic benzylation. Scope of (a) the radical precursors 1 and 4, and (b) telescoped 

procedure; (c) scope of the allylic substrates 2 and (d) the styrene traps 5. Reactions performed on a 0.1 mmol scale using 10 equiv. of 2 and 1 equiv. 

of 5. Yields refer to isolated products 6 after purification (average of two runs). When applicable, d.r. was ≈1:1. a Using a one-pot telescoped 

procedure. b Yield determined by 1 H NMR analysis. c Using 5 equiv. of 3. d Using 20 mol% of C5. e Using 20 mol% of C5, 20 equiv. of 2, and 1 

equiv. of Na2HPO4; Ts, tosyl; Boc, tert-butyloxycarbonyl; Bpin, pinacol boronic ester; Cy, cyclohexyl; DIC: N,N′-diisopropylcarbodiimide; 

Cl4NHPI: N-(acyloxy)tetrachloro-phthalimide. 



 

 

   In summary, we have developed a radical-based organocata-

lytic system that permits the direct benzylation of allylic C-H 

bonds. The process uses non-functionalized allylic substrates 

and readily available benzyl radical precursors and is driven by 

visible light. Crucial was the identification of a dithiophos-

phoric acid catalyst that activated both substrates by mastering 

a sequence of EDA complex activation and H atom abstraction. 

The protocol’s functional group tolerance enabled the function-

alization of a variety of biologically relevant compounds and 

the design of a three-component radical process. 
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