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Photocatalytic Direct para-selective C-H Amination of Benzyl 
Alcohols: Selectivity Independent of Side Substituents 

Donghan Liu,[a] Ting Tu, [a] Tinglei Zhang,[a] Guihua Nie,[a] Tianhui Liao,[a] Shi-Chao Ren,*[a] Xinglong Zhang*[b] and Yonggui Robin 

Chi*[a][c] 

Abstract: Aminoarenes are important molecules for broad 

applications in nearly all modern industries that involve chemicals. 

Direct and site-selective C-H bond amination of arenes provides 

the most efficient and convenient method to prepare aminoarenes. 

A main challenge is to selectively install the amino group (or other 

functional groups) to the distal para-carbon of arenes (especially 

multi-substituted arenes) during the C-H bond functionalization 

events. Herein, we address this problem by designing a new 

strategy via a sequential radical dearomatization/radical 

amination/rearomatization process for para-selective amination of 

benzyl alcohols. The para-selectivity of our reaction is completely 

independent of the electronic and steric properties of the other 

substituents of the arene substrates. Aminoarenes with many 

substituents (up to full substitution) and diverse substitution 

patterns, including those difficult to synthesize previously, could 

be readily prepared using our protocols. Further exploration of the 

current strategy shall lead to other challenging C-H 

functionalization of arenes. 

Introduction 

Arenes are among the most prominent structural units in 

pharmaceuticals, agricultural chemicals, and materials. Direct C-

H functionalization of arenes offers the most efficient routes in 

constructing complex molecules from simple feedstocks without 

pre-activation of arene substrates.[1] Controlling the site selectivity 

has long been a challenge in this area. Due to the relative 

remoteness and the spatial positioning between the para-position 

and the directing handle, achieving selective distal para-C-H bond 

functionalization is difficult.[2] Main methods in this area include 

classic electrophilic aromatic substitution (SEAr) reactions,[3-4] 

radical aromatic substitutions,[5-17] and chelation-assisted C-H 

functionalizations[1-4] (Figure 1a, left). Site-selectivity (such as 

ortho vs para-selectivity) in some of these strategies, such as the 

SEAr reactions and radical aromatic substitutions, is often 

determined by the inherent electronic properties of the arene 

substrates.[5-22] For instance, two aromatic radical reaction 

approaches have been developed for the C-H amination of arenes 

(Figure 1a, right) to construct aniline derivatives. One relies on the 

reaction of an arene radical cation with nitrogen nucleophiles. [5-9] 

Another one is the radical aromatic substitution process,[10-17] in 

which electron-rich arenes react with electrophilic nitrogen-

centered radical species such as amidyl radicals,[16-18] sulfamidyl 

radicals[19], and aminium radical cations. [11-13,20] Except in the 

studies by Nicewicz,[5] Ritter,[10] and Zhao,[22] most of these works 

give a mixture of ortho- and para- functionalized products. 

Chelation-assisted C-H functionalization may override the 

electronic bias to achieve para-selective reactions. However, in 

this approach, the arene substrates need to bear suitable sites for 

coordination with the metal catalysts/reagents, posing significant 

constraints on the choices of substrates. Therefore, new concepts 

and robust strategies are of important need for direct selective 

functionalization of distal para-C-H bonds of arenes.  

The persistent radical effect (PRE) that was discovered in the 

1930s[23] has found numerous applications in organic synthesis 

via a radical-radical cross-coupling process. [24] We are interested 

in harnessing persistent radical species in the construction of 

value-added molecules. [25-28] Upon our understanding of the 

persistent radical effect, we designed a para-selective arene C-H 

functionalization strategy (Figure 1b, left). Key design in our 

method involves multiple key intermediates and three consecutive 

processes (namely radical de-aromatization, radical amination, 

and re-aromatization) to selectively place the functional group at 

the para-carbon of arenes (Figure 1b, left). Specifically, a phenyl 

ring tethered heteroatom-centered radical intermediate 

underwent ipso-addition to generate a spirocyclic 1,3-

cyclohexadiene radical species, which resonates with spiro 1,4-

cyclohexadienyl radical. Subsequent radical cross-coupling of the 

resultant 1,4-cyclohexadienyl radical with a persistent radical (or 

other radical functionalization step) enables the new bond 

formation. Final isomerization-induced rearomatization eventually 

affords the para-functionalized arenes. By using benzyl alcohol-

derived oxime carbonates (1) as the precursor of both phenyl ring 

tethered heteroatom centered radical and the persistent radical 

partner,[29-41] the strategy was successfully applied to an arene C-

H para-selective amination reaction (Figure 1c). The current 

design does not rely on the electronic property of the arene 

substrates to set up the reactivity and regio-selectivity. Instead, 

both electron-rich and electron-deficient arenes are effective 

substrates with high para-selectivity. Compared to the previous 

arene C-H amination strategies whose site selectivity may be 

affected by the electronic effect of the side substituents, our 

design provides para-selectivity independent from the side 

substituents (Figure 1b, right). Arenes with diverse electronic 

properties and multiple substituents, including those that lead to 

fully substituted arenes are all competent substrates for our 

strategy, with the corresponding mono-, di-, tri-, tetra-, and penta-

substituted amination products obtained successfully (Figure 1c, 

right). It’s worth noting that when revising our manuscript, a para- 
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Figure 1. Strategies for para-selective C-H functionalization/amination of arenes 

selective C-H acylation reaction via a similar strategy was 

reported by Li and co-workers.[42] 

Results and Discussion 

Reaction optimization. The key challenge to realizing the 

proposed para-selective aryl C-H amination process (Figure 1b 

&1c) was to find a suitable way to generate the benzene ring-

tethered heteroatom-centered radical and a persistent nitrogen-

centered radical  under mild conditions. Considering the superior 

reactivity of oxime carbonates acting as bifunctional reagents to 

generate alkoxycarbonyloxyl and iminyl radicals via an energy 

transfer (EnT) process,[29, 34, 35, 38, 41] benzyl alcohol-derived oxime 

carbonate 1a was selected as the model substrate. Because of 

the higher triplet state energy of iridium-based photocatalysts 

compared to oxime carbonate (ET ≈ 45 Kcal/mol), [43] PC-1 (ET = 

60.8 Kcal/mol) [44] was first selected as the photocatalyst. To our 

delight, irradiating the mixture of 1a, and PC-1 (1 mol %) in MeCN 

(2 mL) with a Blue LED (max = 450-456 nm) for 12 hours at 35 oC 

resulted in the formation of para-selective amination product 2a in 

44% yield together with 28% yield of 3a as a side product (Table 

1, entry 1). It was envisaged that the side product 3a was formed 

from the dimerization of iminyl radical fragments, confirming the 

existence of the persistent iminyl radical intermediate in the 

reaction system. The structure of 2a was confirmed by X-ray 

diffraction analysis (CCDC 2314816). Screening of other iridium-

based photocatalysts proved PC-2 as the best one, with the 

desired 2a isolated in 52% yield albeit still with some 3a formed 

(entries 2-4). Thioxanthone, which exhibited high catalytic 

efficiency in various EnT-based elegant transformations,[45] 

however, only gave the product in 45% yield in our reaction 

system (entry 5). The better performance of PC-1 (ET = 60.1 

Kcal/mol) to PC-3 (ET = 62.0 Kcal/mol) than PC-4 (ET = 49.2 

Kcal/mol) may be attributed to their higher triplet energies.[29, 46] 

Screening different solvents failed to further improve the yields 

(entries 6). High polarity solvents such as DMSO and DMF were 

not competent for this transformation (entry 7). The light source 

was proved to have a clear influence on the yield since switching 

the light source into Blue LED (max = 427 nm) resulted in an 

obviously dropped yield (entry 8). Shortening the reaction time to 

6 hours could give comparable results (entry 9). However, further 

reducing the reaction time led to slightly reduced yields (entry 10). 

It was found that the reaction temperature has a significant 

influence on the reaction outcome. Specifically, when the reaction 

was conducted at 20 oC under otherwise identical conditions, the 

target product 2a was isolated in 73% yield, albeit still with a small 

amount of side product 3a formed (entry 11). Lower reaction 

temperature failed to further improve the reaction yield (entry 12). 

At last, control experiments demonstrated the crucial role of 

photocatalyst and light irradiation, with the transformation being 

completely suppressed without the presence of photocatalyst or 

light irradiation (entries 13 & 14). 
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Table 1. Optimization of the reaction conditions.a 

 
Entry conditions 2a [%]b 3a [%]b 

1 PC-1 44 28 
2 PC-2 52 18 
3 PC-3 37 37 
4 PC-4 11 -- 
5c PC-5 45 -- 
6 as entry 2, DCM, EtOAc, or PhCF3 as solvent 30-38 -- 
7 as entry 2, DMSO, or DMF as solvent trace -- 
8 as entry 2, blue LED (max = 427 nm) 42 -- 

9 as entry 2, 6 h instead of 12 h 53 -- 
10 as entry 2, 2 h or 5 h instead of 12 h 50 -- 
11d PC-2, 6 h, 20 oC 73 18 
12d PC-2, 6 h, 15 oC 66 -- 
13 as entry 9, without PC 0 -- 
14 as entry 9, without light irradiation 0 -- 
a Reaction conditions: 1a (0.1 mmol), PC (1 mol %), MeCN (2.0 mL), blue LED (max = 

450-456 nm), N2 atmosphere, 20 oC, 12 h. b Isolated yields. c LED (max = 390-400 nm) 

was used, catalyst loading: 5 mol%. d blue LED (max = 440-445 nm) was used. 

Substrate scope. With the optimal reaction conditions 

established, we started to investigate the scope of this para- 

selective amination reaction, as outlined in Table 2. We first 

investigated the generality of arenes bearing various substituents 

and substitution patterns.  The results suggested that the reaction 

displayed broad applicability for a wide variety of multi-substituted 

arenes including those that led to fully substituted arenes. For all 

the tested substrates, the site selectivity was independent of the 

side substituents, with the nitrogen-containing group specifically 

introduced into the para position to the hydroxymethyl group. This 

is an obvious advantage compared to the reported arene para-

selective amination reactions, as their site selectivity is generally 

influenced by the pre-existing substituents. 

Specifically, oxime carbonates bear substituent at ortho-position 

proceeded the reaction smoothly to afford the target para-

aminated benzyl alcohols in moderate to good yields with specific 

regioselectivity (2b-2e), regardless of the electronic and steric of 

the substituents. It’s worth noting that the bromine atom 

substitution resulted in a slightly dropped yield (2c). As the 

reaction mixture becomes complex after the reaction, the lower 

yields (same as 2o) may be attributed to the instability of the C-

Br bond in the radical system. Meta-substituted oxime carbonates 

were competent substrates with the disubstituted benzyl alcohols 

(2f-2h) afforded in good yields after simply irradiating their mixture 

in the presence of a catalytic amount of photocatalyst. The steric 

effect has little influence on the reaction as oxime carbonates with 

various substituents at both 2-, and 6-position were successfully 

converted into the desired aminated benzyl alcohols in moderate 

to good yields (2i-2m). It’s worth noting that when 2-fluoro-6-

methylbenzyl alcohol-derived oxime carbonate was selected as 

substrate, in addition to the target 2k, a structurally novel 

spirocyclic compound (2k’) was formed and isolated in 24% yield. 

Other disubstituted oxime carbonates with different substituent 

patterns including 2,5- (2n-2q) and 3,5- (2r-2t) proceeded the 

transformation smoothly, with para-aminated benzyl alcohols 

bearing two additional different substituents generated in 

moderate to high yields. It’s worth noting that the low yield (35%) 

of 2r may be attributed to the increased steric effect-induced low 

conversion rate. To completely unearth the potential of the current 

site-selective amination reaction, tri- and tetra-substituted oxime 

carbonates were also investigated. For instance, (2,3,5-

trichlorophenyl) methanol-derived oxime carbonates proceeded 

with the reaction smoothly to deliver the tetra-substituted target 

product in 39% yield (2u). Oxime carbonate that bears two 

chlorine atoms and a trifluoromethyl group was successfully 

converted into the corresponding tetra-substituted imines (2v) up 

to 71% yield. At last, a 1,2,5,6-tetra-substituted oxime carbonate 

was also explored. As expected, the fully substituted aniline 2w 

was successfully prepared in 57% yield. 

In addition to primary benzyl alcohols, secondary benzyl alcohols 

derived oxime carbonates were also investigated. Various alkyl 

groups including chain (2y-2ad) and cyclic (2ae) ones were 

explored, delivering the corresponding para-aminated products in 

good yields. The allyl group was also tolerated under the current 

conditions, albeit with a dropped yield (2ad), which may be 

attributed to unproductive side reactions induced by the C-C 

double bond. Based on our hypothesis, oxime carbonates derived 

from cycloalkane fused benzyl alcohols may be challenging 

substrates, due to the requirement of formation of a strained 

tricyclic intermediate. However, it is surprising to find that such 

types of oxime carbonates were competent for this transformation, 

producing aminated benzyl alcohols (2af-2ah) with high structural 

complexity, albeit sometimes with lower yields. Two 

diphenylmethanol-derived oxime carbonates were tested, and the
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Table 2. Substrate scope of diverse (multi)substituted arenes.a 

 
a Reaction conditions: 1a (0.1 mmol), PC-2 (1 mol %), MeCN (2.0 mL), blue LED (λmax = 440-445 nm), N2 atmosphere, 20 oC, 6 h 

 

target mono-aminated products were isolated in 67% (2ai) and 

55% (2aj) yields respectively. It’s worth noting that for substrate 

bearing two different aromatic rings, the iminyl group was 

exclusively introduced to the electron-rich phenyl ring (2aj). The 

feasibility of tertiary alcohol-derived carbonate was also explored, 

with the aminated tertiary alcohol (2ak) isolated in 51% yield. The 

norbornene unit was tolerated, with the 2al afforded in 48% yield. 

Heterocyclic arenes were tolerated either as substituents or 

reactive skeletons. Specifically, oxime carbonates bearing 2-

pyridyl (2am) or 2-thienyl (2an) as substituents were transformed 

into the aminated product successfully in moderate yields. 

Thiophen-2-ylmethanol-derived oxime carbonate was a 

competent substrate to undergo the current photocatalytic 

amination reaction, with the iminyl group installed specifically at 

5-position (2ao). Concurrently, a spirocyclic compound 2ao’ was 

isolated in 13% yield as a side product. At last, a 4-position 

blocked oxime carbonate was tested. As a result, the C-N bond 

formation remains occurred at the para-position, with a de-

aromatized spiro cyclic compound 2ap isolated in 23% yield, 

together with some unidentified side products. 

Since the iminyl moiety can be readily reduced to the 

corresponding amine unit under mild conditions, we subsequently 

explored the generality of the iminyl moiety of the current 

photocatalytic para-specific amination reactions (Table 3). The 

electronic effect of the substituents on the phenyl ring has little 

influence on the reaction outcome, as both electron-donating (4a-

4b) and electron-withdrawing (4c-4d) groups at the para position 

were all tolerated with the target afforded in good yields. The 

iminyl moieties bearing two different aromatic substituents 

proceeded with the reaction successfully, albeit in some cases 

lower yield was observed (4e-4h). It’s worth noting that 

heteroaromatic ring-containing imines such as 4g and 4h could  
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Table 3. Substrate scope of iminyl moiety.a 

 
a Reaction conditions: 1a (0.1 mmol), PC-2 (1 mol %), MeCN (2.0 mL), blue LED (λmax = 440-445 nm), N2 atmosphere, 20 oC, 6 h. 

bIsolated as E, Z mixture. cReduced by NaBH4 directly after the amination reaction. 

 

also be prepared under our standard conditions, providing 

opportunities for the construction of anilines with high complexity. 

The iminyl moieties that bear an aliphatic substituent were also 

investigated. The target imines were reduced directly after the 

photocatalytic amination reactions due to the instability of the 

corresponding imines. As a result, the anilines 4i and 4k were 

produced in quite low yields after the two-step-one pot operation 

(23% & 27%). This may be attributed to the instability of the 

corresponding alkyl-substituted iminyl radicals. Although the low 

yields, the current method provides a straightforward route to 

prepare such types of alkyl-substituted aniline derivatives. 

 

Applications: To showcase the potential utility of this 

photocatalytic amination strategy, the late-stage transformation of 

natural products and drug molecules-derived oxime carbonates 

were investigated (Scheme 1a). Specifically, oxime carbonates 

derived from citronellal, and cyclamen aldehyde were 

successfully aminated at para-position, albeit with moderate 

yields (5a-5b). An insect pheromone motif-containing oxime 

carbonate was also competent substrate, with the aminated 

product 5c obtained in 53% yield. Free C-C double bond was 

tolerated under the standard reaction conditions, with the myrac 

aldehyde moiety containing product (5e) obtained in 52% yield. 

The cholesterol-derived substrate proceeded the site-selective 

amination smoothly to deliver the complex molecules 5f in 41% 

yield. Aniline moieties widely exist in numerous pharmaceuticals 

and agrochemicals, thus the synthesis of anilines with multiple 

different substituents and specific substitution patterns is of great 

importance for medical chemical screening. However, these 

multi-substituted anilines with specific substitution patterns are 

generally unaccessible or difficult to prepare with the known 

methods. To demonstrate the power of the current photocatalytic 

site-selective amination reaction, we chose Benzocaine, a local 

anesthetic, as a representative drug molecule for rapid 

synthesizing structurally diverse drug analogs (Scheme 1b). As 

expected, libraries of mono-, di, tri, tetra-, and even penta-

substituted anilines with different substitution patterns were 

prepared via the hydrolysis of our products in high yields (6a-6f). 

The resultant anilines (6a-6f) are readily converted into the 

corresponding substituted Benzocaine molecules in one step 

according to the reported method.[47] As such, we anticipate that 

our method will expedite the application of multi-substituted 

anilines in drug development. At last, a continuous flow process 

was used to scale up the current photocatalytic site-selective 

amination reactions (Scheme 1c). The model reaction was 

selected as the object of the study. After simply screening the 

reaction conditions including flow rate, reaction temperature, 

reaction concentration, and the source of light irradiation, an 

optimized reaction condition was finally identified. Then the 

reaction was scaled up to 10 mmol under this optimized reaction 

condition. As a result, the target 2a was isolated in 54% yield (1.54 

g) after 21 hours. 

 

Mechanistic studies: According to our hypothesis and reported 

literatures,[29-41] possible reaction pathways were proposed, as 

listed in Figure 2a. The reaction started with the intermolecular 

energy transfer between photoexcited PC-2 and substrate 1a to 

produce excited triplet state 1a* and regenerate the ground state 

PC-2. Subsequent N-O bond homolysis of 1a* resulted in the 

formation of the key persistent iminyl radical (I) and the transient 

benzyoxycarbonyloxyl radical (II).  

The oxygen-centered radical intermediate (II) may undergo ipso-

addition to the phenyl ring to form a five-membered spirocyclic 

1,3-cyclohexadiene radical species III (path a), [48-49] which 

resonates with the 1,4-cyclohexadiene radical intermediate. 

Selective C(sp3)-N cross-coupling of iminyl radical I and 1,4-

cyclohexadienyl radical III delivers an imine group containing 1,3-

dioxaspiro[4.5]deca-6,9-dien-2-one IV. Such a cyclohexadiene 

such as 2k’ and 2ao’ had indeed been isolated as side products 

in some of our reactions. The cyclohexadiene (IV) may be 

converted into the para-functionalized target arene 2a via re-

aromatization or PC-2-involved photoredox process under our 

standard conditions. On the other hand, the transient 

benzyoxycarbonyloxyl radical (II) may undergo decarboxylation[48] 

before ipso-addition to the phenyl ring to generate a three-

membered spirocyclic radical species VI (path b).[50] Solid 

evidence for the decarboxylation step was reported by Walton by 

EPR studies.[48,49] Subsequent selective radical cross-coupling  
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Scheme 1. Application of the photocatalytic para-specific amination reaction 

between the persistent iminyl radical I and 1,4-cyclohexadienyl 

radical VI led to the forming of the iminyl group containing 1-

oxaspiro[2.5]octa-4,7-diene VII. The resultant highly strained 

spiro compound VII isomerized to eventually afford the target 2a 

spontaneously. Alternatively, a radical chain mechanism can not 

be excluded. Specifically, the spirocyclic radical species VI may 

undergo a radical addition process with the oxime ester 1a to 

generate the adduct VIII. Subsequent β-scission results in the 

formation of intermediate VIII and regeneration of the 

benzyoxycarbonyloxyl radical II. 

A series of experimental studies were conducted to shed light on 

the reaction mechanism and distinguish the above-mentioned 

reaction pathways. When 1.0 equivalent of 2,2,6,6-

tetramethylpiperidinooxy (TEMPO) was added into the model 

reaction as a radical scavenger under otherwise identical 

conditions, the reaction was completely inhibited, with no 2a 

observed (Figure 2b), confirming the radical reaction pathway. 

The triplet-triplet energy transfer process between iridium-based 

photocatalysts and oxime carbonates has been well proved by 

related literature.[34] Besides, the reactions that proceeded via the 

triplet state of substrates should also be feasible through light 

direct excitation, clearly distinguishing it from the single electron 

transfer pathway. Therefore, a direct excitation reaction was 

conducted (Figure 2c). Specifically, a mixture of 1a in acetonitrile 

was irradiated by LED (λmax = 365-370 nm). As expected, 2a was 

obtained in 42% yield after 6 hours of irradiation, confirming the 

energy transfer pathway. Attempts to initiate the reaction by other 

radical initiators were also conducted (Figure 2d). However, all 

the tried radical initiators including AIBN, BPO, and DTBP failed 

to give the target 2a, again demonstrating the pivotal role of the 

photocatalyst. To investigate the possibility of 1,3-

dioxaspiro[4.5]deca-6,9-dien-2-one IV acting as an intermediate 

(path a), side product 2k’ was submitted to the standard 

conditions (Figure 2e). However, no 2k was observed after the 

reaction, with most of the 2k’ recovered, providing solid evidence 

to exclude path a. To provide evidence to support path b, a radical 

clock experiment was designed to prove the involvement of the 

benzoxyl radical species (V). Oxime carbonate-bearing three-

membered ring (7) was designed and submitted to the standard 

condition (figure 2f). As a result, no desired para-aminated 

product (8) was detected. Instead, a ring-opening β-iminyl ketone 

(9) was obtained in 26% yield together with some 3a as a side  
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Figure 2. Proposed mechanism and mechanistic studies. 

product. The formation of β-iminyl ketone (9) proved the existence 

of the benzoxyl radical in our reaction system.Concurrently, the 

observation of 3a in this radical clock reaction and some of the 

other reactions supports the presence of key iminyl radical (I). 
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Finally, a crossover experiment using oxime carbonates 1f and 

1a’ was conducted to further understand the reaction mechanism 

(Figure 2g). The detection of the crossover products (2a & 10) 

revealed that the radical cross-coupling step is an intermolecular 

process. Taken together, the experimental data support the 

decarboxylative pathway (path b).  

The radical cross-coupling of the persistent iminyl radical (I) and 

transient carbon radical has been widely explored by Cho, Glorius, 

Molander, and others,[29-41] The long lifetime of the iminyl radical 

(I) is supported by the isolation of their dimer 3. However, a radical 

chain process can not be excluded. Most recently, Molander[36] 

and Glorius[41] nicely proved the involvement of radical chain 

propagation process experimentally and computationally. To 

preliminary identify if the radical chain propagation is involved in 

the reaction, a light shutdown experiment was conducted (Figure 

2h). It was found that 2a can be formed in 17% yield after 

irradiation of 1a under standard conditions for 90 seconds. 

Meanwhile, the reaction continued in the dark after initiating by 

light irradiation for 90 seconds. Specifically, 2a was isolated in 

22% (90 seconds irradiation then 1h under the dark) and 27% 

yields (90 seconds irradiation then 2h under the dark) respectively. 

Although the reaction rate dropped significantly under the dark 

 
Figure 3. a. Gibbs free energy profile for path b, computed at SMD (acetonitrile)-M06-2X/def2-TZVP//M06-2X/def2-SVP level of theory. TDI, turnover frequency-
determining intermediate; TDTS, turnover frequency-determining transition state. b. Spin density plots for selected species X, TS3, and TS3’. Spin density plots 
were visualized at an isosurface value of 0.005 au. Mulliken spin population values are given in orange, key bond distances are given in black. See Figure S1 for 
DFT optimized structures and Figure S2 for the spin density plots of all structures. 

condition, the maintained increase of the yield suggests the 

involvement of the radical propagation process. 

Density functional theory (DFT) calculations were also performed 

to provide additional evidence to identify the proposed path a and 
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path b. As depicted in Figure 3a, the carbonate radical species II 

formed upon the homolysis of the N–O bond in the photo-excited 

starting material 1a* undergoes a homolytic C–O bond 

cleavage[29-41] via TS1, with an activation barrier of 11.4 kcal/mol, 

to give benzoxyl radical V, with concomitant release of a CO2 

molecule. This process is highly exergonic (V is -17.7 kcal/mol 

downhill of II), assisted by the entropic gain as a CO2 molecule is 

released. In addition, this step is irreversible, as the steps going 

forward (23.7 kcal/mol via TS3) have lower barriers than the 

barrier to go back from V to II (29.1 kcal/mol from V to TS1). 

Benzoxyl radical V subsequently undergoes ring closure to form 

the oxaspirocyclic intermediate VI (an intermediate also proposed 

in the benzoxyl radical decomposition)[50]. This step has a barrier 

of 13.7 kcal/mol (V to TS2) and forms VI at -5.8 kcal/mol, which is 

11.9 kcal/mol thermodynamically uphill of V (Figure 3a). The 

formation of intermediate VI is reversible, as it can revert to V 

more easily (via TS2, barrier of 1.8 kcal/mol from VI to TS2) than 

going forward via TS3 to give intermediate VII (barrier of 11.8 

kcal/mol from VI to TS3). The formation of VII and its subsequent 

isomerization to give the final product 2a is highly exergonic and 

irreversible. 

To understand the regioselectivity outcome of the current 

amination transformations, DFT calculations on the radical cross-

coupling process were conducted. we found that the TS for the 

C–N bond formation at the para-position (TS3) has a lower barrier 

than at the ortho-position (TS3o) by 2.9 kcal/mol (Figure 3a). This 

suggests that the C–N coupling at the para-position is favored 

kinetically over the ortho-position by a factor of 145:1, using 

simple transition state theory (see SI section II.4 for details). Spin 

density plots for the oxaspirocyclic intermediate VI suggest that 

the spin density is higher at the para position (0.556, Figure 3b) 

than at the ortho position (0.402, Figure 3b). Thus, although the 

radical is delocalized over the whole structure, there is greater 

radical character on the para position than the ortho position. In 

addition, TS3 likely benefits from π-π interaction between the 

aromatic rings due to its more favorable geometric arrangement 

than TS3o, as suggested by the non-covalent interaction plots 

shown in Figure S3 (see supplementary information). Overall, 

DFT calculations suggest that the benzoxyl radical (V) formed 

upon decarboxylation of the carbonate radical is the turnover 

frequency (TOF)-determining intermediate (TDI), or equivalently, 

the resting state of the catalytic cycle, and TS3 is the TOF-

determining transition state (TDTS). This gives the energetic span 

for the formation of product 2a from intermediate II at 23.7 

kcal/mol, which indicates that these steps are thermally feasible 

at 20 °C under the reaction conditions, consistent with the 

observed experimental reactivity. A reversible formation of an 

oxaspirocyclic intermediate is proposed. This species undergoes 

a regioselective and rate-determining radical cross-coupling to 

forge the C–N bond formation. The C–N cross-coupling occurs 

more favorably at the para-position over the ortho-position due to 

both greater radical character at the para position than the ortho 

position, and the favorable π-π interaction present in the transition 

state for the radical cross-coupling at the para-position, but absent 

in the TS for coupling at the ortho-position. 

To discern the influence of the electronic effect of the substituents 

on the regioselective outcome, additional calculations using 

substrates that lead to products 2i, 2l, 2r, and 2t (See SI section 

II.5) were performed. DFT computations show that for the 

electron-donating methyl substituent at the ortho-position forming 

product 2i, the TS forming the para product (TS2i_para) is 

favored over the TS forming the meta product (TS2i_meta) by 

23.7 kcal/mol, whereas for the electron-donating methyl 

substituent at the meta-position forming product 2r, the TS 

forming the para product (TS2r_para) is favored over that forming 

the ortho product (TS2r_ortho) by 3.6 kcal/mol. Similarly, for the 

electron-withdrawing F substituent at the ortho-position forming 

product 2l, the TS forming the para product (TS2l_para) is 

favored over the TS forming the meta product (TS2l_meta) by 

24.2 kcal/mol, whereas for the electron-withdrawing F substituent 

at the meta-position forming product 2t, the TS forming the para 

product (TS2t_para) is favored over that forming the ortho 

product (TS2t_ortho) by 1.1 kcal/mol. We note that the formation 

of C–N bond via radical-radical coupling at the meta-position is 

highly unfavorable, since the spin at the meta-position and 

nitrogen atom are parallel, whereas the spins are opposite 

between the radical at the nitrogen atom and the para-ortho-

position, thereby favoring bond formation. Overall, regardless of 

the electronic demands and the position of the substituents, para-

selective amination products are observed. 

Conclusion 

In summary, we have designed a novel strategy for para-selective 

arene C-H functionalizations based on the persistent radical 

effect-induced radical cross-coupling event. The strategy relies on 

a sequential radical dearomatization/radical cross-

coupling/rearomatization process. By using benzyl alcohol-

derived oxime carbonates as the substrates, such a strategy was 

successfully applied in a photocatalytic para-selective arene C-H 

amination. The site selectivity does not rely on the electronic and 

steric properties of the arene substrates. Instead, both electron-

rich and electron-deficient arenes with multiple substituents are 

effective substrates with high para-selectivity. Diverse anilines 

including mono-, di-, tri-, and tetra-substituted ones which are not 

readily accessible by other methods can be easily prepared 

through our strategy. The successful application of this method 

for natural products of drug molecules derived substrates 

demonstrates its potential utility. Experimental and computational 

mechanistic studies support our proposed mechanism. 

Computational studies also revealed that the site selectivity was 

determined by the dominant radical characteristic on the para-

position of the key radical intermediate and the π-π interaction 

presented in the transition state for the radical cross-coupling step. 

We believe that the current para-selective functionalization model 

will expedite the development of other challenging remote arene 

C-H functionalization. 

Acknowledgements  

We acknowledge financial support from the National Natural 

Science Foundation of China (22371058, 32172459, 22371057, 

22071036,U23A20201), the National Key Research and 

Development Program of China (2022YFD1700300), National 

Natural Science Fund for Excellent Young Scientists Fund 

Program (Overseas), the starting grant of Guizhou University 

[(2023)29)], the Science and Technology Department of Guizhou 

Province (Qiankehejichu-ZK[2024]Key009, Qiankehejichu-

ZK[2021]Key033), the Program of Introducing Talents of 

10.1002/anie.202407293

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407293 by G

uizhou U
niversity, W

iley O
nline L

ibrary on [04/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE          

 

 

 

 

Discipline to Universities of China (111 Program, D20023) at 

Guizhou University, Frontiers Science Center for Asymmetric 

Synthesis and Medicinal Molecules, Department of Education, 

Guizhou Province [Qianjiaohe KY (2020)004]. Singapore National 

Research Foundation under its NRF Investigatorship (NRF-

NRFI2016-06) and Competitive Research Program (NRF-

CRP22-2019-0002), Ministry of Education, Singapore, under its 

MOE AcRF Tier 1 Award (RG7/20, RG70/21), MOE AcRF Tier 2 

(MOE-T2EP10222-0006), and MOE AcRF Tier 3 Award 

(MOE2018-T3-1-003), a Chair Professorship Grant, and Nanyang 

Technological University. X.Z. acknowledges the support from the 

Agency for Science, Technology and Research (A*STAR) under 

its Career Development Fund (CDF Project Number 

C210812008) and Manufacturing, Trade and Connectivity (MTC) 

Young Individual Research Grants (YIRG grant number 

M22K3c0091) for this work. X.Z. acknowledges the partial use of 

supercomputers in the National Supercomputing Centre (NSCC), 

Singapore (https://www.nscc.sg) for computations performed in 

this work. 

Keywords: Remote C-H functionalization, arene amination, 

radical dearomatization, radical coupling, site selectivity. 

1. U. Dutta, D. Maiti, Arene Diversification through Distal C(sp2)-H 
Functionalization. Science 2021, 372, 701.  

2. J.-H. Mao, B. Tan, Organocatalyst-controlled Site-selective Arene C-H 
Functionalization. Nat Chem. 2021, 13, 982-991. 

3. Z. Zhou, R. G. Parr, Activation Hardness: New Index for Describing the 
Orientation of Electrophilic Aromatic Substitution. J. Am. Chem. Soc. 
1990, 112, 5720–5724. 

4. A. Dey, S. Maity, D. Maiti, Reaching the South: Metal-catalyzed 
Transformation of the Aromatic Para-position. Chem. Commun. 2016, 52, 
12398–12414. 

5. N. A. Romero, D. A. Nicewicz, Site-selective Arene C–H Amination via 
Photoredox catalysis. Science 2015, 349, 1326–1330. 

6. K. A. Margrey, D. A. Nicewicz, Predictive Model for Site-Selective Aryl 
and Heteroaryl C–H Functionalization via Organic Photoredox Catalysis. 
J. Am. Chem. Soc. 2017, 139, 11288–11299. 

7. H. Huang, T. H. Lambert, Electrophotocatalytic C-H 
Heterofunctionalization of Arene. Angew. Chem. Int. Ed. 2021, 60, 
11163-11167. 

8. Y.-W. Zheng, L.-Z. Wu, C.-H. Tung, Photocatalytic Hydrogen-Evolution 
Cross-Coupling: Benzene C-H Amination and Hydroxylation. J. Am. 
Chem. Soc. 2016, 138, 10080–10083. 

9. L.-B. Niu, H. Yi, A. Lei, Photo-Induced Oxidant-Free Oxidative C–H/N–H 
Cross-Ccoupling Between Arenes And Azoles. Nat. Commun. 2017, 8, 
14226. 

10. G. B. Boursalian, T. Ritter, Charge-Transfer-Directed Radical Substitution 
Enables Para-selective C–H Functionalization. Nat. Chem. 2016, 8, 810–
815. 

11. A. Ruffoni, D. Leonori, Practical and Regioselective Amination of Arenes 
Using Alkyl Amines. Nat. Chem. 2019, 11, 426–433. 

12. T. D. Svejstrup, D. Leonori, Synthesis of Arylamines via Aminium 
Radicals. Angew. Chem. Int. Ed. 2017, 56, 14948-14952. 

13. K. A. Margrey, D. A. Nicewicz, Direct Aryl C−H Amination with Primary 
Amines Using Organic Photoredox Catalysis. Angew. Chem. Int. Ed. 
2017, 56, 15644-15648. 

14. S. Das, B. König, Teaching Old Compounds New Tricks: DDQ-
Photocatalyzed C−H Amination of Arenes with Carbamates, Urea, and 
N-Heterocycles. Chem. Eur. J. 2017, 23, 18161-18165. 

15. H. Keum, S. Chang, Visible-Light Induced C(sp2)−H Amidation with an 
Aryl–Alkyl σ-Bond Relocation via Redox-Neutral Radical–Polar 
Crossover. Angew. Chem. Int. Ed. 2021, 60, 25235-25240. 

16. L. J. Allen, M. S. Sanford, N-Acyloxyphthalimides as Nitrogen Radical 
Precursors in the Visible Light Photocatalyzed Room Temperature C–H 
Amination of Arenes and Heteroarenes. J. Am. Chem. Soc. 2014, 136, 
5607–5610. 

17. C. B. Tripathi, T. Ooi, Photoredox Ketone Catalysis for the Direct C–H 
Imidation and Acyloxylation of Arenes. Chem. Sci. 2017, 8, 5622-5627. 

18. T. W. Greulich, A. Studer. N-Aminopyridinium Salts as Precursors for N-
Centered Radicals – Direct Amidation of Arenes and Heteroarenes. Org. 
Lett. 2015, 17, 254–257. 

19. E.Ito, K. Murakami, K. Itami, Catalytic Dehydrogenative C–H Imidation of 
Arenes Enabled by Photo-generated Hole Donation to Sulfonimide. 
Chem 2017, 2, 383-392. 

20. J. M. Ganley, R. R. Knowels, Photocatalytic Generation of Aminium 
Radical Cations for C-N Bond Formation. ACS Catal. 2020, 10, 11712-
11738. 

21. T. Wang, A. S. K. Hashmi, A Metal-Free Direct Arene C−H Amination. 
Adv. Synth. Catal. 2021, 363, 2783– 2795. 

22. C. Wang, Y. Zhao, An Organic Photoredox Catalyst Promoted Para-
selective C–H Amination of Aryl Oximes. Org. Chem. Front. 2023, 10, 
335-341. 

23. W. E. Bachmann, F. Y. Wiselogle, The Relative Stability of 
Pentaarylethanes. III.1 The reversible dissociation of pentaarylethanes. 
J. Org. Chem. 1936, 1, 354-382. 

24. D. Leifert, A. Studer, The Persistent Radical Effect in Organic Synthesis. 
Angew. Chem. Int. Ed. 2020, 59, 74-108. 

25. S.-C. Ren, W. Tian, Y. R. Chi, Carbene and Photocatalyst-Catalyzed 
Decarboxylative Radical Coupling of Carboxylic Acids and Acyl 
Imidazoles to Form Ketones, Nat. Commun. 2022, 13, 2846. 

26. S.-C. Ren, H. Chai, Y. R. Chi, Carbene-Catalyzed Alkylation of Carboxylic 
Esters via Direct Photoexcitation of Acyl Azolium Intermediates, ACS. 
Catal. 2021, 11, 2925-2934. 

27. F. Su, X. Wu, Y. R. Chi,  Organocatalytic C-H Functionalization of Simple 
Alkanes. Angew. Chem. Int. Ed. 2023, e202310072. 

28. R. Song, S.-C. Ren, Y. R. Chi, Carbene- And Photocatalysis Redefine 
Arene Acylation, Nat. Synth. 2023, 2, 1009. 

29. D. S. Lee, E. J. Cho, N-O Bond Activation by Energy Transfer 
Photocatalysis. Acc. Chem. Res. 2022, 55, 2526-2541. 

30. X.-Y. Yu, J.-R. Chen, W.-J. Xiao. Visible Light-Driven Radical-Mediated 
C-C Bond Cleavage/Functionalization in Organic Synthesis. Chem. Rev. 

2021, 121, 506-561. 
31. T. Patra, F. Glorius, Visible-Light-Photosensitized Aryl and Alkyl 

Decarboxylative Functionalization Reactions. Angew. Chem. Int. Ed. 
2019, 58, 10514-10520. 

32. V. K. Soni, Y. You, E. J. Cho. Reactivity Tuning for Radical–Radical 
Cross-Coupling via Selective Photocatalytic Energy Transfer: Access to 
Amine Building Blocks. ACS Catal. 2019, 9, 10454-10463. 

33. T. Patra, F. Glorius, Photosensitized Intermolecular Carboimination of 
Alkenes through the Persistent Radical Effect. Angew. Chem. Int. Ed. 
2020, 59, 3172-3177. 

34. T. Patra, F. Glorius, Metal-Free Photosensitized Oxyimination of 
Unactivated Alkenes with Bifunctional Oxime Carbonates. Nat. Catal. 
2021, 4, 54–61. 

35. S.-Q. Lai, B. Han， Photocatalytic Anti-Markovnikov Radical Hydro- and 

Aminooxygenation of Unactivated Alkenes Tuned by Ketoxime 
Carbonates. Angew. Chem. Int. Ed. 2021, 60, 21997-22003. 

36. J. Majhi, O. Gutierrez, G. A. Molander, Metal-Free Photochemical Imino-
Alkylation of Alkenes with Bifunctional Oxime Esters. J. Am. Chem. Soc. 
2022, 144, 15871–15878. 

37. X.-K. Qi, L. Guo, W. Xia, Metal-Free Amino(hetero)arylation and 
Aminosulfonylation of Alkenes Enabled by Photoinduced Energy Transfer. 
J. Am. Chem. Soc. 2023, 145, 16630–16641. 

38. F. Palus, F. Glorius, Three-Component Photochemical 1,2,5-
Trifunctionalizations of Alkenes toward Densely Functionalized 
Lynchpins. J. Am. Chem. Soc. 2023, 145, 23814-23823. 

39. S. Kim, G. A. Molander, Metal-Free Photoinduced Acylboration of 
[1.1.1]Propellane via Energey Transfer Catalysis. ACS Catal. 2023, 13, 
9542-9549. 

40. G. Tan, F. Glorius, Photochemical Single-Step Synthesis of β-amino acid 
derivatives from alkenes and (hetero)arenes. Nat. Chem. 2022, 14, 1174-
1184. 

41. R. Laskar, O. Gutierrez, F. Glorius, γ-Amino Alcohols via Energy Transfer 
Enabled Brook Rearrangement. J. Am. Chem. Soc. 2024, DOI: 
10.1021/jacs.4c01667. 

42. Q.-Z. Li, W.-L. Zou, Z.-Y. Yu, X.-X. Kou, Y.-Q. Liu, X. Zhang, Y. He , J.-L. 
Li, Remote site-selective arene C–H functionalization enabled by N-
heterocyclic carbene organocatalysis. Nat. Catal. 2024, 
https://doi.org/10.1038/s41929-024-01194-5 

43. Y. Feng, Q.-X. Guo, Assessment of Experimental Bond Dissociation 
Energies Using Composite ab Initio Methods and Evaluation of the 
Performances of Density Functional Methods in the Calculation of Bond 
Dissociation Energies. J. Chem. Inf. Comput. Sci. 2003, 43, 2005–2013. 

44. M. S. Lowry, S. Bernhard, Single-Layer Electroluminescent Devices and 
Photoinduced Hydrogen Production from an Ionic Iridium(III) Complex. 
Chem. Mater. 2005, 17, 5712-5719. 

45. F. N. Nikolaos, L. G. Petros, G. K. Christoforos, Thioxanthone: a powerful 
photocatalyst for organic reactions. Org. Biomol. Chem. 2021,19, 5237-
5253. 

46. Y. Sakakibara, K. Murakami, Switchable Divergent Synthesis Using 
Photocatalysis. ACS Catal. 2022, 12, 3, 1857–1878 

47. T. Iwasaki, K. Nozaki, Chemoselectivity Change in Catalytic 
Hydrogenolysis Enabling Urea-reduction to Formamide/Amine Over 
More Reactive Carbonyl Compounds. Nat Commun 2023, 14, 3279.  

48. R. T. Burney, J. C. Walton, Rapid and Selective Spiro-Cyclisations of O-
centred Radicals Onto Aromatic Acceptors. Chem. Sci. 2013, 4, 2028. 

49. R. T. McBurney, J. C. Walton, An All-purpose Preparation of Oxime 
Carbonates And Resultant Insights into the  Chemistry of 
Alkoxycarbonyloxyl Radicals. Chem. Sci. 2012, 3, 3436. 

10.1002/anie.202407293

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407293 by G

uizhou U
niversity, W

iley O
nline L

ibrary on [04/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE          

 

 

 

 

50. G. D. Silva, J. W. Bozzelli, Benzoxyl Radical Decomposition Kinetics: 
Formation of Benzaldehyde + H, Phenyl + CH2O, and Benzene + HCO. 
J. Phys. Chem. A 2009, 113, 6979–6986. 

 

Entry for the Table of Contents 

 

A photocatalytic para-selective C-H amination of benzyl alcohols whose reactivity and site selectivity are independent of existing side 

substituents is disclosed. 
 

10.1002/anie.202407293

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407293 by G

uizhou U
niversity, W

iley O
nline L

ibrary on [04/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


