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Abstract: Vicinal diamines, especially unsymmetrical ones, are among the most common 

structural motifs in biologically active molecules, natural products, and pharmaceuticals. While 

the catalytic diamination of carbon–carbon double bonds provides rapid access to diamines, these 

reactions are often limited to installing undifferentiated amino functionalities through 

transition-metals or hyper-valent iodine reagents catalysis. Herein, we disclose a metal-free, 

photosensitized dearomative unsymmetrical diamination of various electron-rich (hetero)arenes 

with bifunctional diamination reagents, producing a series of previously inaccessible vicinal 

diamines with excellent regio- and diastereoselectivity. A class of unprecedented bifunctional 

nitrogen-radical precursors was developed for the first time to simultaneously generate two 

N-centered radicals with different reactivities via an energy transfer (EnT) process. In addition, the 

protocol was also suitable for a wide range of alkenes. Notably, the formed vicinal diamines bear 

two differentiated amino functionalities, and either imine or amide units could be easily and 

orthogonally converted into unprotected amines, thereby facilitating the selective downstream 

transformations. 
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Fig. 1. Development of nitrogen-radical precursors. a) Selected examples of vicinal 

diamine-containing biologically active molecules, drugs, and natural products. b) The 

development of nitrogen-radical precursors. c) This study: Photochemical dearomative 

unsymmetrical diamination. EnT: energy transfer. 

Vicinal diamines are the central structural motifs of a wide variety of biologically active 

molecules, natural products, and pharmaceuticals (Fig. 1a).
1-3

 Moreover, these diamine 

frameworks are also frequently employed as organocatalysts, and privileged ligands for 

transition-metal catalysis.
4
 Among various synthetic approaches to vicinal diamines, the catalytic 

diamination/diazidation of carbon–carbon double bonds is generally regarded as one of the most 

efficient and straightforward methods and has been of great interest to synthetic chemists.
5-6

 

Despite significant achievements made in the past few decades,
7-41

 some fundamental issues still 
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remain to be solved in this field. First, the majority of these methods require transition-metals or 

hyper-valent iodine reagents as catalysts.
9-19,23-25,28,33-41

 In addition, the utilization of 

stoichiometric amounts of metal reagents (e.g. osmium or cobalt),
7-8

 chemical 

oxidants,
11,15,22,23,27,28,33,34,37,38

 or azide reagents,
14-16,18-20,26,28,40,41

 leads to the issues on cost, 

environment, and safety. Second, the established protocols are often limited to symmetrical 

diamination,
7-23,26-28

 namely installing two undifferentiated amino functionalities across alkenes. 

From the synthetic perspective, unsymmetrical diamination is a more attractive but challenging 

task,
29

 due to the lack of suitable amination reagents, and potential regio- and diastereoselectivity 

issues. Although some elegant unsymmetrical alkene diaminations have been realized,
30-41

 

methods to access a diamine precursor which could be easily and orthogonally converted into 

synthetically relevant unsymmetrical diamine products are still highly desirable. 

In recent years, particularly with the bloom of visible light photocatalysis,
42-46

 the N-centered 

radicals have received remarkable attention from synthetic community because these powerful 

species offer great opportunities for the construction of C–N bonds with many complementary 

aspects of both ionic and transition-metal-based methods in terms of retrosynthetic 

bond-disconnection and reaction selectivity.
47-52

 So far, various nitrogen-radical precursors have 

been developed, and the formed radicals can be broadly divided into four classes on the basis of 

N-hybridization and substituents, including ambiphilic iminyl radicals, electrophilic amidyl 

radicals, nucleophilic aminyl radicals, and their protonated analogues, electrophilic aminium 

radicals.
52

 Despite having received continuous progress, to the best of our knowledge, all the 

reported nitrogen-radical precursors are designed for producing single N-centered radicals, so 

they are only developed for installing single or undifferentiated amino functionalities. To realize 

the more challenging unsymmetrical diamination, we reasoned whether we could design a 

bifunctional reagent, which is in principle amenable to the simultaneous generation of two 

N-centered radicals at an equal rate but with different reactivities. If successful, then the 

regioselective stepwise addition of two differentiated N-centered radicals across carbon–carbon 

double bonds may provide direct access to the unsymmetrical vicinal diamines. 

Herein, we report a class of unprecedented oxime ester-based bifunctional nitrogen-radical 

precursors to be utilized for the simultaneous generation of ambiphilic iminyl and electrophilic 

amidyl radicals via an energy transfer strategy,
53-55

 therefore providing a rapid and versatile 
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protocol for unsymmetrical diamination of various electron-rich (hetero)arenes and alkenes. 

Noteworthy features of this method include: 1) this mild diamination reaction was performed with 

a cheap and commercially available thioxanthone as organic photosensitizer, without requirement 

of any transition-metals and additives, thus being of high practicability; 2) moreover, this protocol 

exhibits remarkable compatibility in dearomative diamination of a variety of (hetero)arenes, and is 

of exclusive diastereo- and regioselectivity, thanks to the different reactivities of iminyl and 

amidyl radicals; 3) most notably, the formed vicinal diamines bear two differentiated amino 

functionalities, and either imine or amide groups could be easily and orthogonally converted into 

unprotected amines, thereby facilitating the downstream transformation. Taken together, the 

current protocol offers a promising solution towards the main limitations of catalytic diamination. 

Results and discussion 

Reaction development. Considering both iminyl and amidyl radicals are two types of 

widely-explored N-centered radicals, showing ambiphilic and electrophilic properties,
52

 

respectively, our investigation commenced with the development of iminyl and 

amidyl-containing bifunctional nitrogen-radical precursors. As shown in Fig. 2a, various 

unprecedented oxime ester-based nitrogen-radical precursors were synthesized for the first time, 

and their reactivities were examined under visible-light-sensitized conditions by using tert-butyl 

1H-indole-1-carboxylate H1 as N-centered radical acceptor. We hypothesized that these 

precursors could undergo a N–O bond fragmentation through photosensitization to their triplet 

excited state via EnT catalysis, resulting in iminyl and amidyl radicals along with the release of 

CO2 and aldehyde/ketone. Indeed, the desired dearomative diamination reactions of H1 with a 

series of bifunctional nitrogen-radical precursors S1-S10 were observed in the presence of a 

cheap and commercially available thioxanthone as photosensitizer (5.0 mol %), after irradiation 

for 12 h with blue LEDs (18 W, λmax = 405 nm) in acetone. To our delight, the desired vicinal 

diamine product 8 was obtained in 72% isolated yield with excellent regio- and 

diastereoselectivity when employing Troc-protected bifunctional reagent S8. Reasonably, the 

monomethyl or α-unsubstituted Troc-protected bifunctional reagents S9 and S10 gave a reduced 

outcome of product 8, likely because of the fact that the α-substituents may increase the rate of 

the radical decarboxylation step.
56-57

 Replacement of the benzophenone iminyl with a 

phthalimidyl unit (S11 and S12), the transformation was shut down completely, suggesting that 



 

5 

 

the benzophenone iminyl radical with a relatively long lifetime played a critical role for the 

dearomative diamination.
58

 In order to further understand the reactivities of these bifunctional 

reagents, their triplet energies were determined by DFT calculation, ranging from 46.8 to 64.7 kcal 

mol
-1

 (Fig. 2, see Supplementary Information for the details). Given the triplet energy of 

thioxanthone was previously reported as 65.5 kcal mol
-1

,
59

 energy transfers from thioxanthone to 

S1-S12 are all thermodynamically feasible. To explore the lack of reactivity of S11 and S12, the 

spin density distributions of the triplet states were determined (Fig. S14, see Supplementary 

Information for the details). As for both species, the spin density is predominantly localized on the 

phthalimide functionalities, it is expected that a high energy barrier has to be overcome to enable 

homolytic N–O bond breaking. In addition, the reaction of H1 with S8 was analyzed by GC-MS 

measurement to elucidate the composition of reaction mixtures (Fig. S3, see Supplementary 

Information for the details). S8 was completely consumed, given its high reactivity to generate a 

pair of N-centered iminyl and amidyl radicals under the standard reaction conditions. The 

protonation of both N-centered iminyl and amidyl radicals, as well as the homo-coupling 

reaction of persistent N-centered iminyl radical were the main side-reactions observed in the 

reaction. Meanwhile, small amount of 1H-indole was also observed in the reaction mixtures, 

resulting from the deterioration of H1. Subsequently, the impact of other reaction parameters was 

also investigated (Fig. 2b). As expected, this transformation did not proceed in the absence of 

either thioxanthone or blue light (Fig. 2b, entries 1-2). Satisfactorily, product 8 could be obtained 

in 48% yield when reducing the loading of thioxanthone to 1.0 mol % (Fig. 2b, entry 3). The 

reaction appeared to be less sensitive to the solvents, as replacing acetone with EtOAc, CH2Cl2, 

or THF as solvent still furnished 8 in moderate to good yields (Fig. 2b, entries 4-6). Moreover, 

different photocatalysts were screened, and the [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) complex was 

also proven to be a suitable catalyst for this dearomative diamination without diminishing the 

outcome. Furthermore, screening of the ratio of H1 and S8 were conducted under the standard 

conditions (Table S2, see Supplementary Information for the details). Either reducing the dosage 

of H1 or switching the stoichiometry of H1 and S8 led to diminished yields of 8 (Table S2, 

entries 1-5), likely because of the deterioration of H1 in the reaction. Finally, a conditions-based 

sensitivity screening suggested that this protocol was less sensitive towards the concentration of 

substrates, moisture, and scale-up, only suffering from slightly diminished yields at high oxygen 

concentration or low light intensity (see Supplementary Information for the details).
60
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Fig. 2. Reaction development. a) Screening of bifunctional nitrogen-radical precursors. 

Reaction conditions: H1 (0.4 mmol), S1-S12 (0.2 mmol), and thioxanthone (5.0 mol %) in 

acetone (0.1 M), irradiation with an 18 W blue LED (λmax = 405 nm) under Ar at room 

temperature for 12 h. Isolated yields are given. The d.r. values were determined by 
1
H NMR 

analysis. b) Impact of other reaction parameters. c) Assessment of condition-based sensitivity. 

Boc: tert-butoxycarbonyl. PhthN: phthalimidyl. Teoc: 2-(trimethylsilyl)ethoxycarbonyl. Troc: 

2,2,2-trichloroethoxycarbonyl. 

Mechanistic investigations. To get some insights into this dearomative diamination, a series of 

mechanistic studies were performed. Firstly, the reaction of H1 and S8 was completely inhibited 
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by adding 2.0 equivalent of TEMPO as a radical scavenger, and the TEMPO-adduct 9 and 

radical-radical cross-coupled product 10 were detected by HRMS measurement, and products 

11-13 were observed as the major byproducts by GC-MS measurement (Fig. S9 and S10, see 

Supplementary Information for the details). These results clearly hinted towards the radical 

nature of the reaction, and also demonstrated the generation of iminyl and amidyl radicals (Fig. 

3a). Secondly, the reaction of S8 with A38 under standard conditions formed a cyclic product 14 

in 22% yield, further suggesting the involvement of two N-centered radicals (Fig. 3b). 

Subsequently, product 8 could be obtained in 36% yield when the reaction mixture of S8 and H1 

was irradiated with a higher energy light source (λmax = 365 nm) in the absence of any 

photocatalyst, indicating that the SET events are unlikely in this transformation (Fig. 3c). Then, 

UV-vis absorption spectroscopy of all reactants and their mixtures were measured, and 

thioxanthone was found to be the only absorbing species in the reaction near the irradiation 

wavelength (λmax = 405 nm) (Fig. 3d). Moreover, Stern-Volmer analysis demonstrated that the 

luminescence emission of thioxanthone was quenched efficiently by S8 rather than H1, implying 

that an interaction between thioxanthone and S8 might exist in the reaction medium (Fig. 3e). To 

understand the nature of their interaction, comparison of some photocatalysts with different 

properties was conducted (Fig. 3f). As a result, yields of product 8 correlate to the triplet state 

energy of photocatalysts, while they are unrelated to the redox properties.
44,59

 These results 

implied that an energy transfer (EnT) process is likely to be operative in the reaction. 

Furthermore, the cyclic voltammetry measurement was conducted. As shown in Fig. 3g, no 

obvious oxidation peak of S8 and H1 was observed before +1.4 V vs SCE, which suggest that 

these two compounds could not be oxidized by the excited state *thioxanthone (E1/2
[PC]*/[PC]-

 = 

+1.18 V vs SCE). Similarly, no obvious reduction peak of S8 and H1 was observed before -1.5 V 

vs SCE, which means that these two compounds could not be reduced by the *thioxanthone 

(E1/2
[PC]+/[PC]*

 = -1.11 V vs SCE). Therefore, the thermodynamic feasibility of a single electron 

transfer (SET) reduction of S8 by the excited thioxanthone was also excluded by means of the 

cyclic voltammetry measurement (Fig. 3g). 
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Fig. 3. Mechanistic investigations. a) TEMPO trapping experiment. b) Radical probe 

experiment. c) Direct excitation. d) UV-vis absorption spectrum. e) Stern-Volmer quenching 

studies. f) Comparison of different photocatalysts for 8. g) Cyclic voltammetry measurement. h) 

Proposed mechanism. TEMPO: 2,2,6,6-tetramethylpiperidinooxy. 
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Taking the above results together, a plausible mechanism is proposed as outlined in Fig. 3h. The 

reaction starts with an interaction between S8 and the excited thioxanthone through a 

photo-induced EnT process to generate the excited S8*. The triplet energy of S8 is computed to 

be 49.4 kcal mol
-1

, which is sufficient to undergo TTEnT (triplet-triplet energy transfer) with an 

excited thioxanthone (ET = 65.5 kcal mol
-1

). Then, S8* undergoes a N–O bond fragmentation to 

form a transient amidyl radical and a persistent iminyl radical (species 15 and 16) along with the 

release of CO2 and acetone. Based on the persistent radical effect,
61-62

 the electrophilic amidyl 

radical 15 is captured by H1 at the C2 position to produce a transient C-centered radical 17, 

followed by a radical-radical coupling process with the ambiphilic iminyl radical 16 from the 

opposite, sterically accessible side to produce the desired trans-diamine 8. We speculated that the 

observed regioselectivity of this reaction might be mainly guided by the stability, electronic 

property, as well as steric hindrance of the generated C-centered radical after the addition of the 

N-centered amidyl radical to H1. The addition to H1 at the C2 position generated a stabilized 

benzyl radical (17), while the addition at the C3 position would yield a highly nucleophilic 

α-aminoalkyl radical (18). Although C3 is relatively more nucleophilic than C2, the polar match 

of ambiphilic N-centered iminyl radical with stabilized benzyl radical (17) might be higher than 

that with highly nucleophilic α-aminoalkyl radical (18). Moreover, the steric hindrance of the 

generated C-centered radical undoubtedly played an important role in regiocontrol. Clearly, 

radical 17 was less sterically hindered than radical 18, facilitating the radical-radical 

cross-coupling of C-centered radical with N-centered iminyl radical to furnish the desired 

diamine product. Notably, while 17 is a nucleophilic and relatively stabilized benzyl radical, the 

radical-radical cross-coupling of 17 with the electrophilic amidyl radical 15 was not observed in 

the reaction (Fig. S4). 

Reaction scope. After investigating the reaction mechanism, the scope of this dearomative 

diamination was systematically investigated by using bifunctional reagent S8 as N-centered 

radical source under the optimized reaction conditions. As shown in Fig. 4, a range of 

representative electron-rich (hetero)arenes, such as indoles, benzofurans, benzothiophenes, 

phenanthrene and anthracene, smoothly underwent this protocol to form a variety of 

unsymmetrical diamines in moderate to good yields. Indoles with different N-protection groups, 

such as tert-butoxycarbonyl (Boc), methoxycarbonyl, pivaloyl, sulfonyl, or benzoyl, reacted with 

S8 in satisfactory yields (Fig. 4a, 8, 19-22), and the structure of product 21 was further 
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confirmed by X-ray crystallography. Then, various N-Boc protected indoles bearing either 

electron-donating or electron-withdrawing substituents on the aromatic ring or C3 position were 

well compatible with this reaction (Fig. 4a, 23-40). Especially sensitive functional groups, such 

as chloro, bromo, acyloxy, ester, amide, cyano, formyl, and even boronic ester, were 

well-tolerated under the optimized conditions. To further test the compatibility of this method in 

more structurally complex contexts, several complicated indole-containing biologically active 

compounds such as Boc-protected Z-Trp-OMe and indoles embedded in gemfibrozil or 

dehydrocholic acid, were tested, affording the corresponding diamines in moderate yields 

(41-43). Unprotected indoles and N-alkyl or N-aryl indoles were, however, not suitable for this 

protocol. For instance, the reaction of 1H-indole H27 with S8 did not give any desired diamine 

product. The reactions of S8 with 1-methyl-1H-indole H28 or 3-methyl-1-phenyl-1H-indole H29 

did not deliver any diamines, neither. Instead, the C–H amidation products 44 and 45, resulting 

from the re-aromatization after the addition of N-centered amidyl radical to indoles, were 

obtained in 16% and 15% yields, respectively. These results suggested that the electron 

withdrawing group at the indole N atom is indispensable for the dearomative diamination. We 

speculated that the electron withdrawing group at the indole N atom might decrease the 

nucleophilicity of C-centered benzyl radical, thereby improving the polar match with ambiphilic 

N-centered iminyl radiacal. This ultimately facilitated the reaction to proceed smoothly toward 

the desired dearomative diamination rather than the rearomative C–H amidation. In addition, the 

protocol could be smoothly extended to various benzofurans including xanthotoxin (Fig. 4b, 

46-55), as well as benzothiophenes (Fig. 4c, 56-58). Surprisingly, conjugated arenes, such as 

phenanthrene and anthracene, despite with lower reactivity, were also found suitable for this 

transformation, forming the products in decent yields (Fig. 4d, 59-60). Most notably, high 

diastereoselectivity was obtained within these diamination reactions because the stepwise 

addition of amidyl and iminyl radicals across carbon–carbon bonds proceeded from the opposite, 

sterically accessible side, producing a series of cyclic trans-diamines. 
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Fig. 4. Dearomative unsymmetrical diamination of (hetero)arenes. Reaction conditions: 

(hetero)arenes (0.4 mmol), S8 (0.2 mmol), and thioxanthone (5.0 mol %) in acetone (0.1 M), 
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irradiation with an 18 W blue LED (λmax = 405 nm) under Ar at room temperature for 12 h. 

Isolated yields are given. The d.r. values were determined by 
1
H NMR analysis. 

 

Fig. 5. Unsymmetrical diamination of alkenes. Reaction conditions: alkenes (0.4 mmol), S8 

(0.2 mmol), and thioxanthone (5.0 mol %) in acetone (0.1 M), irradiation with an 18 W blue 
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LED (λmax = 405 nm) under Ar at room temperature for 12 h. Isolated yields are given. The d.r. 

values were determined by 
1
H NMR analysis. 

Then, the applicability of this method towards alkene substrates was examined as well. As 

summarized in Fig. 5, a wide range of alkenes, ranging from styrenes, cyclic alkenes, enynes, 

electron-poor or rich alkenes, to even unactivated alkenes could participate in the reaction 

(61-98), delivering the corresponding unsymmetrical diamines in moderate to good yields and 

with excellent regioselectivity. It is of note that acyclic 1,2-disubstituted alkenes were also 

suitable for this reaction. For example, (E)-prop-1-en-1-ylbenzene and (E)-tert-butyl 

prop-1-en-1-ylcarbamate smoothly underwent the reaction, affording the corresponding products 

73 (57:43 d.r.) and 80 (50:50 d.r.) in 58% and 43% yields, respectively. Moreover, (E)-methyl 

hex-3-enoate reacted with S8 to give an inseparable diastereoisomeric (50:50 d.r.) and 

regioisomeric (53:47 r.r.) mixture (84 and 85) in 36% total yield. Finally, the synthetic 

application of this protocol was further highlighted by the reaction of S8 with complex alkenes 

(92-98), including the alkene-containing natural products such as carvone (92) and nootkatone 

(93), as well as those derived from camphanic acid (94), D-gamma-tocopherol (95), gemfibrozil 

(96), probenecid acid (97), and dehydrocholic acid (98). 

 
Fig. 6. Synthetic applications. a) Orthogonal deprotection of 20. b) Orthogonal deprotection of 

61. c) Transformation of 76. d) Derivativation of S8. TBAF: tetra-n-butylammonium fluoride. 

DIAD: diisopropyl azodicarboxylate. 
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Subsequently, to highlight the synthetic usefulness of this method, a 10 mmol scale reaction of 

H3 with S8 was performed under the standard reaction conditions, providing 3.2 gram of product 

20 in 56% yield (Fig. 6a). Moreover, either imine or amide units on compound 20 were 

orthogonally deprotected under mild conditions to give the corresponding unprotected amines 

(99 and 100),
63

 thereby facilitating the downstream transformation. Similarly, the orthogonal 

deprotections of product 61 were conducted (Fig. 6b, 101 and 102). Thus, this protocol offers a 

general access to diamine precursors which could be selectively converted into synthetically 

relevant unsymmetrical diamine products. Additionally, treatment of product 76 with HCl (6 N) 

at 100 
o
C for 12 h generated a valuable 1,2-diamino acid 103 (Fig. 6c). Finally, N-alkyl 

substituted bifunctional nitrogen-radical precursors S13 and S14 were easily prepared through 

Mitsunobu reaction of S8 with EtOH or CD3OD in excellent yields.
64

 To our delight, S13 and 

S14 smoothly underwent this reaction, producing the desired diamines in moderate yields (104 

and 105). These results further extended the scope of bifunctional nitrogen-radical precursors, 

and highlighted the practicality of this method. 

Conclusions 

In summary, we have demonstrated a photosensitized dearomative unsymmetrical diamination of 

various electron-rich (hetero)arenes that is highly regio- and diastereoselective and runs under 

mild and transition-metal- and additive-free conditions. The developed bifunctional 

nitrogen-radical precursors were unprecedented, and were elaborately designed for this 

transformation to simultaneously generate two N-centered radicals with different reactivities via 

an energy transfer process. In addition, the protocol was also applicable to a wide range of 

alkenes. Notably, the formed vicinal diamines bear two differentiated amino functionalities, and 

either imine or amide units could be easily and orthogonally converted into unprotected amines, 

thereby facilitating the downstream transformation. We believe that this method represents an 

operationally simple, effective, and practical route to unsymmetrical vicinal diamines in both 

academic research and industry. 
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