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Divergent Late-Stage (Hetero)Aryl C–H Amination by the 

Pyridinium Radical Cation 

Won Seok Ham,[a][b] Julius Hillenbrand,[a] Jérôme Jacq,[c] Christophe Genicot,[c] and Tobias Ritter*[a][b] 

Abstract: (Hetero)arylamines constitute some of the most prevalent 

functional molecules, especially as pharmaceuticals. But currently, 

structurally complex aromatics cannot be converted to arylamines, 

so instead, each product isomer must be assembled through a 

multistep synthesis from simpler building blocks. Here we describe a 

late-stage aryl C–H amination reaction for the synthesis of complex 

primary arylamines that other reactions cannot access directly. We 

show and rationalize through a mechanistic analysis how to obtain 

the wide substrate scope and the constitutional diversity of the 

reaction, which gives access to molecules that would not have been 

readily available otherwise. 

Late-stage aryl C–N bond formation is desirable in small 

molecule discovery because a quarter of the top 200 

pharmaceuticals by US retail sales in 2015 contain 

(hetero)arylamines.[1] However, broadly applicable C–H 

amination of complex aromatic compounds has yet to be 

achieved. Two challenges exist: Limitations with respect to 

functional-group-tolerance and limitations with respect to the 

electronic substrate scope. Electrophilic aromatic nitration with 

the nitronium (NO2
+) electrophile is able to functionalize both 

electron-rich and -poor arenes, but the high reactivity of NO2
+ 

limits the functional-group-tolerance.[2] Modern amination 

reactions exhibit improved functional-group-tolerance, but the 

electrophilic aminating reagents[3] are not sufficiently reactive to 

react with electron-deficient arenes such as methyl benzoate. 

One–electron oxidation of the arene to an arene radical cation 

with subsequent nucleophilic attack by a nitrogen nucleophile 

has been established via both electrochemical- and photo-

oxidation.[4] However, in both cases, the arene must be 

sufficiently electron-rich for the oxidation to occur, which limits 

the substrate scope also to electron-rich arenes.[5] 

The limitations of the known amination reactions with respect 

to their reactivity profiles can be understood in light of well-

appreciated polarity matching in the transition state (Figure 1). 

Specifically, electrophilic reagents will preferentially react with 

nucleophilic π-systems, and vice versa. The more the polarity 

preference is pronounced, the more challenging it becomes to 

reach a large electronic substrate scope. In other words, for 

each approach, whether oxidized nitrogen-based reagent or 

arene oxidation, the aminating species is intrinsically limited to 

react with substrates that can elicit suitable polar interactions. 

 

Figure 1. Polarity-matching-dependent aromatic reactivity toward electrophilic 

bond-forming species, and conceptual energy diagram of cationic pyridinium 

σ-radical’s addition. TS, transition state; EDG, electron-donating group; EWG, 

electron-withdrawing group. 

In addition to the consequence on substrate scope, polarity 

matching results in the predictable positional selectivity of most 

aryl C–H bond functionalization reactions. For example, with 

electron-rich substrates the NO2
+ electrophile has a bias for the 

ortho- and para- positions, whereas electron-withdrawing 

substituents will primarily direct the electrophile to the meta- 

position[6] (Figure 2a). Modern amination reactions also provide 

product mixtures reminiscent of polarity matching. Reactions 

based on one-electron arene oxidation exhibit para-selectivity, 

due to the electron distribution in the arene radical cation.[4a] If 

other isomers are desired, different syntheses must be designed. 

An early transition state of bond formation would involve 

small polar interactions between the reactants, and therefore, 

would minimize substrate/positional bias with respect to 

electronic structure. One approach towards such a transition 

state is to select an aminating species that can undergo a highly 

exothermic addition to an arene (Figure 1). Minisci demonstrated 

that the exothermicity of ammonium radical addition can 

engender relatively low selectivity,[7] but reactivity towards 

electron-poor substrates was not synthetically useful (5% yield 

for benzonitrile) and the reaction requires an acidic solvent. We 

rationalized that the cationic pyridinium σ-radical should be more 

reactive than conventional nitrogen radicals because its 

unpaired electron is located in an sp2-hybridized orbital.[8] As a 

simple surrogate, we have calculated the bond dissociation 

energy (BDE) of the N–H bond in the pyridinium ion to be 88 

kJ·mol–1 higher relative to the dimethylammonium ion (see SI). 
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Charge delocalization in the ensuing cyclohexadienyl radical 

upon C–N bond formation would contribute to a larger enthalpy 

gain, when compared to additions of aliphatic aminium radicals, 

for which delocalization may not be significant. A catalytic 

system that generates the pyridinium radical cation would be 

able to access a large substrate scope with constitutional 

diversity in a synthetically useful transformation. 

 

Figure 2. Strategy for general, diversifying aryl C–H amination. a) Selectivity 

profiles and % yields of aromatic substitution with aminating species. b) Aryl 

C–H amination using reagent 1. R, generic substituent; [N], generic aminating 

species; Ac, acetyl; o, ortho; m, meta; p, para; Ph, phenyl; Et, ethyl; equiv, 

equivalents; Tf, trifluoromethanesulfonyl; bpy, 2,2’-bipyridine; cat., catalyst. 

The pyridinium radical cation 1 shown in Figure 2a, 

generated through reduction of an activated pyridine N-oxide by 

a visible-light-excited metal catalyst, adds to both phenyl acetate 

and nitrobenzene to provide products in a 1:1:1 and 1:2:1 

mixture, respectively, in contrast to other known amination 

reactions. Conventional nitration provides products in ratios to 

be expected for electrophilic substitution reactions, whereas 

nitrogen-based radical addition has as of yet not been observed 

for electron-poor arenes at all. As shown in Figure 2a, amination 

with the pyridinium radical cation can also provide late-stage 

access to complex arylamines that other methods cannot. 

Various nitration reaction attempts either failed to achieve 

conversion or led to substrate decomposition into an intractable 

mixture, while other modern amination methods are generally 

not reactive enough to react with arenes as electron-poor as the 

example shown. 

We prepared 2-ethylpyridine N–OTf (1) by triflation of 

commercially available 2-ethylpyridine N-oxide.[9] Other 

evaluated pyridine derivatives afforded aminated products but in 

lower yields. Irradiation of a solution containing arene, the 

photoredox catalyst Ru(bpy)3(PF6)2, and reagent 1 in acetonitrile 

affords N–arylpyridinium salts (Figure 2b). Irradiation with a 70 

W blue light-emitting diode (LED) with 2 mol% catalyst loading 

led to complete benzene conversion within 30 seconds (see SI), 

while more complex substrates were converted over 15–90 

minutes; the reaction can also be performed with a 23 W 

compact fluorescent lamp (CFL), in which case the reaction time 

increases to up to 24 h. Reagent 1 can be prepared in situ, or 

synthesized independently and stored for at least 6 months 

under inert atmosphere; it can be used for a short period of time 

in air, which facilitates a practical reaction setup. Both the 

ruthenium catalyst and irradiation are crucial for the reaction to 

occur, although upon initiation, the reaction does proceed in the 

dark, albeit less efficiently (see SI), presumably through a chain 

transfer process.[10] Subsequent in situ aminolysis of the N–

arylpyridinium salts with butylamine, propylamine, or piperidine, 

reminiscent of the Zincke salt reactivity,[11] liberates arylamines. 

 

Figure 3. Late-stage direct arene C–H amination. [a] Reaction conditions with 

blue LED: 2 mol% Ru(bpy)3(PF6)2, 40 W or 70 W blue LED, 30 °C, 15–90 min; 

Reaction conditions with CFL: 5 mol% Ru(bpy)3(PF6)2, 23 W CFL, 23–25 °C, 

24 h; see SI for details. [b] 1.0 equiv TfOH. [c] 2.0 equiv TfOH. [d] Derivatized 

due to volatility of the product. Bu, butyl; Pr, propyl; Me, methyl. 

The substrate scope of the cationic pyridinium radical 

substitution (Figure 3) encompasses arenes with a broad range 

of electronic structure and functional complexity. A majority of 

the substrates presented are marketed drug molecules and 
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common pharmacophores, whose aminated analogues are often 

challenging to access by other transformations, especially at a 

late stage of a synthesis. Each constitutional product isomer was 

isolated by chromatographic separation, based on standard 

and/or C18-reversed phase silica gel, and characterized as 

analytically pure compound. The ability to deliver diversified 

products from biologically privileged structures in pure form 

renders the late-stage amination relevant and promising toward 

streamlined exploration of chemical space for pharmaceutical 

innovations. 

 

Scheme 1. Synthetic utility of late-stage amination for streamlined drug 

discovery. 

We demonstrate the utility of the aryl C–H amination by 

simulating the discovery of two marketed drugs (Scheme 1). 

Amination of 18 and 19 afforded multiple aminated products 

through carboarene functionalization. After purification and/or 

derivatization,[12] the antibiotic sulfamethoxazole and the 

anticancer agent vismodegib are quickly accessible, respectively. 

In a hypothetical drug discovery scenario, our method provides 

access to aminated analogues of which the isomer with the best 

biological activity could then be identified. 

We propose the mechanism for aryl pyridination shown in 

Scheme 2. Reduction of the reagent 1 by the photo-excited 

ruthenium catalyst generates the pyridinium σ-radical cation (I), 

[13][14][15] which adds to an arene; the early transition state of 

addition is proposed to be the origin of both the broad substrate 

scope and the constitutional diversity. The early transition state 

should result in a small, if any, secondary KIE. When measured, 

both the inter- and the intra-molecular competition resulted in 

KIE of 1.0 (Scheme 3). The KIE value of unity in nitrogen radical 

aromatic substitution is unusual, and reflects a transition state of 

addition with a small degree of re-hybridization of the carbon 

atom on which the substitution occurs. The small electronic bias 

of the radical addition is quantified as a Hammett ρ value of –

0.81 (Figure 4a), which was compared to those of substitution by 

ammonium and dimethylaminium radicals, generated via redox 

catalysis[16] (see SI). These aminium radicals have ρ values of –

2.7 and –5.2, respectively, significantly larger in magnitude, in 

agreement with a smaller electronic substrate scope. 

The selectivity of the presented amination reaction between 

different C–H bonds is best illustrated in a Brown-Stock diagram 

(Figure 4b) to other electrophilic and radical aromatic 

substitution reactions.[17] Brown-Stock analysis describes a 

linear free-energy relationship with respect to substrate- and 

positional selectivity. In this analysis, arene functionalization by 

the pyridinium radical cation emerges as the transformation with 

the smallest electronic bias, at least among the practically useful 

reactions for which Brown-Stock data are available (see SI). 

 

Scheme 2. Plausible reaction mechanism. Triflate (–OTf) anions were omitted 

for clarity. The two depicted pathways for the single-electron oxidation of IV 

are, presumably, both operative at the same time. 

 

Scheme 3. Kinetic isotope effect measurements; see SI. D, deuterium. 

The distonic radical cations II and/or III, resulting from the 

radical addition, would undergo deprotonation to afford the 

arylpyridine radical IV, from which single-electron oxidation by 

the oxidized ruthenium complex or by 1 would afford the 

arylpyridinium salt 20. The absence of a significant overall rate 

difference (KIE of 0.99) between the pyridination reactions of 

benzene and perdeuterated benzene (Scheme 3) is in 

agreement with a fast C–H bond cleavage event. 
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Figure 4. Linear free-energy relationship analysis; see SI for details. a) 

Comparison of Hammett plots for radical substitution of mono-substituted 

arenes (PhX, X = Me, 
i
Pr, 

t
Bu, H, F, Cl, Br, CO2Et, CO2Me, CF3, CN). b) Fitting 

of the pyridinium radical cation into the Brown-Stock diagram, which plots the 

substrate selectivity (kp-Tol–H vs. kPh–H) against the positional selectivity (kp-Tol–H 

vs. km-Tol–H). The black points represent data for aliphatic aminium radical 

substitution and electrophilic substitution; see ref [16]. X, generic substituent; 

Tol, tolyl; 
i
Pr, isopropyl; 

t
Bu, tert-butyl. 

The presented C–N bond forming reaction illustrates a 

synthetic strategy of how to access structural complexity that 

goes beyond the scope accessible through conventional 

amination reactions. The reaction is expected to expedite 

discovery of biologically active small molecules via late-stage 

functionalization. Other reagents that would elicit early transition 

states of bond formation between reactive species and π-

systems may access molecular diversity for other carbon–

heteroatom bond forming reactions beyond what we have shown 

here. It has not escaped our attention that, in principle, the 

analysis provided here should also enable the design of highly 

regioselective aromatic C–H functionalization reactions. 

Acknowledgements 

We thank C. Farés, S. Tobegen, M. Kochius, and J. Börgel (MPI 

KOFO) for assistance with NMR structural assignment, as well 

as S. Marcus and D. Kampen (MPI KOFO) for mass 

spectroscopy analysis. We thank Prof. G. C. Lloyd-Jones 

(University of Edinburgh) for helpful discussion. W. Ham thanks 

the Kwanjeong Educational Foundation for funding. We thank 

UCB Biopharma and the Max-Planck-Institut für 

Kohlenforschung for funding. 

Keywords: aromatic substitution • amination • radical reactions • 

photocatalysis • synthetic methods 

[1] N. A. McGrath, M. Brichacek, J. T. Njardarson, J. Chem. Educ. 2010, 

87, 1348-1349. 

[2] H. Suzuki, Synthesis 1977, 1977, 217-238. 

[3] a) G. B. Boursalian, M.-Y. Ngai, K. N. Hojczyk, T. Ritter, J. Am. Chem. 

Soc. 2013, 135, 13278-13281; b) K. Foo, E. Sella, I. Thomé, M. D. 

Eastgate, P. S. Baran, J. Am. Chem. Soc. 2014, 136, 5279-5282; c) L. 

J. Allen, P. J. Cabrera, M. Lee, M. S. Sanford, J. Am. Chem. Soc. 2014, 

136, 5607-5610; d) Q. Qin, S. Yu, Org. Lett. 2014, 16, 3504-3507; e) H. 

Kim, T. Kim, D. G. Lee, S. W. Roh, C. Lee, Chem. Commun. 2014, 50, 

9273-9276; f) L. Song, L. Zhang, S. Luo, J.-P. Cheng, Chem. Eur. J. 

2014, 20, 14231-14234; g) T. Kawakami, K. Murakami, K. Itami, J. Am. 

Chem. Soc. 2015, 137, 2460-2463; h) T. W. Greulich, C. G. Daniliuc, A. 

Studer, Org. Lett. 2015, 17, 254-257; i) J. Jiao, K. Murakami, K. Itami, 

ACS Catal. 2016, 6, 610-633; j) G. B. Boursalian, W. Ham, A. R. 

Mazzotti, T. Ritter, Nat. Chem. 2016, 8, 810-815; k) L. Legnani, G. 

Prina Cerai, B. Morandi, ACS Catal. 2016, 6, 8162-8165; l) M. P. 

Paudyal, A. M. Adebesin, S. R. Burt, D. H. Ess, Z. Ma, L. Kürti, J. R. 

Falck, Science 2016, 353, 1144-1147; m) Y. Park, Y. Kim, S. Chang, 

Chem. Rev. 2017, 117, 9247-9301; n) J. Liu, K. Wu, T. Shen, Y. Liang, 

M. Zou, Y. Zhu, X. Li, X. Li, N. Jiao, Chem. Eur. J. 2017, 23, 563-567; 

o) K. A. Margrey, A. Levens, D. A. Nicewicz, Angew. Chem. Int. Ed. 

2017, 56, 15644-15648; Angew. Chem. 2017, 129, 15850-15854. 

[4] a) T. Morofuji, A. Shimizu, J.-i. Yoshida, J. Am. Chem. Soc. 2013, 135, 

5000-5003; b) N. A. Romero, K. A. Margrey, N. E. Tay, D. A. Nicewicz, 

Science 2015, 349, 1326-1330; c) S. Möhle, S. Herold, F. Richter, H. 

Nefzger, S. R. Waldvogel, ChemElectroChem 2017, 4, 2196-2210; d) A. 

Magomedov, E. Kasparavičius, K. Rakstys, S. Paek, N. Gasilova, K. 

Genevičius, G. Juška, T. Malinauskas, M. K. Nazeeruddin, V. Getautis, 

J. Mater. Chem. C 2018, 6, 8874-8878. 

[5] K. A. Margrey, J. B. McManus, S. Bonazzi, F. Zecri, D. A. Nicewicz, J. 

Am. Chem. Soc. 2017, 139, 11288-11299. 

[6] N. Iranpoor, H. Firouzabadi, R. Heydari, M. Shiri, Synth. Commun. 

2005, 35, 263-270. 

[7] A. Citterio, A. Gentile, F. Minisci, V. Navarrini, M. Serravalle, S. Ventura, 

J. Org. Chem. 1984, 49, 4479-4482. 

[8] The spin density of the pyridinium radical cation has been shown to 

reside in the nitrogen σ–orbital, see: a) A. Ledwith, P. J. Russell, J. 

Chem. Soc. Perkin Trans. 2 1974, 0, 582-591; b) T. Shida, T. Kato, 

Chem. Phys. Lett. 1979, 68, 106-110; c) D. N. R. Rao, G. W. Eastland, 

M. C. R. Symons, J. Chem. Soc., Faraday Trans. 1 1984, 80, 2803-

2815. 

[9] C. Zhen-Chu, P. J. Stang, Tetrahedron Lett. 1984, 25, 3923-3926. 

[10] The measured quantum yield of 0.5 (see SI), by itself, can neither prove 

nor disprove the presence of the chain transfer processes. 

[11] T. Zincke, Justus Liebigs Ann. Chem. 1904, 330, 361-374. 

[12] R. Angelaud, M. Reynolds, C. Venkatramani, S. Savage, H. Trafelet, T. 

Landmesser, P. Demel, M. Levis, O. Ruha, B. Rueckert, H. Jaeggi, Org. 

Process Res. Dev. 2016, 20, 1509-1519. 

[13] The positional selectivity of the presented reaction is in sharp contrast 

to that of the arene oxidation/pyridine addition mechanism, see ref [4a]. 

[14] It has been reported that single-electron reduction of activated pyridine 

N-oxides normally generates an oxygen-centered radical, see: a) T. M. 

Bockman, K. Y. Lee, J. K. Kochi, J. Chem. Soc. Perkin Trans. 2 1992, 0, 

1581-1594; b) E. D. Lorance, W. H. Kramer, I. R. Gould, J. Am. Chem. 

Soc. 2002, 124, 15225-15238; c) J. W. Beatty, J. J. Douglas, R. Miller, 

R. C. McAtee, K. P. Cole, C. R. J. Stephenson, Chem 2016, 1, 456-

472; d) K. Miyazawa, R. Ochi, T. Koike, M. Akita, Org. Chem. Front. 

2018, 5, 1406-1410; e) A.-L. Barthelemy, B. Tuccio, E. Magnier, G. 

Dagousset, Angew. Chem. Int. Ed. 2018, 57, 13790-13794; Angew. 

Chem. 2018, 130, 13986-13990. However, during the preparation of 

this manuscript, pyridinium radical cation formation via pyridine N–O 

bond heterolysis as a minor pathway was reported, see: d) B. J. Jelier, 

10.1002/anie.201810262

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

P. F. Tripet, E. Pietrasiak, I. Franzoni, G. Jeschke, A. Togni, Angew. 

Chem. Int. Ed. . doi:10.1002/anie.201806296; Angew. Chem. . 

doi:10.1002/ange.201806296. 

[15] Our mechanistic hypothesis is further substantiated by the EPR 

spectroscopic characterization of the parent pyridinium radical cation in 

a transformation most related to ours. See: S. L. Rössler, B. J. Jelier, P. 

F. Tripet, A. Shemet, G. Jeschke, A. Togni, E. M. Carreira, Angew. 

Chem. Int. Ed. . doi:10.1002/anie.201810261R1; Angew. Chem. . 

doi:10.1002/ange.201810261R1. 

[16] a) A. Clerici, F. Minisci, M. Perchinunno, O. Porta, J. Chem. Soc., 

Perkin Trans. 2, 1974, 0, 416-419; b) F. Minisci in Synthetic and 

Mechanistic Organic Chemistry (Eds.: F. Minisci, J. B. Hendrickson, C. 

Wentrup) Springer Berlin Heidelberg, Berlin, Heidelberg, 1976, pp 1-48; 

also see ref [7]. 

[17] L. M. Stock, H. C. Brown, J. Am. Chem. Soc. 1959, 81, 3323-3329. 

 

 

10.1002/anie.201810262

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

Entry for the Table of Contents 

 

Layout 2: 

COMMUNICATION 

Generation of highly reactive pyridinium radical cation enables C–H amination of 

both electron-rich and -poor (hetero)arenes. The method is compatible with a broad 

range of structurally complex molecules, and provides access to aminated 

analogues that are difficult to synthesize otherwise. High exothermicity of the 

pyridinium radical addition to an arene is proposed to engender the extremely low 

electronic bias, both substrate- and position-wise. 

 
Won Seok Ham, Julius Hillenbrand, 

Jérôme Jacq, Christophe Genicot, and 

Tobias Ritter* 

Page No. – Page No. 

Divergent Late-Stage (Hetero)Aryl C–

H Amination by the Pyridinium 

Radical Cation 

 

 

 

 

 

10.1002/anie.201810262

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


