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ABSTRACT: This note discusses the application of Minisci-type reaction for the direct alkylation of azoles with carboxylic acids as 

radical precursors. Different reaction conditions were investigated to achieve high yield of the desired products, focusing on acid 

strength and solvent screening. Moreover, the reactivity of imidazoles with various carboxylic acids was investigated, showing good 

yield for most cases. The study reveals the potential of this approach for late-stage functionalization in drug discovery.

INTRODUCTION 

The five-member heteroaromatic azole-ring represents a key 

structural feature in many molecules of significant synthetic 
interest.1 Its presence in successful biologically-active 

molecules makes this class of compounds among the most 

explored chemical species in medicinal chemistry displaying a 
broader spectrum of application in clinical medicine. 2-12 In this 

context, it is interesting to note that the presence of azole nuclei 

bearing an alkyl-substituent are recurrent in many marketed 
drugs which show, among the others, antifungal (e.g. 

Metronidazole, Ketoconazole)13, 14 antihistaminic (e.g. 

Bilastine),15 antibiotic (e.g. Pretomanid),16 antihypertensive 

(e.g. Losartan),17 antiemetic (e.g. Domperidone)18 and 
antiretroviral (e.g. Ritonavir)19 properties. It is therefore not 

surprising that, in the last decades, many approaches have been 

developed for the selective synthesis of functionalized azole-
derivatives, which traditionally involve cyclization reactions 

and stepwise syntheses.20-23 In recent years, many efforts were 

also oriented on the Late-Stage Functionalization approach 
(LSF),24 aiming to introduce a desired moiety on the targeted 

substrate in a selective fashion and at the end of a synthetic 

process, in one step.25-27 In this last context, C−H activation 
procedures are undoubtedly one of the most striking and 

exploited approaches for late-stage functionalization in organic 

and medicinal chemistry.28, 29 Examples for a direct C–H 
alkylation of azole derivatives involve, among others, the use 

of strong bases and alkyl halides,30, 31 transition-metals 

catalysis,32-34 Grignard reagents,35 alkenes,36, 37 allenes,38 

sulfinates,39 boronic esters40 and potassium 
alkyltrifluoroborates.41 (Figure 1a) In the last years, homolytic 

retrosynthetic disconnections have gained a deeper attention, 

offering complementary approaches to build complex 
structures when compared to dipolar strategy.40 Synthetic 

pathways based on radical couplings may lead to a rapid and 

convergent synthesis of very complex molecular structures, 
thus avoiding functional group over-manipulation which makes 

more sustainable and efficient the whole synthetic process. A 

striking example of radical C−H functionalization for the 

formation of new Csp2−Csp3 bonds is undoubtedly the Minisci 
reaction,42 whose original protocol was developed for the 

alkylation of electron-poor six-membered heteroaromatic rings 

(e.g. pyridine and quinoline moieties) with alkyl-carboxylic 
acids as radical precursor, in presence of a chemical oxidant and 

sub-stoichiometric amounts of silver nitrate.43-45 With the 

advent of novel synthetic techniques, such as photo- and 
electrochemistry, the Minisci protocol has been deeply 

revisited, assessing the development of a great number of parent 

transformations (Minisci-like reactions).46-58 (Figure 1b) 

However, the radical Minisci-like alkylation involving 
electron-rich azoles with no substrate pre-functionalization and 

nucleophilic radicals still remains less developed, being limited 

to few examples and often requiring elevated temperatures, 
very long reaction time and complementary protocols involving 

specific devices and/or expensive (photo)catalysts.47, 59, 60 For 

this reason, we decided to investigate, as part of our research on 
the selective functionalization of azoles rings,61-65 the possible 

extension of Minisci reaction to the C−2 alkylation of electron-

rich azoles. In this communication we report the results and 

limitations of a protocol for the fast and selective C−2 selective 

alkylation of electron-rich azoles with nucleophilic radicals. 

(Figure 1c).  
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Figure 1. General approaches for the C−2 functionalization 

of azole-rings 

 

RESULTS AND DISCUSSION 

The major concern on the radical alkylation of azole 
derivatives belongs to their electron-rich character, which 

makes these species less prone to react with nucleophilic 

carbon-centered radicals generated under Minisci-like 

conditions.66 For these reasons, a good tuning of the conditions 
is necessary for a satisfactory outcome. To identify the best 

conditions for a radical alkylation protocol, we conducted a 

preliminary screening using 1-methylbenzimidazole (Me-1) 

and pivalic acid (2a). 

We started our investigations inspired by the conditions 

previously reported for the silver-catalyzed decarboxylative 

direct C−2 alkylation of benzothiazoles and oxazoles in 

presence of pivalic acid (2a).67 Hence, 0.5 mmol of N-

methylbenzimidazole (Me-1) and 2 equiv of 2a were reacted at 
room temperature for 8 hours in the presence of AgNO3 (20 

mol%), K2S2O8 (4 equiv) in a mixture of water and DCM (1:1). 

However, no coupling product was observed, and Me-1 was 
completely recovered. We then decided to perform a re-

examination of the reaction conditions, starting from the 

classical ones reported by Minisci and co-workers.42, 68, 69 

Unfortunately, the procedure for the functionalization of Me-1 
resulted poorly effective on the model substrate and the desired 

product Me-3a was isolated with 12% yield. (Table 1, entry 1). 

 

Table 1. Screening of the Minisci reaction conditions of 1-

methylbenzimidazole with pivalic acid 

 

Entry(a) Solvent(s) Additive 

Me-1 GLC conversion 

(%) / Me- 3a GLC yield 

(%) (b) 

1(c) H2O H2SO4 10% v/v (12) 

2 H2O H2SO4 10% v/v (27) 

3 H2O/PhCl H2SO4 10% v/v No reaction 

4 H2O/PhCl TFA 10% v/v 70/48 

5 H2O/DCE TFA 10% v/v 69/57 (55) 

6 H2O/DCE TFA 2 equiv 70/59 (56) 

7 H2O/DCE none 46/30 

8 H2O/DCE pTSA 2 equiv 55/33 

9 H2O/DCE MeCOOH 2 equiv 69/48 

10(d) H2O/DCE TFA 2 equiv 66/53 

11(e) H2O/DCE TFA 2 equiv 72/56 

12 H2O/CHCl3 TFA 2 equiv 56/31 

13 H2O/ACN TFA 2 equiv 16/11 

14 H2O/TFIP TFA 2 equiv 38/20 

15 H2O/HFIP TFA 2 equiv 74/54 (49) 

16 H2O/TeCA TFA 2 equiv 75/58 (54) 

(a) Experimental procedure: a mixture of N-methylbenzimidazole 

(Me-1) (0.5 mmol), AgNO3 (0.6 equiv), pivalic acid (2a) (2.5 

equiv), in water (10 mL) or water/organic solvent (1:1, 10 mL) and 

the select additive was stirred at 70 °C prior addition of an aqueous 

solution of (NH4)2S2O8 (3 equiv in 5 mL) over 10 minutes. The 

resulting mixture was stirred for other 10 minutes at 70 °C. (b) GLC 

conversion of Me-1 vs biphenyl / GLC yield of Me-3a vs biphenyl. 

In bracket, isolated yields. (c) (NH4)2S2O8 was added along with all 

the other reactants. (d) 3.5 equiv. of pivalic acid instead. (e) The 

aqueous solution of (NH4)2S2O8 was added over 20 minutes 

instead.  

The method proposed by Narayanan and co-workers on the 

functionalization of histidine, i.e. classical Minisci condition 

but with the slow addition of the oxidant, led to a slight increase 

in the reaction outcome, and 3a was isolated with 27% yield 
(Table 1, entry 2).70 The addition of chlorobenzene as organic 

co-solvent, with the aim of facilitating the dissolution of the 

precursor, did not lead to any product (Table 1, entry 3), while 

the replacement of sulfuric acid (pKa = −3) with trifluoroacetic 

acid (TFA, pKa = −0.25) as an organic acid led to a conversion 
of 70%, thus providing Me-3a in 48% GLC yield (Table 1, 

entry 4). Replacing chlorobenzene with 1,2-dichloroethane 

(DCE) raised the isolated yield of Me3a up to 55% (Table 1, 
entry 5), albeit with the same GLC conversion. The attempt to 

reduce the amount of acid to 2 equiv, seeking for milder 

conditions, provided good results (Table 1, entry 6), while the 

acid removal led to a lower yield (30%, Table 1, entry 7), thus 
proving the need for the protonation of the azole ring to increase 

its reactivity.68 The use of p-toluenesulfonic (pTSA, pKa = 

−2.8) instead of TFA resulted in lower GLC conversion and 
yield (55% and 33%, respectively) (Table 1, entry 8). Using 

acetic acid (pka = 4.8) instead we obtained a similar conversion 

but a lower yield (69% and 49%, respectively) (Table 1, entry 
9) This two tests, along with the results summarized in entries 

3 and 4 of table 1, demonstrate how the nature of the acid may 

influence the reaction outcome. Increasing the amounts of 
pivalic acid to 3.5 equivalents, as well as doubling the reaction 

time, did not lead to any significative improvement in terms of 

conversion and yield (Table 1, entries 10 and 11). Testing other 
co-solvents such as chloroform and acetonitrile led to lower 

yields (table 1, entries 12 and 13). 1,1,1-Trifluoro-2-propanol 

(TFIP) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)71 (Table 

1, entries 14 and 15), provided the desired product with 20% 
and 54% GLC yield. Finally, 1,1,2,2-tetrachloroethane (TeCA) 

was tested and Me-3a obtained with an isolated yield of 54% 

(Table 1, entry 16).  



 

Given these results, we carried out further investigations to 
explore the reactivity of benzimidazole core with different 

carboxylic acids under the reactions conditions of Table 1, entry 

6. As summarized in Figure 2, benzimidazoles 3a, 3b and 3c 
were successfully isolated in 75, 73 and 85% yield, respectively 

upon reaction of benzimidazole (1) with pivalic acid (2a), 1-

adamantanecarboxylic (2b) and 2,2-dimethylbutyrric acid (2c), 

thus showing the applicability of the process in presence of non-

protected nitrogen. C−2 functionalization with secondary 

carboxylic acid was also possible, as proved by the results 

obtained using cyclohexanecarboxylic acid (2d), isobutyric 
acid (2e) and 2-methylbutyric acid (2f). The corresponding 2-

alkylbenzimidazoles Me-3d, 3e and 3f were in fact isolated in 

71, 75 and 70% yield, respectively (Figure 2). 2-
Cyclobutylbenzimidazole 3g, the key structural motif of CB2-

receptor ligands,15 was obtained in 73% yield from 1 and 

cyclobutanecarboxylic acid (2g) (Figure 2). On the other hand, 
the precursor of the antihistaminic drug Bilastine15 3h was 

synthesized in 38% yield from 1 and 1-acetylpiperidine-4-

carboxylic acid (2h) (Figure 2).Testing the oxidative conditions 

on imidazoles 4, Ph-4 and Me-4 was proven to be effective. 
Therefore, compounds 5a, Ph-5a and Me-5d were successfully 

isolated with 71, 65 and 71% yield and complete 

regioselectivity on C−2 (Figure 2).  

 

 

Experimental procedure: a mixture of the azole (0.5 mmol), AgNO3 (0.6 equiv), 2a-m (2.5 equiv), TFA (2 equiv) in a water/1,2-dichloroethane mixture (1:1, 10 mL) 
was stirred at 70 °C prior addition of an aqueous solution of (NH4)2S2O8 (3 equiv in 5 mL) over 10 minutes. The resulting mixture was stirred for other 10 min at 70 

°C. (a) 3.5 equiv of cyclobutanecarboxylic acid (2g) (b) The reaction was conducted at 100 °C instead. 

Figure 2. General scope and limitations of the direct decarboxylative C−2 alkylation of azole-derivatives through Minisci-type 

coupling procedure.  

 

The alkylation of caffeine 6, on the other hand, gave the 

expected product 7a in a low 25% yield (Figure 2), probably 

due to partial degradation of the precursor under these reaction 

conditions.  

The optimized conditions proved to be effective also for the 

alkylation of azoles that, to our knowledge, had never 
previously been subjected to the Minisci reaction conditions. In 

fact, we were able to react oxadiazole 8 and thiadiazole 10 with 

pivalic acid (2a) (Figure 2). Specifically, 2-tert-butyloxadiazole 
9a was obtained in 53% isolated yield, while the more reactive 

thiadiazole 10 was di-functionalized with high efficiency (11a, 

75%). Moreover, the reaction of 1,3,4-triazole (12) with 
cyclohexanecarboxylic acid (2a) gave the di-alkylated product 

13d in 34% yield (Figure 2). 

Despite the elevated tolerance toward highly reactive azoles, 

some limitations emerged when primary carboxylic acids were 

used as alkyl radical precursors. As summarized in Figure 2, the 

reaction between benzimidazole (1) and propionic acid (2i) 

provided 3i in a low 10% yield, while the use of acetic acid (2l) 
led to complete recovery of 1. A related limitation was observed 

using isovaleric acid (2m) as coupling partner. In presence of 

Me-1, the tert-butyl-substituted benzimidazole Me-3a was 
detected alongside the expected iso-butyl derivative Me-3m. 

The reaction yielded less efficiently (28% isolated), and a ratio 

of 33:67 of Me-3m vs Me-3a was observed. An even more 
complex result was detected when 1 was reacted with 2i. In this 

case, three distinct isomers were detected, with a ratio of 

17:4:79 and an overall 35% yield. The isomers were 
subsequently identified by NMR spectroscopy to be 2-isobutyl-

, 2-sec-butyl-, and 2-tert-butylbenzimidazole 3m, 3f and 3a, 

respectively (see the supporting information for details). These 

results could be potentially attributed to the concomitant 



 

formation of all three radicals, whose reaction rate varies 

according to the nature of the azole nucleus.  

Similarly to the classical mechanism reported by Minisci,68 

the formation of alkyl radical occurs presumably after the 
pattern of silver-mediated decarboxylation. The protonated 

heterocycle is prone to radical addition which is followed by 

oxidation and re-aromatization steps to deliver the desired 

alkylated heterocycle (Scheme 1). Further studies are however 
required to better understand the formation of isomers when 

linear carboxylic acids, such as propionic acid, are used to 

generate the alkyl radicals. 

 

 

Scheme 1. Proposed mechanism 

 

In conclusion, we disclosed a simple Minisci-type approach 
for the rapid and straightforward alkylation of electron-rich 

azoles. The robustness of this method was proven by the 

successful and selective functionalization of differently reactive 
heteroarenes, thus opening the way to a fast and functional-

group tolerant approach to alkyl-substituted azoles. The 

application of our procedure to LSF methodologies for azole 

alkylation is ongoing. 

 

EXPERIMENTAL SECTION  

General Procedure for the scope of the decarboxylative 

radical alkylation of azole-based heterocycles. A mixture of 

azole-heterocycle (1) (0.5 mmol), AgNO3 (51 mg, 0.30 mmol), 

carboxylic acid (1.25 or 1.75 mmol), in water/organic solvent 
(1:1, 10 mL) and TFA (2.5 equiv, 77 µL) was stirred at 70 °C 

prior addition of an aqueous solution of (NH4)2S2O8 (342 mg, 

1.5 mmol, in 5 mL) over 10 minutes. The resulted mixture was 
vigorously stirred for other 10 minutes then cooled down to 

room temperature prior addition of aqueous ammonia solution 

until alkaline pH. The basified solution, diluted with other 30 
mL of water, was extracted with DCM (40 mL x 3). The 

combined organic phases were dried over Na2SO4, filtered and 

concentred under vacuum. When indicated, the desired product 

was recovered upon flash chromatography on silica gel. This 
protocol was applied to obtain compounds 3a-m, Me-3a, Me-

3d, 5a, Ph-5a, Me-5d, 7a, 9a, 11a, 13d (Figure 2) 

2-(t-butyl)benzimidazole (3a) The product was obtained by 
the decarboxylative coupling reaction of benzimidazole (3) 

with pivalic acid (2). Compound 3a did not required any further 

purification and appears as a white solid (65 mg, 75%) with a 
melting point of 303-305°C (lit. 310 °C).74 ESI-MS m/z 175 

[M+H]+. EI-MS, m/z (%): 159 (100), 174 (35), 173 (23), 119 

(12), 160 (11). 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.36 (m, 

2H), 7.17 – 7.01 (m, 2H), 1.38 (s, 9H). The spectral properties 
of this compound are in agreement with those previously 

reported.74  

 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the ACS 

Publications website. 

Full experimental details, complete characterization data and NMR 

spectra of 3a-m, Me-3a, Me-3d, 5a, Ph-5a, Me-5d, 7a, 9a, 11a, 

13d. 

AUTHOR INFORMATION 

Corresponding Authors 

Fabio Bellina - Department of Chemistry and Industrial 

Chemistry, University of Pisa, Via Moruzzi 13, 56124 Pisa, 

Italy; email: fabio.bellina@unipi.it 

Paolo Ronchi - Chemistry Research and Drug Design, 

Chiesi Farmaceutici S.p.A., Centro Ricerche, Largo Belloli 

11/A, 43122 Parma, Italy; email: P.Ronchi@chiesi.com 

Author Contributions 

The manuscript was written through contributions of all authors. 

All authors have given approval to the final version of the 

manuscript.  

 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

The authors gratefully acknowledge Chiesi Farmaceutici S.p.A 

for the support and the resources provided and prof. Massimo 

Marcaccio, Department of Chemistry “Giacomo Ciamician”, Alma 

Mater Studiorum - University of Bologna, for the productive 

discussion on the subject. 

 

REFERENCES 

1. Five-Membered Heterocycles: Sections 5.1–5.21. In The 

Chemistry of Heterocycles, 2003; pp 52-121. 

2. Bellina, F.;  Cauteruccio, S.; Rossi, R., Synthesis and biological 

activity of vicinal diaryl-substituted 1H-imidazoles. Tetrahedron 2007, 63 
(22), 4571-4624. 

3. Zhang, H. Z.;  Zhao, Z. L.; Zhou, C. H., Recent advance in 

oxazole-based medicinal chemistry. Eur. J. Med. Chem. 2018, 144, 444-

492. 

4. Shalini, K.;  Sharma, P. K.; Kumar, N., Imidazole and its 
biological activities: A review. Der Chemica Sinica 2010, 1 (3), 36-47. 

5. Zhang, L.;  Peng, X. M.;  Damu, G. L.;  Geng, R. X.; Zhou, C. 

H., Comprehensive review in current developments of imidazole-based 

medicinal chemistry. Med Res Rev 2014, 34 (2), 340-437. 

6. Bellina, F.;  Rossi, R.;  Lessi, M.;  Manzini, C.; Perego, L., 
Synthesis of Multiply Arylated Heteroarenes, Including Bioactive 

Derivatives, via Palladium-Catalyzed Direct C–H Arylation of 

Heteroarenes with (Pseudo)Aryl Halides or Aryliodonium Salts. Synthesis 

2014, 46 (21), 2833-2883. 

7. Bellina, F.;  Rossi, R.;  Lessi, M.;  Manzini, C.; Marianetti, G., 
Direct (Hetero)arylation Reactions of (Hetero)arenes as Tools for the Step- 

and Atom-Economical Synthesis of Biologically Active Unnatural 

Compounds Including Pharmaceutical Targets. Synthesis 2016, 48 (22), 

3821-3862. 

8. Bellina, F.;  Guazzelli, N.;  Lessi, M.; Manzini, C., Imidazole 
analogues of resveratrol: synthesis and cancer cell growth evaluation. 

Tetrahedron 2015, 71 (15), 2298-2305. 

9. Bellina, F.;  Cauteruccio, S.;  Monti, S.; Rossi, R., Novel 

imidazole-based combretastatin A-4 analogues: evaluation of their in vitro 
antitumor activity and molecular modeling study of their binding to the 

colchicine site of tubulin. Bioorg Med Chem Lett 2006, 16 (22), 5757-62. 

10. Bonezzi, K.;  Taraboletti, G.;  Borsotti, P.;  Bellina, F.;  Rossi, 

R.; Giavazzi, R., Vascular disrupting activity of tubulin-binding 1,5-diaryl-

1H-imidazoles. J. Med. Chem. 2009, 52 (23), 7906-10. 



 

11. Del Vecchio, A.;  Destro, G.;  Taran, F.; Audisio, D., Recent 

developments in heterocycle labeling with carbon isotopes. J Labelled 
Comp Radiopharm 2018, 61 (13), 988-1007. 

12. Heravi, M. M.; Zadsirjan, V., Prescribed drugs containing 

nitrogen heterocycles: an overview. RSC Adv 2020, 10 (72), 44247-44311. 

13. Freeman, C. D.;  Klutman, N. E.; Lamp, K. C., Metronidazole. 

Drugs 1997, 54 (5), 679-708. 
14. Uno, J.;  Shigematsu, M. L.; Arai, T., Primary site of action of 

ketoconazole on Candida albicans. Antimicrob Agents Chemother 1982, 21 

(6), 912-8. 

15. Ding, H. X.;  Liu, K. K. C.;  Sakya, S. M.;  Flick, A. C.; 

O’Donnell, C. J., Synthetic approaches to the 2011 new drugs. Bioorganic 
& Medicinal Chemistry 2013, 21 (11), 2795-2825. 

16. Keam, S. J., Pretomanid: First Approval. Drugs 2019, 79 (16), 

1797-1803. 

17. Baumann, M.;  Baxendale, I. R.;  Ley, S. V.; Nikbin, N., An 

overview of the key routes to the best selling 5-membered ring heterocyclic 
pharmaceuticals. Beilstein Journal of Organic Chemistry 2011, 7, 442-495. 

18. Reddymasu, S. C.;  Soykan, I.; McCallum, R. W., Domperidone: 

Review of Pharmacology and Clinical Applications in Gastroenterology. 

Official journal of the American College of Gastroenterology | ACG 2007, 

102 (9). 
19. Oldfield, V.; Plosker, G. L., Lopinavir/Ritonavir. Drugs 2006, 

66 (9), 1275-1299. 

20. Ebel, K.;  Koehler, H.;  Gamer, A. O.; Jäckh, R., Imidazole and 

Derivatives. In Ullmann's Encyclopedia of Industrial Chemistry. 

21. Prabagar, B.;  Yang, Y.; Shi, Z., Site-selective C–H 
functionalization to access the arene backbone of indoles and quinolines. 

Chemical Society Reviews 2021, 50 (20), 11249-11269. 

22. Zhang, W.-B.;  Yang, X.-T.;  Ma, J.-B.;  Su, Z.-M.; Shi, S.-L., 

Regio- and Enantioselective C–H Cyclization of Pyridines with Alkenes 

Enabled by a Nickel/N-Heterocyclic Carbene Catalysis. Journal of the 
American Chemical Society 2019, 141 (14), 5628-5634. 

23. Del Vecchio, A.;  Talbot, A.;  Caillé, F.;  Chevalier, A.;  

Sallustrau, A.;  Loreau, O.;  Destro, G.;  Taran, F.; Audisio, D., Carbon 

isotope labeling of carbamates by late-stage [11C], [13C] and [14C]carbon 
dioxide incorporation. Chemical Communications 2020, 56 (78), 11677-

11680. 

24. Börgel, J.; Ritter, T., Late-Stage Functionalization. Chem 2020, 

6 (8), 1877-1887. 

25. Cernak, T.;  Dykstra, K. D.;  Tyagarajan, S.;  Vachal, P.; Krska, 
S. W., The medicinal chemist's toolbox for late stage functionalization of 

drug-like molecules. Chem Soc Rev 2016, 45 (3), 546-76. 

26. Guillemard, L.;  Kaplaneris, N.;  Ackermann, L.; Johansson, M. 

J., Late-stage C-H functionalization offers new opportunities in drug 

discovery. Nat Rev Chem 2021, 5 (8), 522-545. 
27. Zhang, L.; Ritter, T., A Perspective on Late-Stage Aromatic C-

H Bond Functionalization. J Am Chem Soc 2022, 144 (6), 2399-2414. 

28. Jana, R.;  Begam, H. M.; Dinda, E., The emergence of the C–H 

functionalization strategy in medicinal chemistry and drug discovery. 

Chemical Communications 2021, 57 (83), 10842-10866. 
29. Fujiwara, Y.; Baran, P. S., Radical-Based Late Stage C–H 

Functionalization of Heteroaromatics in Drug Discovery. In New Horizons 

of Process Chemistry: Scalable Reactions and Technologies, Tomioka, K.;  

Shioiri, T.; Sajiki, H., Eds. Springer Singapore: Singapore, 2017; pp 103-

120. 
30. Havez, S.;  Begtrup, M.;  Vedsø, P.;  Andersen, K.; Ruhland, T., 

Directed ortho-Lithiation on Solid Phase. The Journal of Organic 

Chemistry 1998, 63 (21), 7418-7420. 

31. Nuhant, P.;  Oderinde, M. S.;  Genovino, J.;  Juneau, A.;  Gagne, 

Y.;  Allais, C.;  Chinigo, G. M.;  Choi, C.;  Sach, N. W.;  Bernier, L.;  Fobian, 
Y. M.;  Bundesmann, M. W.;  Khunte, B.;  Frenette, M.; Fadeyi, O. O., 

Visible-Light-Initiated Manganese Catalysis for C-H Alkylation of 

Heteroarenes: Applications and Mechanistic Studies. Angew Chem Int Ed 

Engl 2017, 56 (48), 15309-15313. 

32. Vechorkin, O.;  Proust, V.; Hu, X., The nickel/copper-catalyzed 
direct alkylation of heterocyclic C-H bonds. Angew Chem Int Ed Engl 2010, 

49 (17), 3061-4. 

33. Ackermann, L.;  Barfüsser, S.;  Kornhaass, C.; Kapdi, A. R., C–

H Bond Arylations and Benzylations on Oxazol(in)es with a Palladium 

Catalyst of a Secondary Phosphine Oxide. Organic Letters 2011, 13 (12), 
3082-3085. 

34. Ackermann, L.; Lygin, A. V., Ruthenium-Catalyzed Direct C–

H Bond Arylations of Heteroarenes. Organic Letters 2011, 13 (13), 3332-

3335. 

35. Xin, P.-Y.;  Niu, H.-Y.;  Qu, G.-R.;  Ding, R.-F.; Guo, H.-M., 

Nickel catalyzed alkylation of N-aromatic heterocycles with Grignard 
reagents through direct C–H bond functionalization. Chemical 

Communications 2012, 48 (53), 6717-6719. 

36. Tan, K. L.;  Park, S.;  Ellman, J. A.; Bergman, R. G., 

Intermolecular Coupling of Alkenes to Heterocycles via C−H Bond 

Activation. The Journal of Organic Chemistry 2004, 69 (21), 7329-7335. 
37. Ryu, J.;  Cho, S. H.; Chang, S., A versatile rhodium(I) catalyst 

system for the addition of heteroarenes to both alkenes and alkynes by a C-

H bond activation. Angew Chem Int Ed Engl 2012, 51 (15), 3677-81. 

38. Nakanowatari, S.;  Muller, T.;  Oliveira, J. C. A.; Ackermann, 

L., Bifurcated Nickel-Catalyzed Functionalizations: Heteroarene C-H 
Activation with Allenes. Angew Chem Int Ed Engl 2017, 56 (50), 15891-

15895. 

39. Smith, J. M.;  Dixon, J. A.;  deGruyter, J. N.; Baran, P. S., Alkyl 

Sulfinates: Radical Precursors Enabling Drug Discovery. Journal of 

Medicinal Chemistry 2019, 62 (5), 2256-2264. 
40. Seiple, I. B.;  Su, S.;  Rodriguez, R. A.;  Gianatassio, R.;  

Fujiwara, Y.;  Sobel, A. L.; Baran, P. S., Direct C−H Arylation of Electron-

Deficient Heterocycles with Arylboronic Acids. Journal of the American 

Chemical Society 2010, 132 (38), 13194-13196. 

41. Molander, G. A.;  Colombel, V.; Braz, V. A., Direct Alkylation 
of Heteroaryls Using Potassium Alkyl- and Alkoxymethyltrifluoroborates. 

Organic Letters 2011, 13 (7), 1852-1855. 

42. Minisci, F.;  Bernardi, R.;  Bertini, F.;  Galli, R.; Perchinummo, 

M., Nucleophilic character of alkyl radicals—VI: A new convenient 

selective alkylation of heteroaromatic bases. Tetrahedron 1971, 27 (15), 
3575-3579. 

43. Minisci, F.;  Citterio, A.;  Vismara, E.; Giordano, C., Polar 

effects in free-radical reactions. New synthetic developments in the 

functionalization of heteroaromatic bases by nucleophilic radicals. 

Tetrahedron 1985, 41 (19), 4157-4170. 
44. Minisci, F.;  Vismara, E.; Fontana, F., Recent Developments of 

Free-Radical Substitutions of Heteroaromatic Bases. Heterocycles 1989, 28 

(1), 489-519. 

45. Giordano, C.;  Minisci, F.;  Vismara, E.; Levi, S., A general, 
selective, and convenient procedure of homolytic formylation of 

heteroaromatic bases. The Journal of Organic Chemistry 1986, 51 (4), 536-

537. 

46. Proctor, R. S. J.; Phipps, R. J., Recent Advances in Minisci-Type 

Reactions. Angew Chem Int Ed Engl 2019, 58 (39), 13666-13699. 
47. Duncton, M. A. J., Minisci reactions: Versatile CH-

functionalizations for medicinal chemists. MedChemComm 2011, 2 (12), 

1135-1161. 

48. Sun, A. C.;  McAtee, R. C.;  McClain, E. J.; Stephenson, C. R. 

J., Advancements in Visible-Light-Enabled Radical C(sp)2–H Alkylation 
of (Hetero)arenes. Synthesis 2019, 51 (05), 1063-1072. 

49. Le Saux, E.;  Georgiou, E.;  Dmitriev, I. A.;  Hartley, W. C.; 

Melchiorre, P., Photochemical Organocatalytic Functionalization of 

Pyridines via Pyridinyl Radicals. Journal of the American Chemical Society 

2023, 145 (1), 47-52. 
50. Río-Rodríguez, R. d.;  Fragoso-Jarillo, L.;  Garrido-Castro, A. 

F.;  Maestro, M. C.;  Fernández-Salas, J. A.; Alemán, J., General 

electrochemical Minisci alkylation of N-heteroarenes with alkyl halides. 

Chemical Science 2022, 13 (22), 6512-6518. 

51. O'Brien, A. G.;  Maruyama, A.;  Inokuma, Y.;  Fujita, M.;  
Baran, P. S.; Blackmond, D. G., Radical C-H functionalization of 

heteroarenes under electrochemical control. Angew Chem Int Ed Engl 2014, 

53 (44), 11868-71. 

52. Liu, Y.;  Xue, L.;  Shi, B.;  Bu, F.;  Wang, D.;  Lu, L.;  Shi, R.; 

Lei, A., Catalyst-free electrochemical decarboxylative cross-coupling of N-
hydroxyphthalimide esters and N-heteroarenes towards C(sp3)–C(sp2) 

bond formation. Chemical Communications 2019, 55 (99), 14922-14925. 

53. Niu, K.;  Song, L.;  Hao, Y.;  Liu, Y.; Wang, Q., Electrochemical 

decarboxylative C3 alkylation of quinoxalin-2(1H)-ones with N-

hydroxyphthalimide esters. Chemical Communications 2020, 56 (78), 
11673-11676. 

54. Wang, Q.-Q.;  Xu, K.;  Jiang, Y.-Y.;  Liu, Y.-G.;  Sun, B.-G.; 

Zeng, C.-C., Electrocatalytic Minisci Acylation Reaction of N-

Heteroarenes Mediated by NH4I. Organic Letters 2017, 19 (20), 5517-

5520. 
55. Zhang, L.; Liu, Z.-Q., Molecular Oxygen-Mediated Minisci-

Type Radical Alkylation of Heteroarenes with Boronic Acids. Organic 

Letters 2017, 19 (24), 6594-6597. 



 

56. Tian, W.-F.;  Hu, C.-H.;  He, K.-H.;  He, X.-Y.; Li, Y., Visible-

Light Photoredox-Catalyzed Decarboxylative Alkylation of Heteroarenes 
Using Carboxylic Acids with Hydrogen Release. Organic Letters 2019, 21 

(17), 6930-6935. 

57. Li, G.-X.;  Morales-Rivera, C. A.;  Wang, Y.;  Gao, F.;  He, G.;  

Liu, P.; Chen, G., Photoredox-mediated Minisci C–H alkylation of N-

heteroarenes using boronic acids and hypervalent iodine. Chemical Science 
2016, 7 (10), 6407-6412. 

58. Garza-Sanchez, R. A.;  Tlahuext-Aca, A.;  Tavakoli, G.; Glorius, 

F., Visible Light-Mediated Direct Decarboxylative C–H Functionalization 

of Heteroarenes. ACS Catalysis 2017, 7 (6), 4057-4061. 

59. Li, J. J., Minisci reaction. In Name Reactions: A Collection of 
Detailed Mechanisms and Synthetic Applications, Li, J. J., Ed. Springer 

Berlin Heidelberg: Berlin, Heidelberg, 2009; pp 361-362. 

60. Proctor, R. S. J.; Phipps, R. J., Recent Advances in Minisci-Type 

Reactions. Angewandte Chemie International Edition 2019, 58 (39), 13666-

13699. 
61. Bellina, F.;  Calandri, C.;  Cauteruccio, S.; Rossi, R., Efficient 

and highly regioselective direct C-2 arylation of azoles, including free 

(NH)-imidazole, -benzimidazole and -indole, with aryl halides. 

Tetrahedron 2007, 63 (9), 1970-1980. 

62. Bellina, F.;  Cauteruccio, S.; Rossi, R., Palladium- and copper-
mediated direct C-2 arylation of azoles - Including free (NH)-imidazole, -

benzimidazole and -indole - Under base-free and ligandless conditions. 

European Journal of Organic Chemistry 2006, 2006 (6), 1379-1382. 

63. Lessi, M.;  Panzetta, G.;  Marianetti, G.; Bellina, F., Improved 

Synthesis of Symmetrical 2,5-Diarylimidazoles by One-Pot Palladium-
Catalyzed Direct Arylation Tailored on the Electronic Features of the Aryl 

Halide. Synthesis 2017, 49 (20), 4676-4686. 

64. Bellina, F.;  Biagetti, M.;  Guariento, S.;  Lessi, M.;  Fausti, M.;  

Ronchi, P.; Rosadoni, E., Ligand-free Pd/Ag-mediated dehydrogenative 

alkynylation of imidazole derivatives. RSC Advances 2021, 11 (41), 25504-
25509. 

65. Lessi, M.;  Nania, A.;  Pittari, M.;  Lodone, L.;  Cuzzola, A.; 

Bellina, F. Palladium-Catalyzed Dehydrogenative C-2 Alkenylation of 5-

Arylimidazoles and Related Azoles with Styrenes Catalysts [Online], 2021. 
66. De Vleeschouwer, F.;  Van Speybroeck, V.;  Waroquier, M.;  

Geerlings, P.; De Proft, F., Electrophilicity and Nucleophilicity Index for 

Radicals. Organic Letters 2007, 9 (14), 2721-2724. 

67. Zhao, W.-M.;  Chen, X.-L.;  Yuan, J.-W.;  Qu, L.-B.;  Duan, L.-

K.; Zhao, Y.-F., Silver catalyzed decarboxylative direct C2-alkylation of 
benzothiazoles with carboxylic acids. Chemical Communications 2014, 50 

(16), 2018-2020. 

68. Pellicciari, R.;  Fioretti, M. C.;  Cogolli, P.; Tiecco, M., 

Adamantane derivatives of biological interest. Synthesis and antiviral 

activity of 2-(1-adamantyl)imidazole derivatives. Arzneimittel-Forschung 
1980, 30 (12), 2103-5. 

69. Bertini, F.;  Galli, R.;  Minisci, F.; Porta, O., Free radical 

reactivity of the imidazole ring. La Chimica e l'Industria 1972, 54 (3), 223. 

70. Narayanan, S.;  Vangapandu, S.; Jain, R., Regiospecific 

synthesis of 2,3-disubstituted-L-histidines and histamines. Bioorg Med 
Chem Lett 2001, 11 (9), 1133-6. 

71. Motiwala, H. F.;  Armaly, A. M.;  Cacioppo, J. G.;  Coombs, T. 

C.;  Koehn, K. R. K.;  Norwood, V. M. I. V.; Aubé, J., HFIP in Organic 
Synthesis. Chemical Reviews 2022, 122 (15), 12544-12747. 

72. Elderfield, R. C.; Meyer, V. B., The Reaction of 1-Methyl-2-(t-

butyl)-benzimidazole with Organolithium Compounds1. Journal of the 

American Chemical Society 1954, 76 (7), 1891-1893. 

73. Nguyen, K. M. H.; Largeron, M., Catalytic Oxidative Coupling 
of Primary Amines under Air: A Flexible Route to Benzimidazole 

Derivatives. European Journal of Organic Chemistry 2016, 2016 (5), 1025-

1032. 

74. Brasche, G.; Buchwald, S. L., C H Functionalization/C N 

Bond Formation: Copper-Catalyzed Synthesis of Benzimidazoles from 
Amidines. Angewandte Chemie International Edition 2008, 47 (10), 1932-

1934. 

75. Zurabishvili, D. S.;  Bukia, T. J.;  Lomidze, M. O.;  Trapaidze, 

M. V.;  Elizbarashvili, E. N.;  Samsoniya, S. A.;  Doroshenko, T. V.; 

Kazmaier, U., Preparation of 2-(1-adamantyl)-1H-benzimidazole and novel 
derivatives thereof. Chemistry of Heterocyclic Compounds 2015, 51 (2), 

139-145. 

76. Tang, R.-J.;  Kang, L.; Yang, L., Metal-Free Oxidative 

Decarbonylative Coupling of Aliphatic Aldehydes with Azaarenes: 

Successful Minisci-Type Alkylation of Various Heterocycles. 2015, 357 
(9), 2055-2060. 

77. Adharvana Chari, M.;  Shobha, D.; Sasaki, T., Room 

temperature synthesis of benzimidazole derivatives using reusable cobalt 

hydroxide (II) and cobalt oxide (II) as efficient solid catalysts. Tetrahedron 

Letters 2011, 52 (43), 5575-5580. 
78. Zhang, C.;  Zhang, L.; Jiao, N., Catalyst free approach to 

benzimidazoles using air as the oxidant at room temperature. Green 

Chemistry 2012, 14 (12), 3273-3276. 

79. Chen, Y.;  Leonardi, M.;  Dingwall, P.;  Labes, R.;  Pasau, P.;  

Blakemore, D. C.; Ley, S. V., Photochemical Homologation for the 
Preparation of Aliphatic Aldehydes in Flow. The Journal of Organic 

Chemistry 2018, 83 (24), 15558-15568. 

80. Nguyen, K. M. H.; Largeron, M., Catalytic Oxidative Coupling 

of Primary Amines under Air: A Flexible Route to Benzimidazole 
Derivatives. 2016, 2016 (5), 1025-1032. 

81. Daw, P.;  Ben-David, Y.; Milstein, D., Direct Synthesis of 

Benzimidazoles by Dehydrogenative Coupling of Aromatic Diamines and 

Alcohols Catalyzed by Cobalt. ACS Catalysis 2017, 7 (11), 7456-7460. 

82. Haneda, S.;  Okui, A.;  Ueba, C.; Hayashi, M., An efficient 
synthesis of 2-arylimidazoles by oxidation of 2-arylimidazolines using 

activated carbon–O2 system and its application to palladium-catalyzed 

Mizoroki–Heck reaction. Tetrahedron 2007, 63 (11), 2414-2417. 

83. Kumar, N.; Jain, R., Convenient syntheses of bulky group 

containing imidazolium ionic liquids. 2012, 49 (2), 370-374. 
84. Matsui, J. K.;  Primer, D. N.; Molander, G. A., Metal-free C–H 

alkylation of heteroarenes with alkyltrifluoroborates: a general protocol for 

1°, 2° and 3° alkylation. Chemical Science 2017, 8 (5), 3512-3522. 

85. Liu, Y.-M.;  Yang, S.-T.;  Yan, T.-T.;  Yang, H.;  Wei, X.-B.; 

Yang, G., Syntheses and crystal structures of four silver(I) complexes of 4-
amino-3,5-dicyclohexyl-1,2,4-triazole or 3,5-dicyclohexyl-1,2,4-triazolate: 

observation of Agtz3 and Ag4tz4 structural motifs. Transition Metal 

Chemistry 2013, 38 (5), 543-551. 

 


