
DOI: to be inserted by editorial office  Page 1  ©AUTHOR(S) 

 

A Platinum Open Access Journal 

for Organic Chemistry 
Review 

Free to Authors and Readers DOAJ Seal 
Arkivoc 2021, part __, 0-0 

to be inserted by editorial office 

 

Microwave-Promoted Transformations of Iminyl Radicals 
 

Jatinder Singh and Steven L. Castle* 

 

Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 84602, United States 

Email: scastle@chem.byu.edu 

 
Dedicated to Prof. Samir Z. Zard for his pioneering contributions to the field of radical chemistry 

 

Received   mm-dd-yyyy Accepted   mm-dd-yyyy Published on line   mm-dd-yyyy 

Dates to be inserted by editorial office 

Abstract 

Microwave irradiation of O-aryloximes is a convenient method of generating iminyl radicals via direct N–O 

homolysis. These nitrogen-centered radicals can participate in cyclizations (furnishing 2-acylpyrroles and 

pyrrolines), ring-opening fragmentations (affording acyclic nitriles), and 1,5-hydrogen atom transfer (HAT) 

events (delivering -functionalized ketones). A wide range of radical trapping agents can be employed, 

facilitating C–C, C–O, C–N, C–S, or C–X bond formation. The reactions are rapid, simple to execute, and do not 

require catalysts. 
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1. Introduction 

 

Iminyl radicals are planar nitrogen-centered radicals that possess an unpaired electron in an sp2 orbital.1,2 

Accordingly, this electron is orthogonal to the C=N  electrons. The first synthetic application of iminyl radicals 

was disclosed in 1975 by Forrester, who found that persulfate oxidation of oximinoacetic acid derivatives 1 

affords phenanthridines 3, presumably via the intermediacy of iminyl radicals 2 as shown in Scheme 1.3 Zard 

subsequently advanced iminyl radical chemistry in the 1990’s by developing cyclizations4 and ring-opening 

fragmentations5 of iminyl radicals derived from homolysis of sulfenylimines (4→5 and 6→7, Scheme 1). This 

pioneering investigator of synthetic radical chemistry also devised a cyclization–Giese addition cascade that 

exploits Barton decarboxylation in the iminyl radical formation step6 (8→12, Scheme 1). Another noteworthy 

discovery in the 1990’s came from Weinreb, who introduced low-temperature iminyl radical generation via 

the Hudson reaction.7 

 
Scheme 1. The pioneering iminyl radical reactions of Forrester and Zard. 

 

Iminyl radical chemistry made a leap forward in the late 2000’s when photoredox catalysts8–12 and non-

photoactive transition metal catalysts13,14 were applied to radical reactions. This advance ended the reliance 

on explosive radical initiators and toxic organotin reagents that was characteristic of conventional synthetic 

methods involving open-shell intermediates. As a result, an abundance of useful iminyl radical transformations 

have been introduced in recent years.2,15–22 Nevertheless, these modern reactions have limitations that are 

primarily derived from their dependence on single-electron-transfer (SET) chemistry. These drawbacks are 

illustrated in Scheme 2 in the context of iminyl radical cyclizations. Beginning with Leonori’s seminal report in 

2015,23 which was presumably inspired by Zhang and Yu’s work,24 several 5-exo-trig iminyl radical cyclizations 

have been devised that rely on photoredox chemistry or transition metal catalysis to furnish functionalized 

pyrrolines after trapping of a cyclic intermediate (i.e., radical, cation, or anion) by a suitable reagent. Most of 
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these processes employ SET reduction of O-acyloximes, O-aryloximes, or O-alkyloximes to generate the 

requisite iminyl radicals.25–33 Consequently, the cyclic radical intermediates must undergo oxidation to 

regenerate the active catalyst either before or after the trapping event. The necessity of forming a cationic 

intermediate during the reaction limits the scope of viable traps. Inspired by the work of Forrester,3 in 2017 

Studer34 and Leonori35 independently discovered catalytic methods of producing and cyclizing iminyl radicals 

that are triggered by SET oxidation of oximinoacetic acids (Scheme 2). These protocols achieve turnover via 

reduction of the cyclic radical intermediate, thereby permitting the use of some trapping agents that are 

incompatible with cations. However, the requisite anionic intermediate still limits the scope of traps. 

Additionally, the necessary deprotonation of the carboxylic acid in advance of SET oxidation precludes the use 

of base-sensitive traps. Clearly, the development of iminyl radical reactions that do not require SET would 

positively impact the organic synthesis field by overcoming these shortcomings. 

 
Scheme 2. Catalyzed iminyl radical cyclizations based on SET reduction or oxidation. 

 

In recent years, we have investigated the microwave-promoted generation of iminyl radicals via direct N–O 

homolysis of O-aryloximes. This operationally simple process does not involve SET chemistry and is applicable 

to several different transformations. In this Account, we summarize the studies that we have performed to 

date in this area. We believe that microwave-promoted iminyl radical chemistry offers a promising and 

complementary alternative to contemporary methods that are based on SET processes. 

 

2. Inspiration for Our Work 

 

Approximately ten years ago, we encountered some intriguing publications from the Walton group in the 

course of writing a chapter on radical cyclizations for the second edition of Comprehensive Organic 

Synthesis.36 Walton and co-workers had first discovered that the weak N–O bond of O-phenyloximes (BDE = 

ca. 35 kcal/mol) could be cleaved directly by thermolysis.37 They subsequently found that microwave 

irradiation enabled clean and rapid iminyl radical reactions. For example, irradiation of O-phenyloximes 13 at 

160 °C for just 15 minutes furnished pyrrolines 14 in good yield as the products of 5-exo-trig cyclization 

(Scheme 3).38 Exposure of O-phenyloxime 15 to identical conditions induced 5-exo-dig cyclization followed by 

aromatization, delivering pyrrole 16.39 

 
Scheme 3. Walton’s microwave-promoted iminyl radical cyclizations. 

 



Arkivoc 2021, part _, 0-0   last name, initials of first author et al. 

 

 Page 4  ©AUTHOR(S) 

We were attracted by the simplicity and utility of Walton’s microwave-promoted iminyl radical cyclizations. No 

initiators, propagating agents, or catalysts are required, and the substrates are accessed in a single step from 

readily available ketones. The fact that five-membered nitrogen heterocycles occur frequently in FDA-

approved pharmaceuticals40 lends additional significance to this work. However, the main limitation of these 

reactions is derived from their termination via hydrogen atom abstraction from the toluene solvent, thereby 

preventing functionalization of the cyclic radical intermediate. We reasoned that replacing toluene with 

solvents that are poor hydrogen atom donors would broaden the scope of these reactions by permitting 

trapping of the radical intermediates by reagents capable of introducing a host of different functional groups. 

This hypothesis launched our investigations of microwave-promoted iminyl radical reactions. 

 

3. Iminyl Radical Cyclizations 

 

We began by studying 5-exo-dig cyclizations of O-phenyloximes 17 that contain alkyne radical acceptors 

(Scheme 4). We discovered that trifluorotoluene was an excellent solvent, facilitating cyclizations of 17 at 

lower temperatures than were used in Walton’s protocol. Moreover, the ionic liquid 1-ethyl-3-methyl-1H-

imidazol-3-ium hexafluorophosphate (emimPF6), which was required by Walton to enable microwave heating 

in nonpolar toluene, was unnecessary since the polar solvent could be directly heated by absorption of 

microwaves. The elimination of toluene from the reaction mixture allowed us to explore TEMPO trapping of 

the cyclic radical intermediates. To our surprise, 2-acylpyrroles 18 were obtained from the reactions in good to 

excellent yields. A wide range of products were produced under the mild reaction conditions, including those 

containing acid-sensitive (18e) or base-sensitive (18f) functional groups. The short reaction times (≤1 h) can be 

attributed to the rapid and uniform heating of the solution that is accomplished by microwave irradiation.41 

 
Scheme 4. Synthesis of 2-acylpyrroles via microwave-promoted 5-exo-dig iminyl radical cyclizations. 

 

The 2-acylpyrroles were not the expected products of these iminyl radical cyclizations. Accordingly, we 

performed experiments designed to elucidate the reaction pathway. A mechanism that is consistent with 

these experiments is shown in Scheme 5. Microwave irradiation of O-phenyloxime 17 first triggers N–O 

homolysis, furnishing iminyl radical A. 5-exo-dig cyclization of this species affords vinyl radical B, which is 

trapped by TEMPO to deliver enol ether C. Thermally-promoted isomerization of C then produces pyrrole D, 

which we originally predicted would be the final product of the reaction. We did not anticipate that formation 

of the aromatic pyrrole ring would weaken the adjacent C–H bond sufficiently to enable a radical 

fragmentation.42 This elimination can presumably be triggered by any of the endogenous radicals (i.e., PhO•, 

TEMPO, or tetramethylpiperidinyl radical). 
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Scheme 5. Proposed mechanism of 2-acylpyrrole synthesis. 

 

We next studied 5-exo-trig iminyl radical cyclizations of alkene-containing O-phenyloxime 19 (Scheme 6).43 

Although these reactions required higher temperatures and longer reaction times than the 5-exo-dig 

cyclizations, they are still more rapid (typically 1–2 h, with one example needing 5 h for completion) than the 

analogous transformations involving catalysts and SET chemistry (12–24 h reaction times).23,25–32,34,35 

Importantly, the absence of SET cycles permits a broad range of trapping agents 20a–h to be employed. Thus, 

C–C, C–O, C–Cl, C–Br, C–I, C–N, and C–S bonds can all be forged, producing functionalized pyrrolines 21a–h in 

good yields. Additionally, microwave irradiation of allylic sulfide 22 triggered 5-exo-trig cyclization followed by 

-elimination of a thiyl radical44,45 from the cyclic alkyl radical intermediate (Scheme 7).43 This tandem process 

delivered pyrroline 23, which contains a terminal alkene that can be converted into various other functional 

groups. 

 
Scheme 6. Scope of radical traps in microwave-promoted 5-exo-trig iminyl radical cyclizations. 

 

 
Scheme 7. Tandem 5-exo-trig cyclization–thiyl radical -elimination. 

 

The cyclizations exhibited a wide scope with respect to the O-phenyloxime substrates 24 (Scheme 8).43 

Previously investigated substrates 19 and 22 contained a phenyl group conjugated to the oxime ether moiety. 

This conjugation was not required, as evidenced by the production of alkyl-substituted pyrroline 25a. Alkyl 

groups were tolerated on the alkene acceptor (e.g., 25b–d), and substitution of the sp3 carbons connecting the 

oxime ether and the alkene was also permitted (e.g., 25e–i), albeit with modest diastereoselectivity. ,-

Dimethyl-substituted pyrroline 25e was obtained in good yield, indicating that the iminyl radical intermediate 

undergoes 5-exo-trig cyclization in preference to fragmentation that would generate a nitrile and a tertiary 

alkyl radical. Although a few of the yields are low, we believe that the large number of viable substrates 

renders this method useful to the organic synthesis community. 
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Scheme 8. Scope of O-phenyloxime substrates in 5-exo-trig iminyl radical cyclizations. 

 

We reasoned that attaching an electron-donating group to the aryl moiety of the oxime would lower the N–O 

BDE, thereby permitting cyclizations to be conducted at lower temperatures. Accordingly, we prepared 

substrate 26 bearing a p-tert-butylphenoxy group. We were pleased to find that 26 underwent facile 

cyclization and TEMPO trapping when heated to 100 °C in a microwave reactor, delivering pyrroline 21b in 

74% yield (Scheme 9).46 Importantly, the reaction proceeded equally well under conventional heating in an oil 

bath, albeit with a longer reaction time (12 h versus 4 h). Executing iminyl radical cyclizations at lower 

temperatures can be beneficial for heat-sensitive substrates. Moreover, the ability to perform the reactions in 

an oil bath simplifies scale-up and benefits researchers who do not have access to a microwave reactor. 

 
Scheme 9. Second-generation iminyl radical precursor. 

 

4. Ring-Opening Fragmentations of Iminyl Radicals 

 

Inspired by Zard’s work,5 we examined microwave-promoted ring-opening fragmentations of cyclic O-

phenyloximes 27 (Scheme 10).47 Microwave irradiation of these substrates in the presence of TEMPO rapidly 

furnished acyclic nitriles 28. Four- and five-membered cyclic O-phenyloximes underwent facile ring-opening 

fragmentations, and unsymmetrical substrates (i.e., 27c–e) produced the less-substituted nitriles exclusively as 

a consequence of generating the more-substituted radical intermediates. Although fragmentation of a 

cyclohexanone-derived substrate was unsuccessful, presumably due to the lack of ring strain, cyclohexenone-

derived O-phenyloxime 27h afforded nitrile 28h in modest yield. A brief survey of radical traps other than 

TEMPO with five-membered substrate 27b revealed that C–C and C–I bonds could be forged in good yields 

(Scheme 11). The mild reaction conditions and simple protocol rendered this process useful for generating 

structural diversity via ring-distortion of natural products.48 For example, estrone-derived substrate 30 was 

smoothly transformed into tricyclic adducts 31a–d (Scheme 12). In the context of this investigation, we 

expanded the scope of radical trapping to include C–N (i.e., 31c) and C–Cl (i.e., 31d) bond formation.47 
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Scheme 10. Fragmentations of cyclic O-phenyloximes with TEMPO trapping. aPhCF3 was used as solvent. 
bCH3CN–CH2Cl2 4:1 was used as solvent. 

 

 
Scheme 11. Additional radical traps in ring-opening iminyl radical fragmentations. aCF3CH2OH was used as 

solvent. 

 
Scheme 12. Fragmentations of estrone-derived O-phenyloxime 30. Reagents and conditions: a20a, CH3CN–

PhCF3 9:1, W (90 °C), 20 min; b20b, CH3CN–PhCF3 9:1, W (90 °C), 20 min; c3-PySO2N3, CH3CN–PhCF3 9:1, W 

(90 °C), 20 min; d20c, CH3CN–PhCF3 9:1, W (90 °C), 20 min. 

 

Our paper describing microwave-promoted iminyl radical fragmentations was published in early 2018, and 

several examples of similar reactions involving transition-metal or organophotoredox catalysts were disclosed 

concurrently or shortly thereafter.25,49–59 Our work is distinguished from these other reports by its simplicity, 

as iminyl radical formation via direct N–O homolysis enables a rapid and catalyst-free protocol. Moreover, the 

scope of our method is broad with respect to both substrates (i.e., 4- and 5-membered rings) and radical traps 
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(i.e., C–O, C–C, C–N, C–Cl, and C–I bond formation). Accordingly, we believe that this process will be valuable 

to the organic synthesis community. 

 

5. 1,5-Hydrogen Atom Transfer Mediated by Iminyl Radicals 

 

The fact that nitrogen-centered radicals are typically of higher energy than alkyl radicals provides a driving 

force for 1,5-hydrogen atom transfers (HAT) mediated by iminyl radicals.60 Indeed, SET-dependent reactions of 

this type have recently been reported.61–70 However, our first attempts at achieving microwave-promoted C–H 

activation via 1,5-HAT were low-yielding. We reasoned that protonation of the iminyl radical intermediate or 

coordination of it to a Lewis acid would enhance the prospects for 1,5-HAT due to the substantially higher N–H 

BDE values of iminium ions relative to those of neutral imines.60,61 Thus, protonation or coordination of iminyl 

radical F (generated via homolysis of O-aryloxime E) would furnish G, with the latter possessing a greater 

propensity to undergo 1,5-HAT than the former (Scheme 13). Then, alkyl radical H would be engaged by a 

radical trap, and in situ hydrolysis of the iminium ion would furnish ketone I. The entire process would 

constitute a formal -C(sp3)–H activation of a ketone, since a ketone is the immediate precursor to substrate E. 

 
Scheme 13. Proposed mechanism of 1,5-hydrogen atom transfer with acid activation. 

 

We found that InCl3·H2O could facilitate the desired transformation with TEMPO as the radical trap, but its 

poor solubility in organic solvents was problematic. Fortunately, the PhCF3–iPrOH–H2O solvent system, which 

forms a single phase at elevated temperatures,71 afforded good yields of -OTEMP ketone 33a (Scheme 14).72 

The scope of the C–H activation is good when tertiary or benzylic secondary radicals are formed, although 

cyclization of a tertiary radical onto an aromatic ring can compete with TEMPO trapping (i.e., 33b and 33b’). 

The exclusive formation of ketones 33h and 33i indicates that tertiary radicals are produced by the 1,5-HAT in  

 
Scheme 14. Scope of formal ketone -C(sp3)–H activation. aClCH2CO2H was used instead of InCl3·H2O, with 

CH3CN as solvent. 
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preference to primary or secondary radicals. Nonbenzylic secondary and primary radicals could also be 

created by this method, albeit in low yields (i.e., 33j–m). Although more work is necessary for this method to 

become synthetically useful, it is important to note that related protocols involving catalysts and SET 

chemistry have yet to achieve C–H activation of a nonstabilized primary carbon.63–65 

 

6. Conclusions 
 

Inspired by the work of Walton,37–39 we have investigated the microwave-promoted homolysis of O-aryloximes 

and subsequent transformations of the iminyl radicals generated by this process. Employing solvents that are 

poor hydrogen atom donors unlocks the ability to introduce a wide range of functional groups by using radical 

trapping agents. When the iminyl radicals are tethered to alkynes or alkenes, 5-exo cyclizations proceed to 

furnish 2-acylpyrroles41 or functionalized pyrrolines,43,46 respectively. Formation of 4-, 5-, or in some cases 6-

membered cyclic iminyl radicals triggers ring-opening fragmentation, delivering acyclic nitriles.47 Finally, 

activation of iminyl radicals by coordination to a Lewis acid facilitates 1,5-HAT, affording -functionalized 

ketones.72 When compared to contemporary iminyl radical transformations that involve SET cycles and require 

catalysts, our catalyst-free microwave-promoted reactions are distinguished by their simplicity, rapid reaction 

times, and broad scope. Accordingly, we believe that this methodology will be widely used by the organic 

synthesis community. 
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