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C–H functionalization reactions enabled by hydrogen atom 

transfer to carbon-centered radicals 

Sumon Sarkar, ‡a Kelvin Pak Shing Cheung, ‡a and Vladimir Gevorgyan*a 

Selective functionalization of ubiquitous unactivated C–H bonds is a continuous quest for synthetic organic chemists. In 

addition to transition metal catalysis, which typically operates under two-electron manifold, a recent renaissance of radical 

approach relying on hydrogen atom transfer (HAT) process has led to the tremendous growth of the area. Despite several 

challenges, protocols proceeding via HAT are highly sought after as they allow for relatively easy activation of inert C–H 

bonds under mild conditions leading to a broader scope and higher functional group tolerance and sometimes 

complementary reactivity over the methods relying on traditional transition metal catalysis. A number of methods operating 

via heteroatom-based HAT have been extensively reported over the past few years, while the methods employng more 

challenging carbon analogues have been less explored. Recent developments of mild methodologies for generation of 

various carbon-centered radical species enabled their utilization in the HAT process, which, in turn, led to the development 

of remote C(sp3)–H functionalization reactions of alcohols, amines, and amides and related compounds. This review covers 

mostly recent advances in C–H functionalization reactions involving HAT step to carbon-centered radicals. 

Introduction  

Selective functionalization of C–H bonds in organic molecules is 

highly desirable as this atom- and step-economic approach 

allows for late stage functionalization and diversification of 

complex molecules, and sometimes previously unattainable 

unique retrosynthetic disconnections.1 However, selective and 

efficient functionalization of ubiquitous C–H bonds is a highly 

challenging task due to the inertness of these bonds, and also 

lack of control for activation of a specific C–H site among other 

similar C–H bonds available.2 

Over the past decades, transition metal-catalyzed C–H 

activation and carbene/nitrene insertion reactions have been 

developed tremendously (Scheme 1a).3 However, these 

methods typically require high temperature conditions, as well 

as directing groups, some of which are not removable. The 

selectivity of C–H activation mostly depends on thermodynamic 

stability of the resultant carbon-metal species. Thus, primary C–

H sites are easier to activate compared to their secondary 

counterparts; whereas activation of tertiary C–H bonds are rare. 

On the other hand, carbene and nitrene insertion reactions 

occur preferentially at the most electron-rich C–H bonds. 

Nonetheless, steric influence can be the dominant factor in 

some cases. Moreover, these processes usually employ diazo 

compounds or amides to access the corresponding metal 

carbene and metal nitrene species. An electron withdrawing 

group such as ester (i.e. a-diazo ester) is often required, thus 

limiting the choice of reaction substrates.  

In contrast, hydrogen atom transfer (HAT),4 represents an 

alternative approach toward C–H functionalization. Since HAT is 

highly influenced by bond dissociation energy (BDE), for a given 

system, HAT from tertiary C–H sites are faster HAT than that 

from secondary and primary positions. Thus, methods relying 

on HAT exhibit selectivity trend complementary to that for two-

electron transition metal-catalyzed approaches.5   

HAT process has long been recognized as a versatile tool for C–

H functionalization for its high reactivity and regioselectivity. 

Historic precedence of 1,5-HAT initiated by nitrogen- and 

oxygen- centered radicals was showcased in Hofmann-Löffler-

Freytag reaction and Barton’s nitrite photolysis.6 This radical 

approach discovered in 19th century, despite being highly 

regioselective and exergonic, did not make appearnce in the 

mainstream of C–H functionalization methods until mild 

generation of radicals have been developed.7 Likewise, carbon-

centered radical-mediated HAT was first reported in 19548 and 

have not been utilized in organic synthesis until late 1980’s,9 

however enjoyed rapid employment in synthesis in the past 

decade.  

Rate of HAT is mostly controlled by enthalpic factors, however 

Thrope-Ingold effect also plays an important role in case of 

intramolecular HAT.10 With few exceptions,11 HAT proceeds via 

early transition state due to its exothermic nature. Usually aryl, 

vinyl, or primary alkyl radicals undergo HAT at alkyl C–H sites 

due to their higher parent C–H BDEs (Scheme 1, b(i)). In the case 

where these BDE differences are comparable, the process can 

potentially be reversible,12 thus a selective functionalization 
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13, convert to reduced lactam 14 upon intermolecular HAT with 

Bu3SnH, or perform 1,4-HAT to produce intermediate C. The 

latter then extrudes tributyltin radical to furnish 15. 

Alternatively, 15 could be obtained via protodestannylation of 

13, as exemplified in the one-pot two-step transformation of 

12c to 15c. Products distribution varies with the lactam ring size, 

with larger rings favoring 1,4-HAT over the other two pathways. 

This was later rationalized by DFT calculations, which showed 

that despite all being highly exothermic, activation barrier 

decreased with ring size (17.0 kcal/mol for n = 4 vs 25.3 kcal/mol 

for n = 1).22b It was also found that in the case of 

phenethylamines 16, ejection of phenethyl radical preceded 

proton transfer and hence bypassed 1,4-HAT, resulting in 

intermediate A, which was exclusively converted to B, which 

upon treatment with TMSCl afforded lactam 17 (Scheme 5b).  

 

Scheme 5 (a) Rationale for the formation of three products. (b) 

Phenethyl radical as a leaving group. 

In 2006 and 2008, Dake and co-workers disclosed synthetic 

routes toward nitiol derivatives 2023 and fusicoccane A–B ring 

fragment 2124 involving tandem Norrish type 1 

fragmentation/1,4-HAT (Scheme 6). First, upon UV irradiation, 

a photoexcited ketone 18 undergoes fragmentation to form 

biradical A, which after intersystem crossing (ISC) performs 1,4-

HAT to afford ketene intermediate B. Nucleophilic trapping with 

methanol solvent leads to the key intermediate, ester 19.  

 

Scheme 6 Synthesis of natural product derivatives 20 and 21 via 

1,4-HAT process. 

In 2012, groups of Li and Shi reported synthesis of 

bicyclo[3.1.0]hexane derivatives 22 via radical reaction 

between vinylidene cyclopropanes and diphenyl diselenide.25 

The vinylcyclopropane moiety of 22 undergoes thermally-

induced ring-opening, followed by 1,4-HAT, to give biradical C, 

which produces cyclohexene derivatives 23 or 24 (Scheme 7a). 

In all cases, excellent stereoselectivity was observed, which 

could be explained by unfavourable formation of the conformer 

B. Involvement of 1,4-HAT in this thermal rearrangement was 

supported by reaction of D-labeled substrate 22c, as well as by 

DFT calculations (Scheme 7b).  

 

Scheme 7 (a) Thermally-induced ring-opening/1,4-HAT cascade 

transformation of 22. (b) Evidence for 1,4-HAT process by 

deuterium-labelling experiment. 
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1,5-HAT 

Studies toward the chemistry of carbon-to-carbon 1,5-HAT date back 

to the 1970s. In 1973, Morrison group revealed that olefin 25 

underwent UVC-photoinduced internal exchange between vinyl 

deuterium and methyl hydrogen (Scheme 8a).26 UV excitation 

of 25 generates 1,2-biradical A, which undergoes 1,5-HAT to 

produce o-xylylene intermediate B, followed by ground state 

1,5-deuterium shift to afford exchanged product 26. Later, Pratt 

confirmed the intermediacy of o-xylylene in the formation of 

[4+2] adduct 28 with maleic anhydride (Scheme 8b).27 Similar 

transformations have also been reported by Hornback.28  

 

Scheme 8 (a) Photoinduced internal H/D exchange of 25. (b) 

Trapping of o-xylylene intermediate with maleic anhydride. 

Very recently, Koert group reported an interesting example of 

naphthocyclobutene synthesis from methyl (a-napthyl) 

acrylates 29.29 1,2-biradical A, formed upon energy transfer 

(EnT) from photoexcited iridium catalyst, underwent 1,5-HAT to 

produce intermediate B. In contrast to the above cases, instead 

of the formation of o-xylylene, cyclobutane 30 is furnished after 

ISC/recombination of radicals. Thus, this transformation 

represents a carbon analogue of Norrish–Yang reaction. The 

performed reaction with deuterium-labelled substrate provided 

evidence for 1,5-HAT, as well as it being the rate-determining 

step (30e).  

 

Scheme 9 Synthesis of cyclobutanes 30 via EnT-induced 1,5-HAT 

to 1,2-biradical. 

In 2014, Liu, Tan, and co-workers reported enantioselective C–

H alkoxylation involving 1,5-HAT process (Scheme 10a).30a 

Trifluoromethyl radical, formed upon single electron reduction 

of Togni’s reagent by copper(I) catalyst, undergoes radical 

addition to substrate 31. A subsequent 1,5-HAT occurs to form 

more stabilized a-amido radical B, followed by a single electron 

oxidation to produce imine intermediate C. Finally, the 

nucleophilic attack of alcohol in the presence of chiral 

phosphoric acid (CPA) furnishes enantioenriched product 32. 

The authors also demonstrated a feasibility of HAT with 

aliphatic amide (32d). Later, a related transformation that also 

relied on 1,5-HAT was disclosed (Scheme 10a).30b In this case, 

catalytic amount of 1,2-bis(diphenylphosphino)benzene 

(dppBz) serves as single electron reductant and generates 

trifluoromethyl radical with Togni II reagent under thermal 

conditions. Similarly, radical addition to 33 leads to the more 

stabilized radical B. Electron transfer to another equivalent of 

Togni II reagent, followed by a proton loss leads to, in contrast 

to imine in the first report, enamide C, which is susceptible to 

another radical addition. Single electron oxidation followed by 

proton loss delivers the reaction product 34 and regenerates 

the phosphine catalyst, respectively. A one-pot procedure was 

also developed for synthesis of various 5-

(trifluoromethyl)oxazoles such as 35 (Scheme 10b). 

 

Scheme 10 (a) Radical addition-triggered 1,5-HAT. (b) One-pot 

synthesis of 5-(trifluoromethyl)oxazole 35. 
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A reaction mode where 1,5-HAT is induced by radical addition 

to a tethered double bond has proved to be efficient and 

general. Based on this strategy, transformations targeting weak 

C–H bonds, including benzylic (Scheme 11a),31 a-carbonyl 

(Scheme 11b),32 a-hydroxyl (Scheme 11c),31a,33 and formyl 

(Scheme 11d),34 have been developed. Notably, these 

substrates are also amenable to entropically less favored 1,6- 

and 1,7-HAT due to presence of radical-stabilizing groups. 

 

 

 

 

Scheme 11 Intramolecular HAT from activated C–H bonds 

initiated by radical addition to tethered olefin. (a) Benzylic C–H. 

(b) a-carbonyl C–H. (c) a-hydroxyl C–H. (d) Formyl C–H. 
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Very recently, Wang and co-workers reported iron-catalyzed 

remote functionalization that operates in a similar fashion.35 

Remarkably, the catalytic system could be applied not only to 

activated systems, but also to unactivated ones (Scheme 12). 

Notably, substrate bearing secondary C–H site could also be 

employed (56c). 

 

Scheme 12 Intramolecular HAT from unactivated C–H bonds. 

1,7-HAT  

In 1997, Fuchs group disclosed examples of 1,7-HAT to C(sp3)-

centered radicals (Scheme 13).36 Under classical free radical 

conditions, (bromomethyl)silyl species 57 is converted to the 

corresponding silylmethyl radical A, which then engages in a 

1,7-HAT process leading to the translocated radical B. A facile 

elimination of arylsulfonyl radical then affords olefin product 

58. Both secondary (58a–c) and primary (58d) C–H sites were 

amenable to HAT giving good yields of alkenes, except for 58c 

due to competing abstraction of benzylic hydrogens. The 

uncommon 8-membered transition state for this HAT 

transformation can be attributed to the increased tether length 

possessing sulfur and silicon atoms. Mechanistic studies ruled 

out the possibility of intermolecular HAT event. 

 

Scheme 13 Formation of alkene via 1,7-HAT/b-elimination of 

57. 

In 2013, Beau, Urban and co-workers reported selective mono-

debenzylation of benzyl-protected carbohydrate templates 59 

that involved a key 1,7-HAT step triggered by silylmethyl radical 

(Scheme 14a).37 The substrates were readily converted to the 

corresponding xanthate methylsilyl ethers 60 via a sequential 

silylation and substitution by xanthate. Thermal decomposition 

of dilauroyl peroxide (DLP) initiates the process to produce 

electrophilic silylmethyl radical intermediate A, which 

undergoes 1,7-HAT to furnish benzylic radical B. Oxidation of 

the latter by DLP generates stable benzylic cation, which is 

trapped in the form of acyl acetal C. A subsequent hydrolysis 

and desilylation delivers the reaction product, diol 61. In the 

case of b anomers such as 60a, an alternative path could be 

operational, which involves a successive 1,5-HAT from anomeric 

C–H and then benzylic C–H sites (Scheme 13b). However, the 

authors discounted this possibility as a anomer 60b, which does 

not possess suitable hydrogen at the anomeric site, reacted 

smoothly to give 61b with similar efficiency (Scheme 13c). 

 

 

Scheme 14 (a) Selective mono-debenzylation of 59. (b) Plausible 

mechanism for sequential 1,5-HATs leading to the same 

product. (c) Validation of 1,7-HAT based on efficient 

debenzylation of 60b. 
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good yields (64a–d), with the exception of benzoylated 

substrate (64e). Interestingly, methyl ether was a viable 

substrate (64f). 

 

Scheme 15 Construction of isocopalane framework 64 involving 

1,7-HAT.  

 

Intramolecular HAT at Competing Sites 

 

In 2017, Gevorgyan and co-workers demonstrated the ability of 

hybrid alkyl palladium-radical species to undergo selective 

intramolecular HAT at unactivated C(sp3)–H sites, featuring an 

easily installable/removable silicon-based auxiliary (Scheme 

16).39 Substrate 65, readily accessible via routine silyl protection 

of the corresponding alcohol, engages in a single electron 

transfer (SET) with photoexcited Pd(0) catalyst to form hybrid 

radical A, which undergoes rate-limiting site-selective 1,n-HAT 

to produce translocated radical B. The latter may either 

recombine with Pd(I) followed by b-hydride elimination, or 

undergo direct HAT with Pd(I) to furnish remote desaturation 

product 66 after desilylation with TBAF. Side 

hydrodehalogenation process, which would produce reduced 

product 67, was suppressed under optimized conditions. This 

protocol allows for activation of both secondary and tertiary 

C(sp3)–H bonds at b-, g-, and d sites (66a–c). Remarkably, high 

level of site-selectivity was maintained even with substrates 

bearing competitive sites with similar BDEs (66d–f). Kinetic 

studies suggested the selectivity preference to be 1,6-HAT (g) > 

1,5-HAT (b) > 1,7-HAT (d). The preference of 1,6-HAT over the 

more common 1,5-HAT can be attributed to the increased 

tether length and flexibility of the tether possessing silicon 

atom.40 This method represents the first practical catalytic 

desaturation of aliphatic alcohols under mild, auxiliary-enabled, 

visible light-induced conditions. 

 

Scheme 16 Remote desaturation of aliphatic alcohols via 

selective 1,n-HAT enabled by iodomethylsilyl auxiliary. 

Photoexcited palladium catalysis has been developed for alkyl 

Heck reaction and C–H activation,41 which had not been utilized 

synergistically to achieve more complex transformations. Very 

recently, Gevorgyan group disclosed site-selective radical Heck 

reaction relay of aliphatic alcohol derivatives 65 with various 

alkenes 68 to achieve alkenylation at remote unactivated 

C(sp3)–H sites (Scheme 17).42 Potential side reactions, such as 

premature Heck reaction (70) and desaturation (71) were 

suppressed under optimized conditions. Interestingly, iodide C 

was observed over the course of reaction, which was shown to 

produce alkenol 69 under reaction conditions, thus suggesting 

its intermediacy in this transformation. As in the previous case 

(Scheme 16),39 this reaction exhibits the same site-selectivity: g 

> b > d. 

 

Scheme 17 Radical relay Heck reaction of aliphatic alcohols.  

In continuation of employing silicon-based tethers for remote 

transformations, Gevorgyan group reported a transition metal- 

and light-free directed amination of 65 (Scheme 18).16 This 

method represents the first general approach for selective 
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amination of inert C(sp3)–H bonds at b-, d-, and g sites. In the 

presence of lithium formate, readily available aryl diazonium 

salt 72 is reduced to generate aryl radical, which abstracts 

iodine atom from substrate. The resultant silyl methyl radical A 

is electrophilic and thus not predisposed to premature coupling 

with 72. As such, desired 1,n-HAT occurs, leading to a 

transposed nucleophilic radical B, which undergoes facile 

radical addition to 72 to furnish diazenylation product 73. It is 

noteworthy that primary C–H site is also reactive under the 

conditions of this method (73d). In addition, protected amino 

alcohols 74 can be obtained in reasonable yields via a one-pot 

three-step protocol. 

 

Scheme 18 Transition metal- and light-free remote amination of 

aliphatic alcohols. 

Intermolecular HAT 

 

Efficient transformations involving intermolecular HAT 

mediated by sp3-hybridized C-centered radicals are rare due to 

a smaller thermodynamic driving force, as compared to C(sp2)-, 

N- or O-centered radicals. In 2002, Tomioka group utilized the 

instability of methyl radical to achieve intermolecular radical 

addition of ethers to aldimines (Scheme 19a).43 Dimethylzinc 

and oxygen initiate the reaction by producing methyl radical, 

which abstracts activated a-hydrogen from ethereal solvent 76 

to generate nucleophilic radical A. The latter then adds to 

aldimine 77 to give aminyl radical B, which is reduced by 

dimethylzinc to furnish product 78 after aqueous workup. 

Meanwhile, methyl radical is regenerated to close the radical 

chain cycle. Both cyclic and linear ethers are suitable substrates, 

albeit with moderate diastereoselectivity in most cases. 

Employment of diethylzinc and diisopropylzinc led to a drastic 

decrease in product yield due to significant formation of alkyl 

adduct 79 and/or reduction product 80, highlighting the pivotal 

role of methyl radical for efficient intermolecular HAT (Scheme 

19b). Direct HAT between 76 and N-centered radical B is 

unlikely, as the reaction requires super-stoichiometric amount 

of zinc reagent. Later in 2003, the same group developed 

chemoselective addition of THF radical to aldehydes using 

Et3B/air conditions.44 This initiator-dependence was also 

applied to three-component reaction of aldehyde, amine and 

THF. 

 

Scheme 19 (a) Intermolecular HAT from 76 to methyl radical. (b) 

Superiority of methyl radical vs ethyl- and isopropyl radicals. 

Given the relatively small thermodynamic driving force for the 

HAT step to the C-based radicals, the polarity match becomes 

an increasingly important factor. In 2015, the Li group reported 

visible light-promoted transesterification and debenzylation 

reactions of alkyl benzyl ethers 81 (Scheme 20).45a 

Trichloromethyl radical is first generated via a single electron 

reduction of bromotrichloromethane by photoexcited iridium 

catalyst.46 A polarity-matched intermolecular HAT between this 

electrophilic radical and the electron-rich C–H bond in 81 

occurs, resulting in nucleophilic radical A. A subsequent halogen 

atom transfer (XAT) produces a-bromoether B and 

trichloromethyl radical, thereby propagating the radical chain 

process. Intermediate B can either be hydrolysed in methanol 

in a one-pot two-step manner to the debenzylation products 82 

or undergo in situ transesterification to afford esters 83. 

 

Scheme 20 Employment of trichloromethyl radical in 

intermolecular HAT. 

Later, Li group showed that substrates possessing secondary 

benzylic C–H bonds (84) are also competent for analogous 

bromination, thus affording benzyl bromides 85 in good to 

excellent yields (Scheme 21a).45b In addition, a one-pot 

synthesis of benzyl amines 86 was developed, albeit huge 

excess of amine was required to achieve good yields. In 2019, 

Kappe and co-workers disclosed the same process for toluene 
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derivatives 87 under continuous flow reaction setup using 

benzophenone as photocatalyst (Scheme 21b).45c Moderate 

yields of benzylamines 89 were obtained when 87 was 

susceptible to dibromination (89a). 

 
Scheme 21 Benzylic C–H bromination en route to benzyl amines 

via intermolecular HAT. (a) Secondary benzylic C–H. (b) Primary 

benzylic C–H. 

HAT involving vinyl radicals 

 

Larger BDE difference between olefinic C–H (~110 kcal/mol) and 

aliphatic C–H (~96–100 kcal/mol) bonds renders the 1,n-HAT 

process more efficient compared to that by alkyl radical.47 

According to studies by Gilbert and co-workers, the rate of 1,5-

HAT at activated C–H site by vinyl radical is more than 105 s-1.48 

After HAT process, usually alkene moiety serves as radical 

acceptor for the translocated radical, leading to the formation 

of cyclopentane or cyclohexane derivatives.49 In general, vinyl 

radical is generated by halogen abstraction/single electron 

reduction of the corresponding vinyl halides or via radical 

addition to alkynes.50 The second approach is more attractive 

from practical standpoint, since the first protocol requires 

synthesis of vinyl halides. However, despite being exothermic in 

nature, the intermolecular radical addition to alkyne is a 

relatively slow process. The feasibility of HAT by vinyl radical 

was first reported in 1967 by Heiba and Dessau in the novel 

radical cascade involving addition of •CCl3 across triple bond 

that triggered 1,5-HAT.50b However, it was not until 1988 when 

the first systematic studies on 1,5-HAT of vinyl radicals were 

reported by Parsons.9b  

 

Intramolecular HAT 

1,4-HAT 

 

1,4-HAT of vinyl radical has been observed rarely, typically in 

sterically constrained substrates, usually as a side reaction. First 

1,4-HAT was implemented by Malacria and co-workers in 

synthesis of enantiomerically pure 1,2,3-triols.51 

 

Scheme 22 Synthesis of steroidal core of batrachotoxin via 1,4-

HAT of vinyl radical. 

In 2016, Du Bois and co-workers achieved concise asymmetric 

synthesis of the natural (−) and non-natural (+) antipodes of 

batrachotoxin, as well as both enantiomers of a C-20 benzoate-

modified derivative (Scheme 22).52 The key radical cascade 

sequence involving 1,4-HAT of vinyl radical formed in situ is 

highly efficient and selective. The process commences with 

addition of tributyl tin radical at terminal alkyne of 90, followed 

by sequential 6-endo-trig/5-exo-dig cyclizations to produce 

reactive intermediate A. This electrophilic radical then 

undergoes 1,4-HAT to form stabilized nucleophilic allylic radical 

species B, which is quenched by Bu3SnH to deliver 91 in 75% 

yield. 

 

1,5-HAT 

 

In 1988, Parsons group first demonstrated that vinyl radicals 

could undergo translocation to alkyl sites via intramolecular 

HAT (Scheme 23).9b In the presence of Bu3SnH and tungsten 

lamp irradiation, the vinyl radical A generated from vinyl iodide 

92 undergoes 1,5-HAT to afford translocated allylic radical B. 5-

exo-trig cyclization of the latter, followed by reduction 

efficiently leads to the desired pyrrolizidine ring system 93 as a 

mixture of epimers. 

 

 

Scheme 23 1,5-HAT triggered by vinyl radical in synthesis of 

pyrrolizidine ring system. 
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In their seminal work, Curran group reported translocation of 

vinyl radicals via 1,5-HAT (Scheme 24a).9a Realising that C–H 

bonds, the most attractive and simplest ‘radical precursor’, 

could not be activated via intermolecular HAT by tin radical due 

to its significantly endothermic nature, they utilized Bu3SnH as 

an atom transfer agent to access vinyl radical A from 94. 

Efficient 1,5-HAT occurs to form translocated alkyl radical B, 

which is cyclized to produce cyclopentane derivatives 96 after 

reduction. A premature reduction of the vinyl radical via 

intermolecular HAT leads to the acyclic alkene byproduct 95. In 

1993, Curran group disclosed the substituent effect on these 

type of 1,5-HAT transformations.53 Although a few exceptions 

exist, the authors found correlation between the rate of 1,5-

HAT and the BDE of the C(sp3)–H bond. They also found that the 

overall geometry of the moiety undergoing HAT was likely to 

have more impact than the particular substituent at the target 

C–H site.  

In 2018, Gevorgyan group reported photoinduced palladium-

catalyzed non-chain atom transfer radical cyclization (ATRC) at 

remote unactivated aliphatic C–H sites with similar type of 

substrates (Scheme 24b).54 The hybrid vinyl palladium-radical A 

undergoes 1,5-HAT process to generate the translocated radical 

B, which upon 5-exo-trig cyclization leads to the intermediate C. 

Finally, iodine atom transfer from the putative Pd(I)I affords 

iodomethyl carbo- and heterocyclic motifs 97, thus contrasting 

with the reductive transformation by Curran. Notably, no 

formation of Heck-type products via b-hydrogen elimination of 

the radical intermediate C was observed. 

 

 

Scheme 24 (a) Free radical translocation via 1,5-HAT (b) 1,5-HAT 

of hybrid vinyl palladium radical intermediate. 

As discussed above, the alternative way to form vinyl radicals 

involves addition of radicals to alkynes. In 1967, Heiba and 

Dessau observed 1,5-HAT of vinyl radical during addition of 

polyhalomethanes to terminal alkynes.55 In 1993, Bachi and co-

workers reported formation of vinyl radical A via addition of 

tributyltin radical at alkyne moiety of 98. A subsequent 1,5-HAT, 

followed by 6-endo-trig cyclization and b-tin elimination 

produce delivers b-lactam C (Scheme 25).56  Upon DBU-

catalyzed isomerization of double bond, methyl 1-

oxahomoceph-4-em-5-carboxylate 100 was obtained in 40% 

yield, along with 25% of reduction byproduct 99. 
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Scheme 25 1,5-HAT of vinyl radical in synthesis of bicyclic b-

lactam. 

Few years later, Malacria group reported an efficient radical cascade 

reaction for diastereoselective synthesis of highly functionalized 

cyclopentanes (Scheme 26a).57 In this transformation, substrate 101 

forms a-silyl radical upon XAT, which then cyclizes to give vinyl 

radical species A. 1,3-allylic interaction in E-A and eclipsed 

interaction between methyl and isopropyl groups in Z-A2 render 

them less favourable conformers than Z-A1. The latter undergoes 

highly regioselective 1,5-HAT at unactivated C(sp3)–H site, leading to 

primary alkyl radical intermediate B. A following rarely observed 5-

endo-trig cyclization constructs the cyclopentane moiety. Finally, the 

cleavage of the siloxy ring with MeLi affords product 102 in 

impressive 74% overall yield. 

Recently, Dénés group disclosed the involvement of 1,5-HAT in a 

similar type of reaction sequences during synthesis of 

polysubstituted g-butenolides (Scheme 26b).58 The deuterium 

labelling experiments revealed an “invisible” 1,5-HAT to the formed 

vinyl radical from aliphatic side chain. Expectedly, due to the greater 

stability of tertiary radical, the higher deuterium incorporation was 

observed in 104c.  

 

 

Scheme 26 (a) Diastereoselective 1,5-HAT event triggered by 5-

exo-dig cyclization, followed by 5-endo-dig cyclization. (b) 5-

exo-dig cyclization followed by “invisible” 1,5-HAT. 

In 2019, Zhu and co-workers reported mild, photocatalytic 

methods for activation of d C(sp3)–H bonds via formation of 

vinyl radicals (Scheme 27a).59 In both cases, the authors 

synthesized the tertiary propargyl alcohol derivatives 107 via 

addition of acetylide 106 at ketone 105. Under the reaction 

conditions, the excited photocatalyst undergoes SET to 

generate electrophilic radical Y•, which adds to alkyne to trigger 

1,5-HAT event. The translocated radical species B undergoes a 

sequence of 5-exo-trig cyclization, b-elimination and oxidation 

by photocatalyst to afford the final product 108–109. Using this 

protocol, valuable, complex fluoroalkylated alkenes 108a–c,59a 

and sulfonylvinylation products 109a–c59b were easily accessed. 
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Scheme 29 Highly diastereoselective 1,6-HAT in synthesis of 

triquinane derivatives. 

 

Several examples of radical cascade reactions showcased 

formation of electrophilic vinyl radical A generated from 119, 

which undergoes 1,6-HAT to form nucleophilic a-heteroatomic 

radical B. A subsequent 5-exo-trig cyclization, followed by 

reduction of forming alkyl radical affords the cyclic product 120 

(Scheme 30). In 2002, Parsons and co-workers utilized this 

strategy to synthesize 122, the precursor of mitomycin ring 

systems.63 Few years later, Reiser group reported synthesis of 

2,3-disubstituted dihydrobenzofurans 125a–d involving similar 

type of 1,6-HAT process.64 In 2017, the same group employed 

photoredox catalysis to synthesize 2,3-disubstituted indolines 

127 using similar strategy.65 Beaudy and co-workers also utilized 

this 1,6-radical translocation strategy to construct the central 

indoline core of several natural products (129, 130).66 In 2007, 

Yoshimura, Takahata, and co-workers reported synthesis of 

6,5’-C-cyclouridines 132 and 133, in which 

tris(trimethylsilyl)silyl (supersilyl) radical initiates the process by 

selenium abstraction in 131.67 

 

Scheme 30 Cascade radical reactions of vinyl radicals involving 

1,6-HAT at C(sp3)–H sites a- to heteroatom. 

 

HAT involving aryl radicals 

 

Aryl radicals are extremely reactive species. Similarly with HAT 

to vinyl radicals, HAT to aryl radicals from aliphatic C–H sites is 

energetically favourable due to high BDE difference of aryl C–H 

bonds (Ph–H, BDE = 112 kcal/mol) compared to that of aliphatic 

C–H bonds (BDE ~96–100 kcal/mol).47 In 1954, Hey and co-

workers recognized intramolecular 1,5-HAT during the 

decomposition of o-(dimethylaminocarbonyl)aryl or (N-aryl-N-

methylaminocarbonyl)aryl diazonium salts.8 Later, Cohen and 

co-workers also showed that aryl radicals could undergo 1,5-

HAT during copper-catalyzed decomposition of diazonium salts, 

which was supported by extensive mechanistic studies.68 The 

deuterium labelling experiments suggested that rate of 1,5-HAT 

is much faster than the rotation around amide C–N bond but 

slower than that of methyl C(sp3)–N bond, presumably due to 
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Scheme 32 HAT event of hybrid Pd-radical species. 

 

In 1994, Weinreb group utilized copper catalyzed diazotation of 

o-aminobenzamides 143 for oxidation of amides, which can also 

be translated to more complex systems like 144d, used in 

synthesis of antibiotic anisomycin (Scheme 33).74 In this case, in 

situ diazotization of o-aminobenzamide 143, followed by 

reduction via SET from copper catalyst generates aryl radical A. 

1,5-HAT of the latter affords nucleophilic radical B, which then 

via the copper-catalyzed radical-polar crossover process gets 

oxidized into a-amino carbocation that is trapped by methanol 

to deliver products 144a–d. Recently, Qi and Zhang group 

reported photocatalytic, metal-free methods with similar type 

of substrates to achieve a-amino C(sp3)–H functionalization.75 

Likewise, single electron reduction of the in situ formed 

diazonium salt by excited Eosin Y photocatalyst leads to aryl 

radical intermediate, which eventually affords a-

alkoxybenzamides (145a–d) in moderate to good yields. 

 
Scheme 33 Oxidation of amides via 1,5-HAT. 

 

At the same time, Zeng and co-workers reported site-selective 

silylation of a-amino C(sp3)–H bond (Scheme 34).76 The use of 

Grignard reagent enables generation of N-magnesiated aryl 

radical A from the corresponding fluoride 146. This method 

represents the first example of a C–H silylation of amides.  

 

Scheme 34 Silylation of benzamides via 1,5-HAT. 

 

It has been shown that in the absence of tethered alkene as in 

the previous examples (Scheme 31), the translocated radical B 

can undergo radical addition to arene, thus affording cyclization 

products 149–152 after rearomatization (Scheme 35). In 2013, 

Kalyani and co-workers reported the use of nickel or 

phenanthroline catalyst for aryl chlorides and bromides to 

afford various isoindolin-1-ones 149a–d.77 Shortly after, Kumar 

group developed metal-free conditions targeting bromides and 

iodides to deliver similar products (150a–d).78 In 2016, Xu group 

employed iridium photocatalysis to achieve similar 

transformations (148 ® 151) with iodides and its applications 

to the formal syntheses of (±)-coerulescine and (±)-

physovenine.79 More recently, Gevorgyan and co-workers 

achieved the first photoinduced palladium-catalyzed C(sp2)–O 

bond activation of aryl triflate to form hybrid aryl palladium-

radical intermediate,80 which underwent the same sequence of 

1,5-HAT/radical cyclization to afford oxyindole and isoindolin-1-

ones 152a–d. 
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aryl triazene 157 is in situ converted into diazonium salt, which 

upon reductive decomposition leads to aryl radical A. The latter 

is capable of undergoing intramolecular HAT to form 

nucleophilic alkyl radical B, which is further oxidized to the 

corresponding carbocation via a radical polar crossover scenario 

(B ® C) by TEMPO+ formed at the early stages of the reaction. 

Loss of proton affords remote desaturation products 158a–e. 

For this sulfonyl tether, 1,7-HAT is more preferable, however, 

presence of weaker b C–H bonds could lead to 1,6-HAT products 

(158b). It is also shown that even 1,8-HAT is possible at 

activated allylic C–H site of 157e to deliver diene 158e. 

In 2015, Regains and co-workers uncovered remote 

hydroxylation of alcohols and amines with similar type of aryl 

sulfonyl tethers under photocatalytic conditions (Scheme 

38b).84 In this protocol, instead of TEMPO, a photocatalyst 

enables the single-electron redox process to afford after 

solvolysis the hydroxylation products 160a–d. Expectedly, as in 

the above case, the aryl sulfonyl tether favours 1,7-HAT, unless 

a weaker benzylic C–H site is present to promote 1,6-HAT event.  

 

Scheme 38 (a) Guided desaturation of aliphatic alcohols and 

amines via intramolecular HAT. (b) Remote hydroxylation via 

intramolecular HAT. 

 

In 2018, Gevorgyan group developed mild photo-induced 

palladium-catalyzed protocol for proximal and remote 

desaturation of aliphatic amines (Scheme 39).85 This method 

utilizes readily available 2-iodocarbonyl or 2-iodosulfonyl 

tethers (162) which could be routinely installed and do not 

require isolation. Under the reaction conditions, photoexcited 

palladium undergoes single electron transfer to aryl iodide to 

form electrophilic aryl radical A, which undergoes 1,n-HAT (n = 

5–7) (A ® B) to afford translocated alkyl radical at a-, b-, or g-

C(sp3)–H sites of amines depending upon the type of tether 

used. The translocated palladium hybrid radical undergoes 

regioselective b-H loss to afford desaturation product, either via 

radical recombination, followed by b-hydride elimination or via 

direct H-abstraction by Pd(I) species. In this report, the authors 

utilized carbonyl tether for 1,5-HAT (163a), whereas aryl 

sulfonyl tether for 1,7- (163c–d), as well as 1,6-HAT (163b and 

163b’). 

 

Scheme 39 Remote desaturation of aliphatic amines via HAT 

from C(sp3)–H site. 

 

In the same year, Studer group reported translocation of aryl 

radicals from sulfonyl group to alkyl C–H sites (Scheme 40).86 In 

this protocol, they have used thermal conditions and AIBN for 

radical initiation, which abstracts weak hydrogen of 

tris(trimethylsillyl)silane to generate super silyl radical, which 

abstracts iodine atom from the substrate 164 to generate aryl 

radical A, which undergoes 1,7-HAT at unactivated C(sp3)–H 

sites of alcohols to produce B. The translocated nucleophilic 

radical undergoes radical Smiles-type rearrangement to afford 

remote arylated products 165a–c.  
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transition metal-based two-electron approaches in respect of 

site selectivity. This complementary feature has opened up 

numerous opportunities to tackle longstanding problems in 

organic synthesis, as partially exemplified by the recent 

advances summarized in this Review. With that being said, HAT 

mediated by C-centered radical, as compared to the N- and O-

centered analogues, is still underdeveloped and mostly 

confined to intramolecular activation. Thus, a deeper 

understanding of the nature and guiding parameters of 

reactivity is needed to harness full potential of C-centered 

radical in more challenging and complex settings, which may in 

turn lead to the design of novel C-centered radical precursors. 

Furthermore, enantioselective HAT via N-centered radicals has 

been achieved very recently,92 thus providing the basis and 

motivation for development of enantioselective HAT processes. 

It is foreseeable that an asymmetric variant of C-centered 

radical-mediated HAT will mark a major breakthrough in this 

area. Undoubtedly, the progress of C-centered radical 

chemistry will further the field of C–H functionalization in near 

future.    
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