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Abstract

The ability to selectively introduce diverse functionality onto hydrocarbons is of substantial value 

in the synthesis of both small molecules and polymers. Herein, we report an approach to aliphatic 

C–H diversification via radical chain transfer featuring an easily prepared O-alkenylhydroxamate 

reagent, which upon mild heating facilitates a range of challenging or previously undeveloped 

aliphatic C–H functionalizations of small molecules and polyolefins. This broad reaction platform 

enabled the functionalization of post-consumer polyolefins in infrastructure used to process 

plastic waste. Furthermore, the chemoselective placement of ionic functionality onto a branched 

polyolefin via C–H functionalization upcycled the material from a thermoplastic into a tough 

elastomer with the tensile properties of high-value polyolefin ionomers.

One Sentence Summary:

A simple reagent enables the broad diversification of unactivated, aliphatic C–H bonds in small 

molecules and post-consumer plastic waste.

The direct transformation of unreactive aliphatic C–H bonds to useful functionality is a 

streamlined and sustainable approach to accessing complex molecules and materials with 

enhanced properties from readily available compounds (1–4). Late-stage diversification of 

drug-like molecules, wherein complex substrates are modified selectively to alter their 

function, has emerged as a powerful strategy to access new lead compounds for medicinal 

chemistry and structure-activity relationship (SAR) studies without resorting to de novo 
synthesis (5). Despite significant progress, there remains a pressing need for new aliphatic 

C–H diversification platforms that facilitate the site-selective introduction of a range of 

desirable functionality to small molecule substrates with substrate as the limiting reagent.
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An estimated 95% of the economic value of plastics is lost after a single use (6). 

Specifically, branched polyolefins represent >35% of polymers produced worldwide, but 

undergo deleterious chain scission events during mechanical reprocessing or polymer 

functionalization, which degrades their thermomechanical properties and contributes to their 

poor recycling rate (<5% in the US) (7, 8). Developing synthetic methods to place desired 

functionality on post-consumer branched polyolefins would lead to performance-advantaged 

thermoplastics derived from single-stream or mixed plastic waste (9, 10). The new materials 

realized from such platform methods could serve as sustainable substitutes to current high-

value materials that are derived from petrochemical resources, thus representing an example 

of polymer upcycling (11).

Currently, a number of transformations of aliphatic C–H bonds exist and are used for 

the late-stage diversification of drug-like molecules and commodity polymers, but the vast 

majority of these use either nearby directing groups to control reaction site selectivity 

or involve promiscuous reactive intermediates which limit the scope of these approaches 

(12, 13). A notable exception that employs substrate as the limiting reagent is the use 

of high-valent transition metal-oxo complexes in aliphatic C–H functionalization, but this 

approach is limited by the scope of accessible transformations owing to the use of highly 

oxidizing intermediates (14, 15). Intermolecular alkylation or borylation of C–H bonds 

using rhodium catalysis is also well-developed, but the requirement for donor–acceptor 

diazo reagents for alkylation limits overall scope, and the use of a precious metal limits 

high-volume applications in polymer science (16, 17). Singlet carbenes generated from the 

photo- or thermal-decomposition of diazirines represent an efficient C–H functionalization 

strategy for polymer crosslinking and biopolymer photoaffinity labeling, but the required 

substitution pattern of the diazirine and limited functional group tolerance hinders broad 

applicability (18, 19). Furthermore, several valuable C–H transformations, such as aliphatic 

C–H iodination and C–H methylation, remain limited regardless of approach. A universal 

strategy for aliphatic C–H functionalization, wherein a wide array of functionality can 

be placed site-selectively in an intermolecular transformation on both complex organic 

substrates and commodity polymers, remains a grand challenge (Fig. 1A) (20).

Recent studies have demonstrated the utility of heteroatom-centered radicals to facilitate 

site-selective, intermolecular functionalizations of unactivated aliphatic C–H bonds on 

a variety of small molecules and materials, constituting a complementary strategy to 

metal-catalyzed methods (21–26). These reactions principally harness the capacity of a 

tuned nitrogen-centered radical to achieve facile hydrogen atom transfer (HAT) from 

strong, unactivated aliphatic C–H sites. A critical drawback to these previous studies 

is the requirement for direct group transfer of the functionality appended to nitrogen, 

which greatly restricts the diversity of products accessible via the HAT platform. With 

this in mind, we hypothesized that decoupling the formation of the nitrogen-centered 

radical responsible for HAT from the chain transfer step would unlock a universal C–

H diversification manifold applicable to a vast range of transformations (Fig. 1B). We 

identified an O-alkenylhydroxamate (1) as an ideal reagent capable of forming reactive 

nitrogen-centered radicals, while also manifesting slow enough chain transfer kinetics 

for external radical traps to outcompete it in substrate functionalization (Fig. 1C). We 
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hypothesized that such a versatile C–H diversification strategy would encompass many 

important transformations, including ones inaccessible with current synthetic technology, 

and extend to areas ranging from the late-stage C–H diversification of complex molecules to 

applications in the transformation of post-consumer plastic waste to functional polyolefins.

Our initial studies demonstrated the versatility of easily accessed, shelf-stable O-
alkenylhydroxamate 1 for the intermolecular, aliphatic C–H diversification of a range of 

small molecules (Fig. 2). The C–H functionalizations promoted by reagent 1 proceeded 

simply upon mild heating (70° C) or visible light irradiation without the need for an 

exogenous initiator, which is an enabling aspect of the approach. The C–H diversification 

of cyclooctane with substrate as limiting reagent was successful using 10 diverse trapping 

agents in good to excellent yield, establishing the broad scope of the platform (2–11). 

Practical intermolecular, aliphatic C–H iodination sets the stage for a range of challenging 

C–H transformations (vide infra) (27). While there are extant methods available for a 

subset of these reactions, examples using substrate as limiting reagent remain quite rare; 

commonly, the alkane is used in large excess (>5 equiv) and often times as reaction 

solvent. Furthermore, there are no platforms for aliphatic C–H functionalization that rival 

the synthetic scope demonstrated herein with respect to both the diversity of accessible 

transformations and the viable substrates ranging from small molecules to post-consumer 

waste. While we targeted many synthetically valuable C–H transformations, additional 

processes are easily envisioned upon the use of alternative radical traps.

We next applied the C–H diversification to several representative small molecule substrates. 

Diverse cyclic and linear hydrocarbons react efficiently using substrate as limiting 

reagent (12–22). The sterically dictated site selectivities controlled by the bulky N-tBu 

amidyl radical favor accessible secondary C–H sites over weaker, tertiary C–H bonds 

which are commonly the most reactive in C–H functionalizations (14–16, 19–22). For 

comparison, prior efforts towards C–H diversification via HAT using photoredox catalysis 

strongly favored tertiary functionalization; such tertiary-selective functionalization is also 

characteristic of reactions involving HAT with sulfate radicals (28, 29). The transformation 

of the unreactive C–H bond of gaseous methane remains a considerable challenge 

for any C–H functionalization. The strong N–H bond (110.7 kcal/mol) of the parent 

amide of 1 suggested that methane HAT (C–H bond ~105 kcal/mol) could be viable 

(30). As a demonstration of the notable reactivity of the amidyl radical in HAT, we 

successfully performed the (phenyltetrazole)thiolation of methane under our standard 

conditions to deliver 23 in 20% yield with respect to 1. Functionalized substrates containing 

electronwithdrawing groups (24–28) exhibit strong polar effects in discriminating between 

methylene sites, with sites distal to the electron-withdrawing group preferred (31). With 

respect to the mechanism of reactions involving 1, a C–H iodination competition experiment 

between cyclohexane and d12-cyclohexane proceeded with a kH/kD of 6.4, consistent 

with an irreversible aliphatic C–H HAT. Additionally, the C–H (phenyltetrazole)thiolation 

reaction produces the α-SPT acetophenone byproduct, consistent with the chain-transfer 

mechanism outlined in Fig. 1C. The notable sterically and electronically dictated site 

selectivities characteristic of this platform, when combined with the breadth of accessible 

Fazekas et al. Page 3

Science. Author manuscript; available in PMC 2022 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C–H transformations, enable a wealth of valuable late-stage diversifications of complex 

molecules as described below.

We next examined the C–H functionalization of several representative natural products 

and drug derivatives to highlight the scope of our approach. The reactions of adamantyl 

substrates were highly efficient (29–32). The benzylic functionalization of ibuprofen methyl 

ester provided fluorination and trifluoromethylthiolation products 33 and 34, respectively, 

as single regioisomers in contrast to previous C–H functionalizations of this substrate (28). 

Functionalization of terpenoid and steroid natural products, complex molecules with a 

multitude of aliphatic C–H sites, favors the activated C–H site a to the ether oxygen atom of 

(–)-ambroxide (35–36) while reaction of deoxyandrosterone favored functionalization of the 

C2 position of the A-ring (37) and reaction of trans-androsterone acetate afforded a single 

diastereomer of a B-ring fluoride (38). For comparison, a previous C–H fluorination of 

this substrate with Selectfluor yielded greater than seven alkyl fluorides, with none formed 

in greater than 6% yield (32). Lastly, we performed several C–H functionalizations of the 

terpenoid natural product (+)–sclareolide, favoring the most reactive A-ring methylene site 

(39–45, for reaction optimization studies see Table S1). In each case, a single regioisomer 

was obtained in good to excellent yield with high (>10:1) diastereoselectivity, including the 

C–H iodination which delivers iodide 40 in virtually quantitative yield. The present platform 

thus offers a powerful tool for the late-stage introduction of fluorinated groups at unactivated 

aliphatic sites in complex molecules for modulating the absorption, distribution, metabolism, 

and excretion (ADME) properties of drug-like compounds.

With respect to late-stage diversification, the versatility of our approach enables more 

valuable, yet rare, C–H transformations from now easily accessible, functionalized 

compounds. As a second step following the highly efficient iodination of sclareolide 

(>95% yield), reaction with Me2CuLi delivers the formal C–H methylation product 46 in 

good yield as a single diastereomer, furnishing a two-step protocol to investigate “magic 

methyl” effects via late-stage, intermolecular methylation of unactivated aliphatic C–H 

bonds (33, 34). Alternatively, iron-catalyzed cross-coupling of 40 with PhMgBr leads 

to the C–H arylation product 47; previous C–H arylation of this substrate required the 

use of superstoichiometric amounts of (+)–sclareolide (35). Facile borylation of 40 using 

B2cat2 followed by transesterification yielded 48 as a single product, another transformation 

with very limited precedent using substrate as limiting reagent (36–38). Finally, the copper-

catalyzed cross-coupling of 40 with a primary alkyl amine delivered C–H amination product 

49, constituting a formal dehydrogenative alkane-amine coupling (39). Other attractive 

C–H transformations are also easily envisioned capitalizing on the versatility of the 

phenyltetrazole sulfone group which can be easily accessed from product 45 (40).

We envisioned that this versatile C–H diversification strategy could unlock numerous 

transformations on branched polyolefins. Commercial approaches to polyolefin 

functionalization proceed through high-energy radical processes that selectively abstract 

tertiary C–H bonds in branched polymers, resulting in β-scission processes that deteriorate 

thermomechanical properties. We hypothesized that the high regioselectivity of HAT 

involving reagent 1 favoring methylene sites would prevent polymer chain-scission by 

eliminating the formation of tertiary radicals during reactive processing, and the generality 
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of this method would enable access to a range of branched polyolefins with polar 

functionality. Such polar polyolefins, which are inaccessible using traditional Ziegler-Natta 

or metallocene catalysis, enhance interfacial adhesion and provide sites for controlled 

polymer deconstruction (41). LLDPE (Dow DNDA-1081) was chosen as a model branched 

polyolefin to exemplify this method (melting temperature of 122 °C; 19 branches 

per 100 carbons). As a representative transformation to introduce polar functionality 

incompatible with early transition metal catalysts, cyanation of LLDPE with 1 under 

homogeneous conditions (130 °C in chlorobenzene) proceeded efficiently with selectivity 

for methylene sites and involved no discernable chain-scission as confirmed by size 

exclusion chromatography (SEC) as well as a variety of 1D and 2D NMR techniques 

(Fig. 3A; Fig. S1, S12–S15). More precise analysis of selectivity was obtained through the 

use of a narrow dispersity PE (NÐPE), made through the reduction of polybutadiene. The 

SEC chromatogram was virtually identical before and after functionalization, demonstrating 

the lack of chain scission or long-chain branching accompanying polymer functionalization 

(Fig. 3C). In contrast, an analogous cyanation using dicumyl peroxide as a radical initiator 

in place of 1 yielded no functionalization and a decrease in polymer molecular weight. All 

polymer functionalizations target a maximum of 10 mol % repeat-unit modification in order 

to add functionality while maintaining the beneficial semicrystalline nature of the material.

In addition to polyolefin cyanation, the installations of fluoride, bromide, iodide, 

trifluoromethylthiol, thiophenyl, azido, and (phenyltetrazole)thiol groups onto LLDPE 

exemplified the versatility of this approach. Several of these polyolefin C–H transformations 

deliver products inaccessible by other means (24, 25, 42, 43). To further extend the 

scope, C–H cyanation, thiophenylation, and iodination were successful on complementary 

substrates, including highly crystalline high-density PE (HDPE), highly branched LDPE 

(49 branches per 100 carbons), post-industrial waste PE (PIPE) remnants from packaging 

forms, and post-consumer waste PE (PCPE) obtained from PE foam packaging (Fig. 3B). 

Furthermore, thiophenylation of isotactic polypropylene (50 branches per 100 carbons) 

proceeded successfully without discernable chain scission (Figure S9), demonstrating the 

value of this method for these tough and highly branched thermoplastics. It is notable that 

functionalization proceeded efficiently even with an undefined mix of oxidation byproducts 

and/or additives in PCPE evident by IR and 1H NMR spectroscopy, indicating the tolerance 

of this method to common impurities in plastic waste.

The ability to place diverse functionality onto polyolefins through this universal approach 

provides an opportunity to substitute current high-value plastics, and create new ones, 

using post-consumer waste as a starting material. Polyolefin ionomers such as SURLYN™ 

are a high-value class of thermoplastics toughened by ionic crosslinks, with applications 

ranging from structural adhesives to ion-conducting membranes (44). However, SURLYN™ 

is synthesized through radical copolymerization of acrylic acid and ethylene, which 

limits polymer architecture to a highly branched microstructure, precludes use of α-

olefins as comonomers, and limits functional group identity to a carboxylate. These 

limitations compromise the potential strength, toughness, and transport properties of 

the materials. There are currently limited strategies to prepare polyolefin ionomers on 

materials made through Ziegler–Natta or related catalytic approaches (i.e., LLDPE or 
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HDPE). Given the structural fidelity and lack of long-chain branching of our polyolefin 

functionalization approach, we envisioned creating ionomers from polyolefins through late-

stage functionalization. The generality of the C–H functionalization mediated by 1 enabled 

the development of a 2-bromoethyl thiosulfonate radical trapping reagent that installed a 

primary bromide onto the polyolefin (P23, Fig 4A). Displacement of the bromide by methyl 

imidazole yielded imidazolium-functionalized LLDPE (P24), which represents a formal 

copolymerization of α-olefins with an ion-containing vinyl monomer. The ionomers had 

distinct properties from the parent LLDPE, including solubility in polar aprotic solvents, 

a decreased melting temperature, and enhanced clarity (Fig. S25). Introduction of the 

imidazolium to only 2 mol % of the repeat units dramatically changed the material from 

a thermoplastic to a tough elastomer (Fig. 4B). While yield stress and Young’s modulus 

(E) of P24 decreased compared to the parent LLDPE, the strain at break (εB) quadrupled 

and the stress at break (σB) more than doubled, leading to an increase in the tensile 

toughness (UT) of >550%. These tensile properties compare favorably to a commercial 

sample of Dow SURLYN™, demonstrating the dramatic effect that a small amount of 

targeted functionalization can have on material properties.

Collectively, the ability to produce an ionomer from a post-consumer waste stream with 

functional equivalence to the thermomechanical properties of a high-value commercial 

material make this upcycled material a potentially environmentally sustainable substitute 

for polyolefin ionomers (45). The translational potential of this method was further 

demonstrated through C–H functionalization of PCPE in a twin-screw extruder, which is 

the infrastructure used for processing plastic waste. Reacting reagent 1 with 5 mol % 

2-bromoethyl thiosulfonate radical trapping reagent, we procured seven grams of 1 mol % 

bromoethylthiolated PCPE (P25, Fig 4C). Reaction of the extruded material with methyl 

imidazole afforded a large-scale synthesis of the polyolefin ionomer. While further reagent 

development is required to make this material an economically sustainable substitute, this 

C–H functionalization platform enables access to a library of polyolefin ionomers–among 

other materials–from plastic waste. These ionomers can be systematically studied to assess 

the impact of ion identity, ion content, and polymer branching on polyolefin properties and 

circularity, and could ultimately contribute to a more sustainable plastics economy.
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Fig. 1. Aliphatic C–H diversification using N-functionalized amides.
(A) A universal approach to C–H diversification would enable the introduction of a 

range of desired functionality onto small molecules and commodity polyolefins. (B) An 

N-functionalized amide and a diverse set of chain transfer agents constitute a general 

platform for C–H diversification. (C) The mechanistic hypothesis for C–H diversification 

using O-alkenylhydroxamates separates the HAT reagent from the chain transfer agent. Ar = 

3,5-bis(trifluoromethyl)phenyl.
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Fig. 2. C–H diversification of small molecules using reagent 1.
Yields refer to combined isolated products, or were determined by either GC, 1H NMR 

or 19F NMR with the addition of internal standard. Percent functionalizations are provided 

in examples involving minor regioisomers; see the Supplementary Materials for reaction 

details. *GC yield. †1H NMR yield using internal standard. ‡19F NMR yield using internal 

standard. §3:1 diastereoselectivity. ¶Irradiated with blue light. #Isolated yield. **Reaction 

performed under 50 atm methane.
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Fig. 3. C–H diversification of polyolefins using reagent 1.
Polymer functionalization is indicated as mol % compared to repeat unit and were 

determined by 1H NMR on the isolated product. Grey spheres indicate minor regioisomers, 

see the Supplementary Materials for reaction details. High temperature GPC (HT GPC) was 

conducted at 140 °C in trichlorobenzene. *Reaction time was 10 min.
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Fig. 4. Access to polyolefin ionomers through C–H functionalization.
(A) Polyolefin C–H functionalization enabled the production of ionomers from commercial 

plastics in a two-step approach. (B) Tensile tests demonstrate the change in polymer 

properties upon functionalization and how they compare to a commercial sample of Dow 

SURLYN™. Strain rate = 1.0 mm/s. (C) Reactive extrusion was performed on PCPE at a 

decagram scale.
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