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Abstract

Utilizing catalytic CuCl2 we report the functionalization of numerous feedstock chemicals via the 

coupling of unactivated C(sp3)–H bonds with electron deficient olefins. The active cuprate catalyst 

undergoes Ligand-to-Metal Charge Transfer (LMCT) to enable the generation of a chlorine radical 

which acts as a powerful hydrogen atom transfer reagent capable of abstracting strong electron 

rich C(sp3)–H bonds. Of note is that the chlorocuprate catalyst is an exceedingly mild oxidant (0.5 

V vs SCE), and that a proposed protodemetallation mechanism offers a broad scope of electron 

deficient olefins, offering high diastereoselectivity in the case of endocyclic alkenes. The coupling 

of chlorine radical generation with Cu reduction through LMCT enables the generation of a highly 

active HAT reagent in an operationally simple and atom economical protocol.

Graphical Abstract

The catalytic functionalization of unactivated C(sp3)–H bonds has been a long-standing goal 

in synthetic methods development.1–2 Due to the inert and non-polarized nature of C(sp3)–H 

bonds, manipulation of these positions requires the formation of high energy intermediates 

that must differentiate comparable sites of reactivity to enable selectivity,3–4 a challenge 

made more profound when one also targets the desirable outcome of sustainability.5

In recent years, intermolecular hydrogen atom transfer (HAT) has evolved into a 

synthetically viable mechanism for the selective C–H functionalization of alkanes.6–10 
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(Scheme 1A) The generated alkyl radical provides a reactive intermediate poised for bond 

formation with myriad coupling partners including those activated via transition-metal 

catalysis.11–15 Selectivity of HAT is governed by the electronic and steric characteristics 

of both the C(sp3)–H bonds of the substrate as well as the HAT reagent.16–21 The recent 

expansion of photoredox catalysis in organic synthesis has enabled the formation of reactive 

radicals capable of HAT for myriad functional groups in a catalytic fashion.22–31

Due to the abundance and inexpensive nature of chloride salts, the formation of chlorine 

radical from chloride anion for use as a HAT reagent has long been an attractive strategy 

towards the functionalization of C(sp3)–H bonds. HAT with chlorine radical forms a 

strong polarized bond in HCl, (BDE = 103 kcal/mol) enabling the abstraction of strong 

electron rich C(sp3)–H bonds to form the corresponding alkyl radical. (Scheme 1B–1) While 

there exists a surfeit of HAT reagents capable of abstracting relatively weak C(sp3)–H 

bonds, there are relatively few methods capable of HAT of strong C(sp3)–H bonds.32–36 

Classical methods of chlorine radical generation require the employment of reactive reagents 

such as chlorine gas or N–Chlorosuccinimide,37–38 but recent methods have enabled the 

generation of chlorine radical via direct oxidation of dissolved chloride through photoredox 

catalysis.39–42 This direct oxidation requires potentials exceeding +1.21 V vs. SCE,42 

limiting synthetic utility due to oxidation sensitivity of the substrate as well as diminishing 

the coupling partners available for the generated alkyl radical due to the limited reduction 

potentials available to highly oxidizing photocatalysts. (Scheme 1B–2)

Photoinduced ligand-to-metal charge-transfer (LMCT) has proven an effective means 

towards the formation of HAT reagents in organic synthesis.43 Coordination of the reactive 

functional group with the metal complex enables chemoselective oxidation via direct 

excitation of the metal-ligand complex. Through the coupling of the ligand oxidation 

with metal reduction, the reactive radical may be generated under low electrochemical 

potentials, complementing strategies enabled by SET. Pioneering work by the Doyle, Wu, 

and Zuo labs has shown LMCT as an effective strategy to catalyze the formation of 

chlorine and alkoxy radicals to functionalize strong C(sp3)–H bonds.43–47 (Scheme 1B–3) 

Previous work in our group demonstrated the ability of CoII–acetylides to undergo LMCT 

towards CoI catalyzed [2+2+2] cycloaddition of alkynes.48 Hypothesizing that other air 

stable metal salts could complement these HAT centered protocols in terms of substrate 

scope, selectivity, and reactivity, we explored the competency of various metal halides to 

undergo LMCT to enable novel reactivity in HAT catalysis. Stimulated by early work from 

Kochi who proved the competence of cupric chloride in the stoichiometric chlorination of 

alkanes in acetonitrile,49–54 we noted Tarnovsky’s follow-up work characterizing the various 

photoactive species capable of LMCT for CuII chlorocomplexes in acetonitrile.55 Recent 

reports have utilized this mechanism towards the chlorination of unactivated olefins and 

oxidation of diarylalkynes with air as the terminal oxidant to enable catalytic loadings of 

Cu.56–57 (Scheme 1C)

Herein we report a catalytic method of alkane functionalization using a common base-metal 

salt –CuCl2– in which photoirradiation enables LMCT of a CuII species to generate a highly 

reactive chlorine radical. This permits the selective C(sp3)–H alkylation and amination 

of feedstock alkanes with abundant commodity chemicals such as acrylates and vinyl 
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sulfones to synthesize value-added materials. (Scheme 1D) The protocol operates effectively 

on a number of alkane nucleophiles, including the remote functionalization of aliphatic 

carboxylic acids which has been enabled by the low oxidation potential of the Cu catalyst 

(+0.5 V vs. SCE).58–59 For endocyclic electron deficient alkenes we also observe high 

diastereoselectivity which we propose stems from facially selective protonation of an 

intermediate Cu-enolate.

Initial reaction optimization focused on the coupling of cyclooctane with ethyl acrylate, 

an abundant and inexpensive electrophile.60 Initial investigations revealed moderate yield 

with 20% loading of the CuCl2 catalyst and ethyl acrylate as the limiting component. The 

addition of exogenous chloride was found to increase turnover numbers. UV-Vis spectra of 

CuCl2 in MeCN with and without exogenous chloride reveal the active CuCl3− catalyst to 

be present as a greater mole fraction of photoactive species in solutions with added LiCl as 

well as demonstrating higher solubility (See Supplemental Figure S6). Due to the propensity 

of the product to undergo alkylation when in competitive concentration with the starting 

material, improved yields are observed when an excess of up to five equivalents of C–H 

nucleophile is used. Yields increase at elevated temperatures, with the conditions shown 

corresponding to the radiant heat generated by the 390 nm lamps. 440 nm irradiation also 

furnished product albeit in lower yield. Control studies revealed the necessity of light and 

CuCl2 for the reaction to occur. While anhydrous CuCl2 produces higher yields of 3, the air 

and moisture stable CuCl2 dihydrate also performs the coupling effectively, giving 3 in 83% 

yield.

With optimized conditions, we sought to explore the scope of nucleophiles capable of 

selective C–H functionalization. (Scheme 2) Unfunctionalized cyclic alkanes proved to be 

effective coupling partners (3–6). In the case of cyclooctane (3) the protocol scales well 

up to at least 3 mmol, delivering a yield of 86%. n-Pentane (7) shows a regioselectivity 

profile of 1:1.7:1 with preferential alkylation at the 2-C position and high overall reactivity. 

This selectivity matches previous reports of Giese alkylation via chlorine radical formation 

in MeCN.40 Ethers (8–11, 16) show selectivity for the α-position to oxygen which is 

expected due to the stabilization granted to the resulting radical by the proximal O atom. 

Benzylic positions (12–15) prove reactive towards alkylation selectively in the presence 

of other aliphatic positions, giving 5:1 rr in the case of 14. Ketones and esters drive 

selectivity towards more electron rich positions enabling the selective β-alkylation of 

cyclohexanone and 4-heptanone with good regioselectivity (17–18). Amides also proved 

to be effective nucleophiles with high selectivity for the hydrogen atoms at the α-position 

to the N atom (22–23). The product of the alkylation of dimethyladipate (19) demonstrates 

the unfavorability of functionalization proximal to carbonyls, showing reactivity both at 

the β-position of the carbonyl and at the α-position of oxygen of the ester (6:1 rr). 

Both triphenyl silane (25) and benzaldehyde (24) show high reactivity demonstrating the 

propensity of electron rich C–H and Si–H bonds to undergo the transformation effectively 

even at lower equivalents of alkane nucleophile (3 equiv.). Butanoic acid’s (26) ability 

to undergo alkylation with moderate regioselectivity motivated the employment of other 

alkyl acids (27–30) for which coupling proceeded at the β- and γ- positions with moderate 

to high regioselectivity. Alkyl carboxylic acids are commonly employed as alkyl radical 
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precursors via oxidation-decarboxylation,61–64 and we observe no products corresponding 

to this mechanism. Finally, we have synthesized 5, 11, 13, and 15 utilizing the alkane as 

the limiting reagent with 1.1 equiv. ethyl acrylate to furnish products in synthetically useful 

isolated yields (44–60%).

We next sought to evaluate the scope of electrophiles capable of coupling with cyclooctane. 

A number of electron deficient unsaturated systems are competent for the reaction 

including various acrylates (3, 31–34, 36), vinyl sulfones (37–38), as well as diisopropyl 

azodicarboxylate (39). The ability to append the functional group 1-phenyl-5-(sulfonyl)-1H­

tetrazole (PT-sulfone) found in 38 onto alkanes provides a useful functional handle for 

further derivatization.65–70 Vinyl ketones, carboxylic acids, and acid anhydrides (40–41, 

43–48) all proved to be effective coupling partners. Maleic anhydride and its derivatives are 

prone to reduction (−0.98 V vs SCE59) illustrating the mild reduction potentials generated 

by the CuCl2− reductant. Substrates bearing endocyclic alkenes (43, 46–48) provide high 

diastereoselectivity which we propose is enabled by the inter-mediacy of a CuII-enolate 

which undergoes stereoselective protonation to regenerate the oxidized copper catalyst. This 

compares favorably to decatungstate based systems in which 45 is reported to be formed in 

29% yield with 2:1 dr.61,71

Giese reactions of alkanes have been conducted previously, but typically require multiple 

electron withdrawing substituents on the olefin acceptor to promote electrophilicity, stabilize 

the resulting radical, and facilitate reduction in the case of a SET mechanism.41,47 A notable 

exception lies in decatungstate anion catalysis, which permits the alkylation of cyclohexane 

with methyl acrylate to proceed in moderate yield (65%) under 310 nm irradiation.72 

Previous work in radical Giese reactions display low diastereoselectivity except for in 

the case of highly strained enolate intermediates (see Scheme 3, 44, 45).9,47,73–75 In the 

presented system, all endocyclic alkene coupling partners demonstrate high (>10:1) dr, 

augmenting previously reported radical Giese reactions.

We next sought to interrogate the mechanism of this reaction through a series of 

probes. Based on previous reports,55 the concentration of chloride in cupric-acetonitrile 

solutions produces various CuClx (x−2)− complexes, of which only conditions known to 

produce CuCl3− proved effective for this reaction. This was further confirmed via UV­

Vis spectroscopy of the catalyst mixture. (See Supplemental Figure S1) A competition 

experiment between cyclohexane and cyclohexane-d12 at low conversion (6 hours) revealed 

a secondary kinetic isotope effect, alluding that the (H/D)AT event is not a turnover 

limiting step of the catalytic cycle (Scheme 4A). The addition of catalytic base, sufficient to 

neutralize the acid produced via HAT, results in depressed yield with complete consumption 

of acrylate through polymerization (Table 1, entry 9). Adding exogenous D2SO4 to 

the normal reaction conditions, as shown in Scheme 4B, permits the incorporation of 

deuterium into the product. The limited incorporation (17%), despite much higher initial 

concentrations of deutero acid as compared to proteo acid reveals that protonation must 

occur faster than deuteration, which is in accordance with an expected kinetic isotope 

effect in a protodemetallation mechanism. In the isotopically inverted experiment in which 

cyclohexane-d12 is used as the nucleophile with added H2SO4, deuterium incorporation is 

even lower (7%) in agreement with the proposed mechanism (see Supporting Information). 
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To ensure that D incorporation does not occur after product formation, 3 was subjected 

to alkylation conditions and reisolated to show that D incorporation must occur in an 

intermediate en route to product (Scheme 4C). Previous investigations into the Cu catalyzed 

amidation of alkyl halides through a photoexcited intermediate presented the possibility 

that an in-situ generation of an alkyl chloride could precede and enable alkylation through 

Cu(I) halide abstraction.76–77 To ensure that the reaction did not proceed via an alkyl 

chloride intermediate, chlorocyclohexane was subjected to the reaction conditions to reveal 

no production of the alkylated cyclohexane. Instead various regio- and stereo-isomers of 

alkylated chlorocyclohexane were detected by GC-MS (Scheme 4D).

Based on our mechanistic experiments and previous photochemical studies of copper­

chloro complexes in acetonitrile,55 we propose the mechanism shown in Scheme 5. First, 

coordination of chloride to dissolved CuCl2 produces the photo-active CuCl3−. Then, 

irradiation enables LMCT to generate a reactive chlorine radical. This radical undergoes 

HAT with the alkane nucleophile to form HCl and a reactive alkyl radical. The alkyl radical 

attacks ethyl acrylate to form a more stable radical α to an ester. This electron deficient 

radical recombines with CuCl2− to form a stable CuII-enolate. Protodemetallation with HCl 

forms the product and regenerates the photo-active CuCl3−.

In conclusion, we report an effective protocol for the alkylation of alkanes with electron 

deficient-olefins via the photosensitization of CuII salts. This work offers a synthetically 

useful and operationally simple method to couple feedstock chemicals to create value-added 

products. Further efforts are underway to apply LMCT for the functionalization of more 

selective and powerful HAT reagents under mild conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Cu catalyzed formation of chlorine radical via ligand-to-metal charge-transfer (LMCT) 

enables unactivated C(sp3)–H Alkylation
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Scheme 2. Representative examples of alkane nucleophiles.
Reactions were run on 0.3 mmol scale with 5 equiv. of alkane nucleophile, 20 mol % CuCl2, 

50 mol % LiCl, in 1.0 mL of MeCN for 36 h. For inseparable regioisomeric mixtures, the 

C(sp3)-H bond corresponding to the minor product site of functionalization is highlighted. a1 

equiv. of alkane nucleophile, 1.1 equiv. of ethyl acrylate b 50 mol % CuCl2, 1.25 equiv. LiCl. 
c 3 equiv. of alkane nucleophile.
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Scheme 3. Representative examples of electrophiles
Reactions were run on 0.3 mmol scale with 5 equiv. of alkane nucleophile, 20 mol % CuCl2, 

50 mol % LiCl, in 1.0 mL of MeCN for 36 h. a 50 mol % CuCl2, 1.25 equiv. LiCl.

Treacy and Rovis Page 12

J Am Chem Soc. Author manuscript; available in PMC 2022 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 4. 
Mechanistic Investigations.
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Scheme 5. 
Proposed Mechanism.
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Table 1:

Optimization and Control Studies

Entry Deviation from Standard Conditions Yield 3 (%)

1 none 93

2 3 equiv. cyclooctane 73

3 0% CuCl2 0

4 0% LiCl 79

5 in the dark 0

6 440 nm LED 66

7 30°C 45

8 under air 55

9 with 10% Cs2CO3 22

10 Irradiated 1 hour, then in the dark 14

a
Optimizations were performed on a 0.3 mmol scale using 5 equiv. of 1 and 1 equiv. of 2.
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