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Abstract

In this study we demonstrate that molecular fragments, which can be readily coupled via a simple, 

in situ RO—C=OR bond-forming reaction, can subsequently undergo metal insertion–

decarboxylation–recombination to generate Csp
2–Csp

3 bonds when subjected to metallaphotoredox 

catalysis. In this embodiment the conversion of a wide variety of mixed anhydrides (formed in situ 

from carboxylic acids and acyl chlorides) to fragment-coupled ketones is accomplished in good to 

high yield. A three-step synthesis of the medicinal agent edivoxetine is also described using this 

new decarboxylation–recombination protocol.

Metal-catalyzed intermolecular C–C bond formation has long been established as the 

predominant technology for fragment coupling in chemical synthesis. In particular, 

organometallic nucleophiles and organic halide/pseudohalide electrophiles have become the 

mainstay coupling partners for the transition metal-catalyzed production of hetero Csp
2–Csp

3 

bonds in a highly efficient and selective fashion (eq 1).1 Moreover, the allylation and 

benzylation of enolates via the decarboxylative formation of π-allyl systems from β-keto-

allyl esters have long been established as an important variant of the classic Tsuji–Trost 

mechanism (eq 2).2 The recent merger of photoredox and transition metal catalysis (termed 

metallaphotoredox catalysis) has gained momentum as a strategy for unique cross-coupling 

protocols,3 mainly due to the capacity to employ naturally occurring functional groups as 

traceless activation handles and the ability to achieve fragment couplings that readily build 

challenging Csp
2–Csp

3 bonds. In this context, our lab recently disclosed a light-enabled 

decarboxylative cross-coupling strategy that employs a diverse range of carboxylic acids in 

lieu of organometallic nucleophiles in combination with Ni catalysis.4 These methodologies 

utilize abundant and easily accessible starting materials to build a diverse array of Csp
2–Csp

3 

bonds at room temperature while producing CO2 as a traceless byproduct.
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Recently, we became interested in establishing a heretofore unknown fragment-coupling 

reaction that employs a CO2 extrusion–recombination strategy (CO2ExR) that in a general 

sense bears the hallmarks of the classic Tsuji allylation reaction. Specifically, we hoped to 

demonstrate that two fragments that can be readily coupled via a simple C–O bond-forming 

step (e.g., in situ formation of an anhydride, ester, carbamate, etc.) might subsequently 

undergo metal insertion–decarboxylation–recombination under metallaphotoredox 

conditions to enable the production of relatively complex C–C bonds (e.g., Csp
2–Csp

3, Csp
3–

Csp
3, eq 3). While the strategy of CO2ExR has long been established in organometallic 

catalysis for enolate allylation or benzylation,2,5 we hoped this new metallaphotoredox 

mechanism would provide an expansion in the types of organic fragments or motifs (e.g., 

nucleophiles and electrophiles) that can be linked via a simple RO—C=OR bond-forming 

step prior to CO2ExR.6 As an initial proof of concept, we chose to examine a protocol that 

would selectively combine and convert acid chlorides and carboxylic acids to fragment-

coupled ketones via the intermediacy of a mixed anhydride (formed in situ, eq 4).

(Eq 1)

(Eq 2)

(Eq 3)

(Eq 4)
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Here we present the successful implementation of these ideals and disclose the first 

application of this expanded CO2ExR concept toward the production of fragment coupled 

ketones and Csp
2–Csp

3 bonds.

Design Plan

As shown in Scheme 1, our proposed mechanism begins with oxidative insertion of Ni0 

complex 3 to acid anhydride 1 (generated in situ from carboxylic acid and acyl chloride 

coupling partners) to form the corresponding acylcarboxylate-NiII complex 4.7 

Concurrently, IrIII photocatalyst Ir[dF(CF3)ppy]2(dtbbpy)PF6 (7) [dF(CF3)ppy = 2-(2,4-

difluorophenyl)-5-(trifluoromethyl)pyridine, dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine] is 

known to undergo photoexcitation in the presence of visible light to yield the corresponding 

*IrIII complex 8. This long-lived excited state (τ = 2.3 µs)8 possesses a high oxidizing power 

(  V vs SCE in MeCN)8 and should rapidly accept an electron from 

the NiII anhydride-insertion species 4, thereby inducing oxidative decarboxylation to forge 

the corresponding alkyl acyl NiIII complex 5.9 Rapid reductive elimination should then 

deliver ketone product 2 and the corresponding NiI species 6. Finally, completion of both 

catalytic cycles would occur simultaneously via single electron transfer (SET) between the 

highly reducing IrII complex 9 (  V vs SCE in MeCN)8 and the 

transient NiI species 6 to reconstitute the ground state of photocatalyst 7 and Ni0 catalyst 3 

(  V vs SCE in DMF).10

Studies toward the proposed CO2ExR of mixed anhydrides began with the coupling of 

hydrocinnamoyl chloride and Boc-L-proline in the presence of photocatalyst 7, 

NiCl2·glyme, 2,2′-bipyridyl (11), Cs2CO3, and blue LEDs as the light source (Table 1). As a 

critical design element, we recognized that in situ formation of the requisite anhydride 

would eliminate the need for an intermediate isolation step, thereby rendering the overall 

transformation operationally simple. To our delight, our initial experiment furnished the 

desired fragment-coupled ketone in a promising 40% yield (Table 1, entry 1) albeit with 

20% yield of undesired homodimeric ketone 10. We recognized that production of this latter 

symmetrical dialkyl ketone likely arises from anhydride metathesis (metal or base catalyzed) 

prior to the oxidative decarboxylation step. Indeed, variation of the reaction base from 

Cs2CO3 to 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) provided a significant increase in the 

yield of the desired ketone (entry 2, 70% yield). Moreover, we were pleased to find that 

implementation of more electron-donating ligand 12 on the NiIICl2·Ln complex afforded the 

desired fragment-coupled ketone in 84% yield while limiting the formation of symmetrical 

ketone 10 to <3% yield (entry 3). The necessity of each catalytic component was 

demonstrated via a series of control experiments (entries 4–7, 0% yield). Finally, the direct 

implementation of purified anhydride gave comparable results (entry 8, 73% yield), 

demonstrating that the in situO—C=O formation step does not impact the efficiency of the 

subsequent C–C fragment coupling.

With the optimized conditions in hand, we began to explore the scope of this transformation 

with respect to the acyl chloride component. As shown in Table 2, CO2ExR is successful 

with a range of α-methylene-bearing acid chlorides (14–18, 77–86% yield). Moreover, 

Le and MacMillan Page 3

J Am Chem Soc. Author manuscript; available in PMC 2015 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



various carbo- and heterocyclic-substituted anhydrides may be employed to rapidly generate 

ketones that incorporate three- through six-membered rings at the α-carbonyl position (19–
25, 65–85% yield). Notably, many of these ketones would not be readily accessible using 

conventional ketone forming technologies such as Weinreb amide-Grignard additions.11,12 

We have found that acid chlorides that contain sterically demanding groups, such as tert-

butyl or neopentyl moieties, deliver appreciable levels of efficiency (26 and 27, 50 and 32% 

yield). Finally, CO2ExR provides a new strategy for the production of aryl-substituted 

ketones as exemplified by the formation of adduct 28 in good yield.

We next examined the generality of anhydride CO2ExR with respect to the carboxylic acid 

component. Given their widespread availability, abundance, and diverse structural 

complexity, we were delighted to find that α-amino acids were exemplary substrates for this 

new decarboxylation fragment-coupling protocol (Table 2). For example, various five-

membered ring amino acids rapidly undergo CO2ExR with hydrocinnamoyl chloride to form 

the corresponding of α-amino ketone adducts in good to excellent yield (29–31, 70–82% 

yield). Interestingly, the bridged bicyclic ketone 29 was formed as a single diastereomer 

while maintaining good levels of reaction efficiency (70% yield). For amino acid systems 

beyond proline derivatives, we found that the photocatalyst Ir[dF(OMe)ppy]2 (dtbbpy)PF6 

(13) [dF-(OMe)ppy = 2-(2,4-difluorophenyl)-5-(methoxy)pyridine] was more effective 

(products 32–40). As an example of the useful levels of complexity that can be generated in 

this new CO2ExR protocol, direct access to six- and seven-membered cyclic α-amino 

ketones is readily accomplished (32 and 33, 76 and 69% yield). We were also pleased to 

find that smaller strained rings, such as azetidine 34, can be tolerated, albeit in slightly 

diminished yield (40% yield). Gratifyingly, this transformation does not appear to be overly 

influenced by the steric constraints of the amino acid substrate (e.g., valine and tert-leucine 

systems are readily employed, 35–38, 55–64% yield). Indeed, N-alkylated N-Boc acids were 

found to exhibit superior efficiency over N-H-bearing substrates (cf. 38, 39, and 40). We 

speculate that the presence of additional electron-donating groups on the nitrogen group 

might lower the barrier to SET in the oxidative decarboxylation step, resulting in improved 

rates of formation of the requisite NiIII species (i.e., 5, Scheme 1). Beyond amino acids, we 

were pleased to find that α-oxy and aliphatic acids can be utilized in this new coupling 

protocol to forge the corresponding ketones in moderate to good yield (41–43, 46–65% 

yield).13,14

During the examination of the substrate scope, an interesting rearrangement was observed 

when β-cyclopropyl anhydride 44 (formed in situ) was subjected to this decarboxylation– 

recombination strategy. As shown in eq 5, the product obtained was not the expected β-

cyclopropyl ketone (formed in <3% as determined by 1H NMR and GC analysis), but 

instead homoallylic ketone 45 (formed in 82% yield). Control experiments have 

demonstrated that this rearrangement occurs during the CO2ExR pathway (see Supporting 

Information). Moreover, labeling experiments involving 13C-labeled amino acids have 

shown that CO2 loss occurs mainly from the proline subunit with 85% of the acid chloride 

carbonyl being retained in the ketone product (eqs 5 and 6).15 Given that the Ni(0) 

anhydride-insertion step (Scheme 1, 3→4) is likely reversible and nonregioselective (outside 

of small electronic and steric perturbations), we presume that the relative activation barriers 
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of the two possible decarboxylation steps most likely dictate the observed 85:15 ratio of 

isotopically labeled products. This would seem reasonable given that proline carboxylate 

undergoes oxidation–decarboxylation much faster than the corresponding hydrocinnamate, 

due to the relative stabilities of the resulting radical intermediates.16 As such, we presume 

that cyclopropyl ring-opened product 47 must arise from a NiII-mediated decarbonylation–

recarbonylation process, wherein formation of NiII complex 49 enables cyclopropyl ring 

opening prior to recarbonylation.17 Given the wealth of previously reported Ni-catalyzed 

carbonylation and decarbonylation reactions,18,19 we feel this mechanism best supports the 

results of our labeling experiments.

(Eq 5)

(Eq 6)

(Eq 7)

Finally, we applied our CO2ExR technology to a three-step synthesis of (±)-

edivoxetine·HCl, a medicinal agent in development for the treatment of ADHD.20 As 

shown, commercial acid 52 and acyl chloride 53 were readily coupled using the optimized 

metallaphotoredox conditions to generate ketone 54 in good yield (68%). The synthesis was 

thereafter completed via a Grignard addition, followed by HCl-mediated Boc removal to 

afford (±)-edivoxetine·HCl in 55% yield over three steps.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Mechanism of CO2 Extrusion–Recombination
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Table 2

Mixed Anhydride CO2 Extrusion−Recombination: Scope of Acyl Chloride and Carboxylic Acid Components

a
Reactions performed using photocatalyst 7 (1 mol%) in acetonitrile, NiCl2·glyme (5 mol%), ligand 12 (5 mol%), acyl chloride (0.10 mmol), N-

Boc-L-proline (0.13 mmol), and DBU (0.13 mmol). Yield of isolated product.

b
See Supporting Information for experimental procedure.

c
Reactions performed using photocatalyst 13 (1 mol%) in dioxane using hydrocinnamoyl chloride (0.10 mmol), amino acid (0.10 mmol), and DBU 

(0.13 mmol). Yield of isolated product.

d
GC yield.
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