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CONSPECTUS:

The development of palladium-catalyzed cross-coupling methods for the activation of C(sp2)–

Br bonds facilitated access to arene-rich molecules, enabling a concomitant increase in the 

prevalence of this structural motif in drug molecules in recent decades. Today, there is 

a growing appreciation of the value of incorporating saturated C(sp3)-rich scaffolds into 

pharmaceutically active molecules as a means to achieve improved solubility and physiological 

stability, providing the impetus to develop new coupling strategies to access these challenging 

motifs in the most straightforward way possible. As an alternative to classical two-electron 

chemistry, redox chemistry can enable access to elusive transformations, most recently, by 

interfacing abundant first-row transition-metal catalysis with photoredox catalysis. As such, the 

functionalization of ubiquitous and versatile functional handles such as (aliphatic) carboxylic acids 

via metallaphotoredox catalysis has emerged as a valuable field of research over the past eight 

years.

In this Account, we will outline recent progress in the development of methodologies that 

employ aliphatic and (hetero)aromatic carboxylic acids as adaptive functional groups. Whereas 

recent decarboxylative functionalization methodologies often necessitate preactivated aliphatic 

carboxylic acids in the form of redox-active esters or as ligands for hypervalent iodine reagents, 

methods that enable the direct use of the native carboxylic acid functionality are highly desired 
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and have been accomplished through metallaphotoredox protocols. As such, we found that bench-

stable aliphatic carboxylic acids can undergo diverse transformations, such as alkylation, arylation, 

amination, and trifluoromethylation, by leveraging metallaphotoredox catalysis with prevalent 

first-row transition metals such as nickel and copper. Likewise, abundant aryl carboxylic acids 

are now able to undergo halogenation and borylation, enabling new entry points for traditional, 

primarily palladium- or copper-catalyzed cross-coupling strategies. Given the breadth of the 

functional group tolerance of the employed reaction conditions, the late-stage functionalization 

of abundant carboxylic acids toward desired targets has become a standard tool in reaction design, 

enabling the synthesis of various diversified drug molecules. The rapid rise of this field has 

positively inspired pharmaceutical discovery and will be further accelerated by novel reaction 

development. The achievement of generality through reaction optimization campaigns allows for 

future breakthroughs that can render protocols more reliable and applicable for industry. This 

article is intended to highlight, in particular, (i) the employment of aliphatic and (hetero)aryl 

carboxylic acids as powerful late-stage adaptive functional handles in drug discovery and (ii) the 

need for the further development of still-elusive and selective transformations.

We strongly believe that access to native functionalities such as carboxylic acids as adaptive 

handles will further inspire researchers across the world to investigate new methodologies for 

complex molecular targets.

Graphical Abstract

INTRODUCTION

The controlled release of CO2 from organic molecules, known as decarboxylation, is 

a fundamental chemical transformation that is critical to both chemical biology and 

organic synthesis. In nature, the enzyme-mediated regioselective decarboxylation of amino 

acids facilitates critical biological processes, such as the conversion of glutamic acid 

to the neurotransmitter γ-aminobutyric acid (GABA), a crucial pathway for mammalian 

central nervous system signaling.5 Taking a page from nature’s toolbox, organic chemists 

have leveraged such decarboxylation strategies toward regioselective activation and the 

functionalization of carboxylic acids, with fundamental developments achieved in the past 

one and a half centuries.

While thermal decarboxylation at elevated temperatures has long been explored, such 

two-electron strategies require forcing conditions and are inherently energy-intensive.6,7 
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Alternatively, a common strategy is the oxidative generation of a carboxyl radical that 

then rapidly extrudes CO2 to generate an aliphatic carbon-centered radical. As early as 

1848, Kolbe employed electrochemistry to facilitate oxidative decarboxylation utilizing 

stoichiometric metal oxidants such as silver, mercury, and lead to generate the key carboxyl 

radical intermediate.8

Over the past decade, photoredox catalysis has emerged as a privileged technology for the 

generation of these high-energy species under mild conditions, mediating both oxidation and 

reduction events by a single catalyst in one reaction vessel.9,10 Our laboratory pioneered the 

merger of photoredox and transition-metal catalysis, termed metallaphotoredox catalysis, to 

develop a new mechanistic manifold that has helped to reconfigure synthetic logic and had 

enabled diverse options toward the assembly of complex molecular scaffolds.11

In this vein, we conceived of a general metallaphotoredox-catalyzed decarboxylation 

platform that would enable the use of bench-stable aliphatic carboxylic acids as adaptive 

functional groups (Figure 1). Carboxylic acids, as native functional groups, are widely 

available from both commercial and natural sources. The ability to harness these ubiquitous 

motifs as open-shell C(sp3)–C(sp3) cross-coupling partners would be of enormous benefit to 

practitioners of medicinal and process chemistry.12 We also sought to design a mild protocol 

for the activation of aromatic carboxylic acids, which have historically been resistant to 

standard decarboxylation chemistry. To this end, we reasoned that a light-mediated strategy, 

combined with copper catalysis, could utilize ligand-to-metal charge transfer (LMCT) to 

overcome the thermodynamic and kinetic obstacles, thus providing access to open-shell aryl 

radicals in functionalization reactions.

Below, we present an Account of our laboratory’s research on metallaphotoredox-catalyzed 

decarboxylative functionalization, from its inception as a new activation platform for 

alkyl carboxylic acids to our most recent developments in leveraging a new mode 

of metallaphotocatalysis as a strategy for the decarboxylative functionalization of aryl 

carboxylic acids. The conceptual developments from seminal discoveries to rational reaction 

design and reaction generality will be outlined. We are aware of a vast variety of potent 

metallaphotoredox-catalyzed decarboxylative transformations, which are beyond the scope 

of this Account.13,14,11 We will focus on key relevant developments, which often follow our 

seminal works.

DECARBOXYLATIVE DUAL NICKEL PHOTOREDOX CATALYSIS

Our laboratory has had a longstanding interest in using open-shell chemistry to forge 

new C–C bonds. Initially, we found success by coupling persistent radicals with transient 

radicals, but we quickly realized that the scope of this strategy was intrinsically limited due 

to the relatively few types of organic radicals that exhibit persistency. Preactivation with 

organocatalysts15 or the electronic differentiation of α-amine16 and allylic positions17 gave 

access to a new but restricted chemical space. We recognized that in order to develop 

reactions with the most potential impact, we would need to draw from more diverse 

precursors, such as aryl or alkyl halides. For decades, transition-metal catalysis has been 

used to engage these electrophiles in productive cross-coupling chemistry, and we wondered 
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if merging this traditional platform with photoredox catalysis could enable previously 

unknown reactivity. The bond-breaking and bond-forming capacities of nickel spurred 

our interest in this area. By interfacing nickel catalysis with the photocatalytic cycle in a 

dual catalytic platform, it could be possible to employ abundant, bench-stable, and readily 

accessible alkyl carboxylic acids in place of conventional nucleophilic organometallic 

coupling partners as a means to rapidly forge new C(sp2)–C(sp3) bonds. Importantly, the 

implementation of this general concept has enabled the use of nickel catalysis in a wide 

variety of C–C cross-coupling methodologies (vide infra).

C(sp3)–C(sp2) Cross-Coupling with Nickel-Based Radical Trapping after Initial 
Decarboxylation

In 2014, our laboratory disclosed an early example of decarboxylative cross-coupling. 

Enabled by the merger of photoredox and nickel catalysis, this method was among the first 

examples of a powerful C(sp2)–C(sp3) cross-coupling reaction (Figure 2).18 We envisioned 

that a plausible mechanism could begin with light excitation of an iridium photocatalyst to 

a long-lived triplet state (τ = 2.3 μs) capable of undergoing single-electron oxidation of a 

carboxylate anion ({Ir[dF(CF3)ppy]2(dtbbpy)}PF6 (PC-1), E1/2
red[*Ir(III)/Ir-(II)] = +1.21 V 

vs SCE in MeCN and BocProOCs, and E1/2
red[Pro−/Pro•] = +0.95 V vs SCE in MeCN). The 

resulting carboxy radical would rapidly extrude CO2 (k ≈ 109 s−1)19,20 to generate carbon-

centered radical 1. At the same time, low-valent Ni(0) (formed in situ from Ni(II)) could 

readily undergo oxidative addition with an aryl halide to access a Ni(II)–Ar intermediate.21 

Upon trapping of the alkyl radical, the resulting Ni(III) species could then undergo facile 

reductive elimination, forging the desired C(sp3)–C(sp2) bond. The resulting Ni(I) species 

could then be turned over by reduced Ir(II), closing both catalytic cycles simultaneously.

This preliminary mechanistic proposal18 was further validated by mechanistic studies 

disclosed by Johannes and co-workers in 2015.22 This powerful transformation was capable 

of effecting C(sp2)–C(sp3) cross-coupling between a wide variety of aliphatic acids 2 and 

aryl halides 3. This seminal work opened the door to the use of a number of groups as 

precursors, and a variety of arylation strategies have been described for a broad range of 

small molecules.23–26 For example, the mild nature of decarboxylative arylation in aqueous 

environments has allowed facile access to DNA-encoded libraries.27,28 Ligand development 

(e.g., L-1)29 as well as large scale synthesis under constant flow conditions expanded the 

general utility of decarboxylative arylations.30,31

In collaboration with the Fu group, we were able to achieve the first asymmetric 

variant of this decarboxylative arylation toward the synthesis of enantioenriched α-amino 

arenes (Figure 2, middle right).32 The key to successful stereoinduction was the use 

of commercially available bis-oxazoline ligands (BOX, L-3) bearing bulky aromatic 

substituents. The chiral products 4 were obtained in generally higher that 90% ee and good 

to excellent yields.

Beyond our initial conversion of aromatic bromides, we wondered whether vinyl halides 

could serve as viable coupling partners because they present a powerful functional 

handle but often undergo unproductive radical addition reactions. The first decarboxylative 

olefination was described by our laboratory in 2015 via dual photoredox- and nickel-
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catalyzed cross-coupling of aliphatic carboxylic acids with vinyl iodides or bromides 

(Figure 2, middle right).33 Similar to our initial study, we leveraged the facile oxidative 

addition step of in situ-generated Ni(0) into a C(sp2)–X bond. The iridium photocatalyst 

{Ir[dF(Me)ppy]2(dtbbpy)}PF6 (PC-3) was employed to increase the stability toward radical-

mediated decomposition at higher concentrations, affording the respective alkenylated 

products 5 in high yields with the retention of olefin stereochemistry. With respect to 

the carboxylic acid coupling partner, a ribose-derived cyclic α-oxy acid was coupled 

in excellent yield and diastereoselectivity, demonstrating the utility of this protocol for 

orthogonal nucleoside functionalization to access antiviral agents in drug discovery. The 

utility of this cross-coupling manifold in late-stage functionalization was demonstrated 

through a short synthesis of trans-rose oxide, a natural product and widely used fragrance.

A modular example of leveraging nickel photoredox decarboxylative functionalization for 

the synthesis of ketones was disclosed by our laboratory in 2015. In this transformation, an 

α-keto acid was converted to the corresponding acyl radical species 6, which could then 

engage a nickel catalyst and R–X electrophile in cross coupling (Figure 3).35 Optimization 

studies revealed that the deprotonation of aliphatic or aromatic α-keto acids appeared to 

be most efficient in the presence of lithium carbonate as the base. Under these optimized 

conditions, a range of aliphatic and aromatic α-keto acids were readily coupled to 4-iodo-

toluene in moderate to high yields (cf. 7).

Different phenyl iodides and (hetero)aryl bromides also served as viable coupling partners, 

reacting with 2-phenyl-α-keto acid to deliver products in yields of up to 90%. Furthermore, 

the coupling of alkyl bromides with aliphatic α-keto acids was successful in forming 

unsymmetrical dialkyl ketones (cf. 9), which are challenging synthetic targets that are 

difficult to access under mild conditions. Finally, the practical utility of the procedure 

was demonstrated through the efficient total synthesis of fenofibrate 10 from commercial 

precursors, featuring a 71% yield of the final metallaphotoredox-mediated step.

Our strategy of using α-keto acids as precursors in the decarboxylative synthesis of ketones 

has since been adapted by multiple groups, who have employed modified conditions to 

ketones.36–38

CO2 Extrusion Approach from In Situ-Generated Anhydrides

In 2015, we reported a new, mechanistically distinct synthesis of unsymmetrical ketones 

starting from commercially available carboxylic acids and acid chlorides (Figure 4).39 These 

two components were premixed to form an unsymmetric anhydride, with DBU as a soluble 

base, without further purification. This anhydride was susceptible to the oxidative addition 

of a Ni(0) catalyst to the C–O bond to form a complex, 11, which was further oxidized 

by photoexcited Ir(III). The subsequent loss of CO2 and radical rebound afforded an acyl–

Ni(III)–alkyl intermediate, 12. Reductive elimination from this Ni(III) species generated the 

unsymmetrical ketone product and the resulting Ni(I) complex, which was reduced to Ni(0) 

by Ir(II), closing both catalytic cycles. The cross-coupling reaction was high-yielding for 

a range of α-amino acid derivatives and a menu of aliphatic or aromatic acyl chlorides 

(up to 86%, cf. 13). This cross-coupling method was also used to synthesize intermediate 

14 en route to edivoxetine. Importantly, the use of the electron-rich 4,4′-dimethoxy-2,2′-
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bipyridine (dOMebpy) ligand for the nickel catalyst was required to suppress symmetrical 

ketone byproduct formation.

C(sp3)–C(sp2) Cross-Coupling with Nickel-Mediated Migratory Insertion

Radical addition to unactivated alkynes to obtain olefinic products remains a significant 

challenge in the field of open-shell chemistry. A polarity mismatch between nucleophilic 

carbon-centered radicals and neutral alkynes results in sluggish rates of radical addition 

and poor reaction efficiency. Furthermore, high-energy vinyl radicals resulting from 

such an addition are configurationally unstable.40 However, vinyl C(sp2)–nickel bonds 

are configurationally stable and can be stereospecifically protodemetalated to afford 

stereodefined olefins. Nickel is also known to capture alkyl radicals at rates approaching 

diffusion to afford NiII–alkyl species which can undergo stereo- and regioselective migratory 

insertion.41 As such, we set out to achieve a catalyst-controlled stereo- and regioselective 

hydroalkylation of unactivated alkynes, which would provide a complementary approach to 

cross-coupling with vinyl bromides.

Gratifyingly, subjecting an aliphatic carboxylic acid and an unactivated alkyne to blue-light 

irradiation in the presence of an iridium photocatalyst and a nickel cocatalyst provided 

excellent yields of a variety of vinylated products, 15 to 18 (Figure 5).42 In the case 

of electronically differentiated and sterically similar acetylide substituents, the migratory 

insertion steps are (i) controlled by a preference for alkyl insertion at the site of lowest 

electron density and (ii) dominated by steric factors, placing the alkyl substituent at the least 

sterically demanding position.

Following our initial efforts, decarboxylative alkynylations were reported by copper or 

nickel metallaphotoredox catalysis to yield (E)- or (Z)-olefins, respectively, by the Pericas 

and Rueping groups.43,44

Decarboxylative C(sp3)–C(sp3) Coupling

One of the most challenging transformations in organic synthesis is the formation of 

a C(sp3)–C(sp3) bond from abundant and bench-stable precursors. Typically, this bond 

formation requires highly reactive precursors, such as organometallic reagents. The first 

example of a metallaphotoredox-catalyzed coupling of aliphatic carboxylic acids with alkyl 

halides was described by our laboratory in 2016 (Figure 6).1 We leveraged open-shell 

reactivity to bypass deleterious side reactions, such as β-hydride elimination in palladium 

catalysis or the challenging oxidative addition of alkyl halides that hampers many C(sp3)–

C(sp3) bond-forming protocols. Additionally, by replacing pregenerated organometallic 

nucleophiles with alkyl carboxylic acids, we succeeded in efficiently accessing a broad 

scope of aliphatic cross-coupled products. The reaction proceeds by first generating a 

carbon-centered radical via decarboxylation, which can then be trapped by a Ni(0) species.21 

The resulting Ni(I)-alkyl complex undergoes oxidative addition into an alkyl bromide bond 

and, following-reductive elimination from the Ni(III) catalyst, liberates the final C(sp3)–

C(sp3) cross-coupled product 19.
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We achieved optimal reaction efficiency with acetonitrile as the solvent, K2CO3 as the base, 

a more electron-rich ligand (i.e., dOMebpy), and the addition of water. Water was found to 

be critical in suppressing undesired carboxylic acid alkylation, presumably by tempering the 

nucleophilicity of the carboxylate via hydrogen bonding. A variety of aliphatic carboxylic 

acids, including primary acids and acids with or without a stabilizing adjacent α-heteroatom, 

could be employed as substrates. Additionally, primary and secondary aliphatic bromides 

were good substrates, including (notably) bromomethane, to afford products 20 to 25 in 

good yields. The synthetic utility of this transformation was highlighted by a three-step 

synthesis of the antiplatelet drug tirofiban 26 from commercial substrates through two 

consecutive metallaphotoredox-mediated bond formations.45

General Reactivity in Decarboxylative C(sp3)–C(sp2) Cross-Coupling

Although thousands of novel chemical reactions are reported each year, few find 

longstanding and broad adoption by the synthetic community. Those that do share one 

common feature: they are general. General reactions are high-yielding in a wide variety 

of contexts and are relatively insensitive to substrate complexity. Historically, this level of 

success is achieved only after years of meticulous optimization enabled by deep mechanistic 

understanding.

The decarboxylative arylation reaction developed by our group and the Doyle group in 2014 

(vida supra) performed well across a number of substrate classes but struggled in three 

key areas: (1) coordinating substrates, (2) electron-rich aryl halides, and (3) unactivated 

carboxylic acids (i.e., acids that result in unstabilized radicals upon the loss of CO2). 

Traditional optimization campaigns by our group and others yielded little improvement 

in substrate scope and failed to provide a deep mechanistic understanding of these 

shortcomings. We began to consider an alternative approach that would accelerate the 

generalization process while at the same time providing mechanistic insight.

To this end, we were inspired by phenotypic screening campaigns in drug discovery, which 

find solutions to complex biological problems but are initially agnostic to the underlying 

mechanism. Phenotypic screening involves systematically perturbing a complex system and 

studying how a single end point, drug efficacy, responds to that initial perturbation. We 

wondered whether we could apply a phenotypic strategy to problems in synthetic organic 

chemistry by perturbing a chemical system with a variety of additives and studying how a 

single end point, reaction yield, responded.

In collaboration with Merck & Co. (MSD), we initiated an unbiased screen of over 700 

unconventional additives to investigate reaction robustness. To our delight, we identified 

phthalimide as a simple, bench-stable, nontoxic additive that broadly improved the reaction 

scope, decreased the number of reaction poisons, and increased the yield of each previously 

challenging substrate class by 2- to 3-fold (Figure 7).4 In the presence of 1 equiv of this 

additive, the average yield of the nickel-catalyzed decarboxylative arylation of the Merck 

Aryl Halide Informer Library, a benchmark set of the most challenging aryl halides for 

metal-catalyzed cross coupling, increased by over 3-fold (7.7 to 29.4%) for 11 out of 18 

complex molecules.
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Having identified phthalimide as uniquely capable of improving reaction yields and 

generality, we sought to understand how this additive was imparting its beneficial effects. 

While we believe the “phthalimide effect” is multifactorial, we are confident that it has 

two key functions: (i) stabilizing nickel oxidative addition complexes leading to suppressed 

protodehalogenation and facilitating radical capture by nonactivated carboxylic acids and 

(ii) activating unreactive, low-valent nickel species, thereby switching on catalytic activity 

from nickel species that would otherwise be inactive. We expect that the discovery of 

this improved and more general catalytic system will not only accelerate its adoption 

by the synthetic community but will also demonstrate how mechanistic insights can 

result from mechanistically agnostic optimization campaigns. We anticipate that additional 

transformations beyond C(sp3)–C(sp2) bond formations will benefit from future phenotypic 

additive screening efforts.

DECARBOXYLATIVE DUAL COPPER PHOTOREDOX CATALYSIS

Nickel has provided extensive access to C(sp2)–C(sp3) bonds formed by decarboxylative 

dual catalysis with a photoredox catalyst. Key to this advance is the exploitation of the facile 

oxidative addition of in situ-generated Ni(0) into C(sp2)–X or C(sp3)–X bonds (X = halide) 

as well as facile reductive elimination from Ni(III) intermediates to form C(sp2)– C(sp3) 

bonds. Beyond C–C bond-forming reactions, our group became increasingly interested 

in the coupling of carbon centers with heteroatoms and heteroatom-containing groups. 

However, reductive elimination from nickel to form heteroatom-containing fragments was 

inefficient. By contrast, we found that copper catalysts could be utilized in radical trapping 

events, resulting in highly reactive Cu(III) complexes. High-valent copper species undergo 

facile reductive elimination and thus can be used in transformations beyond the scope of 

their nickel counterparts.

Decarboxylative C(sp3)–CF3 Bond Formation Reactions

Given the importance of the trifluoromethyl group in drug discovery and the lack of methods 

for the synthesis of alkyl– CF3 motifs, our laboratory became interested in developing a 

general strategy for the trifluoromethylation of alkyl carboxylic acids. The merger of copper 

and photoredox catalysis, in the presence of an electrophilic trifluoromethylation reagent, 

enabled the copper-catalyzed decarboxylative trifluoromethylation of alkyl carboxylic acids, 

which we reported in 2018 (Figure 8).46

In the proposed mechanism, a carboxylate anion, derived from its corresponding carboxylic 

acid, would ligate Cu(II) to form 27. Simultaneously, photoexcitation of the Ir(III) 

photocatalyst with visible light would generate a highly oxidizing *Ir(III) catalyst, which 

then would deliver Cu(III) carboxylate or the corresponding dissociated carboxyl radical and 

Cu(II) pair. The loss of CO2 would generate an alkyl radical, and an alkyl–Cu(III) species 

would be formed upon radical rebound and recombination. The single-electron reduction 

of this species by Ir(II) would regenerate Ir(III) and deliver an alkyl–Cu(II) complex. This 

complex would then deliver an alkyl–CF3 product upon engaging with Togni’s reagent I 

(28). While control reactions indicate that copper is responsible for the construction of the 

key C(sp3)–CF3 bond, which likely proceeds through reduction elimination from a transient 
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Cu(III) intermediate, the precise mechanism of this bond formation has not been fully 

elucidated. Finally, ligand exchange with a carboxylic acid on copper would complete both 

catalytic cycles.

A survey of the substrate scope revealed that the trifluoromethylation of benzylic and 

nonbenzylic primary carboxylic acids as well as secondary and tertiary carboxylic acids 

(including cyclic strained three- and four-membered rings) was achieved in good to excellent 

yields (29 to 32). Additionally, bicyclic and spirocyclic compounds that serve as aryl ring 

bioisosteres can be readily employed in this reaction. In particular, mupirocin, which is a 

natural product containing an epoxide, diol, and Michael acceptor, was functionalized in 

45% yield (33), highlighting the remarkable breadth of functional group tolerance.

Decarboxylative C(sp3)–N Bond Formation Reactions

Traditionally, the alkylation of N-heterocycles has been accomplished via SN1 or SN2 

reactions with a corresponding alkyl halide. However, some strained alkyl halides 

suffer from prohibitively slow reaction rates, precluding their synthesis through these 

classical methods. Furthermore, differentiation between nucleophilic sites in nitrogen-rich 

heterocycles remains a significant challenge, often leading to intractable mixtures of 

regioisomers. Facilitating drug discovery programs through novel reaction development has 

long been a central tenant of our laboratory’s research program, so we became interested in 

pursuing a general and mechanistically distinct C(sp3)–N bond-forming reaction.

To circumvent high kinetic barriers associated with some closed-shell SN1 and SN2 

alkylations, we chose to pursue an open-shell strategy for C–N bond formation. To this end, 

we recognized that the propensity of Cu(II) to capture both alkyl radicals and iodine(III) 

carboxylate reagents would provide a convenient method for the reductive decarboxylation 

of alkyl carboxylic acids, rendering the overall transformation redox-neutral and obviating 

the need for exogenous oxidants.

As shown in Figure 9, premixing a carboxylic acid with hypervalent iodomesityl diacetate 

(34) leads to ligand exchange at iodine(III); we found that a variety of aliphatic 

carboxylic acids could be activated in this way as electrophilic iodonium coupling partners. 

This strategy allows the in situ activation of the carboxylic acids without cumbersome 

purification,47,48 thus enabling in situ activation,49,50 as was originally described by Minisci 

in 1989.51 Upon accepting an electron from a reduced Ir(II) photocatalyst, the iodonium 

reagent undergoes fragmentation with the rapid loss of CO2 to generate the desired alkyl 

radical, which can be captured by preformed Cu(II) amido species 35. Facile C–N reductive 

elimination from the resulting metastable Cu(III) species 36 effects the desired bond 

formation. Finally, the resulting Cu(I) intermediate is oxidized by the excited state of the 

iridium photocatalyst, simultaneously closing both catalytic cycles.

Gratifyingly, the described transformation could be applied to an exceptionally wide variety 

of N-heterocycles as well as a breadth of aliphatic carboxylic acids (e.g., 37 to 40). Of 

particular interest to us were substrates, such as 41, that were unreactive under any SN1 

or SN2 conditions yet readily amenable to coupling in synthetically useful yields using our 

open-shell protocol (e.g., 43 to 44; Figure 9).2 Furthermore, N-nucleophiles that contain 
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multiple nucleophilic sites could be alkylated with complete regiocontrol as a function of 

preferential coordination by the most aromatic heterocycle tautomer.52

Given the growing interest in 1,3-disubstituted bicyclopentane (BCP) moieties in drug 

discovery53 and the propensity for the highly strained ring system [1.1.1]propellane to react 

with open-shell intermediates, we wondered if we could adapt our decarboxylative C–N 

coupling strategy to a three-component coupling reaction. If the rate of carbon-centered 

radical addition across the strained central bond of [1.1.1]-propellane could outcompete 

radical capture by copper, then we should be able to achieve “interrupted” open-shell C–

N coupling in which a BCP motif would be inserted between an N-nucleophile and a 

carbon-centered radical. Indeed, subjecting a preactivated carboxylic acid, an N-heterocycle, 

and [1.1.1]propellane to blue-light irradiation in the presence of an iridium photocatalyst 

alongside a copper cocatalyst provided high yields of previously inaccessible bicyclopentane 

products.3

Key to the success of this transformation was the utilization of diketonate ligands. We 

postulate that these X-type ligands increase the electron density on the copper center, 

creating a polarity mismatch with nucleophilic carbon-centered radicals and reducing 

the rate of radical capture by the metal relative to the rate of radical capture by 

[1.1.1]propellane.

This efficient procedure was capable of furnishing 1,3-disubstituted BCP derivatives with 

a variety of primary, secondary, and tertiary carboxylic acid coupling partners, all obtained 

from either acyclic or cyclic derivatives. In addition, with our strategy in hand, alkylation 

with alkyl bromides and trifluoromethylation (45) was achieved in good yields. A scope 

of 13 different N-heterocycle classes (e.g., 46 or 47) as well as sulfur- (48) and phosphorus-

based nucleophiles could be successfully coupled under this protocol. Efficient late-stage 

functionalization of drug candidates and the synthesis of bioisosteres led to the discovery of 

a leflunomide derivative with significantly improved metabolic stability.

Decarboxylative C(sp2)–X Bond-Formation Reactions

Aryl carboxylic acids are attractive precursors for functionalization because they are 

abundant, structurally diverse, and readily accessible from feedstock chemicals such as 

tolyl groups and esters. In fact, over the past century, these motifs have been harnessed 

to achieve the site-specific installation of various functionalities via decarboxylative 

functionalization, often through thermal activation or the use of metal mediators.54 However, 

the generality of such strategies is limited by difficulties associated with aryl carboxylic acid 

decarboxylation and the need for reagents that often inhibit efficient functionalization due 

to their high reactivity. Furthermore, aryl carboxylic acids are less susceptible than their 

alkyl counterparts to decarboxylative functionalization through photocatalytic manifolds that 

proceed through intermolecular quenching. Several factors contribute to this challenge: (1) 

rapid back-electron transfer of the aroyloxy radical can occur with a photocatalyst and 

(2) undesired reactions (such as hydrogen-atom transfer) can occur at faster rates than 

decarboxylation (k ≈ 104 to 106 M−1 s−1).

Beil et al. Page 10

Acc Chem Res. Author manuscript; available in PMC 2023 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In light of these challenges, we recognized that a new manifold would be needed 

to advance this arena of research. In contrast to photocatalytic methods that activate 

carboxylate substrates through bimolecular collisional quenching, ligandto-metal charge 

transfer (LMCT) can enable the formation of open-shell species via direct light-induced 

excitation of a metal–substrate complex. We envisioned that an aryl carboxylate–metal 

complex (50) could, upon irradiation and LMCT, undergo single electron transfer from 

the aryl carboxylate to the metal center to form an open-shell O-centered carboxyl 

radical (51), which would subsequently lose CO2 to generate an aryl radical intermediate 

(49). Indeed, following an evaluation of potential first-row transition metals for LMCT 

reactivity with aryl carboxylates, we found that the decarboxylative functionalization of 

aryl carboxylic acids could be achieved using a combination of catalytic Cu(I) and an 

oxidant in acetonitrile, forming the parent arene via hydrodecarboxylation upon irradiation 

with 365 nm light. Furthermore, utilizing deuterated acetonitrile as a solvent resulted in 

deuterium atom transfer when the reaction was conducted in the absence of a halogenation 

reagent. These initial results not only provided support for ligand-to-copper charge 

transfer (LCCT)-induced decarboxylation but also supported the generation of a key aryl 

radical intermediate that could be intercepted using various strategies. We anticipated that 

subsequent functionalization could occur via one of two pathways: (1) atom or group 

transfer via radical trapping reagents or (2) aryl radical capture by copper followed by 

copper-mediated bond formation.

With these results in hand, we leveraged this design strategy to access a unified 

general platform for the decarboxylative functionalization of (hetero)aryl carboxylic acids, 

including decarboxylative halogenations to access any desired aryl halide as well as 

borylation, C(sp2)–O bond formation, and hydrodecarboxylation (Figure 10). Adoption of 

this overarching strategy enabled us to develop a robust, general approach to decarboxylative 

functionalization that is unified by a common set of general conditions (copper source, 

oxidant, solvent, light source, etc.) yet capable of engaging a key (hetero)aryl radical 

intermediate via diverse functionalization pathways.

Indeed, both electrophilic halogenation/atom-transfer reagents (cf. 54 to 55)55 and the group 

transfer reagent, B2pin2 (cf. 56),56 could be employed to access electrophilic aryl halide 

and nucleophilic aryl boronic ester coupling partners. Using electrophilic halogenation 

reagents (i.e., 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) or N-iodosuccinimide (NIS)), 

we achieved the decarboxylative bromination and iodination of electronically and 

substitutionally diverse (hetero)aryl substrates (e.g., 61 to 64). Similarly, the decarboxylative 

borylation protocol delivered aryl boronic esters in good yields (e.g., 65 to 66), using 

B2pin2 as the borylation reagent with N-fluorobenzenesulfonimide (NFSI) as the optimal 

oxidant; in situ activation of the diboronate was achieved with LiF (itself generated from 

NaF and LiClO4). In contrast, for (hetero)aryl halides with stronger C(sp2)–X bonds, such 

as chloro- or fluoroarenes, atom transfer using the respective electrophilic halogenation 

reagents was insufficiently rapid to prevent the competitive formation of side products. 

In these more challenging cases, we achieved the desired decarboxylative halogenations 

via LCCT-induced decarboxylation, followed by aryl radical capture via copper and 

subsequent copper-mediated C(sp2)–Cl or C(sp2)–F bond formation. Fluorodecarboxylation 

Beil et al. Page 11

Acc Chem Res. Author manuscript; available in PMC 2023 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was achieved for diverse (hetero)aryl substrates (e.g., 57 to 58) under ambient conditions 

using the combination of stoichiometric copper and 1-fluoro-2,4,6-trimethylpyridinium 

tetrafluoroborate (NFTPT) as both the oxidant and fluoride source. Chlorodecarboxylation 

was demonstrated with a broad (hetero)aryl chloride scope (e.g., 59 to 60) using ZnCl2 as 

the chloride source. The formation of the chloroarene products putatively proceeds through 

ligand exchange on copper and subsequent copper-facilitated C(sp2)–Cl bond formation 

from the in situ-generated copper-(aryl)(chloride) complex.

To demonstrate the broad functional group tolerance and generality of this platform, 

we employed aryl carboxylic acids as modular functional handles in complex bioactive 

molecules. The decarboxylative halogenation and borylation of lumacaftor (67 and 68, 

respectively) were achieved in useful yields. Furthermore, we envisioned that a formal 

two-step demethy-lative functionalization could be achieved through sequential tolyl group 

oxidation and decarboxylative functionalization via Cu–LMCT. Indeed, we converted 

etoricoxib to its respective halogenated analogues—iodo-, bromo-, and fluoro-etoricoxib (69 
to 71)—in moderate to good yields. The fluorinated analogue could be further reacted under 

in situ SNAr conditions to obtained complex heteroatom-coupled (e.g., C(sp2)–N, C(sp2)–O, 

or C(sp2)–S) products, such as 72.

Finally, we demonstrated that a direct one-pot Suzuki-Miyaura cross-coupling could be 

achieved using two different (hetero)aryl carboxylic acids that were first converted to the 

respective aryl bromide (73) and aryl boronate (74). Combining the resulting crude reaction 

mixtures via a telescoping procedure and utilizing palladium cross-coupling catalysis 

conditions afforded the one-pot Suzuki-Miyaura cross-coupling product 75 in 63% isolated 

yield.

Recent reports by the Rovis,57 Yoon,58 and Ritter groups have also provided support 

that ligand-to-metal charge-transfer activation is a fruitful approach to generating 

reactive open-shell intermediates. Ritter and co-workers have described protocols for 

the fluorodecarboxylation of aryl carboxylic acids via copper(II)–LMCT as well as the 

formation of the homocoupled benzoic ester product to access phenols after in situ 
hydrolysis.59,60

In summary, our novel approach to photocatalytic copper-catalyzed decarboxylative C(sp2)–

X bond formation allows facile access to a diversity of fundamentally useful arene products 

and has been efficiently applied in the setting of complex, pharmaceutically relevant 

molecules. We envision that this unified strategy will provide a valuable synthetic toolbox 

for academic and industrial chemists alike, and we are working to expand this platform to 

include additional useful transformations.

CONCLUDING REMARKS

The research highlighted in this Accounts was conducted within the last eight years and 

represents a paradigm shift in modern retrosynthetic analysis. The merger of photoredox-

mediated decarboxylative radical formation and metal-mediated bond formation has 

provided a platform upon which a variety of novel bond formations have been achieved 
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from widely available starting materials. We hope that practitioners of synthetic organic 

chemistry can now view aliphatic carboxylic acids as modular and enabling functional 

handles, producing fragments rich in C(sp3)-hybridized carbon centers. In addition, aryl 

carboxylic acids, widely available and readily obtainable from feedstock chemicals, such as 

those including tolyl or ester moieties, can now be harnessed through a ligand-to-copper 

charge-transfer manifold to generate a spectrum of functional handles of broad utility and 

differing polarity. We expect that the continued adoption of these methods will streamline 

innovative applications in chemical biology and drug discovery.

We aim to inspire and motivate synthetic organic chemists to tackle underexplored 

reactions, such as the (i) fluorination, (ii) methylation, and (iii) hydroxylation of aliphatic 

carboxylic acids as well as the decarboxylative C(sp2)–N or C(sp2)– C(sp3) cross-coupling 

of aryl carboxylic acids, and to expand the platform of metallaphotoredox-catalyzed 

decarboxylation.

Finally, we anticipate that the approach outlined in our initial study of reaction generality 

in decarboxylative arylations will be adapted for other transformations, thus enabling more 

reliable and broadly applicable synthetic procedures to become accessible in the future.
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Figure 1. 
Development of various decarboxylative transformations under metallaphotoredox 

conditions, enabling arylation, alkylation, amination, and trifluoromethylation from aliphatic 

carboxylic acids. Inherently stable aromatic carboxylic acids were converted to electrophiles 

and nucleophiles.
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Figure 2. 
Decarboxylative arylations, pioneered by MacMillan et al., were adapted by many 

groups and led to diverse conditions toward smallmolecule drugs and biomolecules. 

Further developments led to enantioselective and vinyl halide transformations. Typical 

photocatalysts, bases, and solvents are displayed. The choice of ligands has a distinct effect 

on the nickel catalysis, and the proper ligands are highlighted. Data are from refs 18, 32, and 

33.
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Figure 3. 
Decarboxylative formation of unsymmetrical ketones from α-keto carboxylic acids via a 

versatile acyl radical intermediate 6. Data are from ref 35.
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Figure 4. 
Unsymmetrical dialkyl ketones obtained from the CO2 extrusion of anhydrides. Data are 

from ref 39.
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Figure 5. 
Decarboxylative mechanism merged with the migratory insertion of nickel into alkynes to 

obtain substituted olefins. Data are from ref 42.
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Figure 6. 
Decarboxylative cross-electrophile coupling between aliphatic carboxylic acids and alkyl 

bromides to yield the respective C(sp3)–C(sp3) coupled product. Data are from ref 1.
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Figure 7. 
Decarboxylative arylations were adapted by many groups, but no reaction generality was 

observed. Phenotypic screening of hundreds of additives resulted in phthalimide as a 

powerful and reliable reagent to improve the conversions generally. OAC: Oxidative addition 

complex. Data are from ref 4.
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Figure 8. 
Decarboxylative copper-catalyzed trifluoromethylation using Togni’s reagent I as an 

electrophilic CF3 source. Data are from ref 46.
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Figure 9. 
Decarboxylative N-alkylation of various heterocycles. Coupling proceeded either directly 

with the N-heterocycles or by previous interception with propellane to obtain the 

corresponding 1,3-disubstituted BCP derivatives. Data are from refs 2 and 3.
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Figure 10. 
General platform for the decarboxylative halogenation of aryl carboxylic acids via copper-

to-ligand charge transfer. Data are from refs 55 and 56.
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