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Abstract:  

The rapid preparation of complex three-dimensional (3D) heterocyclic scaffolds is a key challenge 

in modern medicinal chemistry.  Small molecule therapeutic candidates with increased 3D 

complexity, on average, possess a higher probability of clinical success. However, new drug targets 

remain dominated by flat molecules due the wealth of robust coupling reactions available for their 

construction. Heteroarene dearomatization reactions offer an ideal opportunity to transform 

readily accessible 2D structures into saturated analogs. Broadly employed heteroarene 

hydrogenation reactions rehybridize C(sp2) sites to C(sp3) without otherwise perturbing the 

molecular shape. In stark contrast, heteroarene difunctionalization strategies dramatically change 

the molecular structure. In principle, heteroarene hydrofunctionalization reactions constitute an 

elusive middle ground by disrupting aromaticity and introducing a single molecular vector. 

Unfortunately, dearomative hydrofunctionalization reactions remain limited. Herein, we report a 

new strategy to enable the dearomative hydrocarboxylation of indoles and related heterocycles. 

This reaction represents a rare example of a heteroarene hydrofunctionalization that meets the 

numerous requirements for broad implementation in drug discovery. The transformation is highly 

chemoselective, broad in scope, operationally simple, and readily amenable to high-throughput 

experimentation (HTE). Accordingly, this process will allow existing libraries of heteroaromatic 

compounds to be translated into diverse 3D analogs and enable exploration of new classes of 

medicinally relevant molecules.



 

 

MAIN:  Interrogation of increasingly complex 3D target molecules has emerged as a central goal in drug 

discovery chemistry. A recent meta-analysis of biologically active molecules proceeding through clinical 

trials established that success of these candidates correlates well with their 3D complexity.1,2 However, 

the robust coupling reactions regularly employed in medicinal chemistry disproportionately produce 

C(sp2) linkages.3,4 Consequently, flat molecules remain overrepresented in new clinical candidates despite 

the enhanced bioactivities and decreased side-effects observed from molecules with an increased degree 

of saturation.1,2,5 Dearomatization reactions unlock an approach to directly convert these synthetically 

accessible planar scaffolds into more C(sp3)–rich congeners.6–8 Indeed, heteroarene hydrogenation 

reactions are regularly employed to deliver medicinally-relevant saturated or partially-saturated 

heterocyclic motifs from widely available heteroaromatic starting materials.9–11 In principle, heteroarene 

hydrofunctionalization constitutes a deceptively simple class of complementary dearomatization reactions 

(Fig 1A). These transformations disrupt planarity while also installing a new molecular vector. 

Accordingly, a general approach to heteroarene hydrofunctionalization would enable rapid integration of 

more three-dimensionally complex molecular targets. While substantial progress has been made in 

heteroarene hydrogenation, hydrofunctionalization processes remain difficult. In the context of basic 

heterocycles (e.g. pyridine and quinoline derivatives), the Lewis basic nitrogen provides an avenue to 

transform the heteroarene into an electrophile and has enabled progress in hydrofunctionalization. 

However, this approach is not feasible for electron rich heterocycles (e.g. indole and benzofuran 

derivatives), and accordingly hydrofunctionalization of these molecules has remained dominated by 

intramolecular approaches and harsh conditions.12–16 Unfortunately, implementation of a heteroarene 

hydrofunctionalization strategy in drug discovery imposes numerous additional design constraints beyond 

the energetic demands underpinning any dearomatization process. The reaction must be (1) mild and 

functional group tolerant, (2) reliable and operationally simple, and (3) chemoselective for specific sites 

in heterocyclic moieties in the presence of the other (hetero)arenes. Ideally, the process would also be 

amenable to high-throughput experimentation (HTE) to allow parallel library synthesis. 



 

 

We questioned whether direct hydrocarboxylation of indoles and related heterocycles could be 

accomplished under sufficiently mild conditions to serve as a general platform for heteroarene 

hydrofunctionalization (Fig 1B). This target reaction would transform heteroarene substructures, which 

are widely represented in drug discovery libraries,17–19 into versatile heterocyclic a-amino acids with 

distinct biological properties.20–22 Moreover, we envision that this dearomative transformation will enable 

rapid structural diversification along the newly installed molecular vector through the robust synthetic 

methodologies based around carboxylic acids.23–27 This strategy could unlock access to large libraries of 

structurally diverse 3D heterocyclic molecules through iterative HTE hydrocarboxylation and 

diversification steps (Fig 1C). 

Intermolecular indole hydrofunctionalization reactions remain limited despite the indole C2-C3 p-

bond being prone to dearomative processes.14,28–32 Established indole dearomative functionalization 

strategies rely on intramolecular nucleophiles or difunctionalization via delivery of two specific groups 

across the p-system.12–16 Formal hydrocarboxylation of indole is currently accomplished via lithiation-
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Fig. 1: Project overview and reaction development

a, Installation of a new 3D vector via ideal hydrofunctionalization reaction. b, Our proposed dearomative hydrocarboxylation reaction involving the coupling of 
heteroarenes with formate via a CO2•– intermediate. c, Rapid diversification of planar structures via high-throughput experimentation. d, Development of our 
photoinitiated hydrocarboxylation reaction. Reactions were conducted on a 0.05 mmol scale and yields were determined by 1H-NMR. See Supporting Information 
for further details.
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carboxylation-hydrogenation sequences, resulting in poor chemoselectivity that largely precludes 

implementation in complex settings. While recent work has introduced a collection of powerful metal-

hydride-based alkene hydrocarboxylation reactions,33,34 these approaches have been challenging to adapt 

to indole dearomatization.35 We suspected that an alternative approach that exploits CO2
•– as a key reactive 

intermediate would offer the requisite driving force to disrupt aromaticity and enable hydrocarboxylation 

of heteroaromatic systems. Pioneering work has introduced a variety of  alkene hydrocarboxylation 

reactions that proceed through CO2 reduction and subsequent addition of CO2
•– to activated p-systems.36–

39 Unfortunately, this approach possesses two intrinsic challenges in the context of heteroarene 

hydrocarboxylation: (1) Chemoselectivity is limited due to the potent reductants required to reduce 

thermodynamically and kinetically stable CO2;40 (2) Dicarboxylation of the p-bond is a major liability as 

a result of the requisite CO2 atmosphere.41  Recent work from our group and others introduced a collection 

of photochemical approaches to generate CO2•– by abstracting a hydrogen atom from formate.42–44 While 

this strategy has only been explored in the context of activated alkene hydrocarboxylation,45,46 we 

questioned whether it could be adapted to the dearomative hydrocarboxylation of functionalized 

heteroarenes while retaining high chemoselectivity.  

We launched our investigations by evaluating the reactivity of model N-acyl indole 1 under our 

previously reported conditions (Fig 1D).45 While we obtained only poor conversion of our indole starting 

material, a low yield of the desired partially dearomatized indoline 2-carboxylic acid 2 was observed 

alongside the undesired dicarboxylated product 3 (2:1 ratio of 2:3). Modestly increasing the loading of 

formate substantially improved reactivity; however, selectivity for the hydrofunctionalized product 

remained modest. We suspected that dicarboxylated product 3 could be formed via reduction of the 

benzylic radical intermediate followed by trapping with formate-derived CO2 generated in situ. Consistent 

with this hypothesis, a significant increase in dicarboxylated product 3 was observed (1:2 ratio of 2:3) 

when the reaction is conducted under a CO2 atmosphere. Based on this observation, we questioned 

whether the addition of a small amount of water could introduce a mild proton source to outcompete CO2 



 

 

trapping. Indeed, the addition of two equivalents of water substantially increased the yield and eliminated 

undesired dicarboxylation products. Control experiments confirmed that no conversion of 1 was observed 

in the absence of photocatalyst or light.  

With efficient indole hydrocarboxylation conditions in hand, we next evaluated the scope of this new 

method (Table 1). We found that both N-acyl (3) and N-Boc indole (4) underwent efficient carboxylation, 

while indoles bearing electron releasing N-substituents, such as methyl, were inert under the reaction 

conditions (see Supporting Information for details). The reaction is otherwise insensitive to indole 

electronics; substrates decorated with a variety of electron-donating and electron-withdrawing groups 

each underwent the desired transformation in high yields (5–11). These studies also revealed that 

dearomative hydrocarboxylation is favored over undesired side reactions at diverse medicinally relevant 

but potentially sensitive functional groups, such as carbamates (4, 11), aryl fluorides (5), thioethers (7), 

amides (9, 20, 24–26), amines (10–11), pyridines (12–16, 18, 19), nitriles (23), and esters (27). Of note, 

substrates bearing coupling handles, such as aryl chlorides (6) and boron pinacol esters (8), could be 

transformed into the desired indoline carboxylic acid building blocks in high yield. Upon probing other 

heteroarene cores, we found that diverse azaindoles could be readily converted to the desired product (12–

16). Hydrocarboxylation of more structurally distinct benzofuran (17), furopyridine (18, 19), and 

isoquinolone (20) substructures similarly resulted in high yields of the dearomatized products in each 

case.  

Next, we evaluated the effect of substitution at the reactive p-bond of the indole substrate. We found 

that C3-methyl indole was smoothly converted the desired product 21 with high diastereoselectivity for 

the trans isomer. Indole substrates substituted at the C3 position by a variety of different functional groups 

including arenes (22), nitriles (23), amides (24), and alkyl groups bearing diverse pendant functional 

groups (25–27) each underwent efficient and diastereoselective hydrocarboxylation.47  Substitution at the 

site of CO2•– attack (C2) resulted in diminished reactivity; however, the desired product bearing a fully 
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substituted carbon center (28)  was nonetheless formed in sufficient quantities to enable early stage 

medicinal chemistry efforts. Furthermore, a tricyclic substrate bearing both C2 and C3 substitution 

underwent efficient hydrocarboxylation (29), presumably due to strain release upon radical addition. 

Taken together, these data highlight the complementarity of this new method relative to hydrogenation 

approaches that deliver exclusively cis-diastereomers and cannot generate products bearing fully 

substituted C2 positions. 

Given the potential challenges scaling photochemical processes, we evaluated the efficiency of this 

new method in a preparative synthesis context. We found that hydrocarboxylation of both the initial model 

substrate (1) and a representative azaindole substrate (30) underwent efficient hydrocarboxylation on a 

multigram scale to deliver 2 and 12 each in high yield (>6 g of product in each case). These experiments 

illustrated three key practical assets of the reaction: (1) the reaction can be conducted preparatively using 

a conventional batch setup; (2) the reaction is robust and does not require any precautions to exclude air 

or moisture; (3) the products can be purified through precipitation or recrystallization without 

chromatography. 

We next questioned whether this reaction could transform a library of molecules containing 

heterocyclic cores into more three-dimensionally complex analogs using HTE technology.48 We selected 

a set of 48 heteroarene molecules of varying complexity ranging from building blocks to complex active 

pharmaceutical ingredients. These representative substrates were evaluated in quadruplicate using a 

microscale HTE format and a commercially available photoreactor. The desired a-amino acid products 

were obtained with high reproducibility in a 63% hit rate (using a threshold of 5% UPLC-MS assay yield). 

Three representative reactions were conducted on 0.2 mmol scale, unambiguously validating the identity 

of the desired amino acid products in each case (31–33). Taken together, these results illustrate how this 

method can be leveraged to rapidly prepare 3D analogs of more accessible planar heteroarene cores, even 

in a late-stage-functionalization setting. 



 

 

 

Given the well-established coupling reactions available to the carboxylic acid moiety, we envision that 

this new dearomative hydrocarboxylation reaction unlocks facile access to diverse 3D analogs from 

individual heteroarene lead compound or building blocks. As an illustrative proof-of-concept, we targeted 

HTE amidation given the ubiquity of amide bonds in pharmaceuticals and the structurally diverse array 

of readily available amines. To maximize coverage of medicinally-relevant chemical space, we conducted 

a two-step process49 to select the targeted amine coupling partners from the Merck amine library (>17,000 

compounds): (1)The initial library was strategically filtered down to amines that would result in ultimate 

amide products with druglike properties (see Supporting Information for details); (2) The resultant 6,286 
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amine set was first randomly reduced to 130 coupling partners from which 96 amines were manually 

selected to allow for practical considerations such as availability. Broad coverage of amine chemical space 

was validated using t-distributed stochastic neighbor embedding (t-SNE) to visualize the molecular 

fingerprints of the selected amines overlaid with the initially filtered amine library.50,51 The HTE 

amidation was conducted with a set of three indoline carboxylic acids representing both otherwise 

difficult-to-access building blocks (29) and complex cores for late-stage derivatization (32, 33). This 

resulted in a hit rate of 84–86% across the three a-amino acid substrates (using a threshold of 5% UPLC-

MS assay yield). This high-throughput diversification workflow illustrates how heteroarene 

hydrocarboxylation enables access to libraries of structurally diverse 3D molecules from readily 

accessible planar precursors. 

 Overall, we have developed a photocatalytic method for the dearomative hydrocarboxylation of 

heteroarenes. This reaction proceeds under mild conditions, allowing substrates bearing a wide variety of 

functional groups to undergo chemoselective hydrocarboxylation at the heteroarene subunit. Furthermore, 

C3-substituted indole substrates underwent a highly diastereoselective reaction, generating otherwise 

difficult-to-access trans-C2,C3-indoline products. This transformation can be directly employed in high-

throughput derivatization as well as preparative synthesis on multigram scale. The generality and 

exquisite functional group tolerance of the reaction bodes well for adoption in late-stage functionalization 

of indole-based pharmaceutical leads. We envision this process introduces an ideal starting point to 

translate planar heterocycles into diverse 3D analogs through introduction of a single, readily manipulated 

molecular vector.  
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