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Abstract

Decarboxylative protonation is a general deletion tactic to replace polar carboxylic acid groups 

with hydrogen or its isotope. Current methods rely on the pre-activation of acids, non-sustainable 

hydrogen sources, and/or expensive/highly oxidizing photocatalysts, presenting challenges to their 

wide adoption. Here we show that a cooperative iron/thiol catalyst system can readily achieve 

this transformation, hydrodecarboxylating a wide range of activated and unactivated carboxylic 

acids and overcoming scope limitations in previous direct methods. The reaction is readily 

scaled in batch configuration and can be directly performed in deuterated solvent to afford high 

yields of d-incorporated products with excellent isotope incorporation efficiency; characteristics 

not attainable in previous photocatalyzed approaches. Preliminary mechanistic studies indicate 

a radical mechanism and kinetic results of unactivated acids (KIE = 1) are consistent with a 

light-limited reaction.

Graphical Abstract

Combining simple iron and thiol catalysts allows carboxylic acids to be directly converted to C–H 

bonds under visible light irradiation. The cocatalytic system exhibits a wide scope, is scalable, and 

preliminary mechanistic studies suggest it functions via a tandem ligand-to-metal charge transfer 

(LMCT)/Hydrogen Atom Transfer (HAT) mechanism.
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Introduction

Decarboxylative functionalization is an attractive class of chemical transformations for 

many reasons, including that carboxylic acids are abundant, stable and non-toxic feedstock 

building blocks and the reaction releases non-flammable and easy-to-remove CO2 as its 

byproduct.1 Within this class, decarboxylative protonation is the simplest, installing a 

hydrogen upon CO2 extrusion, making it an ideal model to study the decarboxylation 

step and its intersection with other catalytic cycles, providing fundamental insights 

useful for designing other valuable decarboxylative coupling reactions such as arylation 

and Heck-type olefination.1 From a synthetic perspective, decarboxylative protonation 

allows carboxylic acids to be the traceless directing groups and is often applied at 

the late stage of natural product syntheses.2 The replacement of hydrogen source by 

deuterium further serves as a chemoselective approach to synthesize isotopically labeled 

compounds valuable in materials and medicinal chemistry.3 Such utilities have inspired 

several decarboxylative protonation strategies, starting with Kochi’s seminal work in 1970 

using silver and persulfate to oxidatively activate C(sp3)–COOH bonds.4 While able to 

decarboxylate simple acids, harsh conditions led to the formation of undesired products with 

poor selectivity in this approach. Similarly, Greaney and co-workers developed a radical 

decarboxylative protonation of more challenging aromatic acids using silver/persulfate 

system.5 Complementary to the radical process, a series of organometallic approaches 

have also been disclosed to decarboxylate C(sp2)–COOH bonds using copper6, silver6a,6d,7, 

palladium8 or gold9 followed by the hydrogen exchange of aryl–metal complexes to form 

the reduced product. Despite continuous progress in the catalytic thermo-decarboxylation of 

aromatic acids, these protocols required high temperature and possessed limited scope. More 

recent efforts by Yoshimi and Glorius successfully realized the light-mediated direct and/or 

two-step strategies to decarboxylate aromatic acids, allowing the reactions to proceed under 

milder conditions.10

While direct protodecarboxylation of C(sp2)–COOH bonds has been well-known, 

one-step removal of aliphatic acids remains challenging. Barton’s pioneering works 

demonstrated a general carboxylic acid deletion tactic involving two elementary steps: (1) 

converting carboxylic acid into the corresponding thiohydroxamate ester and (2) radical 

decarboxylation via photo- or thermo-cleavage followed by a hydrogen atom abstraction.11 

Later, a series of advances have been made by different research groups towards milder 

and greener reaction conditions in a radical or organometallic fashion.12 However, most of 

these methods still required the pre-activation of aliphatic acids as redox-active esters or 

carboxylates, superstoichiometric amounts of hydrogen atom donors such as dithiothreitol 

(DTT), Hantzsch ester or phenylsilane, and/or precious metals (Figure 1a). Significant 

strides have been made toward direct decarboxylative protonation to avoid the need for 

pre-activation; however, the high potential of carboxylic acids remains a significant obstacle, 

requiring strong oxidants, harsh conditions, or stoichiometric photosensitizers to activate 

this otherwise stable functional group.12i,12j In 2015, Nicewicz and co-workers developed 

an elegant direct photocatalytic decarboxylative protonation leveraging the high reduction 

potential (E1/2 > 2 vs SCE) of an acridinium photoredox catalyst in its excited state (Figure 

1b).13a Despite the ability to drive radical decarboxylation, the extremely oxidizing nature of 
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its excited state leads to non-selective oxidation in the presence of other oxidatively-labile 

functional groups, including electron-rich arenes14, olefins15 and non-electron-deficient 

amines16, limiting the scope of this method to simple and/or highly activated carboxylic 

acids13. Additionally, this photocatalytic method suffers from low reaction efficiency likely 

due to the short excited state lifetime of these photocatalysts, resulting in extended reaction 

time, the need for multiple LED lamps to have sufficient photon flux, and poor scalability. 

Taking this together, a general and direct decarboxylative protonation tolerant of oxidatively-

labile functionalities remains elusive.

Building on pioneering reports from Kochi17, Yoon18, Ritter19, Rovis20, and others21 

recently developed methods taking advantage of the bond homolysis process using salts 

of earth abundant elements such as copper and iron. Such photo-induced Ligand-to-Metal-

Charge-Transfer (LMCT) homolysis has provided a new opportunity to circumvent the 

non-selective and low-efficiency issues encountered in the outer-spheric oxidation of 

Fukuzumi-type photoredox catalysts (Figure 1c). While iron has been shown to catalyze 

decarboxylation reactions,22 many of these are thermally driven, require activated carboxylic 

acids, and a strong stoichiometric oxidant to proceed, with redox-neutral LMCT approaches 

relatively unexplored. We recently found iron catalysts to be compatible with thiol in our 

cooperative radical hydrogenation of olefins23, inspiring us to propose a new generation 

decarboxylative protonation via a photo-induced LMCT mechanism (Figure 2). First, the 

irradiation of an Fe(III) carboxylate from I leads to a photoexcited state that can homolyze 

to release carboxyl radical II and generate an Fe(II) species. Intermediate II can then rapidly 

decarboxylate to generate carbon-centered radical III which can be reduced by HAT from 

the thiol cocatalyst (step B) to form the desired product IV. Finally, the resultant thiyl, Fe(II) 

species, and another molecule of acid substrate I can combine to close their respective cycles 

and regenerate the Fe(III) carboxylate and thiol (step A). Importantly, we hypothesized that 

this inner-sphere LMCT process could significantly expand the scope of decarboxylative 

protonation reactions by avoiding unselective outer-sphere electron transfer from electron 

rich functional groups, allowing for incompatible substrates from the acridinium method to 

be engaged. Further, covalent pre-association of substrate with the iron photocatalyst should 

obviate the excited state lifetime limitations seen in outer-sphere approaches that depend on 

bimolecular reaction with an excited molecule, potentially allowing for this reaction to be 

scaled more easily.

Results and Discussion

For our initial test, we chose 4-oxo-4-phenylbutanoic acid (1) as our substrate of study 

(Table 1). Gratifyingly, the reaction successfully generated 95% of propiophenone (2) using 

2.5 mol% Fe(NO3)3·9H2O, 2.5 mol% di(2-picolyl)amine, 10 mol% Na2CO3 and 5 mol% 

TRIP disulfide in DCE/H2O under 390 nm LED irradiation (entry 1). We subsequently 

examined the reaction with lower Fe(NO3)3·9H2O/di(2-picolyl)amine loadings, furnishing 

88% and 59% of 2 when 1 mol% and 0.5 mol% of Fe(NO3)3·9H2O/di(2-picolyl)amine were 

applied, respectively (entry 2 and 3). Control experiments showed both Fe(NO3)3·9H2O 

and TRIP disulfide to be essential, with only trace amount of 2 obtained in their absence 

(entry 4 and 5). The yield dropped to 25% when diphenyl disulfide was used as the HAT 
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catalyst, potentially due to the in-situ coordination of iron with less hindered thiol (entry 6). 

It is worth noting that the reaction only generated 38% of 2 without the use of Na2CO3, 

suggesting its crucial role on the reaction efficiency (entry 7). Replacing 390 nm light 

source with 427 nm light led to 53% of the product formation (entry 8). No decarboxylation 

product was obtained when the reaction was conducted in the dark under the otherwise 

identical conditions (entry 9). Notably, DCE itself produced 77% of 2 with the formation 

of trace 1-phenylprop-2-en-1-one, indicating superior reactivity of the biphasic DCE/H2O 

solvent system (entry 10). Finally, we investigated the feasibility of ligand-free conditions 

and found the reaction smoothly produced 72% of 2 in the absence of di(2-picolyl)amine 

(entry 11). The yield further improved to 81% when 15 mol% of TRIP disulfide was 

used, making this ligand-free reaction a simple, economical and efficient photocatalytic 

decarboxylation approach (entry 12; see SI).

With the optimized reaction conditions in hand, we turned to examine substrates that were 

incompatible in previous direct decarboxylative protonations (Figure 3 and 4). Nicewicz 

and co-workers have demonstrated the wide applications of acridinium photoredox catalysts 

in cation-radical accelerated-nucleophilic aromatic substitutions (CRA-SNAr) via single 

electron oxidation of electron-rich arenes.14 Similar aromatic radical cation intermediates 

were also used to form high energy alkoxy radical species integrating proton-coupled 

electron transfer (PCET) for C–C bond cleavage.24 While powerful for these alternative 

reactions, such competing outer-spheric electron transfer processes render the generation of 

the key carboxylic radical needed for decarboxylation inefficient in the presence of electron-

rich arenes (Figure 3).13 To our delight, the reactions of our iron-catalyzed decarboxylative 

protonation were found to proceed smoothly to afford product 3, 4, 7 and 8 in good to 

excellent yields despite bearing various electron-rich aromatics. In addition, the reaction 

similarly decarboxylated electron neutral and poor arene substrates to produce 5 and 6, 

showing an unmatched tolerance of our method toward a wide range of aromatic molecules.

Furthermore, acridinium photoredox catalysts have been used to generate another important 

class of cation-radical intermediates from olefins for radical transformations including 

inter- and intra-molecular hydroesterifications (Figure 4).15 Under the acridinium-catalyzed 

decarboxylative protonation conditions, the presence of electron-rich olefins was found 

to generate high yields of hydroesterification products while suppressing the desired 

decarboxylation process. Since the same reaction system was used for both pathways, 

a direct strategy to decarboxylate these molecules remains elusive. To see if our iron-

cocatalytic system could fill up this gap, we tested γ,δ-unsaturated carboxylic acids and 

successfully generated good yields of decarboxylation products 9a, 10a and 11a with only 

a minor amount of hydroesterification product (9b, 10b and 11b) formation, potentially due 

to competitive cyclization of the carboxylic radical onto the styrene to form a stabilized 

benzylic radical as opposed to direct styrene oxidation. The same protocol was also 

found to be feasible for intermolecular decarboxylative crossing coupling with styrene, 

a reaction that would otherwise give hydroesterification product using acridinium photo-

catalysts (see SI). Together, these results show our method to be capable of chemo-selective 

decarboxylative protonation in the presence of previous incompatible functional groups, 
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considerably expanding the scope of this chemistry to more general and synthetically-

important applications.

With exceptional chemo-selectivity demonstrated, we sought to assess the scope of our 

reaction (Table 2). First, we tested the substrates bearing ketone and ether functional groups, 

successfully obtaining 2 and 12 in 87 and 70% yields, respectively. We next investigated 

previously-challenging aliphatic acids and found the reactions efficiently formed 99% of 

primary, secondary and tertiary alkane products 13 – 15, presenting a potential approach to 

green fuel synthesis.25 The high compatibility with reducible functional groups including 

halide and alkyne (16 and 17) further highlighted the tolerance of our cooperative 

approach. Substrates with amide, ester or N-carbobenzyloxy functionalities also gave the 

corresponding products 18, 19 and 20 in 72 – 94% yields. The decarboxylation of more 

reactive benzylic substrates and an amino acid derivative similarly furnished 21 – 25 in good 

to high yields without the formation of undesired homocoupling products observed in the 

Lee’s decarboxylation method using a strong oxidant.12i Remarkably, a dicarboxylic acid 

substrate can be doubly-decarboxylated using these conditions, providing 82% of 15, albeit 

with the use of more solvent and 30% TRIP disulfide to address its reduced solubility.

Encouraged by the success of small molecules, we then examined the viability of complex 

nature products and drugs. For mycophenolic acid, possessing alkene and alcohol functional 

groups, we obtained decarboxylation product 26 in a 72% yield. In analogy to the reaction 

of 21, the benzylic acid in ibuprofen decarboxylated to furnish 84% of 27. Gemfibrozil 

also transformed into the corresponding tertiary C–H product 28 in an outstanding 98% 

yield. The reaction of oleic acid bearing an internal Z-olefin provided 99% of 29 with the 

formation of minor E-isomer in 6.8:1 ratio. Loxoprofen was subjected to our conditions 

on a gram scale using the typical round bottom flask setup with one Kessil LED 

lamp, generating 82% of 30 overnight without special modifications. Notably, this result 

suggested that our method could address the light-dependent issues encountered in the 

previous photocatalytic decarboxylative protonation, where the reactions had drastically 

decreased initial rate without using multiple LED lamps on even moderate scales.13 Toward 

testing the more complex and steric demanding polycyclic structures, the reaction of a 

gibberellic acid derivative generated 81% of 31. 18-β-glycyrrhetinic acid and dehydrocholic 

acid similarly produced 32 and 33 in 99 and 90% yields. Furthermore, jasmonic acid 

decarboxylated smoothly to afford 90% of 34 with the formation of minor isomer. 

The reaction of indomethacin showed excellent tolerance of the oxidatively-labile indole 

moiety, providing 96% of 35. Bezofibrate and zaltoprofen possessing thioether and amide 

functional groups also exhibited good reactivities to form 36 and 37 in 98 and 81% 

yields. Interestingly, chlorambucil readily decarboxylated to 38 in a 79% yield despite 

having a N,N-dialkylaniline moiety that would otherwise be susceptible to highly-oxidizing 

acridinium and iridium photoredox catalysts16, showing iron catalyst to be selective for 

decarboxylation. Finally, the reaction of dichlofenac with a N,N-diaryl amine group was 

conducted to obtain 82% of 39.

Emboldened by the wide substrate tolerance of our reaction, we turned to explore 

the plausible reaction mechanism (Figure 5). First, the standard reactions performed in 

DCE/D2O led to high (95 and 98%) deuterium incorporations of 24´ and 2´, suggesting 
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excess water to be the main hydrogen source in this reaction, likely via proton exchange 

with the thiol (5a). Lack of significant kinetic isotope effect (KIE ~ 1) of 4-oxo-4-

phenylbutanoic acid obtained through separate reactions using H2O and D2O is consistent 

with the reaction being light-limited for aliphatic acids and is consistent with zero order 

behavior in all reaction components and a rate acceleration using multiple LED lamps 

(see SI).26 Interestingly, decarboxylative protonation of benzylic acid exhibits a primary 

isotopic effect (KIE = 3), suggesting the HAT from the thiol to be rate-determining in this 

case, presumably due to formation of a more stable benzylic carbon-radical intermediate. 

These observations are also notable as this one-step protocol has simplified the state-of-

art decarboxylative deuteration, where the pre-salification with stoichiometric CsOH was 

essential to reach good d-incorporations and yields.12f The inhibition of 2 formation upon 

treatment with 50 mol% TEMPO suggests involvement of radical intermediates in our 

reaction (Figure 5b) as does a radical clock experiment which successfully furnished 72% of 

radical-induced ring-opening product 40 as an isomeric mixture with only trace amount of 

41 generated (Figure 5c).

Conclusion

In conclusion, we have provided a chemoselective decarboxylative protonation using 

Earth-abundant iron photocatalysis. Our method features the synergistic combination of 

iron and hydrogen atom transfer catalysts, eliminating the use of expensive and complex 

photoredox catalysts, toxic hydrogen atom sources, high temperature, strong oxidants 

and the requirement to pre-activate acid substrates. Furthermore, this operationally simple 

protocol exhibits wide substrate tolerance including previously unattainable functionalities 

with high yields and great scalability using a simple batch setup. Critically, this LMCT 

approach allows for selective decarboxylation of substrates incompatible with previous 

photoredox methods, opening the door for design of new decarboxylative functionalization 

reactions. Mechanistic studies revealed our reaction to exhibit zero order behavior in 

unactivated acid substrate, iron and disulfide catalysts with a KIE = 1, suggesting the 

reaction to be photon flux limited. Additionally, the excellent d-incorporation can be 

achieved simply by swapping water for deuterium oxide without the requirement of 

pre-salification with strong base. Together, this reaction provided a powerful platform to 

decarboxylate complex chemical structures in a mild, efficient, economical, and catalytic 

manner and a clear demonstration of the versatility of iron-photocatalyzed cooperative 

catalyst systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Current state of decarboxylative protonation. (a) decarboxylative protonation of activated 

redox ester. (b) direct decarboxylative protonation using acridinium photoredox catalyst. (c) 

this work: iron catalyzed chemoselective decarboxylative protonation.
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Figure 2. 
Proposed mechanism for the iron/thiol cocatalyzed decarboxylative protonation
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Figure 3. 
Decarboxylative protonation of arenes with different electronic properties: acridinium 

photoredox shows low reactivity in the presence of electron-rich arenes whereas iron-

catalyzed decarboxylative protonation has broad arene scope.
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Figure 4. 
Decarboxylation in the presence of electron-rich olefins: acridinium photoredox selectively 

oxidizes alkene over carboxylic acid whereas iron catalysis enables decarboxylation in the 

presence of electron-rich olefins.
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Figure 5. 
(a) Isotope labeling of iron-catalyzed decarboxylative protonation provided high deuterium 

incorporation. (b) 50% TEMPO drastically hampered the formation of 2. (c) Radical clock 

experiment produced high yield of linear olefin as an isomeric mixture.
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Table 1:

Development of iron-catalyzed decarboxylative protonation
[a]

entry Fe (a mol%) ligand (b mol%) disulfide (c mol%) Na2CO3 (d mol%) yield of 2 (%)

1 2.5 2.5 5 10 95

2 1 1 5 10 88

3 0.5 0.5 5 10 59

4 - 2.5 5 10 4

5 2.5 2.5 - 10 6

6
[b] 2.5 2.5 5 10 25

7 2.5 2.5 5 - 38

8
[c] 2.5 2.5 5 10 53

9
[d] 2.5 2.5 5 10 N.R.

10
[e] 2.5 2.5 5 10 77

11 2.5 - 5 10 72

12 2.5 - 15 10 81

[a]
All reactions were conducted on a 0.4 mmol scale and the yields were determined by 1H NMR spectroscopy using trimethoxybenzene as an 

internal standard. TRIP disulfide = Bis(2,4,6-triisopropylphenyl) disulfide.

[b]
Diphenyl disulfide was used instead of TRIP disulfide.

[c]
427 nm LED light was used instead of 390 nm light.

[d]
No light; N.R. = no reaction.

[e]
DCE (0.1 M) was used as the solvent; Trace amount of α,β-unsaturated ketone was observed.
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Table 2:

Scope of Iron-catalyzed decarboxylative protonation
[a]

[a]
All reactions were conducted on a 0.4 mmol scale.

[b]
2.5 mol% Fe(NO3)3·9H2O and 2.5 mol% di(2-picolyl)amine were used.
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[c]
The yields were determined by 1H NMR spectroscopy using trimethoxybenzene as an internal standard due to the volatile properties or poor 

traceability on thin layer chromatography.

[d]
Reaction concentration = 0.05 M; 30 mol% TRIP disulfide were used.

[e]
15 mol% TRIP disulfide were used.
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