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A B S T R A C T

Herein we report the development of an automated protocol for coupling aliphatic carboxylic acids and aryl halides under mild, electrochemical conditions. Car
boxylic acids are one of the largest pools of commercially available building blocks utilized in parallel medicinal chemistry to expand structure-activity relationships. 
However, their usage in decarboxylative cross-coupling reactions to forge C(sp2)–C(sp3) bonds is low due to challenges associated with direct decarboxylation. Redox- 
active esters (RAE) are commonly employed to increase the reactivity of carboxylic acids for decarboxylative cross-coupling reactions. Previously, coupling reagent 
byproducts from in situ generated RAEs proved detrimental to transition metal catalysis. We have developed a purification-free protocol for activating carboxylic 
acids as N-hydroxyphthalimide (NHPI) esters, which are employed in electrochemical decarboxylative cross-coupling in a high-throughput, automated fashion. This 
automated workflow enables the preparation of compound libraries including PROTACs. By enabling the pool of commercial aliphatic carboxylic acids to be rapidly 
incorporated into drug-like molecules, this protocol can potentially impact how C(sp2)–C(sp3) cross-coupling reactions are performed in drug discovery campaigns.

1. Introduction

Increasing the fraction of sp3-hybridized C atoms in a molecule can 
positively impact its properties, such as solubility and permeability, and 
decrease the likelihood of attrition in drug discovery [1–3]. Incorpora
tion of sp3-hybridized C atoms can be accomplished through 
cross-coupling reactions with an appropriate building block. Syntheti
cally, this approach can be challenging compared to cross-coupling two 
sp2-hybridized C atoms through reactions such as the Suzuki-Miyaura 
coupling. Despite significant advances in the field of C(sp2)–C(sp3) 
cross-coupling, uptake in medicinal chemistry has been slow [4–9].

Parallel medicinal chemistry (PMC) enables rapid hit optimization 
and expansion of structure-activity-relationships (SAR) for a lead com
pound through iterative design-make-test-analyze (DMTA) cycles [10]. 
PMC relies on robust methodologies that utilize diverse and widely 
available building blocks to cover chemical space. Drawing from the 
pool of aryl and vinyl boronic acids and esters, the Suzuki-Miyaura 
coupling has proven highly robust for C(sp2)–C(sp2) cross-coupling 
across diverse chemical matter [7]. In the C(sp2)–C(sp3) cross-coupling 

field, several classes of building blocks can be employed under 
different conditions to effect the desired transformation [11,12]. Since a 
singular building block class cannot allow access to the entire diversity 
of commercial C(sp3) space, methodologies that enable the use of as 
many monomer classes as possible are important.

Aliphatic carboxylic acids and alcohols comprise two of the largest 
pools of commercially available C(sp3) hybridized building block space. 
Thus, methodologies using these functional groups for C(sp2)–C(sp3) 
cross-coupling are particularly promising for PMC. Notably, there is high 
degree of orthogonality between the C(sp3) hybridized chemical space 
accessible from carboxylic acids vs. alcohols (Fig. 1): the overlap be
tween the chemical space of the ~21k products that can be generated 
from commercial aliphatic carboxylic acids via decarboxylative 
coupling, and the ~14k products that can be generated from aliphatic 
alcohols via deoxygenative couplings [13], is only 2.7k compounds. 
While much work has been done to lower the barrier to running deox
ygenative arylation reactions on aliphatic alcohols through the use of 
automation [14], the barrier to running decarboxylative arylation re
actions on commercial carboxylic acids is still high due to the lack of 
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automated protocols, the requirement of strong oxidants to effect direct 
decarboxylation due to the high redox potentials of carboxylic acids 
[15], and the necessity of purifying activated esters for use in coupling 
reactions [16–20].

A recent set of publications by the Baran group details the decar
boxylative arylation of redox-active esters (RAE) under electrochemical 
conditions (Fig. 2A) [21–26]. This methodology offers a mild, base-free 
avenue to use aliphatic carboxylic acids in C(sp2)–C(sp3) cross-coupling 
reactions. The utility of this method for a PMC group is limited by the 
requirement of activating the carboxylic acids as the N-hydroxyph
thalimide (NHPI) esters and individually purifying them. While in-situ 
generated NHPI esters can be employed, the air-tolerance of the method 
is compromised, and yields suffer [21]. While the chemical space 
coverage offered by this method is immense, the reaction set up is 
time-consuming and labor intensive. Additionally, using the IKA Elec
traSyn, only six preparative scale reactions can be run in parallel with a 
required volume of >3 mL/reaction, which is challenging when working 
on PMC reaction scales (50–100 μmol/0.5–1 mL). While the use of the 
IKA e-Hive allows 24 reactions to be run in parallel, the inability to run 
constant current experiments, limited electrode materials, and current 
density considerations limit its use as a preparative device. Additionally, 
the non-standard footprint precludes its compatibility with many auto
mated and robotic platforms.

Recognizing the potential of this methodology, we sought to address 
the challenges with the reaction set up through automation (Fig. 2B). 
Specifically, we required that our workflow generate chemically diverse 
C(sp2)–C(sp3) coupled products in reproducible yields across a 24-well 
plate. All reactions should be performed in air, and intermediate NHPI 
esters should be synthesized and coupled without purification. Parallel 
electrochemical reactions should be run on typical PMC scales to access 
compound libraries in sufficient quantities for biological testing after 
High-Throughput Purification (HTP). We envisioned using solid 
handling robotics to deliver a solid-supported condensation reagent that 
could subsequently be filtered off after reaction between carboxylic 
acids and N-hydroxyphthalimide, delivering NHPI esters without the 
need for chromatographic purification or aqueous workup. At this point, 
the NHPI esters could be used for a number of decarboxylative trans
formations under thermal [17,27–29], photoredox [30,31] and/or 
electrochemical conditions [21–26,32]. Liquid handling robotics could 
be used to execute the sequence of NHPI dosing, reaction filtration, and 
addition of the electrochemical reaction components.

Several electrochemical reactors are commercially available for 
parallel batch [33–37] and flow synthesis [38,39]. Flow library syn
thesis was not explored in this transformation due to heterogeneity of 
the reaction mixtures. In batch, issues to overcome include poor repro
ducibility when transferring methodologies between reactors or reaction 
scales (e.g. high-throughput experiment (HTE) scale to preparative 
scale), and inconsistent results across batch parallel reactors due to the 

lack of electrochemical control of individual wells [38]. We envisaged 
that automation would improve reproducibility, by ensuring uniform 
volumes and reagent stoichiometries between wells, while variability in 
electrode surface and passivation could be mitigated by standardized 
washing procedures and the inclusion of AgNO3, respectively.

2. Results & discussion

We began our investigation by screening commercially available 
solid-supported condensation reagents for synthesizing NHPI ester 1a 
(Fig. 3A). The yields were determined by quantitative NMR after 
removal of the solid-supported reagent by filtration and solvent evapo
ration. It was found that a silica-supported carbodiimide reagent (entry 
6) performed optimally, generating the product in high yield and purity, 
obviating the need for chromatographic purification of the NHPI ester. 
Different solvents and base additives were investigated in parallel, using 
HTE (SI Section 1). Conveniently, using THF without any base gave the 
highest yield of 1a (75%, 85% NMR purity).

With optimized conditions for the NHPI ester synthesis in hand, we 
designed and validated an automated “Play-and-Go” protocol in 24-well 
plate SBS format (Fig. 3B). Silica-supported carbodiimide was dispensed 
using the Chronect Quantos® solid-handling robot. Subsequent liquid 
handling steps, such as adding stock solutions of carboxylic acid and 
NHPI, were carried out using the Tecan EVO. We validated the meth
odology using both orbital stirring and shaking to mix the identical re
actions to assess reproducibility. After reaction completion, suspensions 
were filtered. Washing with DMF ensured sufficient recovery without 
excess volumes of solvent. Gratifyingly, we observed an average yield of 
63% ± 1.3% across the plate. The dead volume of liquid handling ro
botic systems accounts for the lower yield compared to individual re
actions run manually (75% vs 63%). The automation yields were 
acceptable given that the carboxylic acid is generally used in excess and 
is the less precious material.

A selection of 24 diverse NHPI esters were successfully synthesized 
and isolated after a simple filtration (Fig. 3C). Primary (1b-d), secondary 
(1e-f), and tertiary (1g-1h) NHPI esters could be obtained in good 
yields, including a bicyclo[1.1.1]pentane carboxylic acid (1h). NHPI 
esters with alpha-heteroatoms are particularly interesting because the 
stability of other radical precursors, such as alcohols, amines or alkyl 
halides with alpha-heteroatoms is limited. Carboxylic acids with both 
nitrogen (1i-k) and oxygen (1l-o) heteroatoms could be derivatized to 
the NHPI esters. Amides (1p), tertiary amines (1q), and BPin groups (1r) 
were tolerated. Benzylic carboxylic acids (1s-t) were also competent 
coupling partners. Acids containing protic amide (1u) and Fmoc (1v) 
groups were competent, suggesting possible applications in amino acid 
derivatization. Excellent functional group tolerance was observed for 
secondary (1w) and tertiary (1x) alcohols, which could potentially form 
ester byproducts.

Fig. 1. Building block orthogonality between commercially available alkyl alcohols and carboxylic acids for sp2-sp3 cross-coupling.
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Using the automated NHPI ester synthesis workflow, we were now 
poised to begin optimizing and automating the electrochemical decar
boxylation (Fig. 4A). We chose the coupling of 4-tetrahydropyran car
boxylic acid 1 and 4-bromophenyl difluoromethyl sulfone 2 as a model 
reaction on a 50 μmol scale at a reaction concentration of 0.1 M. Aryl 
halide 2 was selected because the difluoromethyl sulfone moiety is 
known to be base-sensitive [40] and had previously decomposed under 
other C(sp2)–C(sp3) cross-coupling conditions with basic additives in our 
hands. The original report employs the IKA ElectraSyn for the 
cross-coupling reactions. While this device works well for making in
dividual compounds, when running PMC libraries, we are concerned 
with making small quantities of many compounds to explore SAR with 
limited material. The need to reduce material consumption per analog 
synthesized led us to investigate the HTe-chem as an electrochemical 
device enabling us to synthesize 24 compound libraries in parallel on a 
small scale. While the HTe-chem enables us to run more reactions in 
parallel, the choices of electrode material and electrode size are limited. 
Reticulated vitreous carbon (RVC) electrodes offer high surface area, but 
this material is fragile and difficult to machine into the small sizes 
necessary for use in the HTe-chem. We were also aware that replacing 
RVC with lower surface area electrodes could impact reproducibility due 
to electrode passivation. Baran et al. [26] describe that AgNO3 additive 
reduces passivation, providing a possible work-around solution.

Unable to replicate the exact conditions used in the IKA Electrasyn 
with the HTe-chem, we examined different electrode materials, solvents, 

and equivalents of AgNO3 to optimize the model reaction (SI section 2). 
Graphite rods were an acceptable replacement for the RVC electrodes, in 
combination with 0.5 equiv. AgNO3 (SI section 2.4). DMF gave the 
highest yield of the screened solvents (SI section 2.1).

Continuous parameters such as current, F/mol, concentration and 
equivalents of NHPI ester were screened. Optimal results with the model 
substrate were obtained at 3 mA current (6 mA/cm2) and 2.8 F/mol (SI 
section 2.2 - 2.3). Higher current caused more frequent passivation and, 
with some scaffolds, led to decomposition of the products. Longer re
action times (up to 5.6 F/mol) were detrimental to yield. Reaction 
volumes between 0.4 and 0.7 mL were essential to balance sufficient 
electrode immersion and reaction stirring on the tumble stirrer. Con
centrations of aryl halide could be increased up to 0.2 M, allowing re
actions to be performed on larger scale. Increasing the stoichiometry of 
NHPI ester beyond two equivalents was detrimental to reactivity (SI 
section 2.8). Finally, we screened different ligands and Ni sources. 
Several ligands performed well in the reaction (SI section 2.6), but ul
timately, 2,2′-bipyridine and NiCl2.6H2O gave the highest yields when 
using crude NHPI esters generated through the automated workflow (SI 
section 2.7). Optimal results of 87% LC yield were obtained.

We then sought to validate the automated execution of the entire 
reaction sequence from carboxylic acid activation to electrochemical 
coupling (Fig. 4B), to determine the reproducibility of the workflow. 
After the automated NHPI ester synthesis step was completed, a Tecan 
EVO liquid handling system was used to transfer solutions of the crude 

Fig. 2. A) Literature precedent for electrochemical decarboxylative sp2-sp [3] cross-coupling; B) Desired workflow for automated decarboxylative coupling li
brary synthesis.
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Fig. 3. A) Solid-supported condensation reagent screening for NHPI ester synthesis; B) Automation protocol and results for the parallel synthesis of 1a with mixing 
via orbital stirring (top) and shaking (bottom); C) Scope of automated NHPI ester synthesis (yields were determined by quantitative proton NMR with 1,3,5-trime
thoxybenzene as internal standard).
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NHPI ester and add in solutions of the catalytic components of the re
action as well as aryl halide 2 (50 μmol) to a 24-well 1 mL plate (SI 
section 4). Our fully automated procedure proceeded with an average LC 
yield of 69% and a standard deviation of 14% over two steps. We 
attribute the standard deviation to the system’s sensitivity to passivation 
due to graphite’s greatly reduced surface area relative to RVC in the 
original procedure.

Next, we applied the workflow to prepare C(sp2)–C(sp3) coupling 
libraries using two med chem-like scaffolds, 3 and 4, and 24 different 
carboxylic acid building blocks. Our goal was to test the workflow with a 
realistic scenario, where a drug-like aryl halide core was functionalized 
at a late stage with various carboxylic acid building blocks to explore 
diversity. Reactions were performed in parallel on an 80 μmol scale 
(0.15 M), at 1.5 mA until 4 F/mol had been delivered. Two equivalents 
of carboxylic acids were used for initial NHPI ester synthesis. The results 
are summarized in Fig. 5A, and both LC yields and isolated yields from 
HTP are shown. A diverse range of alkyl substituents were accessible. 
Aryl methylation could be accomplished (3a) in 21% isolated yield. 
Primary carboxylic acids were competent coupling partners (3b-e, 4b-d) 
including neopentyl acid derivative (4f). Secondary carboxylic acids 
(3g-j, 4g, 4i) could also be used successfully in this transformation. 
Pleasingly, quaternary cyclobutane derivatives 3k and 4k, and bicyclo 
[1.1.1]pentane substituted 4l could be obtained in isolable quantities. 
We successfully demonstrated the coupling of carboxylic acids with 
alpha-heteroatoms (3m-s, 4m-s) which generate products inaccessible 
with most other alkyl radical precursors. The alpha-heteroatom con
taining acids coupled more effectively with aryl iodide 3 than aryl 
bromide 4 and overall gave isolated yields between 14 and 24%. Protic 
functional groups 3u, 4u were tolerated, including an Fmoc alanine 
derivative which generated 3v. The corresponding analog (4v) starting 
from aryl bromide 4 was not observed. Benzylic carboxylic acids were 
also employed in the reaction giving product 3w. In several cases, 

product was observed by LCMS, but could not be isolated in sufficient 
quantities or purity for full characterization: including oxetane deriva
tive 3h, and alpha carbonyl containing carboxylic acid 3t. Products 
derived from a carboxylic acid with an alpha difluoromethyl ether (3s, 
4s) were not isolated. Coupling a more electron-deficient benzylic car
boxylic acid, containing a difluoromethyl sulfone failed to generate 3x 
and 4x. When using aryl bromide 4, dialkylation byproducts derived 
from coupling both at the bromide and chloride were observed by LCMS 
in some cases.

Both the unsubstituted NHPI (R––H) and 2-hydroxy-5-methoxyisoin
doline-1,3-dione (R = OMe) OMe–NHPI esters were synthesized from 
the carboxylic acids using the automated protocol and assessed in the 
decarboxylative coupling reaction with aryl iodide 3. The product dis
tributions are shown in Fig. 5B. The OMe–NHPI ester offers slower 
decarboxylation, which may help match the rate of oxidative addition 
when the aryl halide is less reactive, or the NHPI ester is prone to rapid 
decarboxylation [41]. The success rate of the library using aryl iodide 3 
was 14/24 with unsubstituted NHPI esters, and 18/24 using OMe–NHPI 
esters. The average yields across the NHPI-ester and OMe–NHPI ester 
libraries were 12%, and 18%, respectively. The higher success rate 
observed using OMe–NHPI esters is due to the minimization of the Ar–Ar 
coupling side product. Aryl-aryl coupling is formed by off-cycle elec
trochemical reduction of oxidative addition complexes when the rate of 
alkyl radical formation is mis-matched [41]. Alpha-heteroatom con
taining NHPI esters are particularly prone to rapid decarboxylation, and 
therefore the greatest improvements in yield between NHPI and 
OMe–NHPI esters are for this class of BB. Other side-products, including 
phenol formation (Ar-OH) and dehalogenation (Ar–H) showed less 
dependence on NHPI substitution (Fig. 5B).

After successfully performing the coupling reaction on carboxylic 
acids containing base-sensitive functional groups, we became interested 
in applying this methodology on PROTACs (proteolysis targeting 

Fig. 4. Reproducibility of automated electrochemical decarboxylative coupling protocol with model substrate (yields were determined by LCMS with a calibration 
curve with 4-ditertbutylbuphenyl as internal standard).
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chimeras) containing base-sensitive glutarimide moieties. The base- 
sensitivity of the glutarimide moiety can hamper cross-coupling re
actions due to decomposition of the starting materials or products. Our 
strategy was to activate commercial carboxylic acid-containing partial 
PROTACs as the NHPI esters and couple these onto the protein of interest 

(POI) binders to evaluate warhead-linker combinations rapidly. By 
performing a decarboxylative C(sp2)–C(sp3) coupling, instead of the 
more traditional approach of amidation, the pharmacokinetic and 
physiochemical properties of the resulting PROTACs can be improved 
[42]. Furthermore, to the best of our knowledge, this is the first example 

Fig. 5. A) Library synthesis results are reported as LCAP (Liquid Chromatography Area Percentage) values and isolated HTP yields in parentheses; B) distribution of 
LC product yields across library with aryl iodide 3, comparing acid activation with OMe–NHPI (blue, left) and H–NHPI (red, right). Ar-Alk refers to products 3a-3x; 
Ar–Ar is aryl-aryl homocoupling; Ar-OH is formation of phenol by-product; and Ar–H refers to aryl dehalogenation. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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of C(sp2)–C(sp3) coupling directly on commercially available partial 
PROTACs. In previous reports, bifunctional linker libraries are step-wise 
connected to the POI binder before C(sp2)–C(sp3) coupling to an 
aryl-halide containing CRBN-warhead [25].

A set of 24 commercially available CBRN (Cereblon) ligands was 
assembled with both thalidomide and lenalidomide warheads repre
sented, as well as a range of linker lengths and functional groups to test 
the methodology on challenging, base-sensitive molecules. Coupling 
was demonstrated with aryl iodide 3 as a model POI binder (Fig. 6). The 
automated workflow was essential to minimize the chemist’s exposure 
to these potentially teratogenic compounds. Reaction conditions were 
the same as for library synthesis above except swapping THF for DMF for 
the first step of acid activation to better solubilize the partial PROTACs 
and thus increase recovery of the NHPI esters. For these molecules, NHPI 
and OMe–NHPI esters gave similar yields of C(sp2)–C(sp3) products, but 
byproducts from the OMe–NHPI esters were responsible for low re
coveries due to co-elution during purification. Consequently, LC and 
isolated yields of the library using NHPI are shown in Fig. 6.

Overall, 20/24 PROTACs could be accessed in isolable quantities, 
with an average yield of 14%. While the yields are modest, access to the 
targets is paramount for medicinal chemistry purposes. Hence, a lower 
yield is often acceptable if the reaction enables enough material to be 
synthesized for assaying. Primary carboxylic acids with ether (5a) and 
aniline (5b-c) linkages were coupled to 3 in 28, 15 & 29% yield, 
respectively. The length of the linker region significantly affected re
action success: ether 5d with a 3-carbon linker was observed by LC but 
could not be isolated. Thioether 5f and ether 5g with 2-carbon linkers 
were not observed. The piperazine linkage in 5e was incompatible with 
the reaction conditions. To directly compare the compatibility of 
thalidomide and lenalidomide motifs with the methodology, compounds 
5h and 5i were synthesized, respectively, and were found to be 
compatible with the reaction conditions. Both lenalidomide derivatives 
5i, which has the linker attached at the 7-position, and 5j, which has the 
linker attached at the 6-position, had similar reactivity by LC, but 5j 
could be isolated in higher yield (26%) by HTP. Lenalidomide 

derivatives with benzylic carboxylic acids could also be derivatized at 
multiple positions on the aromatic ring (5k-l, 5x). Secondary carboxylic 
acids were competent in the arylation (5m, 5u-v). Substrates with het
eroatoms alpha to the carboxylic acid were more challenging (5n-t, 5w), 
but in all cases provided isolable quantities except 5r.

3. Conclusion

In conclusion, we have developed an automated, parallel workflow 
to first activate carboxylic acids as their NHPI esters without chro
matographic purification, then utilize those NHPI esters in a decarbox
ylative, electrochemical arylation reaction. The broad scope of the 
methodology was demonstrated by coupling a diverse set of carboxylic 
acid targets with drug-like aryl halides. The methodology was extended 
to the derivatization of carboxylic acid-containing partial PROTACs 
featuring thalidomide and lenalidomide motifs. Importantly, the auto
mated protocol developed to execute this reaction enhances safety by 
minimizing exposure to potentially teratogenic compounds. This 
advance enables the chemical diversity of aliphatic carboxylic acids to 
be rapidly incorporated into drug-like molecules in an automated, high- 
throughput fashion. The orthogonal coverage of chemical space that 
carboxylic acids offer, relative to aliphatic alcohols, and the functional 
group tolerance of the methodology, as exemplified by the coupling of 
carboxylic acids with base-sensitive Fmoc groups, difluoromethyl sul
fones, and glutarimide motifs, make this an attractive avenue for 
increasing Fsp3 in drug discovery campaigns. Future directions include 
extending this methodology beyond amino acids to peptides as well as 
performing C(sp3)–C(sp3) cross-couplings. Other methodologies where 
NHPI esters are employed will also be explored. We envision future 
improvements in parallel electrochemical reactors, such as the ability to 
control potential and current for individual wells, compatibility with 
larger reaction vessels, and the ability to vary the electrode surface area, 
will expand opportunities for further developments in this field.

Fig. 6. Protac library synthesis results reported as LCAP (Liquid Chromatography Area Percentage) values and isolated HTP yields in parentheses.
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[14] W. Liu, J. Mulhearn, B. Hao, S. Cañellas, S. Last, J.E. Gómez, A. Jones, A. De Vera, 
K. Kumar, R. Rodríguez, et al., Enabling deoxygenative C(sp2)-C(sp3) cross- 
coupling for parallel medicinal chemistry, ACS Med. Chem. Lett. 14 (6) (2023) 
853–859. https://doi.org/10.1021/acsmedchemlett.3c00118.

[15] R. Xia, M.-S. Xie, H.-Y. Niu, G.-R. Qu, H.-M. Guo, Radical route for the alkylation of 
purine nucleosides at C6 via minisci reaction, Org. Lett. 16 (2) (2014) 444–447. 
https://doi.org/10.1021/ol4033336.

[16] G. Laudadio, M.D. Palkowitz, T. El-Hayek Ewing, P.S. Baran, Decarboxylative 
cross-coupling: a radical tool in medicinal chemistry, ACS Med. Chem. Lett. 13 (9) 
(2022) 1413–1420. https://doi.org/10.1021/acsmedchemlett.2c00286.

[17] K.M.M. Huihui, J.A. Caputo, Z. Melchor, A.M. Olivares, A.M. Spiewak, K. 
A. Johnson, T.A. DiBenedetto, S. Kim, L.K.G. Ackerman, D.J. Weix, 
Decarboxylative cross-electrophile coupling of N-hydroxyphthalimide esters with 
aryl iodides, J. Am. Chem. Soc. 138 (15) (2016) 5016–5019. https://doi.org/10.1 
021/jacs.6b01533.

[18] E. Bombonato, V. Fasano, D. Pecorari, L. Fornasari, F. Castagnini, M. Marcaccio, 
P. Ronchi, Electrochemical synthesis of unnatural amino acids embedding 5- and 6- 
membered heteroaromatics, ACS Omega 9 (11) (2024) 13081–13085. https://doi. 
org/10.1021/acsomega.3c09357.

[19] E. Watanabe, Y. Chen, O. May, S.V. Ley, A practical method for continuous 
production of sp3-rich compounds from (Hetero)Aryl halides and redox-active 
esters, Chem. Eur J. 26 (1) (2020) 186–191. https://doi.org/10.1002/chem. 
201905048.

[20] D.T. Flood, S. Asai, X. Zhang, J. Wang, L. Yoon, Z.C. Adams, B.C. Dillingham, B. 
B. Sanchez, J.C. Vantourout, M.E. Flanagan, et al., Expanding reactivity in DNA- 
encoded library synthesis via reversible binding of DNA to an inert quaternary 
ammonium support, J. Am. Chem. Soc. 141 (25) (2019) 9998–10006. https://doi. 
org/10.1021/jacs.9b03774.

[21] M.D. Palkowitz, G. Laudadio, S. Kolb, J. Choi, M.S. Oderinde, T.E.-H. Ewing, P. 
N. Bolduc, T. Chen, H. Zhang, P.T.W. Cheng, et al., Overcoming limitations in 
decarboxylative arylation via Ag–Ni electrocatalysis, J. Am. Chem. Soc. 144 (38) 
(2022) 17709–17720. https://doi.org/10.1021/jacs.2c08006.
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