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Development of copper-catalyzed deaminative
esterification using high-throughput
experimentation
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Repurposing of amine and carboxylic acid building blocks provides an enormous opportunity

to expand the accessible chemical space, because amine and acid feedstocks are typically low

cost and available in high diversity. Herein, we report a copper-catalyzed deaminative

esterification based on C–N activation of aryl amines via diazonium salt formation. The

reaction was specifically designed to complement the popular amide coupling reaction.

A chemoinformatic analysis of commercial building blocks demonstrates that by utilizing aryl

amines, our method nearly doubles the available esterification chemical space compared to

classic Fischer esterification with phenols. High-throughput experimentation in microliter

reaction droplets was used to develop the reaction, along with classic scope studies, both of

which demonstrated robust performance against hundreds of substrate pairs. Furthermore,

we have demonstrated that this new esterification is suitable for late-stage diversification and

for building-block repurposing to expand chemical space.
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Amines and carboxylic acids are abundant building blocks
that are classically united via amide coupling1–3. While
the amide coupling is a powerful reaction, there are

hundreds of other hypothetical ways in which amines and car-
boxylic acids can be coupled, with each new transformation
imprinting a unique physicochemical property fingerprint on the
product4. An amine–acid esterification for instance would be a
powerful complement to the amide coupling. Esters are one of the
most prevalent functional groups among natural and industrial
chemicals. Their synthesis has classically relied on Fischer’s
esterification method to unite alcohol and an acid5, although
complementary esterification reactions of acids with aryl
halides6–9, aryl boronates10–12, aryl sulfonates13, aryl iodonium
salts14,15 and silanes16 have emerged. An amine–acid esterifica-
tion would leverage the abundance of two popular building blocks
(Fig. 1A). Aryl amines are frequently encountered in pharma-
ceutical research, so harnessing this functional group would also
provide opportunities for late-stage diversification. Additionally,
ester products are prevalent in agrochemicals, materials, fra-
grances, natural products, and pharmaceuticals (Fig. 1B) such as
camostat (1), gabexate (2), and candoxatril (3). As pharmaceu-
ticals, esters are commonly used as prodrugs, as in 2, or as short-
acting agents like local anesthetics. While many, but not all, esters
are readily cleaved by plasma esterases17, several medicines, such
as taxol or 1, highlight the direct role esters can play in inducing
diverse bioactivities.

Recently C–N bond activation has emerged as an important
synthetic strategy to exploit the commercial and natural pre-
valence of the amine functional group18–21, leading us to consider
the transformation of a C–N bond into a C–O bond. A handful of
C–N to C–O transformations have been reported22–30, but this
transformation class remains largely unexplored. We were excited
to extend von Pechmann’s classic methyl esterification with
diazomethane31 to a mild, selective, and robust aryl ester synth-
esis employing aryl diazonium salts. While diazonium salts may
present an explosion hazard32–34, these reactive species can be
handled with proper precautions or in flow35,36. Our approach is
to target reactions through chemoinformatic analysis and pro-
secute the discovery and development using high-throughput
experimentation (HTE)4,37. On the small reaction scale employed
in miniaturized HTE38,39, the hazards of handling diazonium
salts are minimized. For esterification, we performed exploratory
screens of diverse reaction spaces in 24 wells, followed by sys-
tematic reaction optimization in 96 wells, and finally reaction
performance profiling in 1536 wells (Fig. 1C). Thus, our method
provides drug hunters a means to repurpose their chemical
building-block libraries, making amide products in the traditional
approach or ester analogs using our approach.

Anilines are a cheap, abundant feedstock and are commercially
available in high diversity, making them a valuable starting mate-
rial for ester synthesis. By repurposing aniline building blocks as
esters, instead of the classic amide, a subtle change in physico-
chemical properties emerges (Fig. 2A). Esters have fewer hydrogen
bond donors (HBD) than amides (Fig. 2A), potentially increasing
the permeability of the products across biological membranes40.
We compared a virtual library of esters and amides, derived from
the drug metoclopramide (Fig. 2D and Supplementary Informa-
tion), for their predicted blood–brain permeability using the central
nervous system probabilistic multiparameter optimization
(CNS-pMPO) score40,41. The average and maximum predicted
blood–brain barrier permeability was much increased for ester
products versus amide products generated from the same building
blocks. We also performed a survey of commercially available
building blocks from the MilliporeSigma catalog (Fig. 2B), which
revealed that there are 4142 unique phenols and 2996 unique
anilines, with only 633 matched molecular pairs between the two

sets of building blocks. This 42% expansion of accessible chemical
space from the anilines, compared to the phenols, can be readily
seen in a T-distributed Stochastic Neighbor Embedding (tSNE)
analysis of computationally enumerated esters produced from
aspirin using either the 4142 phenols via Fischer esterification or
the 2996 anilines using our amine–acid esterification (Fig. 2C).
There is minimal overlap of chemical space, demonstrating that an
amine–acid esterification can provide broad access to new and
complementary structures. Collectively, these analyses quantify the
value that an amine–acid esterification would provide as an addi-
tion to the synthetic toolbox.

Results and discussion
We reasoned that transition metals capable of both activating the
C–N bond of a diazonium salt and forming a C–O bond would be
capable of achieving the desired esterification (Fig. 3A). Recent
studies employ diazonium salts as substrates in palladium42–47,
copper48–50, and gold51 catalyzed Meerwein-type, Suzuki-type,
and Sonogashira-type coupling reactions. There has also been a
resurgence of Sandmeyer-type reactions forging C–heteroatom
bonds from diazonium salts to leverage the low cost of aryl
amines33,52,53. Since palladium, nickel, and copper have been

Fig. 1 HTE enabled amine–acid esterification and its application in drug
molecules. A The amine–acid esterification. B Esters are an important
medicinal functionality as in drugs 1–3. C Reaction discovery, optimization,
and scope profiling is achieved using HTE.
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used for both diazonium activation and C–O coupling, we
interrogated these metals’ ability to forge esters from diazonium
salts using HTE in 24 wells (Fig. 3B). As a preliminary result, we
identified that the combination of one equivalent each of copper
iodide, silver nitrate, and pyridine promotes the esterification of
4 with 5 to give 6. This data, which was included in our first
amine–acid coupling report4, demonstrated the feasibility of the
desired reaction but required the use of two metals in stoichio-
metric amounts. Subsequently, we surveyed a variety of copper
salts and ligands in 96-well arrays with 4 and 5 producing
6 under catalytic conditions. A first survey identified
(CuOTf)2•C6H6 with no ligand as the best condition (Fig. 3C)
when 2,4,6-collidine was used as a base. A deeper survey of
ligands and bases confirmed that diverse ligands such as phos-
phines, bipyridines, diamines, and oxalamides (see Supplemen-
tary Information) were detrimental to reaction progression.
Likewise, 2,4,6-collidine remained the optimal base. Spectroscopic
studies (Fig. 3E) supported the hypothesis that collidine was
acting as a base, rather than a ligand. This was evidenced by a
bathochromic shift only observed when copper, acid, and colli-
dine were mixed, suggesting the carboxylate thus formed coor-
dinates with copper. Select results from miniaturized reactions
were repeated, alongside additional optimization conditions, on a
0.300 mmol reaction scale and are presented in Fig. 3F. The
nature of the copper salt used had a modest impact on
reaction performance (entries 1–6) and we moved forward with
Cu(MeCN)4BF4 as a preferred promoter because it displayed
optimal performance and is common and affordable (entry 3).
Reduction of the copper loading below 30mol% was viable
although yields were lower. Since no expensive ligand is required

for the reaction, and the copper salt used is itself relatively
inexpensive, we elected to move forward with 30 mol%
Cu(MeCN)4BF4 with 2,4,6-collidine in acetonitrile as our pre-
ferred conditions. No product was formed in the absence of base
(entry 9), Alternate bases gave sub-optimal performance (entries
6–9) and copper salt was required for the reaction to occur (entry
10). Acetonitrile was the optimal solvent (entry 3 versus 11–13),
although 6 was observed with other nitrile solvents, such as
benzonitrile (entry 11). We sought to explore the feasibility of this
esterification for late-stage diversification using heterocyclic and
pharmaceutically relevant aryl amines. We chose to explore
complex molecule diversification using miniaturized ultraHTE in
1536 well plates54. In this format, reactions are executed by
nanoliter robotic dosing in an inert atmosphere glovebox, in a
plastic microtiter plate55–59, with reaction analysis determined by
assay yield, or conversion to product relative to an internal
standard59 using UPLC-MS. Nanomole-scale reactions in 1536-
well plates have not yet been reported outside of an industrial
setting. To validate this technique in an academic setting, we
performed quadruplicate entries for 384 diazonium–acid sub-
strate pairs (1536 reactions in total) thus interrogating the
reproducibility of the method. Diazonium salts (7–10, Fig. 3G)
were prepared from 8-aminoquinoline, sulfadoxine, sulfa-
methoxazole, and metoclopramide respectively, then dosed into
1536-well plates on an SPT Labtech mosquito® under a nitrogen
atmosphere. To facilitate reaction miniaturization, we used ben-
zonitrile in place of acetonitrile as a high boiling solvent. Since we
anticipated the formation of the product would be lowered in
this solvent (Fig. 3F, entry 11), we raised the loading of
Cu(MeCN)4BF4 to 100 mol%. Among the 384 pairs of substrates

Fig. 2 Physicochemical properties of amides and esters and complementary chemical space of anilines to phenols. A An amine and carboxylic acid can
be coupled in a variety of transformations beyond the traditional amide coupling, including the esterification reaction developed here, which gives a unique
property footprint. B Venn diagram showing the complementarity of phenol to aniline building blocks available in the MilliporeSigma catalog. C tSNE
analysis showing the complementarity of ester products generated by coupling aspirin to phenol (blue dots) versus aniline (yellow dots) building blocks
available in the MilliporeSigma catalog. D Ester products have a higher predicted blood–brain permeability (CNS-pMPO score) than classic amide products
produced from the same set of anilines when coupled to the drug metaclopramide.
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surveyed, the desired ester products were reproducibly observed
by UPLC-MS analysis in 322 instances (Fig. 3D) with an average
standard deviation of 5.5% across the quadruplicate data
(see Supplementary Information). Informed by this ultra-
HTE study, late-stage diversification reactions were performed on
a 0.300 mmol scale, giving 11–13 in 27–75% isolated yield
(Fig. 3H).

The substrate scope for this reaction is very broad. We explored
the generality of coupling diazonium salts to a series of carboxylic

acids (Fig. 4). Aliphatic (17, 24, 36), benzylic (23, 32, 37), and
aromatic (6, 27, 35) carboxylic acids performed well giving
desired products in 48–89% isolated yield. Amino acids were
viable substrates, with both N-Boc (7) and N-tosyl proline
(31) generating the desired ester product (8, 24) in good yield.
A variety of functionalities were tolerated such as N-Boc groups
(5, 20, 3, 4), N-toluenesulfonamides (18, 31), nitro- (27), thia-
zolo- (30), fluoro- (23), and styrenyl motifs (25). Diazonium
salts derived from both electron-rich (6, 16, 19, 38) and electron-

Fig. 3 Reaction discovery and profiling with HTE. A General deaminative esterification reaction. B Heatmap showing the discovery of the esterification
reaction in 24 glass microvials. Dtbpy = 4,4′-di-tert-butyl-2,2′-dipyridyl, xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene. C Heatmap
showing optimization of esterification in 96 glass microvials (see Supplementary Information for details). Pybox= 2,6-bis[(4 S)-(− )-isopropyl-2-oxazolin-
2-yl]pyridine, box = 2,2-Bis((4 S)-(–)-4-isopropyloxazoline)propane, terpy = 2,2′:6′,2′′-terpyridine, dmphen = 4,7-dimethoxy-1,10-phenanthroline,
CuTC = copper(I) thiophene-2-carboxylate, CuPC = copper(II) phthalocyanine. D Heatmap showing the reproducibility of quadruplicate data for a library
of 96 acids coupled to 7–10 in plastic 1536-well plates. The overall average standard deviation across the quadruplicate data was 5.5%. The wells with the
gray color indicated that the dosage of the internal standard was missing. E UV-Vis absorbance data show an interaction between Cu(MeCN)4BF4, 4 and
2,4,6-collidine. F Reaction optimization. a 1H-NMR yield with 1,3,5-trimethoxybenzene as internal standard, b Isolated yield. G Diazonium salts used in the
1536 screen shown in D. H Select reactions from those shown in D were repeated on a 0.300mmol scale using Cu(MeCN)4BF4 (100mol%) to produce
11, 12, and 13 in isolated yield shown.
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deficient (21, 26, 28) aryl amines were successful giving desired
products in 64–89% yield. Sterically hindered diazonium salts
were also viable (34). Alkyl diazonium salts were not attempted in
this chemistry owing to their perceived instability.

Having demonstrated a robust substrate scope for this C–N to
C–O transformation, we considered a variety of applications. For

instance, the ester 24, which was produced in 76% yield, is a
potential intermediate in the synthesis of the marketed protease
inhibitor gabexate (2). Recognizing that in situ activations of amine
substrates would be operationally convenient60, we explored an
activation strategy (See Supplementary Information) wherein
iAmONO and BF3•Et2O were added to the free aniline, p-toluidine,

Fig. 4 Substrate scope. Reactions were run with carboxylic acids (0.300mmol), diazonium salts (1.5 equiv.), Cu(MeCN)4BF4 (30mol%), and 2,4,6-
collidine (1.5 equiv.) in anhydrous acetonitrile (0.1 M) at room temperature, generally over 16 h. Reported yields are isolated yields of purified products.
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prior to the addition of the other reagents. By this protocol, the
desired ester product was isolated in 72% yield, compared to 89%
for the preparation of 6 from the isolated diazonium salt 5.

Finally, to stress-test reaction performance, we evaluated the
robustness of this reaction towards pharmaceutical diversification
on actual pharmaceuticals obtained from crushed over-the-
counter pills (Fig. 5). The reaction was successful regardless of
whether the carboxylic acid was reagent grade or obtained from
the crushed pill, with no additional treatment to remove fillers or
excipients, giving esters derived from aspirin (42), naproxen (43),
ibuprofen (44), and fexofenadine (45) in comparable yield and
demonstrating that even substrates contaminated with pill exci-
pients are viable. Remarkably, the basic amine and free alcohols
of 45 were tolerated, albeit in somewhat reduced yield. The ability
to use free alcohols highlights the complementarity of our method
with classic alcohol–acid esterification protocols.

Conclusion
In conclusion, we have developed copper-catalyzed esterification
of diazonium salts with carboxylic acids and demonstrated its use
in library synthesis with ultraHTE. This C–N to C–O conversion
is a complement to the traditional amide coupling, which gen-
erates products with similar shapes and electronics but with one
fewer hydrogen bond donor (HBD). The new coupling reaction
reported here thus adds to a growing menu of amine–acid
transformations that can be selected to modulate physicochemical
properties.

Methods
All reactions were conducted in the oven- or flame-dried glassware under an
atmosphere of nitrogen unless stated otherwise. Reactions were set up in an
MBraun LABmaster Pro Glove Box (H2O level <0.1 ppm, O2 level <0.1 ppm), or
using the standard Schlenk technique with a glass vacuum manifold connected to
an inlet of dry nitrogen gas. Solvents (acetonitrile, tetrahydrofuran,

dichloromethane) were purified using a MBraun SPS solvent purification system,
by purging with nitrogen, and then passing the solvent through a column of
activated alumina. Flash chromatography was performed on silica gel (230–400
Mesh, Grade 60) under a positive pressure of nitrogen. Thin Layer Chromato-
graphy was performed on 25 µm TLC Silica gel 60 F254 glass plates purchased from
Fisher Scientific (part number: S07876). Visualization was performed using ultra-
violet light (254 nm), potassium permanganate (KMnO4) stain. See Supplementary
Information for additional details. Data used to produce the heatmap is also
available in the Supplementary Information. Diazonium salts may exhibit explo-
sion hazards, especially when used in anhydrous solid form, so they should be
handled with caution. Refs. 32–34 provide additional details for the safe handling of
diazonium salts. The diazonium salts in this work were stored in the freezer in a
secondary container and used within one month after preparation.

Data availability
Raw data and experimental procedures are available in the Supplementary Information.
The general methods for the preparation of ester products 6–45 and their
characterizations are available in the Supplementary Information
(Section Supplementary Methods), 1H-NMR, 13C NMR spectra for compounds 6–45
and 19F NMR spectra for fluorine-containing compounds are available in
the Supplementary Information (Section Supplementary Note 1: Spectra). Additionally,
preparation for diazonium salts and HTE operation referred to literature references
in Supplementary References.

Code availability
All code for the chemoinformatic portion of this study can be found at https://github.
com/cernaklab/acid-amine-esterification.

Received: 18 February 2022; Accepted: 28 June 2022;

References
1. Boström, J., Brown, D. G., Young, R. J. & Keserü, G. M. Expanding the

medicinal chemistry synthetic toolbox. Nat. Rev. Drug Discov. 17, 709–727,
(2018).

2. Brown, D. G. & Boström, J. Analysis of past and present synthetic
methodologies on medicinal chemistry: where have all the new reactions gone?
J. Med. Chem. 59, 4443–4458 (2016).

3. Roughley, S. D. & Jordan, A. M. The medicinal chemist’s toolbox: an analysis
of reactions used in the pursuit of drug candidates. J. Med. Chem. 54,
3451–3479 (2011).

4. Mahjour, B., Shen, Y., Liu, W. & Cernak, T. A map of the amine–carboxylic
acid coupling system. Nature 580, 71–75 (2020).

5. Fischer, E. & Speier, A. Darstellung der ester. Ber. Dtsch. Chem. Ges. 28,
3252–3258 (1895).

6. Li, L. et al. Ligand-controlled C−O bond coupling of carboxylic acids and aryl
iodides: experimental and computational insights. Adv. Synth. Catal. 362,
126–132 (2020).

7. Lu, J. et al. Donor–acceptor fluorophores for energy-transfer-mediated
photocatalysis. J. Am. Chem. Soc. 140, 13719–13725 (2018).

8. Welin, E. R., Le, C., Arias-Rotondo, D. M., McCusker, J. K. & MacMillan, D.
W. C. Photosensitized, energy transfer-mediated organometallic catalysis
through electronically excited nickel(II). Science 355, 380 (2017).

9. Zhu, D.-L. et al. Visible light driven, nickel-catalyzed aryl esterification using a
triplet photosensitiser thioxanthen-9-one. Org. Chem. Front. 6, 2353–2359
(2019).

10. Ruso, J. S., Rajendiran, N. & Kumaran, R. S. Metal-free synthesis of aryl esters
by coupling aryl carboxylic acids and aryl boronic acids. Tetrahedron Lett. 55,
2345–2347 (2014).

11. Zhang, L., Zhang, G., Zhang, M. & Cheng, J. Cu(OTf)2-mediated Chan-Lam
reaction of carboxylic acids to access phenolic esters. J. Org. Chem. 75,
7472–7474 (2010).

12. Xu, X., Feng, H., Li, H. & Huang, L. Enol ester intermediate induced metal-
free oxidative coupling of carboxylic acids and arylboronic acids. Eur. J. Org.
Chem. 2019, 3921–3928 (2019).

13. Pudhom, K. & Vilaivan, T. Synthesis of aryl esters of protected amino acids
from aryl sulfonates. Tetrahedron Lett. 40, 5939–5942 (1999).

14. Petersen, T. B., Khan, R. & Olofsson, B. Metal-free synthesis of aryl esters
from carboxylic acids and diaryliodonium salts. Org. Lett. 13, 3462–3465
(2011).

Fig. 5 The amine–acid esterification applied directly to over-the-counter
pills. Ester products 42–45 are derived from both reagents and OTC pills
(See Supplementary Information for details).

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00698-0

6 COMMUNICATIONS CHEMISTRY |            (2022) 5:83 | https://doi.org/10.1038/s42004-022-00698-0 | www.nature.com/commschem

https://github.com/cernaklab/acid-amine-esterification
https://github.com/cernaklab/acid-amine-esterification
www.nature.com/commschem


15. Dohi, T. et al. Metal-free O-arylation of carboxylic acid by active
diaryliodonium(III) intermediates generated in situ from iodosoarenes. Adv.
Synth. Catal. 359, 3503–3508 (2017).

16. Luo, F., Pan, C., Qian, P. & Cheng, J. Copper(II)-catalyzed esterification of
arenecarboxylic acids with aryl- and vinyl-substituted trimethoxysilanes.
Synthesis 2010, 2005–2010 (2010).

17. Wang, D. et al. Human carboxylesterases: a comprehensive review. Acta
Pharm. Sin. B 8, 699–712 (2018).

18. Berger, K. J. & Levin, M. D. Reframing primary alkyl amines as aliphatic
building blocks. Org. Biomol. Chem. 19, 11–36 (2021).

19. Plunkett, S., Basch, C. H., Santana, S. O. & Watson, M. P. Harnessing
alkylpyridinium salts as electrophiles in deaminative alkyl–alkyl cross-
couplings. J. Am. Chem. Soc. 141, 2257–2262 (2019).

20. Kennedy, S. H., Dherange, B. D., Berger, K. J. & Levin, M. D. Skeletal editing
through direct nitrogen deletion of secondary amines. Nature 593, 223–227 (2021).

21. He, S. et al. Benzimidazole-based DGAT1 inhibitors with a [3.1.0]
bicyclohexane carboxylic acid moiety. Bioorg. Med. Chem. Lett. 29, 1182–1186
(2019).

22. Wang, D.-Y. et al. Non-transition metal-mediated diverse aryl–heteroatom
bond formation of arylammonium salts. iScience 15, 307–315 (2019).

23. Guo, L. et al. Transition-metal-free aerobic C–O bond formation via C–N
bond cleavage. Org. Chem. Front. 7, 1077–1081 (2020).

24. Wang, D.-Y., Yang, Z.-K., Wang, C., Zhang, A. & Uchiyama, M. From anilines
to aryl ethers: a facile, efficient, and versatile synthetic method employing mild
conditions. Angew. Chem. Int. Ed. 57, 3641–3645 (2018).

25. Hantzsch, A. Untersuchungen über die Spaltung der Diazoniumsalze. Ber.
Dtsch. Chem. Ges. 33, 2517–2541 (1900).

26. Kornblum, N. & Kelley, A. E. The reaction of diazonium salts with alcohols.
Science 117, 379 (1953).

27. Karimi Zarchi, M. A. & Ebrahimi, N. Simple and facile synthesis of aryl
benzoates from stabilized arenediazonium tetrafluoroborate using a recyclable
polymer-supported benzoate ion. J. Polym. Res. 19, 9997 (2012).

28. Reynard, G., Joseph-Valcin, E.-M. & Lebel, H. Protecting-group-free synthesis
of hydroxyesters from amino alcohols. Chem. Commun. 56, 10938–10941
(2020).

29. Audubert, C., Gamboa Marin, O. J. & Lebel, H. Batch and continuous-flow
one-pot processes using amine diazotization to produce silylated diazo
reagents. Angew. Chem. Int. Ed. 56, 6294–6297 (2017).

30. Laali, K. K. & Gettwert, V. J. Fluorodediazoniation in ionic liquid solvents:
new life for the Balz–Schiemann reaction. J. Fluor. Chem. 107, 31–34 (2001).

31. Pechmann, H. V. Ueber diazomethan. Ber. Dtsch. Chem. Ges. 27, 1888–1891
(1894).

32. Sheng, M., Frurip, D. & Gorman, D. Reactive chemical hazards of diazonium
salts. J. Loss Prev. Process Ind. 38, 114–118 (2015).

33. Canning, P. S. J., Maskill, H., McCrudden, K. & Sexton, B. A product
analytical study of the thermal and photolytic decomposition of some
arenediazonium salts in solution. Bull. Chem. Soc. Jpn. 75, 789–800 (2002).

34. Molinaro, C. et al. A practical synthesis of α-aryl methyl ketones via a
transition-metal-free meerwein arylation. J. Org. Chem. 72, 1856–1858 (2007).

35. Oger, N., Le Grognec, E. & Felpin, F.-X. Handling diazonium salts in flow for
organic and material chemistry. Org. Chem. Front. 2, 590–614 (2015).

36. Audubert, C. & Lebel, H. Mild esterification of carboxylic acids via continuous
flow diazotization of amines. Org. Lett. 19, 4407–4410 (2017).

37. Cernak, T. & Zhang, Z. The formal cross-coupling of amines and carboxylic
acids to form sp3–sp3 carbon–carbon bonds. Angew. Chem. Int. Ed. 60,
27293–27298 (2021).

38. Shen, Y., Borowski, J. E., Hardy, M. A., Sarpong, R., Doyle, A. G. & Cernak, T.
Automation and computer-assisted planning for chemical synthesis. Nat. Rev.
Methods Prim. 1, 1–23 (2021).

39. Wong, H. & Cernak, T. Reaction miniaturization in eco-friendly solvents.
Curr. Opin. Green. Sustain. Chem. 11, 91–98 (2018).

40. Wager, T. T., Hou, X., Verhoest, P. R. & Villalobos, A. Moving beyond rules:
the development of a central nervous system multiparameter optimization
(CNS MPO) approach to enable alignment of druglike properties. ACS Chem.
Neurosci. 1, 435–449 (2010).

41. Wager, T. T., Hou, X., Verhoest, P. R. & Villalobos, A. Central nervous system
multiparameter optimization desirability: application in drug discovery. ACS
Chem. Neurosci. 7, 767–775 (2016).

42. Kalyani, D., McMurtrey, K. B., Neufeldt, S. R. & Sanford, M. S. Room-
temperature C–H arylation: merger of Pd-catalyzed C–H functionalization
and visible-light photocatalysis. J. Am. Chem. Soc. 133, 18566–18569 (2011).

43. Roglans, A., Pla-Quintana, A. & Moreno-Mañas, M. Diazonium salts as
substrates in palladium-catalyzed cross-coupling reactions. Chem. Rev. 106,
4622–4643 (2006).

44. Sanhueza, I. A. et al. Base-free cross-couplings of aryl diazonium salts in
methanol: PdII–alkoxy as reactivity-controlling intermediate. Angew. Chem.
Int. Ed. 60, 7007–7012 (2021).

45. Bhojane, J. M., Jadhav, V. G. & Nagarkar, J. M. Pd(NHC)PEPPSI-diazonium
salts: an efficient blend for the decarboxylative Sonogashira cross coupling
reaction. N. J. Chem. 41, 6775–6780 (2017).

46. Oger, N. & Felpin, F.-X. Heterogeneous palladium catalysts for
Suzuki–Miyaura coupling reactions involving aryl diazonium salts.
ChemCatChem 8, 1998–2009 (2016).

47. Panja, S., Maity, P. & Ranu, B. C. Palladium-catalyzed ligand-free
decarboxylative coupling of α- oxocarboxylic acid with aryl diazonium
tetrafluoroborate: an access to unsymmetrical diaryl ketones. J. Org. Chem. 83,
12609–12618 (2018).

48. Wu, J., Gu, Y., Leng, X. & Shen, Q. Copper-promoted Sandmeyer
difluoromethylthiolation of aryl and heteroaryl diazonium salts. Angew. Chem.
Int. Ed. 54, 7648–7652 (2015).

49. Schroll, P., Hari, D. P. & König, B. Photocatalytic arylation of alkenes, alkynes
and enones with diazonium salts. ChemistryOpen 1, 130–133 (2012).

50. Idris, M. A. & Lee, S. One-pot synthesis of pentafluorophenyl sulfonic esters
via copper-catalyzed reaction of aryl diazonium salts, DABSO, and
pentafluorophenol. Org. Lett. 23, 4516–4520 (2021).

51. Witzel, S., Xie, J., Rudolph, M. & Hashmi, A. S. K. Photosensitizer-free, gold-
catalyzed C–C cross-coupling of boronic acids and diazonium salts enabled by
visible light. Adv. Synth. Catal. 359, 1522–1528 (2017).

52. Mo, F., Qiu, D., Zhang, L. & Wang, J. Recent development of aryl diazonium
chemistry for the derivatization of aromatic compounds. Chem. Rev. 121,
5741–5829 (2021).

53. Peng, H., Cai, R., Xu, C., Chen, H. & Shi, X. Nucleophile promoted gold redox
catalysis with diazonium salts: C–Br, C–S and C–P bond formation through
catalytic Sandmeyer coupling. Chem. Sci. 7, 6190–6196 (2016).

54. Mahjour, B., Shen, Y. & Cernak, T. Ultrahigh-throughput experimentation
for information-rich chemical synthesis. Acc. Chem. Res. 54, 2337–2346
(2021).

55. Buitrago Santanilla, A. et al. Nanomole-scale high-throughput chemistry for
the synthesis of complex molecules. Science 347, 49 (2015).

56. Gesmundo, N. J. et al. Nanoscale synthesis and affinity ranking. Nature 557,
228–232 (2018).

57. Lin, S. et al. Mapping the dark space of chemical reactions with extended
nanomole synthesis and MALDI-TOF MS. Science 361, eaar6236 (2018).

58. Uehling, M. R., King, R. P., Krska, S. W., Cernak, T. & Buchwald, S. L.
Pharmaceutical diversification via palladium oxidative addition complexes.
Science 363, 405 (2019).

59. Shevlin, M. Practical high-throughput experimentation for chemists. ACS
Med. Chem. Lett. 8, 601–607 (2017).

60. Bayarmagnai, B., Matheis, C., Risto, E. & Goossen, L. J. One-pot Sandmeyer
trifluoromethylation and trifluoromethylthiolation. Adv. Synth. Catal. 356,
2343–2348 (2014).

Acknowledgements
The authors wish to thank the University of Michigan College of Pharmacy for start-up
funds. Dr. Amie Frank is thanked for their assistance in the preparation of this
manuscript.

Author contributions
Y.S. designed and executed chemistry experiments, processed, and analyzed the high-
throughput experimentation data. B.M. performed chemoinformatic studies. All authors
reviewed the data and wrote the manuscript. T.C. supervised the study.

Competing interests
The Cernak Lab has received research funding or in-kind donations from Milli-
poreSigma, Relay Therapeutics, Janssen Therapeutics, SPT Labtech, and Merck & Co.,
Inc. T.C. holds equity in Scorpion Therapeutics, and is a co-Founder and equity holder of
Entos, Inc.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-022-00698-0.

Correspondence and requests for materials should be addressed to Tim Cernak.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00698-0 ARTICLE

COMMUNICATIONS CHEMISTRY |            (2022) 5:83 | https://doi.org/10.1038/s42004-022-00698-0 | www.nature.com/commschem 7

https://doi.org/10.1038/s42004-022-00698-0
http://www.nature.com/reprints
www.nature.com/commschem
www.nature.com/commschem


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00698-0

8 COMMUNICATIONS CHEMISTRY |            (2022) 5:83 | https://doi.org/10.1038/s42004-022-00698-0 | www.nature.com/commschem

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Development of copper-catalyzed deaminative esterification using high-throughput experimentation
	Results and discussion
	Conclusion
	Methods
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




