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ABSTRACT: A method for the C−H carboxyamidation of
purines has been developed that is capable of directly installing
primary, secondary, and tertiary amides. Previous Minisci-type
investigations on purines were limited to alkylations and arylations.
Herein, we present the first method for the direct C−H amidation
of a wide range of purines: xanthine, guanine, and adenine
structures, including guanosine- and adenosine-type nucleosides. The Minisci-type reaction is also metal-free, cheap, operationally
simple, scalable, and applicable to late-stage functionalizations of biologically important molecules.

Purine bases and nucleosides are the most widely occurring
N-heterocycles in nature.1 In addition to forming the

structural units in DNA and RNA, purines are also significant
components of important biomolecules such as ATP, GTP,
cAMP, CoA, and NADH and thus have important applications
in biological and pharmaceutical chemistry.1 Methods for the
direct C−H functionalization of purines, especially methods
capable of late-stage functionalizations, would therefore be of
great interest for the rapid synthesis of purine base analogues
and derivatives. However, studies focused on Minisci-type C−
H functionalizations2 of purines have so far been limited to C-
6 alkylations3 and arylations4 on only the purine core 1 (rather
than the wider class of purines) using silver-mediated strategies
(Scheme 1A).5 There are currently no direct C−H amidation
strategies focused on purine base motifs. Nevertheless,
amidated purines have shown various activities such as
nematocidal,6 PI3K7 and metalloproteinase8 inhibitor, anti-
cancer,9 and antiviral10 activities and have been studied as
ratiometric sensors11 and postconditioning agents.12 Amidated
adenine UK-432097 was also exploited to map the internal
structure of the A2A adenosine receptor in detail by behaving as
a conformationally selective agonist.13

Previous methods of accessing C-amidated purine structures
typically required lengthy multistep prefunctionalization of
purines to the acid chloride6 or carboxylic acid reactant9b,11,14

(Scheme 1B).5f,15 Such reactants are often of limited
availability and are synthesized in two or three steps from
the parent purine.9a,14a We herein present the first method for
the direct C−H carboxyamidation of purine bases for the
functionalization of a wide range of xanthine, guanine, and
adenine structures, including guanosine- and adenosine-type
nucleosides and many well-known drug molecules with these
motifs (Scheme 1C). Furthermore, the reaction is metal-free,
operationally simple, and scalable.
While several Minisci-type16 C−H amidations17 of N-

heteroarenes via a carbamoyl radical were developed recently,
including transition-metal-catalyzed,18,19 visible-light-medi-

ated,20 electrocatalytic protocols5f and the metal-free method-
ology pioneered by our group,21−23 none were tested on
purines except for two reports that tested caffeine as part of the
substrate scope studies.20b,21a Decarboxylative photocatalytic
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Scheme 1. Functionalization of Purines

Letterpubs.acs.org/OrgLett

© 2022 The Authors. Published by
American Chemical Society

8008
https://doi.org/10.1021/acs.orglett.2c03206

Org. Lett. 2022, 24, 8008−8013

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+T.+Mooney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+R.+Moore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ai-Lan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.2c03206&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=agr1&ref=pdf
https://pubs.acs.org/toc/orlef7/24/43?ref=pdf
https://pubs.acs.org/toc/orlef7/24/43?ref=pdf
https://pubs.acs.org/toc/orlef7/24/43?ref=pdf
https://pubs.acs.org/toc/orlef7/24/43?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.2c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


conditions with caffeine and oxamic acids24 6 gave only a poor
42% yield of the product,19b and 5a also performed very poorly
under our original metal-free general conditions (entry 1,
Table 1). It is therefore clear that purines are much more

challenging substrates than the (iso)quinoline structures
typically employed for Minisci-type method development
studies, and this limitation should be addressed due to the
aforementioned importance of purines.
We thus commenced our optimization with model substrate

5a (Table 1), and dilution appeared to be the most important
factor for improving the yield (entries 1 and 2 vs 3). Although
the reaction proceeded well at 40 °C, performing the reaction
at 50 °C appeared to give a slightly better conversion (entries 3
and 4). The conversion also improved slightly with more
equivalents of persulfate (entries 5−7). Decreasing or
increasing the equivalents of oxamic acid 6a was detrimental
to the reaction yield (entries 7−9), and a reaction time of 6 h
was sufficient for full conversion with 5a (entries 9−12).
Entries 13 and 14 demonstrate that the temperature needs to
be at least 40 °C for appreciable reactivity. Control reactions
show that the reaction works equally well in the dark, requires
persulfate for reactivity, and works best in wet DMSO (see the
SI).
With the optimized conditions in hand, we began our

investigation with the xanthine25 substrate scope (Scheme 2).
Unlike that of the model substrate 5a (83% 4a), reactions with
other substrates were not always complete within 6 h, so a
more general reaction time of 18 h was adopted (e.g., 4b from
pentoxifylline). A second observation was that use of 3 equiv
rather than 5 equiv of (NH4)2S2O8 tended to produce better
yields (4b, 4e−g, and 4i). In cases where 5 equiv of
(NH4)2S2O8 gave better yields, the increase was marginal
(e.g., 88% vs 93% 4c; 51% vs 56% 4d), so 3 equiv of

(NH4)2S2O8 and 18 h were adopted as the revised general
optimized conditions.
We were pleased to find that the reactions showed

functional group tolerance with ketone (70% 4b), chloro
(56% 4d), acetal (66% 4e), alcohol (50% 4f and 51% 4g), and
diol (38% 4h). The position of the free alcohol matters; while
etofylline produced 4f in a 50% yield under the standard

Table 1. Selected Optimization Studiesa

entry T x y t conc. (M) 5a (%) 4a (%)

1 40 2 3 16 0.30 54 39
2 50 2 6 18 0.30 55 32
3 50 2 6 18 0.15 0 (71)b

4 40 2 6 18 0.15 8 75 (66)b

5 50 2 3 18 0.15 7 79
6 50 2 4 18 0.15 3 80
7 50 2 5 18 0.15 0 84
8 50 1.5 5 18 0.15 6 79
9 50 3 5 18 0.15 1 69
10 50 2 5 2 0.15 24 68
11 50 2 5 4 0.15 3 76
12 50 2 5 6 0.15 0 91 (83)b

13 rt 2 5 18 0.15 80 9
14 30 2 5 18 0.15 50 39
15 60 2 5 18 0.15 0 71

aThe reactions were performed with 0.2 mmol 5a. Yields were
determined by 1H NMR analysis using trimethoxybenzene as internal
standard unless otherwise stated. bIsolated yield in parentheses.

Scheme 2. Xanthine Scopee

aThe reaction was performed with 3 equiv of (NH4)2S2O8.
bThe

reaction was performed with 5 equiv of (NH4)2S2O8.
cThe reaction

time was 6 h. dThe reaction temperature was 40 °C. eIsolated yield
reported using 0.2 mmol 5 and 0.4 mmol 6.
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conditions, proxyphylline gave a complex mixture (14% 4g)
under the same conditions. Pleasingly, running the reaction at
a lower temperature of 40 °C solved the issue (51% 4g). The
successful reaction with theobromine (72% 4i) but poor results
with 4j−l show that N-6 and N-9 need to be substituted for
good yields, while a free N-2 is tolerated (Scheme 2).
Next, we investigated the more challenging guanine and

adenine substrates for which there were no previously reported
C−H amidations (Scheme 3). Although unprotected guanine

itself yielded no desired product, acylated guanine produced 8a
in a moderate 31% yield, highlighting the need for protection
at the C-2 amino group. This is exemplified again by the
reaction with the antiviral drug acyclovir. The unprotected
acyclovir was amidated in only a 11% yield, but the yield
improved significantly to 65% upon the protection of the C-2
amino group (8b). Ac-protected antiviral ganciclovir was also
amidated in a good yield (84% 8c). Pleasingly, protected
guanosine substrates also amidated smoothly (56% 8d and
70% 8e). While unprotected adenine itself yielded no desired
product, benzoyl protection of the C-6 amino group improved
the reactivity, and diamidated 10a was formed in a 42% yield.
Similarly, acylated adenosine was amidated twice at the C-2
and C-8 positions (39% 10a). When C-2 is Cl- or F-
substituted (e.g., the chemotherapy drug fludarabine),
monoamidation occurs at C-8 (53% 10c or 61% 10d,
respectively), while bromo-substitution at C-8 leads to
monoamidation at C-2 in a 40% yield (10e). The tolerance
to the Cl and Br functionalities in 10c and 10e, respectively, is
pleasing as it provides an opportunity for further elaboration.
Our substrate investigations also show that −NH2 needs to be
protected in both guanine and adenine motifs, and yields are
also improved by substitution at N-9 for guanine motifs
(Scheme 3).
Next, the oxamic acid scope was investigated (Scheme 4). A

series of secondary amides with aliphatic substituents could be
installed readily (47% to quantitative 4c and 4m−q).
Amidation with aromatic substituents works better with
electron-donating aryls (52−56%, 4r-s), with the Ph- and Cl-
substituted substrates suffering from low reactivities even at 70
°C (4t and 4u, respectively). This is presumably due to the
lower nucleophilicity of the corresponding carbamoyl radicals.
Benzyl substitution was tolerated (73% 4v), and a benzylic
stereogenic center did not racemize under the reaction
conditions (81% 4w). Pleasingly, the CF3 moiety was also
tolerated (73% 4x). Tertiary amides were also installed
smoothly (53−82% 4y-4ae), including various ring-sizes
(4y−aa), sterically hindering substituents (4ab), and F
substituents (4ad). Finally, a primary amide was also readily
installed (60%, 4af).
It should be noted that this operationally simple reaction is

readily scaled up, with the 1.16 g scale reaction yielding 95%
4p. As a comparison, previous methods for accessing 4p
involve amide formation with the C-8 acid chloride-function-
alized caffeine 3a, which is not commercially available and is
made from the carboxylic acid derivative 3b.6 3b is one of the
very few C-8 acid-functionalized purines that is commercially
available; even then, it is only available from a very limited
number of suppliers, many on demand (∼£1232 for 5 g).26 In
contrast, the unfunctionalized substrate 5b required for our
method is widely available at a substantially reduced cost of
£942 per 25 kg,27 i.e., 7 × 103 times cheaper than 3b. This
showcases the significant advantage of being able to directly
C−H amidate purines compared to previously available
methods.
Based on previous literature precedent,21,28 the proposed

mechanism is presented in Scheme 5. Deprotonation of 6 by
the purine base (e.g., 5) forms salt I. Meanwhile, the persulfate
anion decomposes in a process accelerated by the DMSO
solvent29 to give the oxidizing persulfate radical anion II (Eox =
+2.5−3.1 V vs SHE).30 SET occurs between II and the
carboxylate anion I (Eox = +1.32 V vs SCE)31 to produce the
carboxylate radical,32 which then decarboxylates to release CO2

Scheme 3. Guanine and Adenine Scopec

a<5% 10 when the amounts of 6a and reagents were doubled. bAt 70
°C; 32% at 50 °C. cIsolated yields are reported for reactions
performed with 0.2 mmol 7/9, 0.4 mmol 6a, and 0.6 mmol
(NH4)2S2O8 unless otherwise stated.
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and the carbamoyl radical III.17,33 Radical III then adds to the
activated purine substrate to produce IV. H radical abstraction
by SO4

−• or SET via persulfate should furnish product 4.
Finally, further modifications of the amidated purines were

demonstrated (Scheme 6). Nitrile 11 was easily accessed from

the primary amide 4af, and the deprotection of 8e to form
amidated guanosine 12 was also straightforward. The tolerance
of the Minisci amidation to halogen substituents also provides
an opportunity for further elaboration via cross-couplings, as
exemplified by the Suzuki coupling of 10c to form 13.
In conclusion, the direct C−H carboxyamidation of a wide

range of purine bases including xanthines, guanines, and
adenines has been achieved for the first time, which should
enable the facile synthesis of amidated analogues and
derivatives of purine bases.

■ ASSOCIATED CONTENT
Data Availability Statement

The data underlying this study are available in the published
article and its online Supporting Information. RAW data are
available at 10.17861/2affc410-bad7-4f7a-9924-c5f516a6718f.
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206.

Optimization studies, all experimental details, character-
ization and copies of NMR data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ai-Lan Lee − Institute of Chemical Sciences, Heriot-Watt
University, Edinburgh EH14 4AS Scotland, U.K.;
orcid.org/0000-0001-9067-8664; Email: A.Lee@

hw.ac.uk

Scheme 4. Oxamic Acid Scopee

aThe reaction was performed with 5 equiv of (NH4)2S2O8.
bConversion based on starting material. cThe reaction was performed
at 70 °C. d5a was used due to solubility issues of product with 5b.
eIsolated yields are reported for reactions performed with 0.2 mmol 5,
0.4 mmol 6, and 0.6 mmol (NH4)2S2O8 unless otherwise stated.

Scheme 5. Proposed Mechanism

Scheme 6. Further Modifications

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.2c03206
Org. Lett. 2022, 24, 8008−8013

8011

https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.2c03206/suppl_file/ol2c03206_si_001.pdf
https://doi.org/10.17861/2affc410-bad7-4f7a-9924-c5f516a6718f
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.2c03206/suppl_file/ol2c03206_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ai-Lan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9067-8664
https://orcid.org/0000-0001-9067-8664
mailto:A.Lee@hw.ac.uk
mailto:A.Lee@hw.ac.uk
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
David T. Mooney − Institute of Chemical Sciences, Heriot-
Watt University, Edinburgh EH14 4AS Scotland, U.K.

Peter R. Moore − Early Chemical Development,
Pharmaceutical Sciences, R&D BioPharmaceuticals,
AstraZeneca, Macclesfield SK10 2NA England, U.K.;
orcid.org/0000-0001-7274-4218

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.2c03206

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to thank the Engineering and Physical Sciences
Research Council and AstraZeneca for financial support
(Industrial CASE Ph.D. studentship to D.T.M., Grant EP/
V519522/1).

■ REFERENCES
(1) For a review, see: Rosemeyer, H. The chemodiversity of purine
as a constituent of natural products. Chem. Biodiversity 2004, 1, 361−
401.
(2) For a recent review on Minisci-type reactions, see: Proctor, R. S.
J.; Phipps, R. J. Recent Advances in Minisci-Type Reactions. Angew.
Chem., Int. Ed. 2019, 58, 13666−13699.
(3) Xia, R.; Xie, M.-S.; Niu, H.-Y.; Qu, G.-R.; Guo, H.-M. Radical
Route for the Alkylation of Purine Nucleosides at C6 via Minisci
Reaction. Org. Lett. 2014, 16, 444−447.
(4) Tian, M.; Yu, M.; Shi, T.; Hu, J.; Li, S.; Xu, J.; Chen, N.; Du, H.
Silver-Catalyzed Direct C6−H Arylation of Purines and Purine
Nucleosides with Arylboronic Acids. Eur. J. Org. Chem. 2017, 2017,
3415−3420.
(5) For other reports on C−H alkylations or acylations as part of a
more general heterocycle substrate scope, see: (a) Dong, J.; Wang, Z.;
Wang, X.; Song, H.; Liu, Y.; Wang, Q. Metal-, Photocatalyst-, and
Light-Free Minisci C-H Alkylation of N-Heteroarenes with Oxalates.
J. Org. Chem. 2019, 84, 7532−7540. (b) Dong, J.; Yue, F.; Song, H.;
Liu, Y.; Wang, Q. Visible-Light-Mediated Photoredox Minisci C−H
Alkylation with Alkyl Boronic Acids using Molecular Oxygen as an
Oxidant. Chem. Commun. 2020, 56, 12652−12655. (c) Gao, Y.; Wu,
Z.; Yu, L.; Wang, Y.; Pan, Y. Alkyl Carbazates for Electrochemical
Deoxygenative Functionalization of Heteroarenes. Angew. Chem., Int.
Ed. 2020, 59, 10859−10863. (d) Genovino, J.; Lian, Y.; Zhang, Y.;
Hope, T. O.; Juneau, A.; Gagné, Y.; Ingle, G.; Frenette, M. Metal-
Free-Visible Light C−H Alkylation of Heteroaromatics via Hyper-
valent Iodine-Promoted Decarboxylation. Org. Lett. 2018, 20, 3229−
3232. (e) Hesp, K. D.; Xiao, J.; West, G. M. Late-Stage Synthesis And
Application of Photoreactive Probes Derived from Direct Benzoyla-
tion of Heteroaromatic C−H Bonds. Org. Biomol. Chem. 2020, 18,
3669−3673. (f) Lai, X.-L.; Shu, X.-M.; Song, J.; Xu, H.-C.
Electrophotocatalytic Decarboxylative C−H Functionalization of
Heteroarenes. Angew. Chem., Int. Ed. 2020, 59, 10626−10632.
(g) Li, G.-X.; Morales-Rivera, C. A.; Wang, Y.; Gao, F.; He, G.;
Liu, P.; Chen, G. Photoredox-Mediated Minisci C−H Alkylation of
N-Heteroarenes using Boronic Acids and Hypervalent Iodine. Chem.
Sci. 2016, 7, 6407−6412. (h) Sherwood, T. C.; Li, N.; Yazdani, A. N.;
Dhar, T. G. M. Organocatalyzed, Visible-Light Photoredox-Mediated,
One-Pot Minisci Reaction Using Carboxylic Acids via N-(Acyloxy)-
phthalimides. J. Org. Chem. 2018, 83, 3000−3012. (i) Fujiwara, Y.;
Dixon, J. A.; O’Hara, F.; Funder, E. D.; Dixon, D. D.; Rodriguez, R.
A.; Baxter, R. D.; Herlé, B.; Sach, N.; Collins, M. R.; Ishihara, Y.;
Baran, P. S. Practical and innate carbon−hydrogen functionalization
of heterocycles. Nature 2012, 492, 95. (j) Guillemard, L.; Colobert,
F.; Wencel-Delord, J. Visible-Light-Triggered, Metal- and Photo-
catalyst-Free Acylation of N-Heterocycles. Adv. Synth. Catal. 2018,

360, 4184−4190. (k) Pitre, S. P.; Muuronen, M.; Fishman, D. A.;
Overman, L. E. Tertiary Alcohols as Radical Precursors for the
Introduction of Tertiary Substituents into Heteroarenes. ACS Catal.
2019, 9, 3413−3418. (l) Chen, H.; Fan, W.; Yuan, X.-A.; Yu, S. Site-
Selective Remote C(sp3)−H Heteroarylation of Amides via Organic
Photoredox Catalysis. Nature Commun. 2019, 10, 4743. (m) Suther-
land, D. R.; Veguillas, M.; Oates, C. L.; Lee, A.-L. Metal-,
Photocatalyst-, and Light-Free, Late-Stage C−H Alkylation of
Heteroarenes and 1,4-Quinones Using Carboxylic Acids. Org. Lett.
2018, 20, 6863−6867.
(6) Gusmeroli, M.; D’Orazio, G.; Forgia, D.; Bellandi, P.; Sargiotto,
C.; Bianchi, D. Caffeine Derivatives with Nematocidal Activity,
Agronomic Compositions Thereof and Use Thereof. WO
2020075107 A1, 2020.
(7) Samby, K. K.; Surase, Y. B.; Amale, S. R.; Gorla, S. K.; Patel, P.;
Verma, A. K. 6-Morpholinyl-2-pyrazolyl-9H-purine Derivatives and
Their Use as PI3K Inhibitors. WO 2016157074 A1, 2016.
(8) Wilson, M. W. Pyrimidine Fused Bicyclic Metalloproteinase
Inhibitors. WO 2004014916 A1, 2004.
(9) (a) Arimoto, H.; Itto, K.; Takahashi, D.; Cho, N.; Nara, H.;
Shimokawa, K.; Ohra, T.; Sasaki, S.; Ishii, N. Preparation of Purine
Derivatives for Treating Cancer. WO 2018143403 A1, 2018.
(b) Patrick, K. Inhibitors of PI3k-Delta and Methods of Their Use
and Manufacture. WO 2012037226 A1, 2012.
(10) Westover, J. D.; Revankar, G. R.; Robins, R. K.; Madsen, R. D.;
Ogden, J. R.; North, J. A.; Mancuso, R. W.; Rousseau, R. J.; Stephen,
E. L. Synthesis and Antiviral Activity of Certain 9-β-D-ribofurano-
sylpurine-6-carboxamides. J. Med. Chem. 1981, 24, 941.
(11) Xue, L.; Yu, Q.; Griss, R.; Schena, A.; Johnsson, K.
Bioluminescent Antibodies for Point-of-Care Diagnostics. Angew.
Chem., Int. Ed. 2017, 56, 7112−7116.
(12) Koufaki, M.; Fotopoulou, T.; Iliodromitis, E. K.; Bibli, S.-I.;
Zoga, A.; Kremastinos, D. T.; Andreadou, I. Discovery of 6-[4-(6-
Nitroxyhexanoyl)piperazin-1-yl)]-9H-purine, as Pharmacological
Post-conditioning Agent. Bioorg. Med. Chem. 2012, 20, 5948−5956.
(13) Xu, F.; Wu, H.; Katritch, V.; Han, G. W.; Jacobson, K. A.; Gao,
Z.-G.; Cherezov, V.; Stevens, R. C. Structure of an Agonist-Bound
Human A2A Adenosine Receptor. Science 2011, 332, 322−327.
(14) (a) Pinto, I. L.; Rahman, S. S.; Nicholson, N. H. Medicaments
with HM74A Receptor Activity. WO 2005077950 A2, 2005.
(b) Dang, Q.; Brown, B. S.; Liu, Y.; Rydzewski, R. M.; Robinson,
E. D.; van Poelje, P. D.; Reddy, M. R.; Erion, M. D. Fructose-1,6-
bisphosphatase Inhibitors. 1. Purine Phosphonic Acids as Novel AMP
Mimics. J. Med. Chem. 2009, 52, 2880−2898. (c) Challenger, S.;
Dessi, Y.; Fox, D. E.; Hesmondhalgh, L. C.; Pascal, P.; Pettman, A. J.;
Smith, J. D. Development of a Scaleable Process for the Synthesis of
the A2a Agonist, UK-371,104. Org. Process Res. Dev. 2008, 12, 575−
583.
(15) Syntheses from bromo-purines are also known but less
frequently employed; for example, see: Tu, C.; Keane, C.; Eaton, B.
Carboxyamidation of Purine Nucleosides: New Secondary 8-
Carboxamidopurine Nucleosides. Nucleos. Nucleot. Nucl. 1997, 16,
227−237.
(16) (a) Coppa, F.; Fontana, F.; Lazzarini, E.; Minisci, F. A Facile,
Convenient and Selective Homolytic Carbamoylation of Hetero-
aromatic Bases. Heterocycles 1993, 36, 2687−2696. (b) Minisci, F.;
Fontana, F.; Coppa, F.; Yan, Y. M. Reactivity of Carbamoyl Radicals.
A New, General, Convenient Free-Radical Synthesis of Isocyanates
from Monoamides of Oxalic Acid. J. Org. Chem. 1995, 60, 5430−
5433. (c) Minisci, F.; Recupero, F.; Punta, C.; Gambarotti, C.;
Antonietti, F.; Fontana, F.; Pedulli, G. F. A Novel, Selective Free-
Radical Carbamoylation of Heteroaromatic Bases by Ce(IV)
Oxidation of Formamide, Catalysed by N-Hydroxyphthalimide.
Chem. Commun. 2002, 2496−2497.
(17) Raviola, C.; Protti, S.; Ravelli, D.; Fagnoni, M. Photogenerated
Acyl/Alkoxycarbonyl/Carbamoyl Radicals for Sustainable Synthesis.
Green Chem. 2019, 21, 748−764.
(18) (a) He, Z.-Y.; Huang, C.-F.; Tian, S.-K. Highly Regioselective
Carbamoylation of Electron-Deficient Nitrogen Heteroarenes with

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.2c03206
Org. Lett. 2022, 24, 8008−8013

8012

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+T.+Mooney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+R.+Moore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7274-4218
https://orcid.org/0000-0001-7274-4218
https://pubs.acs.org/doi/10.1021/acs.orglett.2c03206?ref=pdf
https://doi.org/10.1002/cbdv.200490033
https://doi.org/10.1002/cbdv.200490033
https://doi.org/10.1002/anie.201900977
https://doi.org/10.1021/ol4033336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4033336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4033336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201700406
https://doi.org/10.1002/ejoc.201700406
https://doi.org/10.1021/acs.joc.9b00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC05946C
https://doi.org/10.1039/D0CC05946C
https://doi.org/10.1039/D0CC05946C
https://doi.org/10.1002/anie.202001571
https://doi.org/10.1002/anie.202001571
https://doi.org/10.1021/acs.orglett.8b01085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b01085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b01085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB00336K
https://doi.org/10.1039/D0OB00336K
https://doi.org/10.1039/D0OB00336K
https://doi.org/10.1002/anie.202002900
https://doi.org/10.1002/anie.202002900
https://doi.org/10.1039/C6SC02653B
https://doi.org/10.1039/C6SC02653B
https://doi.org/10.1021/acs.joc.8b00205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b00205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b00205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature11680
https://doi.org/10.1038/nature11680
https://doi.org/10.1002/adsc.201800692
https://doi.org/10.1002/adsc.201800692
https://doi.org/10.1021/acscatal.9b00405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-12722-4
https://doi.org/10.1038/s41467-019-12722-4
https://doi.org/10.1038/s41467-019-12722-4
https://doi.org/10.1021/acs.orglett.8b02988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00140a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00140a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201702403
https://doi.org/10.1016/j.bmc.2012.07.037
https://doi.org/10.1016/j.bmc.2012.07.037
https://doi.org/10.1016/j.bmc.2012.07.037
https://doi.org/10.1126/science.1202793
https://doi.org/10.1126/science.1202793
https://doi.org/10.1021/jm900078f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm900078f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm900078f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700248t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700248t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328319708001344
https://doi.org/10.1080/07328319708001344
https://doi.org/10.3987/COM-93-6459
https://doi.org/10.3987/COM-93-6459
https://doi.org/10.3987/COM-93-6459
https://doi.org/10.1021/jo00122a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00122a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00122a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b206192a
https://doi.org/10.1039/b206192a
https://doi.org/10.1039/b206192a
https://doi.org/10.1039/C8GC03810D
https://doi.org/10.1039/C8GC03810D
https://doi.org/10.1021/acs.orglett.7b02312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hydrazinecarboxamides. Org. Lett. 2017, 19, 4850−4853. (b) Yuan,
J.-W.; Chen, Q.; Li, C.; Zhu, J.-L.; Yang, L.-R.; Zhang, S.-R.; Mao, P.;
Xiao, Y.-M.; Qu, L.-B. Silver-Catalyzed Direct C−H Oxidative
Carbamoylation of Quinolines with Oxamic Acids. Org. Biomol.
Chem. 2020, 18, 2747−2757.
(19) (a) Cheng, W.-M.; Shang, R.; Yu, H.-Z.; Fu, Y. Room-
Temperature Decarboxylative Couplings of α-Oxocarboxylates with
Aryl Halides by Merging Photoredox with Palladium Catalysis. Chem.
-Eur. J. 2015, 21, 13191−13195. (b) Shang, R.; Fu, Y.; Li, J.-B.;
Zhang, S.-L.; Guo, Q.-X.; Liu, L. Synthesis of Aromatic Esters via Pd-
Catalyzed Decarboxylative Coupling of Potassium Oxalate Mono-
esters with Aryl Bromides and Chlorides. J. Am. Chem. Soc. 2009, 131,
5738−5739.
(20) (a) Jatoi, A. H.; Pawar, G. G.; Robert, F.; Landais, Y. Visible-
light Mediated Carbamoyl Radical Addition to Heteroarenes. Chem.
Commun. 2019, 55, 466−469. (b) Jouffroy, M.; Kong, J. Direct C-H
Carbamoylation of Nitrogen-Containing Heterocycles. Chem. - Eur. J.
2019, 25, 2217−2221. (c) Zhang, Y.; Teuscher, K. B.; Ji, H. Direct α-
Heteroarylation of Amides (α to Nitrogen) and Ethers through a
Benzaldehyde-Mediated Photoredox Reaction. Chem. Sci. 2016, 7,
2111−2118.
(21) (a) Westwood, M. T.; Lamb, C. J. C.; Sutherland, D. R.; Lee,
A.-L. Metal-, Photocatalyst-, and Light-Free Direct C−H Acylation
and Carbamoylation of Heterocycles. Org. Lett. 2019, 21, 7119−7123.
(b) Mooney, D. T.; Donkin, B. D. T.; Demirel, N.; Moore, P. R.; Lee,
A.-L. Direct C−H Functionalization of Phenanthrolines: Metal- and
Light-Free Dicarbamoylations. J. Org. Chem. 2021, 86, 17282−17293.
(22) (a) Yuan, J.-W.; Zhu, J.-L.; Zhu, H.-L.; Peng, F.; Yang, L.-Y.;
Mao, P.; Zhang, S.-R.; Li, Y.-C.; Qu, L.-B. Transition-Metal Free
Direct C−H Functionalization of Quinoxalin-2(1H)-ones with
Oxamic Acids Leading To 3-Carbamoyl Quinoxalin-2(1H)-ones.
Org. Chem. Front. 2020, 7, 273−285. (b) Zhou, Z.; Ji, H.; Li, Q.;
Zhang, Q.; Li, D. Direct C−H Aminocarbonylation Of N-
Heteroarenes with Isocyanides under Transition Metal-Free Con-
ditions. Org. Biomol. Chem. 2021, 19, 2917−2922.
(23) Yuan, M.; Chen, L.; Wang, J.; Chen, S.; Wang, K.; Xue, Y.; Yao,
G.; Luo, Z.; Zhang, Y. Transition-Metal-Free Synthesis of
Phenanthridinones from Biaryl-2-oxamic Acid under Radical Con-
ditions. Org. Lett. 2015, 17, 346−349.
(24) For a review, see: Ogbu, I. M.; Kurtay, G.; Robert, F.; Landais,
Y. Oxamic Acids: Useful Precursors of Carbamoyl Radicals. Chem.
Commun. 2022, 58, 7593−7607.
(25) Singh, N.; Shreshtha, A. K.; Thakur, M. S.; Patra, S. Xanthine
Scaffold: Scope and Potential in Drug Development. Heliyon 2018, 4,
No. e00829.
(26) Availability in the U.K. from BiosynthCarbosynth, July 25,
2022.
(27) Price from Sigma-Aldrich, July 25, 2022.
(28) McLean, E. B.; Mooney, D. T.; Burns, D. J.; Lee, A.-L. Direct
Hydrodecarboxylation of Aliphatic Carboxylic Acids: Metal- and
Light-Free. Org. Lett. 2022, 24, 686−691.
(29) Zil’berman, E. N.; Krasavina, N. B.; Navolokina, R. A.;
Kharitonova, O. A. Potassium Persulfate Decomposition in Organic
Solvents. Zh. Obshch. Khim. 1986, 56, 937−940.
(30) Liang, C.; Lee, I. L.; Hsu, I. Y.; Liang, C.-P.; Lin, Y.-L.
Persulfate Oxidation Of Trichloroethylene With and Without Iron
Activation In Porous Media. Chemosphere 2008, 70, 426−435.
(31) Ogbu, I. M.; Lusseau, J.; Kurtay, G.; Robert, F.; Landais, Y.
Urethanes Synthesis from Oxamic Acids under Electrochemical
Conditions. Chem. Commun. 2020, 56, 12226−12229.
(32) Griffin, J. D.; Zeller, M. A.; Nicewicz, D. A. Hydro-
decarboxylation of Carboxylic and Malonic Acid Derivatives via
Organic Photoredox Catalysis: Substrate Scope and Mechanistic
Insight. J. Am. Chem. Soc. 2015, 137, 11340−11348.
(33) Schwarz, J.; König, B. Decarboxylative Reactions With and
Without Light − A Comparison. Green Chem. 2018, 20, 323−361.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.2c03206
Org. Lett. 2022, 24, 8008−8013

8013

https://doi.org/10.1021/acs.orglett.7b02312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB00358A
https://doi.org/10.1039/D0OB00358A
https://doi.org/10.1002/chem.201502286
https://doi.org/10.1002/chem.201502286
https://doi.org/10.1002/chem.201502286
https://doi.org/10.1021/ja900984x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja900984x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja900984x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC08326F
https://doi.org/10.1039/C8CC08326F
https://doi.org/10.1002/chem.201806159
https://doi.org/10.1002/chem.201806159
https://doi.org/10.1039/C5SC03640B
https://doi.org/10.1039/C5SC03640B
https://doi.org/10.1039/C5SC03640B
https://doi.org/10.1021/acs.orglett.9b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9QO01322A
https://doi.org/10.1039/C9QO01322A
https://doi.org/10.1039/C9QO01322A
https://doi.org/10.1039/D1OB00245G
https://doi.org/10.1039/D1OB00245G
https://doi.org/10.1039/D1OB00245G
https://doi.org/10.1021/ol503459s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503459s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503459s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CC01953A
https://doi.org/10.1016/j.heliyon.2018.e00829
https://doi.org/10.1016/j.heliyon.2018.e00829
https://doi.org/10.1021/acs.orglett.1c04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2007.06.077
https://doi.org/10.1016/j.chemosphere.2007.06.077
https://doi.org/10.1039/D0CC05069E
https://doi.org/10.1039/D0CC05069E
https://doi.org/10.1021/jacs.5b07770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7GC02949G
https://doi.org/10.1039/C7GC02949G
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

