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ABSTRACT: Oxidative isocyanide-based multicomponent reac-
tions (oxidative IMCRs) are very useful tools for the rapid
construction of molecular diversity starting from readily available
and stable substrates. Despite all their benefits, such multi-
component reactions are underdeveloped and strictly limited to 3-
component processes. Indeed, in the presence of several reaction
partners, the oxidation event needs to be rigorously chemo-
selective, which becomes incredibly more intricate as the number
of reactive components increases. Nonetheless, we could overcome this significant pitfall and reach the first oxidative Ugi-type 4-
IMCR by capitalizing on a very mild and green TEMPO-catalyzed electro-oxidation process. Employing alcohols as aldehyde
surrogates and in the notable absence of any supporting electrolyte, this transformation proved to be extremely chemoselective in the
presence of an amine and was compatible with a wide range of alcohols, amines, isocyanides, and carboxylic acids.
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■ INTRODUCTION

Multicomponent reactions (MCRs) are now established as
very efficient tools for the rapid and efficient preparation of
elaborated chemicals, starting from relatively simple building
blocks.1 Inasmuch as they meet many of the criteria dictated by
green chemistry,2−5 this sustainable strategy has found many
applications ranging from the production of fine chemicals to
various uses in material sciences.1,6−11 Isocyanide-based
processes (IMCRs) have partaken substantially to the
blossoming of this field. Since Passerini and Ugi demonstrated
that the ambivalent reactivity of isocyanides could be
successfully harnessed in multicomponent processes,12,13

IMCRs have not ceased to bring stimulating develop-
ments.1,6−11,14−21 Nevertheless, one of the major impediments
of IMCRs is that, because often relying on the use of Csp2O
or Csp2N partners, such reactions largely rely on the use of
carbonyl/imine derivatives, which may reveal themselves to be
unstable enough to impede their preparation and, accordingly,
their use.
To circumvent this problem, the concept of generating the

adequate carbonyl/imine electrophiles by means of the in situ
oxidation of the corresponding alcohol/amine emerged.22,23 As
the first milestone in oxidative IMCRs, Zhu et al. succeeded in
performing an alcohol-based 3-component Passerini reaction
by employing 2-iodoxybenzoic acid (IBX) as the stoichio-
metric oxidant (Scheme 1, eq (a)).24 Whereas a catalytic
version of this multicomponent process was later reported,25,26

more attention was subsequently paid to oxidative 3-
component Ugi−Joullie-́type IMCRs, in which an amine or
an aniline derivative serves as the imine/iminium precursor
(Scheme 1, eq (b)).27−41

Despite all of these significant achievements, neither
catalytic nor stochiometric methods could be applied to
related 4-component processes so far. This significant pitfall
probably results from the problematic, yet compulsory,
chemoselective oxidation required by the presence of an
additional reactant. In particular, the 4-component Ugi
coupling based on the use of alcohols remains an unsolved
challenge, with the amine partner being also prone to
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oxidation. In fact, alcohol-based Ugi-type processes could only
be performed via a one-pot two-step sequence, wherein the
stoichiometric or catalytic oxidation of an alcohol to its
aldehyde form is achieved first, followed by the subsequent
addition of the other three components.42−45

In this specific context, we recently began to study the
synergistic merger of electrosynthesis with IMCRs. Performing
an anodic oxidation, direct or indirect, is particularly appealing
as it avoids the use of stoichiometric oxidants by employing
perfectly sustainable reagents: electrons and protons.46−51

Moreover, such oxidation methods are typically very mild,
giving better chances to reach better chemoselectivity. After
establishing the proof of concept via the development of an
electrochemical oxidative Ugi−Joullie ́ reaction,41 we now
report the first alcohol-based oxidative Ugi reaction, thanks
to an indirect anodic oxidation process (Scheme 1, eq (c)).

■ RESULTS AND DISCUSSION
At the onset of this work, we decided to study the model
oxidative Ugi reaction between tert-butylisocyanide 1a (1.5
mmol, 1 equiv), benzylamine 2a (1.1 equiv), acetic acid 3a
(2.5 equiv), and methanol 4a (3 equiv). TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) was chosen as the redox
mediator to promote the oxidation of methanol into
formaldehyde (Table 1).52,53

In initial reaction conditions, employing an undivided cell,
TEMPO (10 mol %), Et4NBF4 (1 equiv) as supporting
electrolyte in acetonitrile (0.5 M), with a nickel plate cathode
and a carbon graphite anode, we were pleased to observe the
desired 4-component IMCR adduct 5a in 70% isolated yield
after 2.7 F/mol of electricity (Table 1, entry 1). This result was
very encouraging as, despite the presence of benzylamine 2a,
this oxidation method allowed the desired selective oxidation

of methanol 4a, without interfering with the concomitant
multicomponent coupling. Moreover, it showcased the
synthetic utility of this strategy, with which it became possible
to avoid the use of toxic formaldehyde in Ugi processes.
Therefore, we embarked on the optimization of the reaction

conditions. Whereas lowering the reaction concentration was
detrimental (Table 1, entry 2), using dichloromethane as
solvent or changing the cathode material to nickel foam or
stainless steel had little influence over the reaction efficiency
(Table 1, entries 3−6). On the other hand, substituting the
graphite anode by other electrode materials gave lower yields
(Table 1, entries 7 and 8). We then evaluated the influence of
the starting quantities of acetic acid and methanol. Lowering
them up to 1.5 equiv resulted in a noticeable diminution of
yields, whereas increasing them did not significantly improve
the formation of 5 (Table 1, entries 9−12). Pleasingly, this
reaction was equally efficient when employing only 5 mol % of
TEMPO (Table 1, entry 13), whereas the use of 20 mol % had
no positive impact (Table 1, entry 14). The fact that some
product was obtained without TEMPO indicated that direct
anodic oxidation of methanol may happen, although with lesser
efficiency (Table 1, entry 15). Most interestingly, likely
because of the intrinsic conductivity of the reaction mixture,
this electro-oxidative Ugi reaction could be achieved in the
absence of any supporting electrolyte, using either 10 or 5 mol
% of TEMPO (Table 1, entries 16 and 17). In the latter
reaction conditions, which we kept for the rest of our study,
the desired 4-IMCR adduct 5 was isolated in satisfying 74%
yield, equaling a fair 55% Faraday yield.
We then investigated the scope of this new oxidative IMCR

(Scheme 2). The tolerance to various isocyanides was surveyed
first (Scheme 2, red box). Employing benzylamine, acetic acid,
and methanol, this reaction was amenable for the use of diverse
alkyl- or benzyl-substituted isocyanides 1b−e. The correspond-
ing multicomponent adducts 5−8 were obtained in good yields
ranging from 74 to 83%. Using less nucleophilic and/or more
sterically demanding partners such as methyl isocyanoacetate
1f or 2,6-xylyl isocyanide 1g resulted in a small decrease of
reaction efficiency. Nevertheless, the desired Ugi products 9
and 10 were isolated in acceptable 55 and 52% yields,
respectively. Of note, this electrochemical multicomponent
reaction could be transposed to gram-scale, demonstrating its
genuine synthetic utility and versatility. Indeed, while this
scope evaluation was realized on a typical 1 mmol scale,
starting from 5.0 mmol of isocyanide 1b straightforwardly
yielded 1.08 g of adduct 6 (75% yield).
Next, different amine partners were evaluated (Scheme 2,

orange box). Replacing benzylamine 2a with primary amines
such as methylamine 2b or n-butylamine 2c had no
detrimental impact over the reaction efficiency. A similar
trend was also observed when employing bulkier α,α-di- or
α,α,α-trisubstituted primary amines, such as cyclohexylamine
2d and tert-butylamine 2e, provided that 5% (v/v) of water
was added to ensure the homogeneity of the reaction mixture.
In these cases, 13 and 14 were obtained in respectable 78 and
88% yields. More elaborated amine partners could also be used
successfully; allylamine 2f, methoxyethylamine 2g, and 3,4-
dimethoxyphenyl ethylamine 2h all afforded the desired Ugi
adducts 15−17 in good yields, up to 87%.
Several carboxylic acids 3b−k were also tested (Scheme 2,

green box). Aliphatic acids were well-tolerated in this reaction,
as witnessed by the good yields which were obtained when
butyric acid 3b and pivalic acid 3c were employed (83 and

Table 1. Optimization of the Reaction Conditions

entry variation from above yield (%)a

1 none 68 (70)b

2 tBuNC (0.5 mmol), [0.17 M] 39

3 DCMc as solvent 75
5 Ni foam as cathode 69
6 stainless steel as cathode 68
7 Ni as anode 54
8 stainless steel as anode 53
9 MeCO2H (1.5 equiv) 57
10 MeCO2H (3.5 equiv) 69
11 MeOH (1.5 equiv) 59
12 MeOH (6 equiv) 74
13 TEMPO (5 mol %) 70 (72)b

14 TEMPO (20 mol %) 67
15 no TEMPO 40
16 no electrolyte 78 (74)b

17 no electrolyte, TEMPO (5 mol %) 76 (74)b

18 no electricity NRd

aNMR yields using 1,3,5-trimethoxybenzene as an internal standard.
bIsolated yield. cDichloromethane. dNo reaction.
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71%). This oxidative multicomponent process also appeared to
be compatible with various aromatic and heteroaromatic acids
3d−i, as well as acrylic acids 3j,k, with which the
corresponding coupling products 20−27 were isolated likewise
with satisfactory yields (68−81%).
We next questioned if this unconventional oxidative IMCR

was specific for the use of methanol (Scheme 2, blue box). A
wide range of alcohol partners was also compatible with this
electro-oxidative process. Different aliphatic alcohols 4b−h led
straightforwardly to the corresponding Ugi adducts 28−34 in

reasonable yields (53−69%). On the other hand, 2-phenyl-
ethanol 4i and benzyl alcohol 4j, possibly less nucleophilic due
to the presence of the aromatic ring, afforded only little of the
desired products 35 and 36. Halogen-, alkene-, and alkyne-
substituted alcohols 4k−o also proved to be suitable reaction
partners. The corresponding multicomponent coupling prod-
ucts 37−41 were isolated in 40−64% yields.
Based on our previous work and literature,14−21,41,52−54 we

propose that TEMPO is oxidized at the graphite anode to
generate the corresponding oxoammonium species TEMPO+.

Scheme 2. Scope of the Electrochemical Oxidative Ugi Reactiona

aReaction conditions: isocyanide 1 (1.5 mmol, 1 equiv), amine 2 (1.65 mmol, 1.1 equiv), carboxylic acid 3 (3.75 mmol, 2.5 equiv), and alcohol 4
(4.5 mmol, 3 equiv) in acetonitrile (3 mL, [0.5 M]) at room temperature; graphite as working electrode, Ni as counter electrode, constant current
electrolysis (i = 14.5 mA, j = 5 mA cm−2) for 7.5 h, 2.7 F mol−1. *Gram-scale reaction starting from 5.0 mmol isocyanide 1b (1.08 g of
multicomponent adduct 6 was obtained). **Water 5% (v/v) was added.

Scheme 3. Mechanistic Proposal
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The latter would, in turn, promote the selective oxidation of
the alcohol partner into the corresponding aldehyde, leaving
the amine partner untouched. At this stage, we surmise that the
presence of the carboxylic acid is critical for chemoselectivity.
Indeed, it probably ensures the protection of the amine via an
acid/base equilibrium in favor of the non-nucleophilic
ammonium carboxylate form, thereby preventing it to interact
with TEMPO+. Then, the newly formed aldehyde, as in a
classical 4-component Ugi reaction, would generate the
corresponding iminium, electrophilic enough to react with
the isocyanide. The resulting nitrilium cation would be trapped
by the remaining carboxylate anion, and after 1,5-acyl transfer,
the multicomponent product would be formed. To complete
the catalytic cycle, either through comproportionation or direct
anodic oxidation,54 TEMPO+ would be regenerated and, to
keep the electroneutrality of the global system, proton
reduction would occur at the nickel cathode.

■ CONCLUSION
In conclusion, we have developed the first oxidative 4-IMCR
by implementing a very chemoselective TEMPO-catalyzed
electrochemical process. This alcohol-based Ugi-type reaction
allows the use of unstable/toxic aldehydes to be avoided (such
as formaldehyde) and is compatible with a wide range of
alcohols, amines, isocyanides, and carboxylic acids. A small
library of the corresponding Ugi adducts (37 examples) was
rapidly obtained, showcasing the synthetic utility of this
approach for the rapid construction of high molecular diversity
in a sustainable manner. Further studies concerning this
promising synergistic merger of electrosynthesis with IMCRs is
currently underway and will be reported in due course.
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Département de chimie, École Normale Supérieure, PSL
University, Sorbonne Université, CNRS, 75005 Paris,
France; orcid.org/0000-0003-3904-1822;
Email: laurence.grimaud@ens.psl.eu

Maxime R. Vitale − Laboratoire des biomolécules, LBM,
Département de chimie, École Normale Supérieure, PSL
University, Sorbonne Université, CNRS, 75005 Paris,
France; orcid.org/0000-0002-6740-2472;
Email: maxime.vitale@ens.psl.eu

Authors

Na Pan − Laboratoire des biomolécules, LBM, Département de
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Département de chimie, École Normale Supérieure, PSL
University, Sorbonne Université, CNRS, 75005 Paris, France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsorginorgau.1c00003

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully thank the ANR (ANR-20-CE07-0020,
ELMER), the CNRS, the ENS and Sorbonne Université for
financial support. N.P. thanks the China Scholarship Council
(CSC) for funding her Ph.D. studies.

■ REFERENCES
(1) Multicomponent Reactions; Zhu, J., Bienaymé, H., Eds.; Wiley-
VCH: Weinheim, Germany, 2005.
(2) Anastas, P.; Eghbali, N. Green Chemistry: Principles and
Practice. Chem. Soc. Rev. 2010, 39, 301−312.
(3) Cioc, R. C.; Ruijter, E.; Orru, R. V. A. Multicomponent
Reactions: Advanced Tools for Sustainable Organic Synthesis. Green
Chem. 2014, 16, 2958−2975.
(4) Green Chemistry: Theory and Practice, Anastas, P. T.; Warner, J.
C., Eds.; Oxford University Press: Oxford, 1998.
(5) Zimmerman, J. B.; Anastas, P. T.; Erythropel, H. C.; Leitner, W.
Designing for a Green Chemistry Future. Science 2020, 367, 397−400.
(6) Dömling, A.; Wang, W.; Wang, K. Chemistry and Biology Of
Multicomponent Reactions. Chem. Rev. 2012, 112, 3083−3135.
(7) Biggs-Houck, J. E.; Younai, A.; Shaw, J. T. Recent Advances in
Multicomponent Reactions for Diversity-Oriented Synthesis. Curr.
Opin. Chem. Biol. 2010, 14, 371−382.
(8) Garbarino, S.; Ravelli, D.; Protti, S.; Basso, A. Photoinduced
Multicomponent Reactions. Angew. Chem., Int. Ed. 2016, 55, 15476−
15484.
(9) Ruijter, E.; Orru, R. V. A. Multicomponent Reactions -
Opportunities for the Pharmaceutical Industry. Drug Discovery
Today: Technol. 2013, 10, e15−e20.
(10) Touré, B. B.; Hall, D. G. Natural Product Synthesis Using
Multicomponent Reaction Strategies. Chem. Rev. 2009, 109, 4439−
4486.
(11) Multi-Component and Sequential Reactions in Polymer Synthesis -
Advances in Polymer Science; Theato, P., Ed.; Springer International
Publishing: Cham, Switzerland, 2015; Vol. 269.
(12) Passerini, M. Sopra gli isonitrili (I). Composto del p-isonitril-
azobenzolo con acetone ed acido acetico. Gazz. Chim. Ital. 1921, 51,
126−129.
(13) Ugi, I.; Meyr, R.; Fetzer, U.; Steinbrückner, C. Versuche mit
Isonitrilen. Angew. Chem. 1959, 71, 386.
(14) Dömling, A.; Ugi, I. Multicomponent Reactions with
Isocyanides. Angew. Chem., Int. Ed. 2000, 39, 3168−3210.
(15) Dömling, A. Recent Developments in Isocyanide Based
Multicomponent Reactions in Applied Chemistry. Chem. Rev. 2006,
106, 17−89.
(16) Akritopoulou-Zanze, I. Isocyanide-Based Multicomponent
Reactions in Drug Discovery. Curr. Opin. Chem. Biol. 2008, 12,
324−331.
(17) El Kaïm, L.; Grimaud, L. The Ugi-Smiles and Passerini-Smiles
Couplings: A Story About Phenols in Isocyanide-Based Multi-
component Reactions. Eur. J. Org. Chem. 2014, 7749−7762.
(18) Váradi, A.; Palmer, T.; Notis Dardashti, R.; Majumdar, S.
Isocyanide-Based Multicomponent Reactions for the Synthesis of
Heterocycles. Molecules 2016, 21, 19.

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.1c00003
ACS Org. Inorg. Au 2021, 1, 18−22

21

https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00003?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00003/suppl_file/gg1c00003_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurence+Grimaud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3904-1822
mailto:laurence.grimaud@ens.psl.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxime+R.+Vitale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6740-2472
mailto:maxime.vitale@ens.psl.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maegan+Xinen+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louis+Bunel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00003?ref=pdf
https://doi.org/10.1039/B918763B
https://doi.org/10.1039/B918763B
https://doi.org/10.1039/C4GC00013G
https://doi.org/10.1039/C4GC00013G
https://doi.org/10.1126/science.aay3060
https://doi.org/10.1021/cr100233r
https://doi.org/10.1021/cr100233r
https://doi.org/10.1016/j.cbpa.2010.03.003
https://doi.org/10.1016/j.cbpa.2010.03.003
https://doi.org/10.1002/anie.201605288
https://doi.org/10.1002/anie.201605288
https://doi.org/10.1016/j.ddtec.2012.10.012
https://doi.org/10.1016/j.ddtec.2012.10.012
https://doi.org/10.1021/cr800296p
https://doi.org/10.1021/cr800296p
https://doi.org/10.1002/1521-3773(20000915)39:18<3168::AID-ANIE3168>3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20000915)39:18<3168::AID-ANIE3168>3.0.CO;2-U
https://doi.org/10.1021/cr0505728
https://doi.org/10.1021/cr0505728
https://doi.org/10.1016/j.cbpa.2008.02.004
https://doi.org/10.1016/j.cbpa.2008.02.004
https://doi.org/10.1002/ejoc.201402783
https://doi.org/10.1002/ejoc.201402783
https://doi.org/10.1002/ejoc.201402783
https://doi.org/10.3390/molecules21010019
https://doi.org/10.3390/molecules21010019
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.1c00003?rel=cite-as&ref=PDF&jav=VoR


(19) Sadjadi, S.; Heravi, M. M.; Nazari, N. Isocyanide-Based
Multicomponent Reactions in the Synthesis of Heterocycles. RSC
Adv. 2016, 6, 53203−53272.
(20) Giustiniano, M.; Moni, L.; Sangaletti, L.; Pelliccia, S.; Basso, A.;
Novellino, E.; Tron, G. Interrupted Ugi and Passerini Reactions: An
Underexplored Treasure Island. Synthesis 2018, 50, 3549−3570.
(21) Wang, Q.; Wang, D.-X.; Wang, M.-X.; Zhu, J. Still
Unconquered: Enantioselective Passerini and Ugi Multicomponent
Reactions. Acc. Chem. Res. 2018, 51, 1290−1300.
(22) Moni, L.; Banfi, L.; Riva, R.; Basso, A. External-Oxidant-Based
Multicomponent Reactions. Synthesis 2016, 48, 4050−4059.
(23) Basso, A.; Moni, L.; Riva, R. Multicomponent Reactions under
Oxidative Conditions. Multicomponent Reactions in Organic Synthesis;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2014;
Vol. 8, pp 265−300.
(24) Ngouansavanh, T.; Zhu, J. Alcohols in Isonitrile-Based
Multicomponent Reaction: Passerini Reaction of Alcohols in the
Presence Of o-Iodoxybenzoic Acid. Angew. Chem., Int. Ed. 2006, 45,
3495−3497.
(25) Brioche, J.; Masson, G.; Zhu, J. Passerini Three-Component
Reaction of Alcohols under Catalytic Aerobic Oxidative Conditions.
Org. Lett. 2010, 12, 1432−1435.
(26) Karimi, B.; Farhangi, E. One-Pot Oxidative Passerini Reaction
of Alcohols Using a Magnetically Recyclable TEMPO under Metal-
and Halogen-Free Conditions. Adv. Synth. Catal. 2013, 355, 508−516.
(27) Ngouansavanh, T.; Zhu, J. IBX-Mediated Oxidative Ugi-Type
Multicomponent Reactions: Application to the N and C1
Functionalization of Tetrahydroisoquinoline. Angew. Chem., Int. Ed.
2007, 46, 5775−5778.
(28) Islas-Jácome, A.; Gutiérrez-Carrillo, A.; García-Garibay, M.;
González-Zamora, E. One-Pot Synthesis of Nuevamine Aza-
Analogues by Combined Use of an Oxidative Ugi Type Reaction
and Aza-Diels-Alder Cycloaddition. Synlett 2014, 25, 403−406.
(29) Wang, J.; Sun, Y.; Jiang, M.-H.; Hu, T.-Y.; Zhao, Y.-J.; Li, X.;
Wang, G.; Hao, K.; Zhen, L. Iminium Ion and N-Hydroxyimide as the
Surrogate Components in DEAD-Promoted Oxidative Ugi Variant. J.
Org. Chem. 2018, 83, 13121−13131.
(30) Ye, X.; Xie, C.; Pan, Y.; Han, L.; Xie, T. Copper-Catalyzed
Synthesis of α-Amino Imides from Tertiary Amines: Ugi-Type Three-
Component Assemblies Involving Direct Functionalization of Sp3 C-
Hs Adjacent to Nitrogen Atoms. Org. Lett. 2010, 12, 4240−4243.
(31) Ye, X.; Xie, C.; Huang, R.; Liu, J. Direct Synthesis of α-Amino
Amides from N-Alkyl Amines by the Copper-Catalyzed Oxidative
Ugi-Type Reaction. Synlett 2012, 23, 409−412.
(32) Rueping, M.; Vila, C. Visible Light Photoredox-Catalyzed
Multicomponent Reactions. Org. Lett. 2013, 15, 2092−2095.
(33) Vila, C.; Rueping, M. Visible-Light Mediated Heterogeneous C-
H Functionalization: Oxidative Multi-Component Reactions Using a
Recyclable Titanium Dioxide (TiO2) Catalyst. Green Chem. 2013, 15,
2056−2059.
(34) Rueping, M.; Vila, C.; Bootwicha, T. Continuous Flow
Organocatalytic C-H Functionalization and Cross-Dehydrogenative
Coupling Reactions: Visible Light Organophotocatalysis for Multi-
component Reactions and C-C, C-P Bond Formations. ACS Catal.
2013, 3, 1676−1680.
(35) Chen, Y.; Feng, G. Visible Light Mediated Sp3 C-H Bond
Functionalization of N-Aryl-1,2,3,4-Tetrahydroisoquinolines via Ugi-
Type Three-Component Reaction. Org. Biomol. Chem. 2015, 13,
4260−4265.
(36) Dighe, S. U.; Kolle, S.; Batra, S. Iron-Catalysed Oxidative Ugi-
Type Multicomponent Reaction Using (Arylmethyl)Amines as Imine
Precursors. Eur. J. Org. Chem. 2015, 4238−4245.
(37) Guerrero, I.; San Segundo, M.; Correa, A. Iron-Catalyzed
C(Sp3)-H Functionalization of N,N-Dimethylanilines with Isocya-
nides. Chem. Commun. 2018, 54, 1627−1630.
(38) Gini, A.; Uygur, M.; Rigotti, T.; Alemán, J.; García Mancheño,
O. Novel Oxidative Ugi Reaction for the Synthesis of Highly Active,
Visible-Light, Imide-Acridinium Organophotocatalysts. Chem. - Eur. J.
2018, 24, 12509−12514.

(39) Brandhofer, T.; Gini, A.; Stockerl, S.; Piekarski, D. G.; García
Mancheño, O. Direct C-H Bond Imidation with Benzoyl Peroxide as a
Mild Oxidant and a Reagent. J. Org. Chem. 2019, 84, 12992−13002.
(40) Li, D.; Shen, X.; Lei, J. Metal-Free Iodine/TEMPO-Mediated
Aerobic Oxidative Ugi-Type Multicomponent Reactions with Tertiary
Amines. J. Org. Chem. 2020, 85, 2466−2475.
(41) Pan, N.; Ling, J.; Zapata, R.; Pulicani, J.-P.; Grimaud, L.; Vitale,
M. R. Electrochemical TEMPO-Catalyzed Multicomponent C(Sp3)-
H α-Carbamoylation of Free Cyclic Secondary Amines. Green Chem.
2019, 21, 6194−6199.
(42) Drouet, F.; Masson, G.; Zhu, J. Ugi Four-Component Reaction
of Alcohols: Stoichiometric and Catalytic Oxidation/MCR Sequences.
Org. Lett. 2013, 15, 2854−2857.
(43) Khan, I. A.; Saxena, A. K. Parikh-Doering Oxidation-
Dehydration-Ugi Cyclization Cascade in the Development of Lactams
from Formidoalkanols (3 > Chain Length > 7). Tetrahedron 2012, 68,
294−299.
(44) Moni, L.; Banfi, L.; Basso, A.; Carcone, L.; Rasparini, M.; Riva,
R. Ugi and Passerini Reactions of Biocatalytically Derived Chiral
Aldehydes: Application to the Synthesis of Bicyclic Pyrrolidines and
of Antiviral Agent Telaprevir. J. Org. Chem. 2015, 80, 3411−3428.
(45) Moni, L.; Banfi, L.; Basso, A.; Martino, E.; Riva, R.
Diastereoselective Passerini Reaction of Biobased Chiral Aldehydes:
Divergent Synthesis of Various Polyfunctionalized Heterocycles. Org.
Lett. 2016, 18, 1638−1641.
(46) Dagar, N.; Sen, P. P.; Roy, S. R. Electrifying Sustainability on
Transition Metal-Free Modes: An Eco-Friendly Approach for the
Formation of C-N Bonds. ChemSusChem 2021, 14, 1229−1257.
(47) Yan, M.; Kawamata, Y.; Baran, P. S. Synthetic Organic
Electrochemical Methods Since 2000: On the Verge of a Renaissance.
Chem. Rev. 2017, 117, 13230−13319.
(48) Kärkäs, M. D. Electrochemical Strategies for C-H Function-
alization and C-N Bond Formation. Chem. Soc. Rev. 2018, 47, 5786−
5865.
(49) Wiebe, A.; Gieshoff, T.; Möhle, S.; Rodrigo, E.; Zirbes, M.;
Waldvogel, S. R. Electrifying Organic Synthesis. Angew. Chem., Int. Ed.
2018, 57, 5594−5619.
(50) Echeverria, P.-G.; Delbrayelle, D.; Letort, A.; Nomertin, F.;
Perez, M.; Petit, L. The Spectacular Resurgence of Electrochemical
Redox Reactions in Organic Synthesis. Aldrichimica Acta 2018, 51, 3−
19.
(51) Hammerich, O.; Speiser, B. Organic Electrochemistry, 5th ed.;
CRC Press: New York, 2016.
(52) Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine N-
Oxyl (TEMPO), Phthalimide N-Oxyl (PINO), and Related N-Oxyl
Species: Electrochemical Properties and Their Use in Electrocatalytic
Reactions. Chem. Rev. 2018, 118, 4834−4885.
(53) Gerken, J. B.; Pang, Y. Q.; Lauber, M. B.; Stahl, S. S. Structural
Effects on the PH-Dependent Redox Properties of Organic Nitroxyls:
Pourbaix Diagrams for TEMPO, ABNO, and Three TEMPO Analogs.
J. Org. Chem. 2018, 83, 7323−7330.
(54) Taitt, B. J.; Bender, M. T.; Choi, K. S. Impacts of the
Regeneration Pathways of the Oxoammonium Cation on Electro-
chemical Nitroxyl Radical-Mediated Alcohol Oxidation. ACS Catal.
2020, 10 (1), 265−275.

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.1c00003
ACS Org. Inorg. Au 2021, 1, 18−22

22

https://doi.org/10.1039/C6RA02143C
https://doi.org/10.1039/C6RA02143C
https://doi.org/10.1055/s-0037-1610193
https://doi.org/10.1055/s-0037-1610193
https://doi.org/10.1021/acs.accounts.8b00105
https://doi.org/10.1021/acs.accounts.8b00105
https://doi.org/10.1021/acs.accounts.8b00105
https://doi.org/10.1055/s-0035-1562527
https://doi.org/10.1055/s-0035-1562527
https://doi.org/10.1002/anie.200600588
https://doi.org/10.1002/anie.200600588
https://doi.org/10.1002/anie.200600588
https://doi.org/10.1021/ol100012y
https://doi.org/10.1021/ol100012y
https://doi.org/10.1002/adsc.201200449
https://doi.org/10.1002/adsc.201200449
https://doi.org/10.1002/adsc.201200449
https://doi.org/10.1002/anie.200701603
https://doi.org/10.1002/anie.200701603
https://doi.org/10.1002/anie.200701603
https://doi.org/10.1055/s-0033-1340218
https://doi.org/10.1055/s-0033-1340218
https://doi.org/10.1055/s-0033-1340218
https://doi.org/10.1021/acs.joc.8b01868
https://doi.org/10.1021/acs.joc.8b01868
https://doi.org/10.1021/ol101576q
https://doi.org/10.1021/ol101576q
https://doi.org/10.1021/ol101576q
https://doi.org/10.1021/ol101576q
https://doi.org/10.1055/s-0031-1290319
https://doi.org/10.1055/s-0031-1290319
https://doi.org/10.1055/s-0031-1290319
https://doi.org/10.1021/ol400317v
https://doi.org/10.1021/ol400317v
https://doi.org/10.1039/c3gc40587g
https://doi.org/10.1039/c3gc40587g
https://doi.org/10.1039/c3gc40587g
https://doi.org/10.1021/cs400350j
https://doi.org/10.1021/cs400350j
https://doi.org/10.1021/cs400350j
https://doi.org/10.1021/cs400350j
https://doi.org/10.1039/C5OB00201J
https://doi.org/10.1039/C5OB00201J
https://doi.org/10.1039/C5OB00201J
https://doi.org/10.1002/ejoc.201500464
https://doi.org/10.1002/ejoc.201500464
https://doi.org/10.1002/ejoc.201500464
https://doi.org/10.1039/C7CC09872C
https://doi.org/10.1039/C7CC09872C
https://doi.org/10.1039/C7CC09872C
https://doi.org/10.1002/chem.201802830
https://doi.org/10.1002/chem.201802830
https://doi.org/10.1021/acs.joc.9b01765
https://doi.org/10.1021/acs.joc.9b01765
https://doi.org/10.1021/acs.joc.9b03168
https://doi.org/10.1021/acs.joc.9b03168
https://doi.org/10.1021/acs.joc.9b03168
https://doi.org/10.1039/C9GC03173A
https://doi.org/10.1039/C9GC03173A
https://doi.org/10.1021/ol401181a
https://doi.org/10.1021/ol401181a
https://doi.org/10.1016/j.tet.2011.10.050
https://doi.org/10.1016/j.tet.2011.10.050
https://doi.org/10.1016/j.tet.2011.10.050
https://doi.org/10.1021/jo502829j
https://doi.org/10.1021/jo502829j
https://doi.org/10.1021/jo502829j
https://doi.org/10.1021/acs.orglett.6b00487
https://doi.org/10.1021/acs.orglett.6b00487
https://doi.org/10.1002/cssc.202002567
https://doi.org/10.1002/cssc.202002567
https://doi.org/10.1002/cssc.202002567
https://doi.org/10.1021/acs.chemrev.7b00397
https://doi.org/10.1021/acs.chemrev.7b00397
https://doi.org/10.1039/C7CS00619E
https://doi.org/10.1039/C7CS00619E
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.joc.7b02547
https://doi.org/10.1021/acs.joc.7b02547
https://doi.org/10.1021/acs.joc.7b02547
https://doi.org/10.1021/acscatal.9b03241
https://doi.org/10.1021/acscatal.9b03241
https://doi.org/10.1021/acscatal.9b03241
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.1c00003?rel=cite-as&ref=PDF&jav=VoR

