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Abstract: Ugi reactions have been widely studied due to their mild reaction conditions, high struc-
tural variability, and wide applications. Ugi adducts have proved to be highly efficient for different
kinds of post-transformations by carefully choosing the starting four components. Considering the
importance of polycycles, diverse post-Ugi transformations have been employed for the construction
of structurally novel polycyclic N-heterocycles. This minireview summarizes the recent develop-
ments of post-Ugi reactions for the synthesis of polycycles after the year 2019. Through transition
metal catalysis from gold, rhodium, silver, copper, and palladium, as well as transition metal-free
approaches, versatile polycycles are constructed in a highly efficient and step-economical manner.
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1. Introduction

The Ugi reaction was discovered in 1959, starting from carbonyl compound (aldehyde
or ketone), primary amine, carboxylic acid, and isonitrile [1], affording peptidomimetics
with high biological activity and structural diversity [2]. Moreover, the Ugi reaction
bearing economic and environmentally friendly characteristics is tolerated with water
as the solvent [3]. Considering the mild reaction conditions, high structural variability,
and wide applications, Ugi reactions have been treated as one of the highly explored
reactions for the formation of multifunctional adducts [4]. By carefully choosing the
starting four components, Ugi-adducts could be manipulated to provide an opportunity
for a number of post-transformations [5]. Due to the high structural flexibility of Ugi-
adducts, post-Ugi transformation has become an increasingly efficient tool in the synthesis
of versatile heterocycles, natural products, and macrocyclic molecules with a wide range of
biological activities (Figure 1) [6-8], such as ecteinascidin 743 and (+)-furanomycin [9,10].
Additionally, post-Ugi cyclization has proved to be an important strategy in the synthesis
of many drugs for treating various diseases [6], such as HIV protease inhibitor MK 639 and
praziquantel for the treatment of the parasitical disease schistosomiasis [11,12].
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Figure 1. Important compounds from post-Ugi reactions.
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A number of post-Ugi reactions are reported to construct diverse heterocycles and have
been covered in several elegant reviews [5,13-16]. In 2018, Van der Eycken summarized the
transformations of the Ugi-adducts for the construction of diverse heterocyclic compounds
from the year 2014 [15]. After that, great success on the post-Ugi cyclizations has been
achieved to generate a myriad of unusual heterocycles, especially important polycycles.
In this minireview, we wish to highlight the recent advances of post-Ugi reactions for the
synthesis of versatile polycycles after the year 2019 (Scheme 1). For the sake of clarity,
we have divided this minireview into the following sections: (a) gold catalysis, (b) other
transition metal catalysis, and (c) transition metal-free catalysis.
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Scheme 1. Synthesis of polycycles via post-Ugi transformations.

2. Gold Catalysis

In 2019, Van der Eycken and co-workers combined gold-catalyzed post-Ugi dearoma-
tive spirocyclization and 1,6-addition for the preparation of various fused polyheterocyclic
scaffolds [17]. This reaction featured high chemo- and diastereoselectivity, and broad
substrate scope involving indole, pyrrole, benzothiophene, furan, or electron-rich arene
moieties (Scheme 2). For Ugi-adducts derived from indole-2-carboxaldehydes, a hydrogen
or a benzyl group at the indole nitrogen atom was tolerated to give the corresponding
products in moderate to good yields, while the acetyl group was not compatible with
the reaction conditions. A methyl or a chloro group on different positions of the newly
formed cyclohexanone was well-tolerated, while the methyl group on the x-position failed
to afford the desired product. Moreover, hydrogen and alkyl groups such as methyl, ethyl,
n-propyl, and n-butyl, or a phenyl group on the propiolamide fragment, could deliver the
corresponding products in moderate to good yields.
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Scheme 2. Gold-catalyzed post-Ugi dearomative spirocyclization and 1,6-addition.
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Subsequently, the same group developed a modular and streamlined approach to the
bridged indole alkaloid-like heterocycles [18]. Through gold-catalyzed chemo- and diastere-
oselective dearomative spirocarbocyclization/concerted [4+2] cyclization, architecturally
complex heterocyclic scaffolds were constructed in good yield and diastereoselectivity
(Scheme 3). This reaction performed well with a methyl, a hydrogen, a benzyl, and a
phenyl group at the indole nitrogen atom. The electron-withdrawing benzenesulfonyl
group generated the bridged heterocycle in much lower yield, and the acetyl group failed to
afford the desired product. These results indicated that the C3 nucleophilicity of the indole
moiety plays a crucial role in the cascade process. For propiolamide fragments, hydrogen
was incompatible, and alkyl groups such as methyl, ethyl, n-propyl, and n-butyl were
well tolerated to give the desired products in good yields. However, Ugi-adduct bearing
a bulky phenyl-substituted propiolamide moiety delivered the corresponding product in
much lower yield. Moreover, the electron-donating groups such as methyl and methoxy, or
electron-withdrawing groups such as fluoro, bromo, and iodo on the phenyl ring of the
indole moiety were well-tolerated. The Ugi-adduct with a pyrrolo [2,3-b]pyridine moiety
was also compatible with the reaction conditions. However, a methyl substituent on the C2
of the indole moiety failed to give the desired product probably due to the steric effect.
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Scheme 3. Gold-catalyzed dearomative spirocarbocyclization/concerted [4+2] cyclization.

Different from the above work using indole-3-carboxaldehydes in an Ugi reaction [18],
the combination of the Ugi reaction employing trans-cinnamaldehydes and gold catalysis
could provide distinct complex polycycles [19]. With the aid of microwave irradiation,
diverse bridged polycyclic N-heterocycles were synthesized in 10 min via a gold-catalyzed
dearomative spirocarbocyclization/Diels-Alder reaction sequence (Scheme 4). The effi-
ciency of microwave was also shown in the improved diastereoselectivity. Both hydrogen
and various alkyl groups such as methyl, ethyl, n-propyl, and n-butyl, or the phenyl group
on the propiolamide moiety, afforded the corresponding products in moderate to good
yields. Methyl groups in different positions of phenol moiety proceeded smoothly. Fluoro
or chloro installed in the meta-position of phenol moiety were also tolerated. Interestingly,
Ugi-adducts bearing a meta-phenyl-substituted phenol moiety reacted sufficiently well,
suggesting that a steric effect does not influence the cascade process. Para-substituted
electron donating (NMe; and OMe) and electron withdrawing (Br and NO,) groups at
the phenyl ring of alkene fragment were compatible with these reaction conditions. No-
tably, «,3-disubstituted alkene moieties were well tolerated to give good yields, but poor
diastereoselectivities.
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Scheme 4. Gold-catalyzed dearomative spirocarbocyclization/Diels-Alder reaction.

Based on their previous work [20], Van der Eycken and co-workers used indole-4-
carboxaldehydes to produce Ugi-adducts, which then underwent a gold-catalyzed post-Ugi
dearomatization/Michael addition sequence [21]. By this modular and straightforward
process, the highly functionalized azepinol5,4,3-cd]indole scaffolds were prepared in high
yield and excellent chemo-, regio-, and diastereoselectivity (Scheme 5). Notably, the func-
tional group on the nitrogen of the indole moiety had an important influence on the results.
The Bn group could give the corresponding polycyclic product, while the Boc group only
delivered the spiro-fused indole intermediate. Increasing the reaction temperature to 80 °C
for 5 h could generate the polycyclic product without the Boc group. The Ph group only
afforded the spiro-fused intermediate even employing an elevated temperature and ex-
tended reaction time. This is probably because of the electron-withdrawing characteristic
of the Boc and Ph groups, reducing the nucleophilicity of the C3-position in the indole.
The internal alkyne moieties with methyl, ethyl, n-propyl, and n-butyl groups performed
well, delivering the corresponding products in good yields. However, the terminal alkyne-
tethered Ugi-adduct failed to form the desired product, possibly due to the s-activated
model of gold catalyst on the terminal triple bond, resulting in the formation of thermo-
dynamically unstable spirocyclohexadienonyl-3-lactam. Notably, Ugi-adducts bearing
a phenyl-substituted alkyne moiety went on smoothly, affording the desired product in
moderate yield, showing that a sterically hindered group is also tolerated with this reaction.

Later on, the same group employed gold-catalyzed hydroamination/cycloisomerization
cascade in the concise and flexible construction of polycyclic N-heterocycles [22]. By us-
ing alkyne- and nitrile-tethered aldehydes in the Ugi reaction, highly functionalized 1,6-
annulated 2-pyridones and 2,3-annulated 4-pyrimidinones could be elaborated in excellent
yield (Scheme 6). Bulky groups on the secondary amide moiety derived from the isoni-
triles, such as adamantyl and 1,1,3,3-tetramethylbutyl, performed smoothly to generate
the 1,6-annulated 2-pyridones in good yields. While lower yields were obtained in the
case of less bulky groups such as t-butyl, cyclohexyl, naphthyl, and benzyl. Changing
a small hydrogen into larger alkyl groups such as methyl, ethyl, n-propyl, and n-pentyl,
or aryl groups such as phenyl or thiophene on the 2-ynamide moiety, led to increasing
yields of 1,6-annulated 2-pyridones. This reaction showed wide scope and good functional
group tolerance and could be used as the key ring-forming step for the total synthesis of
(£)-seco-antofine and (£)-septicine.
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Scheme 5. Gold-catalyzed post-Ugi dearomatization/Michael addition.
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Scheme 6. Gold-catalyzed hydroamination/cycloisomerization.

In 2022, Van der Eycken and co-workers reported a gold-catalyzed tandem 6-endo-dig
cyclization/enyne cycloisomerization/1,2-migration process of Ugi-adducts for the con-
struction of diverse highly functionalized pyrrolo[1,2-blisoquinolines [23]. This reaction
featured mild reaction conditions, high chemo- and regioselectivity, and various migrating
groups such as aryl, heteroaryl and alkyl (Scheme 7). Alkyl groups such as methyl, ethyl, n-
propyl, and n-pentyl, or aryl groups such as phenyl or thiophene on the 2-ynamide moiety,
reacted smoothly and delivered the desired products in good yields. Bulky groups on the
secondary amide moiety derived from the isonitriles, such as 1,1,3,3-tetramethylbutyl and



Processes 2023, 11, 699 6 of 19

t-butyl, produced higher yields than those bearing a less bulky group such as cyclohexyl,
benzyl, and n-butyl. This approach could be extended to the late-stage diversification of
oligopeptides in a rapid and step-economical manner.
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Scheme 7. Gold-catalyzed 6-endo-dig cyclization/enyne cycloisomerization/1,2-migration process.

Afterwards, the same group integrated gold-catalyzed hydroarylation with Michael
addition for the production of diverse benzazepinoindole polycyclic scaffolds in a highly
efficient manner [24]. This method showed a broad substrate scope, excellent functional
group tolerance, and high yield (Scheme 8). Hydrogen and alkyl groups such as methyl,
ethyl, n-propyl, and i-propyl, or aryl groups such as phenyl or 2-naphthyl on the propio-
lamide fragment, could deliver the desired products in high yields.
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Scheme 8. Gold-catalyzed hydroarylation and Michael addition.

Very recently, Van der Eycken and co-workers disclosed a novel strategy towards
polycycles [25]. Through gold-catalyzed intramolecular bicyclization of Ugi-adducts, the
divergent synthesis of quinazolinone and ampakine analogues was achieved in high
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efficiency and step-economy (Scheme 9). When terminal alkyne-tethered aldehydes were
used in the Ugi reaction, exo-dig cyclization was observed. Ugi-adducts derived from
the 2-ethynylbenzaldehydes bearing an electron-donating dimethyl group or an electron-
withdrawing chloro group reacted smoothly to give the ampakine analogues in high yields.
Additionally, Ugi-adducts derived from pent-4-ynal or hex-5-ynal were well tolerated.
Ugi-adducts derived from 2-(hydroxymethyl)benzoic acids were also applicable to this
reaction, delivering the seven-member ring fused ampakine analogues in good yields. Ugi-
adducts derived from various 2-aminobenzoic acids worked well, delivering the desired
quinazolinones. While Ugi-adducts derived from internal alkyne-tethered aldehydes
preferred to undergo endo-dig cyclization. Various substituents on the triple bond, such as
methoxyphenyl, chlorophenyl, phenyl, thiophenyl, and cyclopropyl, were well tolerated.
Notably, Ugi-adducts derived from diverse substituted salicylic acids or 2-aminobenzoic
acids proceeded smoothly to yield the corresponding products. The practicality of this
method was further demonstrated by a scale-up reaction and oligopeptide modification.

R!
Ph3PAUCI/AgNTf, Ph3PAUCI/AgNTf, HN 0
DCE, 60°C, 12 h X -7 DCE, 60°C, 12 h \?H
- A _— ~
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52-99% yield 20-90% yield N N
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X =0, NBn, N-Allyl, NPh, NFmoc, NMe, NH, NiBu; Y = CH, N X=0,NBn
R' = tBu, Cy, nBu, nPentyl, Ad, p-OMePh R'=tBu, Cy
R2= H,Y=CH,N R2= 4-OMePh, Ph, 4-CIPh, 2-Thiophene, Cyclopropyl; Y = CH

16a, 99%

Cy

HN\?O

OMe 17a,90% Ome 17b.20% 16e, 99% 16f, 78%
Scheme 9. Gold-catalyzed intramolecular bicyclization.

3. Other Transition Metal Catalysis

In 2019, Van der Eycken and co-workers employed rhodium(Ill)-catalyzed C-H ac-
tivation in the post-Ugi transformations [26]. Through microwave-assisted C-H activa-
tion/annulation, different kinds of indolizinone and quinolizinone scaffolds were con-
structed in a rapid, step-economical, and chemoselective manner (Scheme 10). Substituents
on the secondary amide moiety derived from the isocyanides, such as cyclohexyl, t-butyl,
1,1,3,3-tetramethylbutyl, and adamantyl, produced the corresponding indolizinones in
high yields. However, Ugi-adduct derived from p-tolylsulfonymethyl isocyanide did not
give the desired product. The phenyl group on the alkyne moiety could be superseded
by cyclopropyl, cyclohexyl, or TBS. While the terminal alkyne-tethered substrate was not
compatible with the reaction conditions. Substrates bearing a longer carbon chain between
the benzamide and the phenylacetylene worked well, resulting in the corresponding quino-
lizinones. Ugi-adducts derived from carboxylic acids bearing diverse heteroaryl groups,
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such as furan, thiophene, pyrrole, benzofuran, benzothiophene, indole, pyridine, and thia-
zole, proceeded smoothly. a-Substituted acrylamide substrates were also applicable to this
reaction, while 3-substituted and «, 3-disubstituted acrylamide substrates failed to give
the desired products, probably due to the unsuccessful formation of cyclometallation. This
approach was well tolerated with peptide substrates, affording the decorated oligopeptides
in good yields. Notably, twofold and threefold C-H activation/annulation cascade proved
to be productive, yielding complex fused ring systems in high efficiency (Scheme 11).

R' R!
O _NH [RhCp*Cly], (5 mol%) o N _NH
o] Cu(OAc), (2 equiv.)
N CsOAc (2 equiv.) T N
H t-AmOH, 120°C, 1 h e
Pz MW, 100 W
R2 ~ 46-96%
18 38 examples 19

R' = tBu, Cy, TMB, Ad, Peptidyl
R? = Ph, Cyclopropyl, Cy, TBS
R3= H, 3-Me, 3-CF3, 2-Me, 1-Me, Pyrrole, (Benzo)furan, (Benzo)thiophene, Indole, Pyridine, Thiazole

Ph

CO,Me

[RhCp*Clal, (5 mol%)
NH 0 O ,tBu Cu(OAc);, (2 equiv.)
HN NH CsOAc (2 equiv.)
B 00 HN +-AmOH, 120°C, 1 h
MW, 100 W
18a Ph—— 82%

Ph
Z [RhCp*Cly], (5 mol%)
H O O o Cu(OAc); (2 equiv.)
o) CsOAc (2 equiv.)
o

HN o [¢] Ph HN N/IBu t-AmOH, 120°C, 1 h

\ S N MW, 100 W

tBu 18b N 65%

Scheme 11. Twofold and threefold C-H activation/annulation.

In 2020, silver(]) triflate-catalyzed post-Ugi synthesis of polycycles was performed
by Pereshivko and Peshkov. The Domino Friedel-Crafts ipso cyclization/imine trapping
process enabled the formation of versatile tetracyclic spiroindolines in high yield [27].
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Compared to reported gold-catalyzed version using Ugi-adducts derived from aliphatic
amines and 3-alkyl propiolic acids [28], this silver-catalyzed process worked best for
indole-3-carbaldehyde-derived Ugi adducts derived from anilines and 3-aryl propiolic
acids, which was a good complementarity (Scheme 12). Diverse aryl groups on the triple
bond were tolerated to produce high yields. The Ugi-adducts derived from thiophen-2-yl
propiolic acid and tetrolic acid delivered lower yields. Ugi-adducts derived from aromatic
and aliphatic amines were tested, showing that those from aromatic amines gave better
results. In addition, the combination of the Ugi reaction and silver-catalyzed tetracyclic
indoline formation could be performed in a two-step one-pot process. However, more
catalyst loading was needed to generate a full conversion, probably due to the negative
influence of water generated from the Ugi reaction. Therefore, molecular sieves were also
added to effectively avoid the decomposition of the catalyst via the interactions with water.
Notably, without adding Brensted acid, only tricyclic spiroindolines were obtained due to
the suppressed imine trapping.

R4
|
OsNH
(0]
= N =
AgOTf, 4A MS F % NH AgOTf, TFA
A i il A -
) TFE, rt R R — TFE, rt
NN HN\R4 49-90% yield \ y Y 50-99% yield
22 6 examples 20 R3 22 examples
R' = Ph, 4-FPh, 4-OMePh R" = Ph, 4-FPh, 4-CIPh, 4-OMePh, 2-Thiophene, Me
R? = Ph, 4-FPh, 3-CIPh R2? = Ph, 4-CF3Ph, 4-FPh, 3-CIPh, 2-Me-4-OMePh, 3,5-di-OMePh, nBu, PMB
R®=H, 3-OMe R3 = H, 2-F, 4-Br, 3-Br, 3-OMe
R* = tBu R* = tBu, nBu, 2-Np

/
HN
N “tBu

22a, 89%

H
Ph
21¢, 79% 21d, 99%

22c¢, 90%

Scheme 12. Silver(I)-catalyzed post-Ugi synthesis of polycycles.

In 2021, Zhou and Cai presented a new method for the synthesis of spiroindolinone-
isoindolinone skeletons [29]. Through the Ugi reaction and sequential copper-catalyzed
intramolecular tandem C-N/C-C coupling process, diverse spirooxindole structures were
constructed in highly efficiency under mild reaction conditions (Scheme 13). Various sub-
stituents on the phenyl moiety derived from 2-iodobenzoic acid or 2-iodobenzaldehydes were
well tolerated, while substrates derived from ortho-substituted 3-methyl-2-iodobenzaldehyde
required higher reaction temperature to obtain moderate yield. Substrates derived from
2-iodophenylacetic acid failed to give an isoquinolinone ring. Moreover, the substrate
scope could be extended to 2-bromobenzaldehydes and 2-bromobenzoic acids by using
higher reaction temperature, leading to spiroindolinone-isoindolinone skeletons. Control
experiments indicated that the formation of the C-C bond is enabled by copper catalysis,
rather than previously proposed base promoted nucleophilic aromatic substitution pro-
cess [30]. By using the chiral oxazoline ligand, the asymmetric version could be achieved
in good enantioselectivity, but low yield (Scheme 14).
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Scheme 13. Copper-catalyzed intramolecular tandem C-N/C-C coupling.
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Scheme 14. Copper-catalyzed asymmetric synthesis of spiroindolinone-isoindolinone skeletons.

In the same year, Van der Eycken and co-workers disclosed a novel palladium-
catalyzed arylative dearomatization and subsequent aromatization/dearomatization/aza-
Michael addition process of Ugi-adducts [31]. By this sequence, diverse Zephycarinatine
and Zephygranditine scaffolds containing two adjacent quaternary carbon stereocenters
were constructed in good yield, with excellent chemo- and diastereoselectivity (Scheme 15).
Bulky groups on the secondary amide moiety derived from the isonitriles, such as t-butyl
and adamantyl, delivered high yields than less bulky groups such as cyclohexyl and
n-pentyl. These results indicated that the steric hindrance on the nitrogen atom of the
secondary amide moiety is beneficial for this reaction. Diverse Ugi-adducts derived from
substituted benzaldehydes and heterocyclic furan-3-aldehyde were well tolerated. No-
tably, control experiments showed that this intramolecular arylative dearomatization of
1-naphthol is enhanced by palladium catalysis, and K,COj3 plays a critical role for the
subsequent aromatization/dearomatization/aza-Michael addition process. According
to the mechanism (Scheme 16), Ugi-adduct firstly undergoes palladium(0)-catalyzed in-
tramolecular arylative dearomatization to give the key spirocyclic intermediate A, followed
by deprotonation and subsequent aromatization-driven C-N bond cleavage to generate ke-
timine intermediate C. The dearomatization of C and sequential intramolecular aza-Michael
addition would afford the final product.
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R3 OO [Pd(cinnammyl)Cl],
B QPhos, K,CO;
= N_R' acetone 3
Br O I _R? 100°C,12h

S 22-95% yield
21 examples 29

28
R' = Ph, 4-MePh, 4-OMePh, 4-CIPh, 3-MePh, 3-OMePh, 2-Furan
R? = tBu, Cy, nPentyl, Ad
3 = H, 3-Me, 3-OMe, 4-Me, 2-Me, 2-OMe, 2-F, 2-NO,, Np, 2,3-OCH,0-

)
200, 95% OMe

29b, 22% 29c¢, 47%

Scheme 15. Palladium-catalyzed post-Ugi reactions for the synthesis of Zephycarinatine and Zephy-
granditine scaffolds.

OH

< (O
@Y Pd° j _ base j
1 1

= N.__R' dearomauzatlon
Br O I R

deprotonatlon R2

B

C-N cleavage \

o D

Scheme 16. Proposed mechanism for the palladium-catalyzed post-Ugi reactions.

Based on the above work, the same group applied 4-hydroxy-1-naphthaldehyde
and 2-bromobenzylamine in the Ugi reaction [32]. The following palladium-catalyzed
intramolecular cyclization of Ugi-adducts delivered various plicamine analogues via a
cascade dearomatization/aza-Michael addition process (Scheme 17). Diverse aliphatic
or aromatic groups on the secondary amide moiety derived from the isocyanides, were
compatible with the reaction conditions, giving the plicamine derivatives in moderate
yields. Substrates with an electron donating dioxol or an electron withdrawing chloro
group on the benzylamine moiety derived from the corresponding amines reacted smoothly
to deliver the desired products. Substrates bearing aliphatic or aromatic substituents on
the tertiary amide moiety derived from the corresponding acids were well tolerated.

OH
OO Pd(OAc),, QPhos
Br H K;CO3, 1,4-dioxane
s e,

B j\ N.gs  100°C, 12h
P ) 31-59% yield
R{ 07 "R? 14 examples

30

R' = H, 2,3-OCH,0-, 2-Cl
R? = Ph, nPr, iPr, 4-OMePh, 4-CIPh
R® = tBu, nPentyl, TMB, Ad, p-OMePh, 3,4-OCH,CH,0-Ph

o}
31a, 31% (1.5:1 dr) 31b, 59% (1.5:1 dr) 31c, 46% (1.8:1 dr)

Scheme 17. Palladium-catalyzed dearomatization/aza-Michael addition.
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4. Transition Metal-Free Catalysis

In 2019, Sharma and co-workers employed ICl-mediated cyclization in post-Ugi re-
actions [33]. The highly constrained tetrahydroquinoline-fused tetracyclic heterocycles
were prepared in good yield via a metal-free diastereo-/regio-selective fashion (Scheme 18).
Electron-donating substituents derived from substituted phenyl propiolic acids gave better
results than those bearing fluorine substituents. As proposed, Ugi-adduct firstly undergoes
iodonium ion-induced 7 activation, followed by ipso nucleophilic cyclization to give spiro-
cyclic carbocation intermediate. Final Friedel-Crafts-type cyclization via trapping of the
carbocation generates the desired product. Notably, the obtained polycyclic compounds
displayed promising anticancer activity against human cancer cell lines.

% _IcLDCE
/L t, 12h

58-87% vyield N
/ / 27 examples Io) H OMe
R2 32 R' = 2,5-di-OMe, 2,5-di-Me, 3,4,5-tri-OMe 33 H i \ (o] NH
R?=H, 4-Me 1 tBu tBu
! 33 9 o
R® = tBu, Cy, nPentyl, TMB, CO,EtCHy- ] 3, 87% 33b, 86%
R* = Ph, 4-MePh, 4-FPh, 4-OMePh |
- Friedel-Crafts
7 activation o
type cyclization
R4
L
R2 /—
> 0 R1 ipso-cyclization
\ /N o % C o
\ / 33¢c, 58% Cy 33d, 69%
(¢}
NH
/
R3

Scheme 18. ICl-Mediated post-Ugi cyclizations.

In 2020, Li, Chen and Xu discovered an Ugi reaction, ring expansion, pseudo-Dieckmann
condensation, and rearrangement cascade for the preparation of indoline-piperidinones [34].
This reaction showed a good yield, mild reaction, and simple operation procedure (Scheme 19).
The utilization of microwave irradiation largely shortened the reaction time to 10 min. After
the removal of the reaction solvent under a gentle stream of nitrogen, the initial obtained
Ugi-adducts were then employed directly in the next step without purification to give the
desired indoline-piperidinones. Electron withdrawing and donating phenyl substituents de-
rived from carboxylic acids were well tolerated. Ugi-adducts bearing electron-withdrawing
bromo derived from 2-aminobenzoates afforded better yields compared to those bearing
electron donating methoxy or methyl. However, Ugi-adduct derived from 2-aminobenzoate
bearing a 4-NO; functional group was not formed. Ugi-adducts derived from aromatic
and aliphatic isocyanides were well tolerated. Mechanically (Scheme 20), deprotonated
intermediate A attacks the a-carbonyl to form 4-membered ring intermediate B, which
undergoes ring expansion to generate intermediate C. The removal of ethoxyl group and
CO; delivers the carbanion intermediate D, followed by pseudo-Dieckmann condensation,
to afford intermediate E. Sequential rearrangement and dehydration would produce the
final product.

Later on, Al-Harrasi and co-workers developed a route for the synthesis of fused
polycyclic scaffolds through post-Ugi reactions [35]. Sequential nucleophilic aromatic sub-
stitution and second-order nucleophilic substitution of Ugi-adducts under basic conditions
delivered structurally new spiro-f3-lactam-pyrroloquinolines in high yield (Scheme 21).
The presence of electron-donating groups on the quinoline moiety resulted in lower
yields. 5-Methoxy substituted quinolines failed to give the desired products. Electron-
withdrawing groups on the quinoline moiety had no significant influence on the yields.
Notably, Ugi-adduct derived from 2-bromobenzaldehyde only afforded piperazine-2,5-
dione, indicating the necessity of 2-chloro-quinoline moiety for the formation of spiro-
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-lactam-pyrroloquinolines (Scheme 22). This is due to the higher electrophilicity of the
2-position at the quinoline moiety bearing the nitrogen atom in the structure, enhancing
the electrophilicity compared to the simple phenyl ring in 2-bromobenzaldehyde.

o]
Foon R ;i :
R' “COOH P> NH \ = coR o>'N,R
24 35 2 MeOH o ¥ o DBU, DMF o)
. — — NN
o rt ] N _R%| Mw, 80°C, 10 min R3y
J R N 50-75% yield & R
) .
EtO w CHO R“NC £g” SO 21 examples 0
37 38 39
R' = Ph, 4-MePh, 4-BrPh, 4-OMePh, 3,4-OCH,0-Ph
R2 = Bn, PhCH,CHo-, Cy, 2,6-di-MePh, nBu
R® =H, 4-Br, 3-OMe, 4-OMe, 3-Me
R* = Me, Et
o, Bn o Sy o Ly
- - >
N ¢] N o O MeO N o
Ph Ph Ph
o] 0
39a, 69% 39b, 68% 39c,75% OMe 39d, 50%

Scheme 19. Post-Ugi cyclizations for the preparation of indoline-piperidinones.
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R? ¢

R2 R®
O>'N/ o N/R2 H R OH R402C/Q
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R3 — X N ~— R34 HN R
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Scheme 20. Proposed mechanism for the preparation of indoline-piperidinones.
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\/Z(N—R2
N
R0 o
NN N
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Scheme 21. Post-Ugi cyclizations for the preparation of spiro-f-lactam-pyrroloquinolines.
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Scheme 22. Synthesis of piperazine-2,5-dione.

Interestingly, [3+2]-dipolar cycloaddition was successfully employed in post-Ugi
reactions by Srivastava and co-workers [36]. The aldehyde-tethered Ugi-adducts were
obtained from Ugi reaction using ethanolamine and subsequent Dess-Martin periodinane
oxidation (Scheme 23). Through the [3+2]-dipolar cycloaddition of aldehyde-tethered Ugi-
adducts with trimethylsilyl amino esters, uniquely functionalized pyrrolo-pyrrolizinones,
pyrido-pyrrolizinones, and azepino-pyrrolizinones were prepared in good yield. Dif-
ferent with trimethylsilyl proline ester affording pyrrolo-pyrrolizinones, trimethylsilyl
piperidine-2-carboxylate reacted with oxidized Ugi-adduct to give the completely oxidized
pyrroloindolizinone. This is probably due to the ring strain in pyrrolo-pyrrolizinones that
reduces the oxidation. According to the mechanism (Scheme 24), firstly, the condensation
of Ugi-adduct and trimethylsilyl amino ester gives iminium intermediate A, which reacts
with water and releases trimethylsilyl moiety to form intermediate B. This is followed
by the attack of carboxylate anion and removal of CO; to afford intermediate D. Final
intramolecular [3+2]-dipolar cycloaddition delivers the desired product.

O R2 R3 H
/N&(N R* no toluene
R ) * .
m 5 STMS 100°C,3h
CHO m=0,1,2
43 44 n=12

31-68% yield
20 examples

R' = Ph, 4-OMePh, Me, nPr, nBu, H
R?=R®=H, Me, -CH,CH,CH,CH,-; R? = H, R®=4-FPh, 4-OMePh, 4-NO,Ph, Ph

Ph
N HoLo§ H
tBu A N “cy

45a, 59% 45b, 31% 45¢, 68%, dr = 2:1

Scheme 23. Post-Ugi reaction via [3+2]-dipolar cycloaddition.
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Scheme 24. Proposed mechanism for the [3+2]-dipolar cycloaddition.

In 2021, Li, Chen, and Xu reported a metal-free approach to spiro-y-lactams from
chromone-tethered Ugi-adducts [37]. Through Michael addition and subsequent nucle-
ophilic cyclization to form C-N/C-C bonds, diverse functionalized chromanones were
synthesized in good yield under basic conditions (Scheme 25). Ugi-adducts bearing electron-
withdrawing or -donating groups derived from chromone-3-carboxaldehydes successfully
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afforded the desired chromanones in good yields. Diverse phenyl and heteroaryl groups
derived from carboxylic acids were also well tolerated. When altering solvent from EtOH
to DME, a series of oxidized chromones were generated. Ugi-adducts derived from alkyl
carboxylic acids and acids bearing electron-withdrawing or electron-donating groups on
the phenyl ring were compatible with the reaction conditions to give the correspond-
ing chromones in good yields. Electron-withdrawing or -donating groups derived from
chromone-3-carboxaldehydes were also tolerated to afford the desired chromones. Notably,
the obtained Ugi-adducts did not need purification by column chromatography, and the
crude Ugi-adducts had no important influence on the overall yield of final products. No-
tably, obtained spiro-y-lactams showed comparable anticancer activities with legendary
anticancer drug paclitaxel in the PANC and U87 cell lines.

R'=H, Me, CI, Br

o 7 RZ D,
o R H "‘NK R? = 3,4-OCH,0-Ph, 4-NO,Ph,
; DIPA, EtOH 0 2-NOzPh, 2-BrPh, Ph, 2-Furan,
R ‘ CHO Ii R2 —»1 20°C.6h 0N 2-Thiophene, 2,4-di-CIPh
3 g q o R® = 2,6-di-MePh, 2-N
o RINC 1pe Py 64-83% yield 511 R HiePh, 2-Np
46 + 47 — o N O 13 examples o / R' = H. Me, CI
1 2 3 3
A ooon | W‘J R! N R* R?=34-0CH,0-Ph, 4-NO,Ph, 2-BrPh,
NH, HN. DIPA, DMF Ph, 3-Ph, 4-CIPh, 5-Br-2-Pyridine,
48 49 [ R? o ‘ N 0o 6-Me-3-Pyridine, 2-Furan, 4-CO,MePh,
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18 examples

N
%

-°N -°N
O i O i
51a, 83% 51b, 73% 51c, g

64%

Br cl
N\ ci
o v — o v o 7
N N N
| 00 \ 00 | 00
o” N o N o~ N
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Scheme 25. Synthesis of spiro-y-lactams via Michael addition and nucleophilic cyclization.

Subsequently, Chang and Chen developed a novel post-Ugi transformation for the
preparation of indoline-fused 2,5-diketopiperazine scaffolds in a one-pot process [38].
Through 5-exo-trig Aldol type addition and sequential 6-exo-dig cyclization, tricyclic prod-
ucts were generated in high yield and excellent diastereo- and regioselectivity under basic
conditions (Scheme 26). Electron-donating groups at the para position derived from aromat-
icaldehydes such as methyl, t-butyl, dimethylamino, and methoxy, afforded the products
in higher yields than those bearing electron-withdrawing groups, such as Cl, Br, CF3, and
meta-F. Ugi-adducts derived from p-hydroxybenzaldehyde and aliphatic aldehydes did not
favor the formation of the desired products, although excess sodium hydroxide was used.
Ugi-adducts derived from 3-substituted heteroaromatic aldehydes were tolerated, such as
3-thiophenecarboxaldehyde and 3-furancarboxaldehyde. However, Ugi-adducts derived
from heteroaromatic aldehydes substituted at the 2-position mainly afforded 5-exo-trig
five-membered indolines, such as 2-furancarboxaldehyde, thiophene-2, and pyrrole-2-
carboxaldehyde. This is probably due to the strong hydrogen bond between the heteroatom
derived from heteroaromatic aldehydes and the NH group derived from isocyanides. Ugi-
adduct derived from pyridine-2-carboxaldehyde generated pyrrolidine-2,5-dione derivative
via the formation of a 3-lactam intermediate, followed by ring expansion. Electron-donating
and -withdrawing groups derived from phenylpropiolic acids did not evidently influence
the yields; they only affected the reactivity. Electron-withdrawing groups could accelerate
the reaction and reduce the reaction time. Ugi-adducts derived from aliphatic propiolic
acids only gave 5-endo-dig Michael addition products, while Ugi-adducts derived from
2’-aminobenzophenone delivered the mixture of tricyclic products and 5-endo-dig products
due to the steric hindrance of phenyl group in benzophenone.
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Scheme 26. Synthesis of indoline-fused 2,5-diketopiperazine scaffolds.

Recently, Li, Chen, and Xu presented a metal-free one-pot protocol through the combi-
nation of Ugi reaction and TFA-mediated cyclization [39]. By using microwave irradiation,
natural-product inspired spiroindolines were efficiently synthesized in high yield under
10 min (Scheme 27). The sequential deprotection, Michael addition from C3 of indole, and
Mannich reaction process provided polycyclic products in excellent chemo- and diastere-
oselectivity. For all cases, the crude Ugi-adducts after the removal of the solvent under a
gentle stream of nitrogen, were used directly in the next step without purification. A hydro-
gen, methyl, or phenyl group on the propiolamide fragment was well tolerated to deliver
the corresponding products in good yields. Ugi-adducts derived from diverse aromatic
aldehydes reacted smoothly. Various substituents on the secondary amide moiety derived
from the isonitriles, such as benzyl, 4-CO,MePhCH,;-, n-butyl, and 1,1,3,3-tetramethylbutyl,
performed well to afford the corresponding products in good yields. Notably, the naturally
existing spiroindolines displayed potential application as anti-cancer agents in diverse
human cancer cell lines.
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Scheme 27. Synthesis of spiroindolines via TFA-mediated cyclization.
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5. Conclusions

Polycycles, as a class of important compounds, are widely existed in lots of bioactive
molecules, natural products, advanced chemicals, and functional materials. Therefore,
many efforts have been made to synthesize structurally diverse polycycles for a wide range
of useful applications. Among different strategies, post-Ugi transformation has become
one of the highly explored reactions for the construction of diverse polycycles due to the
mild reaction conditions, wide scope, and high variability of Ugi reactions. Under gold
catalysis, dearomatization, hydroamination, and hydroarylation have been employed in
the preparation of versatile polycyclic N-heterocycles through the combination of other
processes, such as Michael addition, 1,6-addition, [4+2] cyclization, and cycloisomerization.
Other transition metals have also been investigated in the construction of novel polycycles,
such as rhodium(III)-catalyzed C-H activation, silver(l)-catalyzed Friedel-Crafts cyclization,
copper-catalyzed cross-coupling, and palladium-catalyzed dearomatization. Additionally,
transition metal-free strategies also show powerful potential in the synthesis of structurally
complex polycycles, such as cascade cyclization mediated by ICl, acid, and base. We
hope that this minireview, which focuses on the synthesis of polycycles via post-Ugi
transformations, would help researchers to better understand the chemistry behind post-
Ugi reactions and stimulate future developments in the construction of polycycles.
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