Molecular Diversity
https://doi.org/10.1007/511030-023-10641-7

COMPREHENSIVE REVIEW ;')

Check for
updates

Stefano Marcaccini: a pioneer in isocyanide chemistry
Ana G. Neo'® - José Luis Ramiro'® - Maria Garcia-Valverde?® . Jesus Diaz' ® - Carlos F. Marcos'

Received: 23 January 2023 / Accepted: 20 March 2023
© The Author(s) 2023

Abstract

Stefano Marcaccini was one of the pioneers in the use of isocyanide-based multicomponent reactions in organic synthesis.
Throughout his career at the University of Florence he explored many different faces of isocyanide chemistry, especially
those geared towards the synthesis of biologically relevant heterocycles. His work inspired many researchers who contributed
to other important developments in the field of multicomponent reactions and created a school of synthetic chemists that
continues today. In this manuscript we intend to review the articles on isocyanide multicomponent reactions published by
Dr. Marcaccini and analyse their influence on the following works by other researchers. With this, we hope to highlight the
immense contribution of Stefano Marcaccini to the development of isocyanide chemistry and modern organic synthesis as
well as the influence of his research on future generations. We believe that this review will not only be a well-deserved tribute
to the figure of Stefano Marcaccini, but will also serve as a useful inspiration for chemists working in this field.
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Introduction

Stefano Marcaccini was born in Prato (Florence) on the 31
of January of 1956. He studied at the University of Florence,
where he got a PhD in Organic Chemistry in 1982 under the
supervision of Professor Valerio Parrini. Between 1994 and
1995, he held a position as associate professor of Heterocy-
clic Chemistry at the University of Siena. He then returned
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to the University of Florence, where he spent most of his
career, conducting outstanding research on the synthesis of
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heterocycles that led to novel methods based primarily on
isocyanide reactions.

He became a world recognised expert on the chemistry of
isocyanides, having published a hundred of research papers
on this field. His contribution has an unquestionable impact
on the current state of the art of multicomponent reactions.
He mentored many students, and he was appreciated, not
only for his quality as educator and his extraordinary chemi-
cal intuition, but especially for his exceptional generosity
and kindness. His work inspired many researchers and
sparked the creation of a school of synthetic chemists that is
still very active today.

Stefano Marcaccini died at Prato on the 1st of October
2012. He is remembered as a remarkably gifted chemist and
an excellent person.

Synthesis of heterocycles from bifunctional
isocyanides

Isocyanoacetate derivatives
In the mid-80s, Marcaccini’s work was focused on hetero-
cyclic chemistry. Thus, with the aim of developing novel

ways to achieve heterocyclic scaffolds he turned the spot-
light into isocyanide chemistry, specifically isocyanoacetate
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derivatives (1). He reasoned that the acidic position o to the
isocyanide could be used to cyclise onto suitable functional
groups introduced with other reagents. He was probably
inspired by the seminal research of Schollkopf on the cou-
pling of isocyanoacetate (1) with acyl chlorides (6) [1, 2],
and of Van Leusen, on p-toluenesulfonylmethyl isocyanide
(TOSMIC) chemistry [3].

Thus, he reacted 2-isocyanoacetate (1) with sulphur
electrophiles, such as sulfenyl chlorides (2), generating a
reactive intermediate (3), which would undergo an intra-
molecular cyclisation in the presence of a base. He and his
co-workers synthesised different heterocyclic systems using
this strategy. For example, in his first work with isocyanides,
2-arylthio-5-alkoxyoxazoles (5) were constructed in almost
quantitative yields in a one pot process (Scheme 1) [4]. A
few years later, Marcaccini and Torroba expanded this study
by acylating oxazole (5) to afford trisubstituted oxazoles (7;
Scheme 1) [5]. Most likely, these reactions proceed through
nitrilium ylide intermediates (4), which have ever since been
revealed as a common and very useful feature of the chemis-
try of isocyanoacetate derivatives offering a broad variety of
a common and very useful feature applications in the multi-
component synthesis of heterocycles [6].

Similarly, dioxazolylsulfides (11) were prepared from
alkyl isocyanoacetates (1) and sulphur dichloride (8). A 2:1
molar ratio was used in this case to favour the formation of
a labile intermediate (10), which easily cyclised in presence
of a base leading to bisoxazolyl sulfane (11) in high yields
(Scheme 2) [7].

Additionally, the use of alkyl isocyanoacetates (12) and
S,Cl, (13) unexpectedly resulted in a convenient synthesis
of fused heterocyclic cores, such as thiazolo[5,4-d]-thiazoles
(21; Scheme 3) [8]. This molecular system has been recog-
nised as an important motif for molecular optic-electronic
[9] and photovoltaic applications [10]. The mechanism of
the reaction appears to involve a dimerisation of intermedi-
ate (16), which was confirmed as the same thiazolo [5,4-d]
thiazole (21) that can be obtained by reacting SCI, (8) with
isocyanoacetate (12) in a 1:1 molar ratio.

Other complex heterocyclic systems, such as 6-arylthio-
8-ethoxycarbonyl-4-ethoxycarbonylmethylaminoimida-
z0o[5,1-b][1,3,5]thiadiazine-2-thiones (28) could be obtained
from alkyl isocyanoacetates (12) and arylsulfenyl thiocy-
anates (22). The intermediate salt (27) was treated with acid
to afford thione (28), which could be further methylated to
give the corresponding SCH; derivatives (30; Scheme 4)
[11].

Inspired by the general idea of Marcaccini’s seminal
works, different strategies have recently been developed to
elicit the coupling of isocyanides with sulphur electrophiles.
For example, Mampuys et al. synthesised secondary thiocar-
bamates (33) from isocyanides (31) and thiosulfonates (32)
in a transition metal-free protocol enabled by the catalytic
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Scheme 1 Synthesis of substi-
tuted oxazoles
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Scheme 3 Synthesis of thiazolo[5,4-d]-thiazoles
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Scheme 4 Synthesis of 6-arylthio-8-ethoxycarbonyl-4-ethoxycarbonylmethylaminoimidazo[5,1-b][1,3,5]thiadiazine-2-thiones
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Scheme 5 Secondary thiocarbamate synthesis from isocyanides

electron transfer role played by inexpensive Nal (Scheme 5) "BuyNBF;MeCN, Ny 1t R%0_ _N.

[12] + M URT * ROH 7R
o . , 35 31 36 C(+)IPt(-), 10 mA, 2.5 h
Using a novel perspective, Guan’s group employed an 37
organic electrochemistry approach for the activation of iso- 30-87%

cyanides (31) with sulphur electrophiles. In this approach,
the reaction of isocyanides (31) and thiols (35) afforded a
wide range of imino sulphide ethers (37), which are impor-
tant as pharmaceuticals and as key intermediates in sugar
chemistry (Scheme 6) [13].

An interesting related approach has been reported by
Sun and co-workers, who reacted disulphides (38) with iso-
cyanides (31) in the presence of TEMPO and N-halosuc-
cinimides (39) to give insertion products that can further
incorporate a wide range of nucleophiles (41) [14]. This
sequence led to the multicomponent construction of differ-
ent molecular scaffolds (42) in mild conditions (Scheme 7). Scheme 6 Electrochemical synthesis of imino-sulphide ethers

Isocyanide insertion into S—S bonds can be also used in
the construction of heterocycles. Thus, Marcos et al. devel-
oped a straightforward method for the synthesis of 2-amino-
benzothiazoles (48) through an iodine-catalysed insertion of
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isocyanides into the S—S bond of benzodithiazole 2-oxides
(45), with concomitant extrusion of sulphur monoxide
(Scheme 8) [15].

The insertion of isocyanides into N—Cl bonds is also
possible. Marcaccini’s group exploited the chemistry of
isocyanides to synthesise different unusual molecules not

easily attainable by other procedures, highlighting the great
potential of this functional group [16]. For example, they
easily obtained sulfonylguanidines (54) through the reac-
tion of isocyanides (31) with anilines (49) and chloramine
T (50) under phase transfer-catalysed conditions at room
temperature (Scheme 9) [17].

Scheme 7 Activated disul- B ]
phides in reactions with isocya- X
nides and nucleophiles 2 R'—NC
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Scheme 8 Marcos’ synthesis of 2-amino-benzothiazoles
Scheme 9 Synthesis of sulfo- 1 _ CH-Cl, TEBA
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The authors argue that the formation of N-chloroamines
(51) is the crucial step in this synthesis. Specifically, they
propose that the reaction takes place by the N-chlorination
of aromatic amines (49) to give N-chloroanilines (51), which
react with isocyanides (31) to give the a-adducts (53). These
then react with sodium tosylamide (52) to form the sulfo-
nylguanidines (54).

The use of bifunctional amines may facilitate post-con-
densation transformations leading to heterocyclic products.
Therefore, when the reaction was carried out with methyl
anthranilate (55) the resulting intermediate sulfonylguani-
dine (57) underwent a heating mediated cyclisation to read-
ily give quinazoline derivatives (58; Scheme 10) [18].

Isocyanoacetamide derivatives

Isocyanoacetamides (59), the corresponding amide deriva-
tives of alkyl isocyanoacetates (1), are also powerful rea-
gents for heterocyclic synthesis with exceptional character-
istics [19].

Marcaccini et al., in parallel with their research on 2-iso-
cyanoacetates (1), pioneered the reaction between isocy-
anoamides (59) and sulphur chloride derivatives, such as
aryl sulfenyl chlorides (60), to afford mesoionic heterocycles
(62; Scheme 11) [20]. As in similar reactions with isocy-
anoacetates (1), the product is obtained by a base mediated
cyclisation of the a-addition intermediate (61).

Following this, Garcia-Valverde and Marcaccini devel-
oped a novel regioselective and experimentally simple syn-
thesis of iminohydantoins from isocyanoacetamides (63)
and chloroamines (56). 2-Iminohydantoins (66) and 4-imi-
nohydantoins (70) were selectively obtained starting from
N-aryl (63) or N-alkylisocyanoacetamides (67), respectively
(Scheme 12) [21]. According to the mechanism proposed,
regioselectivity is controlled by the electron density of the
amide nitrogen. Aryl substituents generate lower electron

density at the amide nitrogen, which favours a faster chlo-
rination rection leading to (64) and, finally, to 2-iminohy-
dantoins (66). Conversely, alkyl groups generate a higher
electron density at the amide group, which causes slower
rates of chlorination, and allow a competitive reaction of
a-addition to the isocyanide group to give intermediate
2-chlorooxazolines (68), which undergo a ring-opening step
and a rearrangement leading to 4-iminohydantoins (70). This
work constitutes the first example of a regioselective cyclisa-
tion controlled by the nature of the substituent on the amide
group [21].

Likewise, the coupling of isocyanoacetamides (59) and
arylsulfenyl thiocyanates (22) led to imidazole-2-thiones
(74) without the need of an additional base (Scheme 13)
[22].

Interestingly, Marcaccini et al. also found that, in contrast
to secondary isocyanoacetamides (59), N,N-disubstituted
isocyanoacetamides (75) react with aryl sulfenyl chlorides
(60) to give oxazoles (80). In this case, the enolisation of
intermediate (76) allows the addition of a second aryl sulfe-
nyl molecule (60) prior to cyclisation of the enolic tautomer
(79; Scheme 14) [23].

Zhu and collaborators made a remarkable contribution
with the development of novel two- and three-component
oxazole synthesis [19, 24] involving aldehydes (81), isocy-
anoacetamides (82) and amines (49; Scheme 15). The same
methodology was followed to make oxazole-derived cyclo-
phanes with high atom economy in a one-step procedure
(Scheme 16) [25]. Moreover, Zhu introduced a related enan-
tioselective methodology using Lewis acid catalysis with a
chiral (salen)Al(IIT)CI complex (87; Scheme 15), [26] or
BINOL-derived organophosphoric acids (88; Scheme 15)
[27, 28].

The substrate scope was then expanded by the introduc-
tion of propargylamines (89) to achieve alkenyloxazoles (90)
with a novel substitution pattern in a reaction mediated by a
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A) Formation of 2-iminohydantoins:
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Scheme 14 Trisubstituted oxazole synthesis by means of isocyanoacetamides
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Scheme 16 Cyclophanes syn-
thesised from aldehydes, double
amines and double isocyanides

SRR D,

o)
86x (52%)

stochiometric amount of ZnBr, (Scheme 17) [29]. The trans-
formation, wherein the propargylamine (89) acts as a vinyl
cation synthetic equivalent, involves a domino sequence
incorporating a 1,5-hydride shift, trapping of the in situ
generated iminium salt (93) by the isocyanide (82), cyclisa-
tion to the corresponding oxazole (96), and 1,6-elimination
to yield alkenyloxazole (90). This strategy has been used to
prepare oxazoles incorporating a steroid skeleton, known to
be potent P450,, inhibitors.

@ Springer

2,4,6(CH3)3CgH> (88b)

TFA

THF-H,0

Furthermore, oxazole derivatives have been exploited as
starting materials for post-condensation transformations. For
example, a-ketoamides (102) can be produced through acid
hydrolysis of 2-acyl oxazoles (101; Scheme 18) [30].

The oxazole scaffold can also be used as a diene in post-
Ugi inter- or intramolecular Diels—Alder type cycloaddi-
tions. The dienophile is introduced, either as part of one
of the starting materials of the Ugi condensation, usually
the amine component, or incorporated as external reagent.
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This approach has been used for synthesis of different
heterocycles and other complex compounds, such as pyr-
rolopyridines (103) [31], hexasubstituted benzenes (104)
[32], tetrahydroquinolines (105) [33], phenantrolines (106)

[34], polycyclic natural product-like scaffolds (107) [35],
furoquinolines (108) [36], tetrahydrofuropyridines (109)
[37], and naphthyridines (110) [38] (Fig. 1).
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Fig. 1 Heterocyclic scaffolds from oxazole-Diels—Alder reaction pathway

Remarkably, Zhu and Fayol developed the synthesis of Aiming to access isocyanoacetamides of different natures,
an isocyanoacetamide containing a dienophile motif (113) =~ Marcaccini and collaborators have previously designed an
that made possible a post-Ugi Diels—Alder cycloaddition  alternative reaction pathway to synthesise novel isocy-
resulting in 6-azaindolines (120; Scheme 19) [39]. anoamides (123) through the dehydration of N-formamide

Ugi adducts (122; Scheme 20) [40]. This work is a good
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Scheme 19 6-Azaindoline synthesis by isocyanoacetamide chemistry
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example of the potential of the post-condensation transfor-
mation of Ugi adducts. Furthermore, the prepared isocy-
anoacetamides showed interesting biological properties,
for example, cyclic isocyanoacetamides 124 showed good
in vitro antimicrobial activity towards C. albicans and other
microbial agents [41, 42]. More importantly, they are suit-
able substrates for further use in different isocyanide-based
reactions.

In fact, this ingenious strategy moved Marcaccini to
explore more exotic isocyanoacetamides for heterocyclic
construction. For instance, the condensation between novel
isocyanide (127) and arylsulfenyl thiocyanates (22) fur-
nished 1,3-diazaspiro-2-thiones (128), which can exist in
three different tautomeric forms (Scheme 21) [43].

In addition, 2,3-disubstituted spiroimidazolones
(133-135) were formed by n-butyllithium treatment of

" o it ‘ o . Q !
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31 81 121 RT..0__. R : ;
122 123 . 124 !
40 - 82% 35-79% +Antimicrobial activity!
Scheme 20 Isocyanide synthesis through post-condensation reaction of Ugi adduct
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Scheme 22 Synthesis of 2,3-disubstituted spiroimidazolones
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isocyanoacetamides (131) and subsequent trapping of the
resulting carbanion with NH,Cl1 (132) or aldehydes (81;
Scheme 22) [43, 44].

Bischoff et al. expanded the scope of attainable 2,3-sub-
stituted spiroimidazolones by trapping the carbanion inter-
mediate with electrophiles other than aldehydes, such as
ketones, amides, or disulphides (137) to give 3-substituted
spiroimidazolones (138). Furthermore, treatment of carban-
ion with NBS (39) introduced a bromine atom resulting in
brominated imidazolones (139), which were then further
subjected to Suzuki or Sonagashira couplings, broaden-
ing the diversity of spiroimidazolone products (141, 143;

Scheme 23 Diversity expansion
of 2,3-substituted spiroimida-
zolones

1) n-BuLi, THF, -78 °C

2)E* (137)
-78°C10 0 °C

(o}

Scheme 23) [45]. Bischoff also employed a palladium and
copper catalysed C—H fuctionalisation of imidazolones to
synthesise analogues of fatty acid synthetase (FAS) inhibi-
tors (141x) [46].

An analogous strategy was performed by Pirali’s group in
the construction of a key intermediate (152) in the synthesis
of CGRP receptor antagonists. In this sequence, after the
Ugi adduct dehydration, the corresponding isocyanoaceta-
mide (146) was made to react with a suitable benzyne (148)
to give intermediate (149), which affords the final imida-
zolone (152) through a cyclisation/hydrolysis sequence
(Scheme 24) [47].
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Scheme 24 Key intermediate of CGRP antagonists’ synthesis by means of isocyanoamide from an Ugi adduct
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Zhu and Pirali chose the same synthetic procedure to
afford a,a-disubstituted a-isocyanoacetamides (156), which
reacted in a three component reaction to give 5-iminooxa-
zolines (158). Furthermore, the reaction between aldehydes
(81), suitable amino alcohols (157) and isocyanoaceta-
mides (156), followed by saponification and acid cyclisa-
tion resulted in different sized macrocyclodepsipeptides
(159; Scheme 25) [48].

It is worthwhile to mention here some further studies that
helped develop Marcaccini’s proposal. For example, Savic
et. al. proposed the use of DBU as a base and a PPh,/CBr,
system as a dehydrating agent to transform N-formamide
Ugi adducts (160) into 2-unsubstituted imidazolones (161;
Scheme 26) [49]. Additionally, Meier et al. have recently
revisited several isocyanide syntheses and have proposed
p-TsCl as a cheaper and greener dehydrating agent [50].

2,2’-Diethoxy-isocyanoethane

Along with the use of isocyanoacetate (1) and isocyanoacet-
amides (59) in the construction of heterocyclic scaffolds,
Marcaccini synthesised for the first time 2,2-diethoxy-1-iso-
cyanoethane (164) through dehydration of the correspond-
ing N-formamide. He then reacted this novel isocyanide
with sulphur electrophiles (60) or chloramine T (50), fol-
lowed by an intramolecular cyclisation in acidic medium,

to synthesise substituted imidazole cores (167 and 169)
(Scheme 27) [51, 52].

Marcaccini also reacted 2,2-diethoxy-1-isocyanoethane
(164) in an Ugi four-component condensation (U-4CC)
together with cycloketones (130), amine hydrochlorides
(171) and potassium thiocyanate or selenocyanate (170), to
obtain spiroimidazo[1,5-a]imidazole-5-thiones (173) in the
presence of acetic acid (Scheme 28) [53].

2,2-Dialkoxy-1-isocyanomethanes (174) have facilitated
the access to different heterocyclic skeletons. They were
even categorised as universal isocyanides for heterocyclic
synthesis by Domling in 2014, who synthesised several Ugi
tretrazole derivatives (178, 179, 180) using 174 in an Ugi-
tetrazole reaction followed by acid mediated cyclisation of
the Ugi adduct (177; Scheme 29) [54].

Kazmaier synthesised thiazoles (183) following a thio-
Ugi/cyclisation sequence, in which the ring closing stage
was similar to Marcaccini’s works (Scheme 30) [55], dem-
onstrating the synthetic potential of this isocyanide (174).

Moreover, chiral imidazoles (190) have been diastereose-
lectively obtained by Nenanjdenko using a similar strategy
(Scheme 31) [56]. This reaction readily provides a key inter-
mediate in the synthesis of orally bioactive HIV-1 protease
inhibitor SB203386 (190x).

Hulme and Gunawan also took advantage of diethoxyiso-
cyanoethane (174) synthetic features to achieve an Ugi/N-
acyliminium ion cyclisation cascade to afford tricyclic

O
o) R¢R; MeOH-H0 o F;1<R1 POCI/ELN RiR
R /MR * HOOMNH: + X co,me T %N CO,Me o N COMe
2 2 2 reflux R2 R2 H CHyCI, -30 °C R2 R2
153 121 154 52-72% 155 75-96 % 156
OH ( OH
3 n 0.__0
R3CHO R4'N{-1—n6\{—/ R ﬁ 1) KOH, MeOH, rt (17 1
81 157 N |R' 2) TFA, MeCN, rt R R
3 R N HN SR
R 0 CO,Me H
Toluene, rt N|\2:N 27 -54 % R® N e}
2 R2
50 - 68 % 2R O R°R
158 159
Scheme 25 Macrocyclodepsipeptides construction employing isocyanoacetamides
Scheme 26 Ugi adduct (@)
N-formamide dehydration and
cyclisation with novel base- R2 "R3 R R
dehydrating agent system 153 MeOH., 70 °C “NH H PPh;, CBr,/DBU \N/\\N
o ]
1 H,Cl, 40° 3
HCO,NH, R'NC R2 R3 A CH,CI, 40 °C (0] 2 R
121 31 160 161
56 - 89%
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—_—
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Scheme 27 2,2-Diethoxyisocyanoethane in heterocyclic synthesis

Scheme 28 Synthesis of spiro (0]
spiroimidazo[ 1,5-a]imidazole- OEt X B
5-thiones EtO NC N X B
CH3OH _ >=Y  CHyCO,H N
X 164 e N e S—v
130 rt reflux 7N
\\(OEt N
KYCN RNH,CI -
170 171 OFt
172 173
Y=8, Se 10-71% 9-52%
N"N \N/\
\NJ\(N‘Rz 21-73%
RS R?
OMe 178
NC MeO —
TMS—N
Meo 174 175 7 MeOH \oN J’OMe CH3SO3H N=N N\
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r 1
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Scheme 29 Synthesis of diverse heterocyclic scaffolds employed 2,2-diethoxyisocyanoethane
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Scheme 30 Kazmaier’s synthe- 0o
sis of thiazoles SlL 4 R'COSH
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Scheme 31 Nenanjdenko’s synthesis of chiral imidazoles
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Scheme 32 Synthesis of brevianamides M-N and fumiquinazolines A-C via isocyanide chemistry
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system (198), characteristic of marine alkaloids breviana-
mides M—N and fumiquinazolines A-C (Scheme 32) [57].

Alkyl (2)-3-(dimethylamino)-2-isocyanoacrylates

Alkyl (Z)-3-dimethylamino-2-isocyanoacrylates (199), or
Schollkopf”s isocyanides, were synthesised by Meerwein in
1961 [58]. These are highly versatile isocyanides for hetero-
cyclic synthesis that enable post-condensation transforma-
tions of MCR adducts, due to concurrence of isocyanide,
alkene and ester functionalities together with a Michael
acceptor and a dimethylamino leaving group [59].

Schollkopf, popularised their use [2] and reported their
first application in heterocyclic synthesis [60], employ-
ing (199) and H,S in the preparation of thiazole (204;
Scheme 33). The mechanism of this reaction involves the
formation of an intermediate methanethioamide (201) and
the subsequent intramolecular Michael cyclisation with
elimination of dimethylamine.

Schollkopf also reported the formation of imidazole
rings from isocyanide (199) and alkyl or acyl halides [60,
61]. However, Marcaccini et al. revisited this synthesis and
showed that the structures proposed by Schollkopf were
incorrect. Instead, substituted oxazoles (207) were shown
to be obtained by reacting alkyl (Z)-3-dimethylamino-2-iso-
cyanoacrylates (205) with acyl chlorides (100), as evidenced
by their physical and spectral properties [62] (Scheme 34
A). Moreover, Marcaccini also reported the formation of
oxazoles (209) when electron-deficient arylsulfenyl chlo-
rides (60) were used as electrophiles. The mechanism of

this reaction involves the attack of the isocyanide (205) on
the electrophile and a subsequent ring closing step concern-
ing not the dimethylamino group, but instead the ester group
(Scheme 34) [63]. As far as we know, Marcaccini et al. were
the only research group that reported oxazole synthesis from
Schollkopf’s isocyanide.

Marcaccini et al. also attempted to obtain the imidazole
core from Schollkopf’s isocyanide. Thus, in contrast with
previous results, reaction of isocyanide 205 with relatively
electron-rich arylsulfenyl chlorides (60) gave access to the
desired imidazole ring, which was then trapped by a second
isocyanide molecule and further evolved into the final imi-
dazolyloxazolones (215; Scheme 35) [64].

The imidazole scaffold was also achieved by Helal and
Lucas, by coupling Schollkopf’s isocyanide (199) with pri-
mary amines (114). The reaction takes place with hindered
or unhindered amines and proceeds with high regioselectiv-
ity and good functional group tolerance, achieving the final
products (218) in moderate to good yields (Scheme 36) [65].

Moreover, pyrazine core could be built through alkyl (Z2)-
3-dimethylamino-2-isocyanoacrylate chemistry. For exam-
ple, Bienaymé and Bouzid achieved pyrazines (223) in one
pot through an Ugi-tetrazole reaction from Schollkopf”s iso-
cyanide (220). In this process, an intramolecular Michael
addition took place on the Ugi adduct (221) with a release
of Me,NH to get the final product (Scheme 37) [66].

Later, Illgen et al. [67] developed an Ugi reaction with
Schollkopfs isocyanide (220) for pyrazine construction. In
this case, the reaction pathway did not involve a Mumm
rearrangement of the primary adduct (225), but instead an

Me,N
- | = i ]\ RN g — /\\;N L P com
_ 200 A —
- P Me,N - 2
Et0,C~ "NC _EtsN EtO,C” "N EtO,C~ N7 2 CO,Et | ~HNMe,
THF, rt 204
199 201 203 73%

Scheme 33 Thiazole construction from alkyl-(Z)-2-dimethylamino-2-isocyanoacrylate

100 Yo N
CHCly rt [
o) / | HTNMe,
NC 206

RO |

H™ “NMe, \ .
205 RS SN

60 \
CH20|2’ rt H

Scheme 34 Synthesis of substituted oxazoles
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Scheme 36 Imidazole synthesis from Schollkopf”s isocyanide
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Scheme 38 Pyrazine construction employing Schollkopf”s isocyanide
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Scheme 39 Ugi post-condensation reaction for thiazole synthesis from Schollkopf’s isocyanide
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Scheme 40 Synthesis of 2,4 substituted thiazoles by isocyanide chemistry catalysed by PPL

intramolecular Michael addition led to the final pyrazine
(227; Scheme 38).

Schollkopf”s isocyanide (220) also readily gives Ugi and
Passerini condensations with thiocarboxylic acids (181) [59,
68] and the resulting adducts (228) have been extensively
employed to synthesise thiazoles by the post-condensation
transformations. Hence, Domling reported a thiazole (231)
synthesis by the cyclisation of the mercaptoimine tautomer
(229) of the Ugi adduct (228; Scheme 39) [69, 70]. This
reaction has also been performed on solid support in a com-
binatorial fashion for the construction of chemical libraries
[71].

Recently, an enzyme-catalysed version of this synthesis
has been reported by Zhang, (Scheme 40) [72]. Porcine pan-
creatic lipase (PPL) showed good catalytic activity, allowing
the reaction to take place in mild conditions and improving
yields of thiazole (234) in a reduced reaction time.

Moreover, 1-thiazole-2-yl-methyl-azetidin-2-ones (241)
were obtained by means of a U-4CC between Schollkopf”s
isocyanide (220), aldehydes (185) and p-aminothiocarboxilic
acids (235) that facilitated the formation of a p-lactam
ring through a 7-membered intermediate (238). Then, the

@ Springer

thiazole is formed via Michael addition and elimination of
Me,NH, as previously described (Scheme 41) [73].

Domling applied an Ugi reaction with Schollkopf”s isocy-
anide (220) to construct analogues of Bacillamide C (247),
a microbial natural product with algicide and antibacterial
bioactivity. The synthetic pathway is described in Scheme 42
[74].

Additionally, disubstituted thiazoles (251) have also been
synthesised by a Passerini three-component condensation
(P-3CC) of oxo-compounds (153), thiocarboxylic acids
(181) and methyl (Z)-3-dimethylamino-2-isocyanoacrylate
(220) under BF;-OEt, Lewis acid catalysis, (Scheme 43)
[75].

This strategy was used as a key step in the total synthe-
sis of antimitotic tubulysin analogues (254), as shown in
Scheme 44 [76, 77].

2-Isocyanothioanisole
Aiming to obtain 2-functionalised benzothiazoles, Mar-

caccini et al. synthesised a novel isocyanide, 2-iso-
cyanothioanisole (257). This compound reacts with
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Scheme 41 Synthesis of 1-thiazole-2-yl-methyl-azetidin-2-ones
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Scheme 42 Synthesis of Bacillamide C analogues

different electrophiles (258) to form intermediates (259),
which cyclise to yield 5-membered heterocycles (260;
Scheme 45) [78].

Recently, the chemistry of 2-isocyanothioanisole (257)
has reached popularity due to its implication in benzo-
thiazole synthesis by means of radical or photochemical
approaches.

Wu et al. described the first example of an imidoyl
radical coupling with sulphur atom on 2-isocyanoaryl
thioethers (261). This radical cyclisation can be triggered
by a broad scope of radical precursors, such as phosphorus
oxides or alkyl radical precursors, yielding 2-substituted

247, (+) Bacillamide C (88%)

benzothiazoles (264) in good yields and broad functional
group tolerance (Scheme 46) [79].

Similarly, Liu’s group synthesised 2-borylated benzothia-
zoles (266) through radical borylative cyclisation of 2-isocy-
anothioanisole (261) with an N-heterocyclic carbene borane
(265) using AIBN as radical precursor (Scheme 47) [80].

An interesting and more atom-economical alternative
was also conceived by Wu and collaborators. This radical
cascade employs di-fert-butyl peroxide (DTBP) as radical
precursor and achieves an intramolecular S to C transfer of
the R? group, which produces the final 2-substituted benzo-
thiazoles (264; Scheme 48) [81].
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Scheme 46 Radical synthesis
of benzothiazoles

Scheme 47 Benzothiazole
synthesis employing a radical
borylative cyclisation

Scheme 48 Radical synthesis
of benzothiazoles by reinstalla-
tion of the alkyl substituent
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Scheme 49 Photochemical synthesis of benzothiazoles
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Radical couplings of 2-isocyanoaryl thioethers (271),
which produce 2-substituted benzothiazoles (274), have also
been carried out in photochemical conditions. For example,
Yuan et al. synthesised benzothiazoles with fluorine contain-
ing motifs in position two (274) using visible light, an Ir**/
Ir** photocatalyst and Na,SO; as a reductant (Scheme 49,
conditions A) [82]. In a similar way, blue light-mediated
fluoroalkylation to obtain substituted benzothiazoles (274)
was performed with fluoroalkyl iodides using tetramethy-
lethane-1,2-diamine (TMEDA) as electron donor to pro-
mote radical coupling with 2-isocyanothioanisole (271;
Scheme 49, conditions B) [83].

Recently, 4CzIPN (277) has gained attention as a pho-
tocatalyst for irradiation with blue light to form benzothia-
zoles from 2-isocyanoaryl thioethers (271). Wu et al. have
designed a metal-free, oxidant-free protocol for the synthesis
of 2-substitued benzothiazoles (276) based on a photocata-
lysed reaction between (271) and cyclic or acyclic ethers
(275) through a SET pathway (Scheme 50) [84].

Lastly, Liu and collaborators have developed a phospho-
rus radical cascade employing their catalyst 4CzIPN-7Bu,
a modification of 4CzIPN (277) in which 7-Bu groups have
been introduced on positions 3 and 6 of each carbazole
motif. They used this catalyst to perform a PECT cycle to

e 4CzIPN (10 mol%)
R *
g blue LED, N, 24 h
271 275

obtain 2-phosphorylated benzothiazoles from 2-isocyanoaryl
thioethers (271), a reaction that was previously performed
without photochemical activation [79]. Notably, they were
also able to synthesise diverse heterocycles, such as phen-
anthridines or quinolines using different isocyanides [85].

Intramolecular Ugi and Passerini reactions

Intramolecular Ugi reactions are possible when one of the
starting materials contains two of the functional groups
involved in the reaction. This strategy has been employed
by numerous groups to increase the scaffold diversity of the
classical Ugi reaction. Marcaccini developed diverse origi-
nal intramolecular Ugi and Passerini reactions using bifunc-
tional starting materials. In this way, he was able to prepare
libraries of different privileged structures with relevance in
the field of medicinal chemistry and chemical biology. These
developments have had an important influence in the further
contributions of other research groups [86, 87].

The use of oxocarboxylic acids (278) as bifunctional
stating material in IMCR was developed by Short [88] and
Harriman [89] for the preparation of five-, six-, seven- and
eight-membered lactams (279) through Ugi four-centre

3

(7))

4CzIPN, 277
Scheme 50 Photosynthesis of 2-benzothiazoles from 2-isocyanothioanisole and ethers
Scheme 51 First examples of 1 R
L . R (0]
the use of oxoacids in the Ugi i R g)\ﬂ/o R' o
. 3 =
reaction ( n CO,H Il? I 1 I R >/[<
n=
278 — > H %N—/v/o oo ONR
+ N n
RZNC R3NH, R2 5 tBuOK, THF wo
3 114 279 280
n=1,23,4 5-33%
20 - 100%
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Scheme 52 Ugi reaction of
5-ox0-3-thiacarboxylic acids

R' _O

o
.
R 87 CoLH

2

281 282

3-component reactions (U-4C-3CR; Scheme 51). Simi-
larly, Ugi prepared diverse y-lactams by using levulinic,
3-benzoylpropionic and phthalaldehydic acids. When
amino esters are used as the amine component, it is pos-
sible to obtain 1,4-diazabicyclo[4.3.0]nonane-3,5,9-triones
(280) [90].

Stefano Marcaccini described for the first time the Ugi
four-centre three-component reaction (U-4C-3CR) between
5-oxo-3-thiacarboxylic acids (281), benzylamines (114) and
cyclohexyl isocyanide (282). The reaction takes place in
refluxing methanol giving 5-oxothiomorpholine-3-carboxa-
mides (283) with good yields and high diastereoselectivities
(Scheme 52). The major diastereoisomer has been assigned
trans configuration by NOESY experiments of the bicyclic
compounds (284) [91].

This strategy was extended to U-4C-3CR of 6-oxo-4-thi-
acarboxylic acids (285) to form biologically relevant hexa-
hydro-1,4-thiazepin-5-ones (286) and 1,4-benzothiazepin-
5-ones (289). This condensation takes place in some cases
with high stereoselectivity (Scheme 53) [92]. Furthermore,
chemoselective reduction with LiAIH,/AICI, of the cyclic
carbonyl group gives bicyclic 1,4-thiazepine-3-carboxam-
ides (287).

‘ H
: N (0] i
o R R
MeOH N o i N_O !
+RENH, — > N3 ; ;
reflux '1| R ! '
R? s ! S !
114 283 . 284 1

76 - 85%
dr up to 84:16

Ivachtchenko used a similar protocol to synthesise 3-oxo-
1,4-thiazepine-5-carboxamides (294) [93], 5-oxo-1,4-oxaz-
epine-3-carboxamides (296) [94] and 5-oxo-1,4-thiazepine-
3-carboxamides (298) [93] fused to diverse heterocycles
from the oxoacids (293), (295) and (297), respectively
(Scheme 54, B-D). He also obtained nine-membered het-
erocyclic scaffolds (300) by the reaction of the aromatic
aldehyde-acid (299; Scheme 54, E) [95]. As well, Zhang
et al. have previously used different oxoacids, including
2-(2-formylphenoxy)acetic acid (291) to prepare diverse
lactams and oxazepines, such as 292 (Scheme 54, A) [96].

On the other hand, the reaction of similar ketoacids (301)
with isocyanides (31) and Boc- or Cbz-protected hydrazine
(302) was used by Krasavin for the synthesis of N-aminol-
actams (303), which are proline-like f-turn secondary struc-
ture mimics (Scheme 55) [97].

Marcaccini performed an intramolecular Passerini con-
densation between oxothiocarboxylic acid (304) and iso-
cyanides (31) under tertiary amine catalysis. This reaction
affords seven-membered lactones (306) that suffer spon-
taneous intramolecular nucleophilic attack of the amide
NH to give unexpected tetracyclic 1,4-benzothioxepin
orthoamides (307). The observed stereochemistry of the

: H |

(0] ' |

3 I | |

RL_O NC MeOH OR~N . NogRs |
f + + R3_NH2 —— CCGH11\N E e :: ll\l :
R2 S/\/COZH reflux I R ! C{ > .
H S 1 1

R? | |

| S !

285 282 114 286 (71 - 88% : H |

dr up to 95:5) ;287 (91-93%)

1 3 P M |

| \—C X

R&© co,H NC MeOH OR*N L 0= S v
+ + RSNH, — CCeHﬂ\N : \::RN :

R? S reflux I R . g |
R? | |

: S !

288 282 114 289 (55 - 919 ! !

( % E 290 :

dr up to 86:14)

Scheme 53 Intramolecular Ugi condensation of 6-oxo0-4-thiacarboxylic acids
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Scheme 54 Synthesis of
oxazepine and thiazepine-fused
carbocycles and heterocycles CHO

0~ ~CO,H

w
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I
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Scheme 55 Synthesis of
N-amino lactams
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R3 )J\N,NH2 302
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RZNC 31
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301

major product is due to an axial attack of the isocyanide
to yield a cis-fused a-adduct (305), which, evolves to give
the trans-fused Passerini adduct (306; Scheme 56) [92].
This is an appealing result as the N-amidoalkoxycarbinol

@ Springer

COH  NH,CI

ag MeOH, rt

56 - 91%

56 - 89%

R' 13-94%

R' 64-75%

q 5 28 - 30%

67 - 94%

X= direct bond, CH, S, O, NSO,Me

moiety (orthoamide) was considered an unstable interme-
diate in the reaction of an ester with an amide anion or an
imide with an alkoxy anion. At the time, the only known
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Scheme 56 Intramolecular Passerini condensation to prepare tetracyclic 1,4-benzothioxepin orthoamides

Scheme 57 Synthesis of
lactones by intramolecular Pas- 0
serini reaction

DCM, rt
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Scheme 58 Synthesis of
isoindolinone-carboxamide
derivatives
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Scheme 59 Obtention of isochromenone Ugi primary adduct and they transformation

stable compounds having this structural feature were pep-
tide ergot alkaloids (ergopeptines).

In contrast, Orru and Ruijter found that when the ketoacid
(308) or other y- and d-keto acids are used in a Passerini
three-centre two-component reaction (P-3C-2CR), the cor-
responding trans-fused lactone (310) is obtained with good
diastereoselectivity. Interestingly, these Passerini adducts
(310) are readily rearranged to less strained cis-fused
a-hydroxyimides (311) under acidic conditions (Scheme 57)
[98].

As with other oxoacids, 2-formylbenzoic acid (312) was
reported to suffer U-4C-3CRs with amines (114), and iso-
cyanides (31) to give 2-isoindolinone-7-carboxamide ana-
logues (313; Scheme 58) [96, 99].

Remarkably, Marcaccini developed an interrupted Ugi
condensation from 2-formylbenzoic acid (312), scarcely
basic amines (114) and isocyanides (31). In this reaction, as
in the regular Ugi condensation, the nitrilium intermediate
is intramolecularly attacked by the carboxylic acid to give
the usual primary adduct (314). However, in this case, this
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intermediate does not suffer a Mumm rearrangement, but is
instead stabilised by a tautomerisation leading to isochrome-
none enediamine (315). In this process, the precise control
of the reaction conditions (solvent, time, and temperature) is
essential to obtain the products (315) satisfactorily. In some
cases, isocoumarins (315) in the presence of a catalytic
amount of acid suffer a rearrangement to give isoindolines
(313) in quantitative yield (Scheme 59) [100].

This reaction was later reported by Ramazani to be cata-
lysed by silica nanoparticles in solvent-free conditions,
though the amine component was limited in this case to
dibenzylamine [101]. The same protocol was also used
to synthesise isochromenone-functionalised mesoporous
silica hollow spheres from 2-formylbenzoic acid (312),
2,6-dimethylphenyl isocyanide and amine-containing silica
spheres [102].

R3
CO,H MeOH
@i + giNC + ArNH, ———
/

CHO 31 49
316

Marcaccini also reported the reaction of isocoumarin
enediamines (317) with amines (114), which promote a ring
cleavage that gives new phenylglycine derivatives (318) in
almost quantitative yields (Scheme 60). This process allows
four diversity elements to be introduced through an U-4C-
3CR. The reaction was performed in solventless conditions
using an excess of the amine to prevent the decomposition
of labile isocoumarins (317) [103].

An enantioselective version of this process has been
described by Zhu using an octahydro (R)-BINOL-derived
chiral phosphoric acid (323). The reaction of 2-formylben-
zoic acids (316), isocyanides (31), and aromatic amines (49)
in the presence of a catalytic amount of chiral phosphoric
acid (323) affords the S isoindoline (322) with good enan-
tioselectivity. The authors justify the observed enantiose-
lectivity by a dynamic kinetic resolution process in which

0 . 0
R*NH, R NHR?
A 0 114 |\\ 0
.H .
NF - ¥ yH
I H 1
_N. R’
Ar H

_N_. R!
Ar H
317 318
R*= Alkyl or benzyl amines
X=H, OMe

37 - 52% (two steps)

Scheme 60 Synthesis of phenylglycine derivatives from primary Ugi adducts

R3

316

CO,H
\ 2
@: + R-NC *+Ar—NH,
/
CHO 31 49

DCE,3AMS,0°C

l 40% 323

R
AN (o) fast N (o) fast

86 -97%
ee: 80% to 90%

R
322

Scheme 61 Enantioselective intramolecular Ugi reaction
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Scheme 62 Synthesis of 5

e e diones R
pyrazino|2,1-aJisoindolediones \\ COZH
| +
7
CHO

316 31

NaH

—_—

DMF, 80 °C

there is an imine-enamine tautomerisation equilibrium,
much faster than acid-catalysed Mumm rearrangement
(Scheme 61) [104].

When the propargyl amine (324) is used in the Ugi reac-
tion of 2-formylbenzoic acids (316) and isocyanides (31),
it is possible to obtain the pyrazino[2,1-aJisoindolediones
(327) by 6-exo-dig intramolecular hydroamination on the
Ugi adducts (325), followed by a 1,3-H shift (Scheme 62)
[105].

The reaction of 2-formylbenzoic acid (312) with iso-
cyanides (31) and amino alcohols or bis-secondary amines
(328) in methanol, under microwave irradiation, at 60 °C
permits the synthesis of eight and nine-membered lactones
or lactams (329), probably through an isochromenone enedi-
amine. When L-prolinol is used as the amine component,
diastereomeric lactones (330) are obtained in a 1.5:1 ratio
(Scheme 63) [106].

A combination of a P-3C-2CR of 2-formylbenzoic acid
(312) and isocyanides (31) and a subsequent aldol conden-
sation with arylglioxals (333) was reported by Jiang and
Tu. The Passerini reaction takes place in methanol to give

COH MeOH
©: + giNC+ RN T ——

CHO 60 °C
312 31 328
Y = OH, NR?
n=1,2

Scheme 63 Synthesis of eight and nine-membered lactones and lactams

N / MeOH
HN r.t

324
O
. R?
1,3-H shift \\ N/%/
—_—
\ .
H \R1
0]
327
60 - 80%

an intermediate enamine (332). This reacts with arylglioxal
(333) through an aldol condensation to give hydroxyalde-
hyde (334), which then undergoes an intramolecular nucleo-
philic addition and a ring-opening process to give the iso-
coumarins (336; Scheme 64) [107].

The authors argue that arylglyoxals (333) are mainly in
their hydrate form in methanol and therefore are not prone to
participate in an intermolecular P-3CC. On the other hand,
when the reaction is carried out in dioxane, arylglyoxals
exist mostly in the aldehyde form and a P-3CC takes place
swiftly to give (337), which then evolves through an intra-
molecular aldol reaction to yield isomeric isocoumarin (339;
Scheme 65) [107].

A divergent preparation of isocoumarins (343) and thi-
ophthalides (345) was described by El-Kaim. Oxoacid (316)
reacts with thiols (35) in the presence of p-toluenesulfonic
acid catalyst and magnesium sulphate to give 3-sulfanyl-
phthalides (340), which suffer an insertion reaction of iso-
cyanide (31) mediated by titanium tetrachloride to give the
isocoumarines (343). When terz-butyl thiol (35, R?=Bu)
is used, thiophthalides (345) are obtained by a formal

: o) :

Uy o_
D : H !

N )n E N E

\ ! o !

o) ’52 ; “-H N-H
p 7§ A

R ! !
329 E (S,S)-330 (S,R)-330 E
14 - 82% M 78%, de 1.5:1 E
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Scheme 64 Synthesis of isocu-
marins by tandem P-3C-2CR /
aldol reaction

312 31

H\N/i\OH (@)
| )

R
336

26 -61%
COzH R1
|
@ ¥ o O Ny
CHO _ NC  Dioxane
R - Ar
312 o
o) 31 rt
HJ\ + H O
| A 0
337

© 333

Scheme 65 Synthesis of isocumarins by P-3CC followed by aldol reaction

thio-Passerini reaction. The deprotection of the fert-butyl
group in intermediate (342) leads to the thiophthalides (345)
by a 1,5-Mumm rearrangement. The process is also possible
in one pot (Scheme 66) [108, 109].

The experience with isocyanoacetates (1) in the synthe-
sis of heterocycles, as mentioned above, surely encouraged
Marcaccini to use isocyanoacetic acid in Ugi-type reac-
tions. For example, an intramolecular Ugi reaction between
ketones (153), amine hydrochlorides (171) and potassium
isocyanoacetate (346) affords the Ugi primary adducts (347),
which suffer the attack of a second amine molecule to give
the unexpected dipeptide derivatives (348) in place of the
expected ketopiperazines (349) product of the Mumm rear-
rangement (Scheme 67) [110].

Zhu et al. found that this reaction could be extended to the
use of secondary amines and aldehydes or ketones if toluene
is used as a solvent [111]. They also found that the presence
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of ammonium chloride as an additive is crucial for the success
of the reaction. Conversely, the reaction of aldehydes or cyclic
ketones (153) with dimethylamine hydrochloride (351) and
potassium 2-isocyano-2-arylylacetates (350) gave the N-acyl
imino amides (355) as the predominant product (Scheme 68).
Subsequent treatment with aqueous acid produces amide
(356) and ketoamide (357). According to the mechanism pro-
posed by the authors, when an aromatic ring is attached to the
a-position of isocyanide (350), the oxazolone (352) exists in
the predominant enolic form (353) and suffers a 1,6-elimi-
nation of dimethylamine to give (354). The ensuing nucleo-
philic attack of dimethylamine results in the ring-opening to
yield N-acyl imino amide (355), which gives by hydrolysis the
amide (356) and ketoamide (357; Scheme 68). In this case, the
reaction takes place in toluene at room temperature without
ammonium chloride and only 1.2 equivalents of amine are
used [112].
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Scheme 66 Reaction of formylbenzoic acids, thiols and isocyanides
R1 R1 H (e}
B H ] \)J\ R
1 NH2 N N
EtOH RON. . .
(@] 80 °C R R3 H O H
1JL ,* ON “COK + RONH;Cl ——> o 348 (38 - 72%)
R R
153 346 171 — && R’
0 H. )J\F 1
— — N R
347

Scheme 67 Synthesis of dipeptides from potassium isocyanoacetates

Post-condensation transformations
of Passerini and Ugi adducts

Marcaccini performed extensive work on the transforma-
tion of Passerini and Ugi adducts. His work makes clear
that a well-planned sequence of classical Ugi or Passerini
isocyanide multicomponent reactions and post-conden-
sation transformations constitutes an extremely powerful
synthetic methodology for the preparation of structurally
diverse complex molecules, such as heterocyclic com-
pounds with elaborate substitution patterns, constrained

N.

N

O

R3

peptides, peptide mimetics, and pseudopeptides. The pres-
ence of complementary reactive groups in the multicom-
ponent adducts may facilitate post-condensation transfor-
mations that depend on the nature and position of these
groups. These reactive groups can easily be incorporated
into the product as part of some of the MCR reagents.
Generally, protecting group strategies are not necessary,
as IMCRs are tolerant to a great diversity of functional
groups. Interestingly, some functionalities created in the
IMCR can be used in further transformations, meaning
that only one extra functional group must be present in
one of the starting reagents. Thus, two acidic positions in
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Scheme 68 Transformation of oxocompounds to amides

the Ugi and Passerini adducts —the NH amide group and
the peptidyl CH position — can undergo deprotonation,
generating new nucleophilic centres able to react intramo-
lecularly with other functional groups.

Enolisation of the peptidyl hydrogen
In some cases, the peptidyl hydrogen on the asymmetric

carbon resulting from a Passerini or an Ugi reaction can be
abstracted with a base to generate a nucleophilic carbanion

O
AN

Scheme 69 Synthesis of
B-lactams from Ugi adducts

358

OH 7\
C'/\(f)f RZQNHZ

359 49a, R2? = non-EWG

KOH

>

CH30H, 20 °C
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able to react intramolecularly with electrophilic groups in
the adduct. However, in most cases, this hydrogen is not
acidic enough, despite being adjacent to an electron-with-
drawing amide. Marcaccini succeeded in increasing the acid-
ity of the peptide hydrogen by introducing functionalities
capable of stabilizing the resulting carbanion. For example,
the use of cinnamaldehyde (358) as one of the components
in a four-component Ugi condensation affords an adduct
(360) that it is easily deprotonated with moderate bases to
give a highly delocalised anion (361), containing several

O
1_
R'*-NC CH5OH _ N/R1
. 31 v . N
20°C NN of
R2©/ j‘/\
= O
360a
51-77%
— R1
|
NH
O
361a 362a
63 - 83%
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reactivity centres. When a complementary electrophilic cen-
tre is introduced with one of the components of the U-4CC,
such as chloroacetic acid (359), the adduct (360) can be
easily cyclised with KOH in methanol to a f-lactam (362;
Scheme 69) [113]. This is a rare example of p-lactam ring
formation via a C;—C, bond.

Remarkably, a similar strategy for the synthesis of
4-phosphono-f-lactams (365) was later reported by Stevens
et al. (Scheme 70) [114, 115].

It is interesting that in both Marcaccini’s and Stevens’
syntheses, cyclisation occurs by attack of the a-carbon
rather than the y-carbon. This seems counterintuitive, as
when there is an intramolecular ring-closure competition
between a four-and a six-membered ring, the latter is usually

Scheme 70 Synthesis of
4-phosphono-f-lactams
reported by Stevens

preferentially formed. However, in this case, the four-mem-
bered ring is selectively formed. Theoretical calculations
carried out by Van Speybroeck, Stevens et al. suggest that
the four-membered ring preference is due to a geometrically
strained Sy2-like transition state for the six-membered ring
formation [116].

Another very similar approach to f-lactams reported
by Gonzalez-Muiliz starts from amino esters (366) that
are acylated with chloroacetyl chloride (367) to give (368)
and then cyclised in a basic medium to the corresponding
B-lactams (369; Scheme 71) [117, 118].

Interestingly, the p-lactams obtained with Marcaccini’s
procedure are stable when the amide nitrogen is substituted
with a relatively electron-rich aromatic group resulting from

Scheme 71 Synthesis of CICH,COCI 1 2 2
B-lactams from natural amino R!__CO,R? (367) R \|/C02R base R’ PR
acids > N —_—
R3/NH popylene oxyde ~ Rr3’ 71/\0 R3/N
THF, rt (0]
366 368 369
1 -75%
Scheme 72 Synthesis of suc- @]
cinimides from Ugi adducts o y 1 9]
R3'1NC CH30H Z R
358 * ~ NI
20 °C @/ j‘/\CI
OH R2/|
i QN H, = 0
o R \— 360b
359 49b R%= EWG 80 - 89%
@)
KOH - _
CH30H, 20 °C N
S
362b 370
49 -77%
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non-substituted anilines or anilines containing electron-
donating groups (49a; Scheme 69). On the other hand, the
use of anilines with strong electron-withdrawing substituents
(49b) results, after basic treatment of the adducts (360b), in
B-lactams containing a good leaving nitrogen group (362b)
that cannot be isolated and are spontaneously transformed to
succinimides (370) in the reaction conditions (Scheme 72).
Thus, the same synthetic procedure gives selective access
to two important heterocyclic scaffolds depending on the
particular reagents used in each case [119, 120].

Years later, Balalaie et al. used this same tactic for the
synthesis of p-lactams (374) and succinimides (375) using
the Ugi adducts (373) of phenylpropiolic acid (372). In this
case, an aromatic ring is sufficient to stabilise the peptidyl
anion, which is generated by K,COj;. These authors were
able to isolate the f-lactams (374) when the cyclisation is
performed in acetonitrile, while the isomerised succinimide
products (375) are obtained in methanol (Scheme 73) [121].
Very recently, Wang, He and co-workers substituted but-3-
ynoic acid derivatives for phenylpropiolic acid, obtaining

Ko,CO3
CHS3CN, reflux

0
374 (63 - 95%)

375 (68 - 97%)

Scheme 73 Balalaie’s version of Marcaccini’s synthesis of B-lactams and succinimides
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R?-NH, o
114 376
— o p — —
Ph__2_s 2 N,R1 Ph
H —
Q. Ng2 HO
Ph
Ph 0
378 379 380
80 - 93%
Scheme 75 Gdémez-Montafio— o} 4
El Kaim synthesis of aminopyr- )k Q R 31
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y-lactams by U-4CC followed by an intramolecular 5-exo-
dig cyclisation in the presence of Cs,CO; [122].

Moreover, Marcaccini reported that the Ugi adducts
of cinnamaldehyde (358), glyoxylic acids (376), amines
(114) and isocyanides (31) can be easily transformed into
oxopyridines (380) by basic treatment (Scheme 74) [123].
The key intermediate is again the highly stabilised anion
(378) which, in this case, behaves as a benzylic anion in the
intramolecular nucleophilic attack on the carbonyl group.

Here again, a simple aromatic group can also sufficiently
stabilise the peptidyl anion, making further cyclisation to
heterocyclic products possible. Gémez-Montaiio and El
Kaim were able to cyclise in this way the cyanoacetic acid-
derived Ugi adducts (382), previously prepared by Marcac-
cini [124-127], to give aminopyrrolinone derivatives (383;
Scheme 75) [128].

Ivachtchenko et al. used the acidity of the Ugi pepti-
dyl hydrogen to promote aromatic nucleophilic reactions
leading to isoindole derivatives (385). The reaction takes
place with triethyl amine in DMF at high temperatures.
In this case the anion is stabilised either by a phenylvinyl
group, as in the previous Marcaccini’s reactions, or by

Scheme 76 Ivachtchenko’s

electron-deficient aromatics introduced as the aldehyde
component in the U-4CC (Scheme 76) [129].

Liu et al. used a very similar strategy to prepare
3-(indol-2-yl)isoindolin-1-ones by the cyclisation of the
adducts of 1H-indole-2-carbaldehyde, 2-iodobenzoic acid,
amines and isocyanides. In this case the reaction was car-
ried out in DMSO, under microwaves, at 80 °C, using
Cs,CO; as a base [130].

The possibility of generating a nucleophilic peptidyl
anion allows for the synthesis of a variety of scaffolds
limited only by the nature of the electrophilic groups pre-
sent in the Ugi adducts. For example, Miranda synthesised
2,3-dihydropyrroles (390) by the cyclisation of peptidyl
anions generated from Ugi-allenamide adducts (388). The
latter in turn are prepared in situ from propargyl amine
U-4CC adducts (387; Scheme 77) [131]. The utility of
this methodology was demonstrated by Vazquez, who used
it in conjunction with catalytic hydrogenation of pyrro-
line products to synthesise a library of nicotine analogues
(390h) [132].

The same strategy was recently applied by Balalaie et al.,
who cyclised the Ugi adducts (392) of allenic acids (391)

0 1
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370 31 CH30H N-R? Et;N o N~
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114 191 384 385
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Scheme 77 Miranda’s synthesis of 2,3-dihydropyrroles
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to obtain pyrrolidin-5-one-2-carboxamides (393), this time
through a 5-exo-dig approach (Scheme 78) [133].

A similar method, which starts from 3-chloropropionic
acid (395) was further developed by Vazquez et al. for the
synthesis of cotinine and iso-cotinine analogues (398).
Here, the direct displacement of the chlorine atom by the
attack of the peptidyl anion could explain the formation
of the products, but instead evidence supports a two-step
base-mediated elimination/Michael addition mechanism
(Scheme 79) [134]. A very similar approach to the synthe-
sis of indolyl-substituted lactams by the cyclisation of Ugi-
adducts in basic conditions has been also published by Shire
et al. [135].

An interesting application of the previous reaction was
developed by Yang et al. for the diastereoselective synthesis
of chromeno[3,4-c]pyrrole-3,4-diones (402). The carboxylic

component of the U-4CC is the a,-unsaturated chromene-
3-carboxylic acid (400) and the resulting adduct (401) spon-
taneously suffers an intramolecular Michael addition to the
expected chromenopyrrole (402; Scheme 80) [136].

The intermolecular addition of Ugi peptidyl carbon to
Michael acceptors has also been achieved by Abderrahim
and El Kaim in a two-step synthesis of pyrrolines (407).
The authors suggest that a concerted [3 + 2] mechanism
involving the formation of a dipolar derivative of the Ugi
adduct (404) occurs (Scheme 81) [137]. Analogously, the
peptidyl carbon on Passerini adducts has been shown to act
as a nucleophile in Michael additions with acrylonitrile.
The resulting y-hydroxynitrile can be then be cyclised under
acidic conditions to yield y-butyrolactones [138].

El Kaim’s group also achieved a simple and general syn-
thesis of B-lactams (411) by the addition of diiodomethane

Scheme 78 Balalaie’s synthesis (0]
of pyrrolidinones 21]\ R'-NC ) \\ R1-NHR2
R o1 H 3 CHOH R™“NH R R #BUOK N\
+ 4
_R ~2¥ TRt O N
R3-NH O
’ COH 393
114 391 392
52 - 90% overall
0
N H 1 N B N ] R’
| R'-NC 7\ 7 N\ \N N
~
N 31 InClycat RINH Y= BUOK R-NH )= 0 g |
394  co,H _CHsOH e — =
@ g MW, 50 °C N CH4CN o °N N
MW, 110 °C /‘ﬂﬁ
NHy ¢ 0 7 o o
Cl
232 395 396 398
36 - 85% 36 - 96%

Scheme 79 Vazquez’s synthesis of cotinine analogues

o)
X
N> H R-NC
\F 31 CH4OH
399 —
R? 3 rt
=
NH, o Yo
49 400

402
45 - 82%

Scheme 80 Diastereoselective synthesis of chromeno[3,4-c]pyrrole-3,4-diones
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Scheme 81 Formal [3+2]
cycloaddition of Ugi adducts for

the synthesis of pyrrolines Ar H R-NC R'-NH Ar DIPEA R'-NH o Ar
370 31 CHOH H (0.5 equiv) e,
. - . ~
/)
3. rt CF;COOH R3
R?NH, R*COH —ﬁo MW, 140 °C _<OH
61-89%
1 R1
NH
- H20 0 Ar
2
N-R
NC R3
406 407
17 - 64%
Scheme 82 Synthesis of (0]
B-lactams by CH,I, addition to )J\ ©
Ugi adducts Ar” H  RI-NG R-NH H NaH RN o Ar
370 a1 CH,OH H (25 equiv 2
+ — 0 N-RZ ——— O N-R
rt R3 CH,l, (408 R3
114 386 403 409
67 - 97%
CHyl, RN
408 Ar
— O N-RZ| — ™ Pr
3
R «O Ar
410
44-71%

(408) to amide dianions (409) obtained by deprotonation of
the Ugi adducts (403; Scheme 82) [139]. Calculations sug-
gest that CH,I, (408) is first added to the peptidyl carbon
and the resulting iodomethane-substituted amide (410) then
cyclises to the desired p-lactam (411).

Analogously, propargyl bromide (415) was used as bise-
lectrophile to trap Ugi amide dianions (414), resulting in
the formation of pyrrolidinone enamides (416). This reac-
tion has been combined with a subsequent Pictet—Spengler
cyclisation to give benzoindolizine scaffolds (417) present in
the heterocyclic core of crispine alkaloids (Scheme 83) [140]

Other strategies to activate the peptidyl carbon of Ugi
adducts have been developed by different groups. As part
of their research in the elaboration of Ugi adducts by
means of transition metal-catalysed reactions, Neuville
and Zhu reported the synthesis of 3-substituted 3-benzo-
xazolylisoindolinones (422) starting from an Ugi-adduct
having two aryl iodide units (420). The process takes place

through a regiospecific sequential intramolecular copper-
catalysed O-arylation and palladium-catalysed C-arylation
of the adduct peptidyl position (Scheme 84) [141].

A similar strategy was recently developed by Ghandi
et al. for the synthesis of spiropyrroloquinoline isoin-
dolinones and aza-isoindolinones (426). In this case, the
double cyclisation takes place under metal-free conditions
(Scheme 85) [142].

A different double cyclisation was proposed by Van der
Eycken for the synthesis of spiroindolinone-isoindolinone
derivatives (430) from Ugi adducts (229) in the presence
of a palladium catalyst and a base. The authors propose a
reaction mechanism involving a first palladium-catalysed
Buchwald-Hartwig C-N coupling, followed by a base-
promoted addition of the peptidyl carbon to the remain-
ing aryl halide (Scheme 86) [143]. Bromobenzoic acid
(428) may also be replaced by propiolic acids in the Ugi
reaction. In this latter case, spiroindolinone-pyrrolones
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NC N Ar
NaH >_<
H3CO CH3OH 1 (2 equiv) 0] © N_R'l
R2 —_— RZ&

OCH, TBAF 5
412 o OCH;”  DMSO, 50 °C OCHs
R-NH, R2COH  Ar OCHs | OCHs _
114 386 370 413 414
68 - 94%
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Br 3 OCH3 OCH3
HsCO
a5 CFaCOH _ CH, R 0
N~
CH20I2 N R?
Ar>jo o) Ar
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35-70%

Scheme 83 Ugi/propargylation/Pictet—Spengler cyclisation

Scheme 84 Palladium-cata- I
lysed intramolecular C-arylation i ©[
. . Cul (5 mol %)

1
of the Ugi peptidyl carbon R H NC thiophene-carboxylic

81 418 CH3OH ©i p acid (5 mol %)

+
CO,H K,CO3 DMSO, 120 °C
R?-NH,
14 I 420
419 48 - 94%

o R?
0O R? Pd(OAc), (5 mol %), PCys No O
! N
N
HJY 7/@ tBuONa, DMSO, 90 °C H R’
R'H g !

26 - 96% 422
20 - 87%
0
N
X
N H  eN-R! \
Z Z ¢
N~ ~Cl 31
CH3OH R2 CSQCO3
423 + _— 0 N’ e —
-COH rt 0 DMF, 120 °C
RE-NH, (I D R
P .
114 X cl N 42
424a X = CH 425 126
424b X = N 61 - 93% overall

Scheme 85 Ghandi synthesis of spiranes
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are formed through a Buchwald-Hartwig/Michael addi-

tion sequence [144].

On the other hand, El Kaim and Miranda achieved a cop-
per-catalysed oxidative activation of the peptidyl position
of Ugi adducts (432) leading to a double radical coupling to

(0]
H  cN-R!
31 Pd(OAc), cat
Br CH5OH R? Xantphos cat
427 ¢ —_— 07 >N” -
CO,H rt H Cs,CO;
R2-NH, "R toluene, 120 °C
@]
114 Br Br
428 429 430
50 - 98% 15-91%
Scheme 86 Van der Eycken synthesis of spiranes
Scheme 87 Radical peptidyl )
activation leading to spiroin- )k CN-R!
dolines Ar H o) 2
370 3 CH4OH 0 Cu(OAc); (30 mol %)
* E—— N N,R1
rt DBU, THF, Air
NH2 I H ar M
N R%CO,H HN
N 386 432
H 83 -94%
431 Cull)
O._R? 02 C > Os_R?
o 1 Cu (Il) Y Q ]
N@© R N_e R ——
| %H 5™ H
HN Ar HN— Ar
433 434
(0]
(0] O >\R2
N~ cu(n N~ N Ar
2 — ﬂ/ 2 — (0]
HN— Ar R H(lg ‘ Ar R
HN o HN Yo NN
R1 R1 H R
435 436 437
37 -76%
43 - 78% (one pot procedure)
Scheme 88 Deamidative O
C(spz)—C(sp3) coupling for the R1'NH
synthesis of isoindolinones Ar H RI-NC )\H%Ar Cul (10 mol %) Ar
370 31 CH3;0OH 0 1,10-phenanthroline
+ J—— N\R2 > N_R2
, COH s00c X o tBuOK
R“=NH, ©i toluene, 80 °C e}
114 X -R-NCO
419 X =1 438 439
428 X = Br 72-91% 56 - 79%
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efficiently produce complex polycyclic spiroindolines (437,
Scheme 87) [145].

More recently, Ali and El Kaim carried out the allylation
of Ugi adducts at their peptidyl position using allyl acetate
in both the presence and absence of palladium catalysts. This
strategy allows the preparation of bis-alkenyl derivatives
suitable for subsequent ring-closing metathesis leading to
nitrogen heterocycles [146].

An interesting copper-catalysed intramolecular coupling
between the peptidyl carbon and aryl iodide was devel-
oped by Chauhan et al., providing a straightforward syn-
thesis of isoindolinones (439). The coupling takes place

with concomitant loss as isocyanate of the amide moiety
originally introduced with the isocyanide component of the
U-4CC (Scheme 88) [147]. The mechanism of this reaction
is obviously different from the mechanism of Ivachtchenko’s
approach to isoindolinones, in which no deamidation is pro-
duced (Scheme 76) [129]. Van der Eycken proposed a vari-
ant of this reaction using 2-chloronicotinic acid-derived Ugi
adducts that cyclise in the presence of a base, with no need
of metal catalysis [148].

Marcos et al. have recently developed an oxida-
tive C(sp*)-H intramolecular imination of hydroxycou-
marin enol-Ugi adduct derivatives (442) which leads to

g w "
3.
81 2
OH CHzclz R R\
* - o NH
R2-NH X N0 92 cH,cO0H 2
2
(®] O
114 440
0 38 - 79% R' O 38 - 83% o)
R’ R3 2 R
2 R3 2 , R 3
R\NA(KN/ R\%)JLN o \NMN/R
., H 1 . W D
-2 X H +H* AN 2 N
0”70 o~ ~o o 0
443 444 445
0] 1
rz R R RZ R
N ] N~
s A N— - > =N
-2 R%-N=C=0
o~ o o O
446 447
35-73%
Scheme 89 Amide-directed oxidative cyclisation of enol-Ugi derivatives
R3
= /| o
A 1
H R-NC CH20|2 R‘l
O + _— N’
333 31 3AMS,20°C H
Cl;C.__OH Cl C N N
3 7\ 3 7( Z
NH2 \RZ
0 RI= o) 0 L2
448 49 449 450
61 -89%

Scheme 90 Synthesis of 2(3H)-oxazolone 4-carboxamides
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Scheme 91 Synthesis of f- and y-lactams by the Ding’s group

imidazolocoumarins (447) [149]. Interestingly, the regiose-
lectivity of the reaction is controlled by the amide group
derived from the enol-Ugi isocyanide component, which
directs the functionalisation of the adjacent C(sp*)-H and
then is lost as an isocyanate (Scheme 89).

In hopes of creating easily enolisable Ugi adducts, Mar-
caccini introduced the use of arylglyoxals (333) as the car-
bonyl component. The presence of an additional carbonyl
group at the enolisable position of the adduct would obvi-
ously favour the formation of the corresponding enolate.
Thus, the U-4CC of arylglyoxals (333), anilines (49), iso-
cyanides (31) and trichloroacetic acid (448) led to highly
reactive Ugi adducts (449) that spontaneously cyclised in
the reaction medium to yield oxazolones (450; Scheme 90)
[150]. Interestingly, Marcaccini introduced here for the first
time the trichloromethyl functionality as a convenient leav-
ing group in post-condensation transformations of IMCRs.

The ready enolisation of the Ugi adducts of arylglyoxals
(452) was used by Ding in a synthesis of B-lactams (453)
conceptually related to those published by Marcaccini in
1998 (Scheme 91, A) [119, 151]. In this case, the leaving
group is a bromine atom from the bromoacetic acid (451)
component used in the U-4CC. The use of a 3-bromopropi-
onic acid derivative (454) permitted, in turn, the synthesis
of the corresponding 5-membered lactams (455; Scheme 91,
B) [152]. Analogously, the related Passerini reaction led to
the corresponding y-lactone [153].

Interestingly, the B-lactams (457) obtained from the Ugi
adducts of a-activated amines (456), chloroacetic acid (359)

Ar
— (@)

455
65-91%

and arylglyoxals (333), are easily transformed to highly
functionalised y-lactams (460) by treatment with simple
and low-moisture-sensitive bases. The ring expansion is
explained by an anionic rearrangement. Thus, the initial
deprotonation of the acidic position in the N-substituent of
the azetidinone (457) triggers a ring opening that yields a
new intermediate containing an imine and an enolate, which
cyclises to the y-lactams (460; Scheme 92) [154].

Peshkov and Van der Eycken proposed the use of aryl-
glyoxals (333) and propiolic acids (461), as aldehyde and
acid components, respectively, to prepare easily enolisable
Ugi adducts also containing a Michael acceptor (462). The
U-4CC, carried out in methanol at 80 °C, was spontane-
ously followed by the intramolecular Michael addition of the
peptidyl anion to the triple bond to give the corresponding
pyrrolones (463). A subsequent retro-Claisen fragmentation
results in the cleavage of the benzoyl moiety to yield the final
pyrrolone-2-carboxamides (464; Scheme 93) [155]. Here, in
contrast to Balalaie’s work cited above [121], a 5-endo-dig
rather than a 4-exo-dig-carbocyclisation takes place.

In a subsequent work, the same group substituted het-
erocyclic aldehydes containing basic nitrogen atoms for the
glyoxal carbonyl component of the U-4CC, obtaining the
expected y-lactams [156]. Moreover, an analogous Passerini/
cycloisomerisation process allowed to conveniently obtain
butenolides (467) in good yields (Scheme 94) [157].

Taking advantage of the ready enolisation of the Ugi
adducts derived from arylglyoxals as well as their feature
as doubly functionalised reactants, Garcia-Valverde et al.
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Scheme 92 Ring expansion of f-lactams
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Scheme 93 Peshkov and Van der Eycken synthesis of pyrrolone-2-carbox-amides

Scheme 94 Peshkov and Van (0]
der Eycken synthesis of bute- EtO
nolides H R-NC

O 465 3

+
(0]
R2;<
461 OH

have developed a one-pot synthesis of enantiopure pyr-
rolopiperazines (471) through a diastereoselective mul-
ticomponent domino reaction, Ugi/enamine alkylation,
using non-protected 1,2-diamines (469) together to arylg-
lyoxals (333) and 3-bromopropionic acid (468). Thus, after
the formation of a cyclic diamine, the Ugi reaction takes

@ Springer

Et0 | O 2Eto o
CH30H R R 0
_ o] N — )
80 °C R2§{O 0 HN-R'
466 467

44 - 63% overall

place selectively over the aldimine position. The sponta-
neous alkylation of the cyclic enamine intermediate (470)
affords the corresponding pyrrolopiperazine (471), with
the generation of a new stereogenic centre in the last step
(Scheme 95) [158].
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Amide NH as nucleophile

The transformations shown above rely on the formation of a
highly stabilised anion in the peptidyl position. This occurs
when the appropriate substituents are introduced on Pas-
serini or Ugi adducts with the initial reaction components.
However, when the aldehyde employed as starting reactant
is unable to stabilise the peptidyl anion, or this anion is not

in the correct position to react with other groups in the mol-
ecule, a base-induced transformation involving the amide
nitrogen may take place. An interesting example reported
by Marcaccini is the basic treatment under ultrasonic soni-
cation of the Ugi adduct (472) of aromatic aldehydes (370)
and chloroacetic acid (359), which affords 2,5-diketopip-
erazines (474) as a result of an intramolecular N-alkylation
(Scheme 96) [159].

o)
2%
Ar HaN. R o Br 0
\H)J\H 2 \/\/\NHZ OY\/
(@] CH3OH 1 - HBr
+ 469 - (N CONHR' o , CONHR ~N
333 t24h |R¥T R I RZ*( CONHR!
5~ ~COOH RI-NC N~ “Ar N™ Sar
468 31 470a 470b 471
58 - 96%
dr > 95:5

Scheme 95 Multicomponent domino reaction in the synthesis of pyrrolopiperazines

Ar—CHO  R%*NC Ar— _CONHR3
370 3q MeOH.rt \Nr
R? cl
CIn_COOH g, TO(\
359 114 472
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Scheme 96 Synthesis of 2,5-diketopiperazines
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Scheme 97 Diastereoselective synthesis of 2,5-diketopiperazine-derived steroids
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Scheme 98 Synthesis of homochiral 2,5-diketopiperazines

Fig.2 2,5-Diketopiperazine inhibitors of Apaf-1

Marcaccini described the limitations of this methodol-
ogy. On one hand, the cyclisation was unsuccessful with
aliphatic aldehydes and, on the other, epimerisation of the
stereogenic centre occurs in the cyclisation conditions, as
evidenced by the incorporation of deuterium at the C3 posi-
tion when KOD in EtOD was employed. However, when the
aldehyde group was directly linked to a steroidal framework
(475), these drawbacks were not observed and, despite the
aliphatic characteristic of the aldehyde employed, the reac-
tion took place in good yield. Moreover, high diastereoselec-
tivity was achieved in the Ugi reaction, possibly induced by

Scheme 99 Divergent cyclisa- O
tion of chloroacetic acid derived )H
Ugi adducts
NW
RI'N-N
482
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the rigid steroidal frame, and mantained during the cyclisa-
tion (Scheme 97) [160].

Interestingly, Banfi et al. described a similar strategy for
the synthesis of 2,5-diketopiperazines (480a and 480b) from
chiral amino alcohols (478) using caesium carbonate instead
of potassium hydroxide in the final stage. The cyclisation
was carried out on the separated diastereomers of the Ugi
adducts (479a and 479b), as under these reaction conditions
the epimerisation on the C3 position of the diketopiperazines
was not observed (Scheme 98) [161].

Messeguer et al. employed this methodology in the design
of analogues of linear N-alkylglycine oligomers (481),
reported as apoptotic inhibitors [162]. These authors cre-
ated cyclic motifs in these peptoids to introduce geometric
constraints that reduce conformational freedom and increase
their selectivity. Moreover, to avoid rotamers, they substi-
tuted an isostere triazole moiety for the tertiary amine (482;
Fig. 2). The resulting peptoids were shown to be Apaf-1
inhibitors that decrease the apoptotic phenotype in mito-
chondrial-mediated models of cellular apoptosis.

They carried out the synthesis of these restricted ana-
logues (482) through an Ugi reaction combining chloro-
acetic acid (359) and triazole aldehydes, followed by a base-
induced intramolecular cyclisation, which afforded, not only
the expected 2,5-diketopiperazine (482), but also the cor-
responding p-lactam (484), because of the increased acidity
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on the peptidyl position (Scheme 99) [163]. The influence
of the substitution on the secondary amide and the triazole
core was determinant for the experimental results and was
theoretically studied [164, 165]. Interestingly, the peptidomi-
metics bearing the p-lactam scaffold (484) turned out to be
more potent apoptotic inhibitors than the diketopiperazine
isomers.

Additionally, diketopiperazines fused with other hetero-
cycles have been synthesised by Dehaen et al. using this
methodology, combining chloroacetic acid with other func-
tionalised reactants in the U-4CC. Thus, triazolobenzodiaze-
pine diketopiperazines (489) were synthesised from 2-azido-
benzaldehydes (485), propargyl amines (486), chloroacetic
acid derivatives (487) and isocyanides (31). The Ugi adduct
was cyclised under basic conditions to the diketopiperazine

system bearing azide and alkyne functionalities (488), which
was then subjected to intramolecular azide-alkyne cycload-
dition (IAAC) in refluxing ethanol to give the fused system
(489; Scheme 100) [166].

Miranda used 2-bromobenzylamines (491) and benzoy-
lacetaldehyde (490) as doubly functionalised reactants along
with chloroacetic acid (359) in the synthesis of pyrazinoiso-
quinolines (493). The fused systems were obtained through
a three-step protocol consisting of an Ugi reaction followed
by a basic medium-promoted cyclisation/elimination and a
6-endo Heck cyclisation (Scheme 101) [167].

The synthesis of tetrahydropyrazino[1,2-a]indole-1,4-di-
ones (497) by the Joullié-Ugi reaction of indolenines (494),
haloacetic acids (495) and isocyanides (31), followed by
an intramolecular N-alkylation, was reported by Krasavin

R? R4_N,
R! N3 ‘N
X N\ oI
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485 o rt, 24 h O N EtOH OTN
2
RS R 487 2. KOH, EtOH 7\: R reflux 3h o R?
N an RS N0 RPN 0
HN” N RO-NG M) 30 min 26 R6
R4 489
486 31 488
27 - 67% overall
Scheme 100 Synthesis of polycyclic diketopiperazines reported by Dehaen
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X 2 3 reflux, 3 h
491 492 493
45 - 73% (two steps)
Scheme 101 Synthesis of pyrazinoisoquinolines
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Scheme 102 Synthesis of tetrahydropyrazino[1,2-a]indole-1,4-diones

38 - 75% one pot
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(Scheme 102) [168]. The starting indolenines (494) can
be, in turn, easily obtained from phenylhydrazines and
2,2-dialkyl acetaldehydes following a Fischer protocol.

Following a one-pot two-step methodology, Garcia-Val-
verde et al. described the diastereoselective synthesis of
pyrrolopiperazine-2,6-diones (502). The synthesis is carried
out through an Ugi/nucleophilic substitution/N-acylation/
debenzoylation sequence using three doubly functionalised
reactants —phenylglyoxal (498), a-amino esters (499) and
3-bromopropionic acid (468)- along with the isocyanide (31;
Scheme 103) [169].

Furthering the studies on the cyclisations of Ugi adducts
promoted by the deprotonation of the amide nitrogen, Mar-
caccini's group proposed the synthesis of Ugi adducts with
a highly electrophilic a-acylamino substituent that would
facilitate the intramolecular nucleophilic attack at this posi-
tion. Therefore, they chose trichloroacetic acid (448) as one
of the components of the U-4CC to facilitate the ring closure
through an N-acylation leading to hydantoins (505). This
synthesis is based on the enhanced electrophilic character
of the trichloroacetamide group and the quality of trichloro-
methyl anion as leaving group, allowing the trichloroacetyl
group to function as a masked carbonic acid surrogate. In

this way, the Ugi adducts (503) synthesised from primary
amines (114), aryl aldehydes (371), trichloroacetic acid
(448) and isocyanides (31), upon treatment with sodium
ethoxide, underwent a rapid ring-closure reaction to give
hydantoins (505) in good yields. Moreover, the products
were easily isolated from the reaction medium by precipita-
tion from the mother liquors (Scheme 104) [170].

This synthesis constitutes a more efficient methodology
than the route described by Hulme’s group for the synthesis
of hydantoins (509) via an Ugi five-component condensa-
tion followed by a base-promoted cyclisation (Scheme 105)
[171].

A similar strategy replacing trichloroacetic acid by propi-
olic acid (510) has been reported by Chen et al. Surprisingly
the base treatment of the Ugi adduct (511) affords the cor-
responding hydantoin (509), resulting from the behaviour
of the acetylide anion as the leaving group. In contrast, the
expected intramolecular Michael addition that would give
rise to a diazepine did not occur (Scheme 106) [172].

The methodology described by Marcaccini’s group has
been employed for the synthesis of pseudopeptidic hydan-
toins (516) using Ugi/cyclisation/reduction/Ugi sequences,
by inclusion of a nitro group as amine surrogate in the

0]
R2 or MeCN CSCOs H
498 —_—
499 rt, 24 h MeCN - PhCOOMe
~~_-COOH 1. reflux, 1 h
Br RENC - MeOH
468 31
56 - 86% one pot
dr >95:5
Scheme 103 Synthesis of pyrrilopiperazine-2,6-diones
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Scheme 104 Marcaccini’s hydantoin synthesis
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Scheme 107 Diastereoselective synthesis of pseudopeptidic hydantoins
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Scheme 108 Dehaen tandem synthesis of hydantoin-fused benzodi-
azepines

carbonyl component (513). Interestingly, the pseudopeptidic
hydantoins (516) were obtained in many cases with a high
diastereoselectivity (Scheme 107) [173].

This strategy has also been used for the synthesis of fused
heterocycles, following two different approaches. The first
approach starts with the synthesis of the hydantoin scaffold
with the proper functionalisation for the subsequent syn-
thesis of the corresponding fused heterocycle. This meth-
odology was chosen by Dehaen et al. for the synthesis of

hydantoin-fused triazolobenzodiazepines (518), using 2-azi-
dobenzaldehyde (517), propargylamine (324), trichloroacetic
acid (448) and isocyanides (31) as starting materials for the
Ugi reaction. The treatment of the Ugi adducts with sodium
ethoxide afforded the functionalised hydantoin intermedi-
ates, which, when subjected to intramolecular azide-alkyne
cycloaddition (IAAC), afforded the expected hydantoin-
fused benzodiazepine derivatives (518; Scheme 108) [166].

The second approach starts with the synthesis of cyclic
imines followed by an Ugi-Joullié reaction, which intro-
duces the trichloroacetic acid (448) for the base-induced
cyclisation to the hydantoin-fused system. In this man-
ner, Martens et al. described the synthesis of two differ-
ent families of fused heterocycles: hydantoins fused with
oxa(thia)zolidines (524) and 1,4-benzothiazines (528).
The methodology developed for the synthesis of oxa(thia)
zolidine-fused hydantoins (524) combines two multicom-
ponent reactions, an Asinger and an Ugi-Joullié reaction
(Scheme 109), whilst the synthesis of the second family
(528) began with the condensation of 2-bromo-2-methylpro-
pionaldehyde (526) and 2-aminothiophenol (525) affording

Scheme 109 Asinger/Ugi- 1. CI3CCO,H, R®NC
Joullié reaction for the synthesis 0 O\ R2 MeOH 1 R? o
of oxa(thia)zolidine-fused R
hydantoins R1J]\R2 (;|jY‘4R3 CHyCI, RQ/N\ (30 - 68%) \LN/« )
R N N—R
153 o
519 (540(3 tg;; ) JR® 2. EtONa, EtOH R4(31\X<
NH, or o 523 (62 -94%) ) 524o
520 521 522 X: O orS
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Scheme 110 Synthesis of
benzothiazine-fused hydantoins

NH2 NaH, THF_
°C tort

(57%)

1. CI3CCO,H, R’NC o, K

MeOH (6 - 12%)

%

2. EtONa, EtOH

(63 - 78%) S
528
OMe
© CF3 OMe
Boc TFA CF3C02H . CN HNT
[ 0 530 ON— chos
_—
N/\)J\Et CH,Cl,, 16 h [ j EtOH, 16 h Q MeOH/HQO (
I
2-Ns 71% N 16h
2-Ns 2-Ns 86%
529 531 533 2-NS
534
Scheme 111 Synthesis of diazepine-fused hydantoins
Scheme 112 Cyclisation of O — o—
Passerini adducts affording
oxazole-derived orthoamides )))) O o) H)O(
CF ) 0
CH3CO,H CFsp
224 538
48 - 78%

Ar'-CHO
371
AZ-NH, MeoH § AT 9 yow ] Ho 9 _HeoH  H
114 — R1HN%N/R - . R%N/R + Ar2.N C? N AFZIN%OH
RICOCOH o At M MeOH=r 5 H Al H,0 A
539 540 541 542 543
R2NC 87 - 93% overall
31

Scheme 113 Synthesis of 2,N-diarylglycines by the cleavage of Ugi adducts of glyoxylic acids

the 2H-1,4-benzothiazines (527) required for the ulterior
Ugi-Joullié reaction (Scheme 110) [174].

Hydantoins fused with piperazines and diazepines have
also been synthesised following this strategy. Thus, Nelson
et al. used an N-Boc deprotection/Ugi-Jouillé condensation/
cyclisation sequence. In this sequence the trifluoracetic acid
(530) used as reagent in the deprotection of the amine group
plays a double role, acting also as the acid component in the
Ugi-Joullié reaction, and finally as a carbonic acid surrogate
in the last stage of the synthesis (Scheme 111) [175].

Conversely, the intramolecular NH attack on Passerini
three-component adducts (537) of trifluoromethyketones
(535) gave rare orthoamides (538), the result being highly

@ Springer

dependent on the nature of the isocyanide, as well as the
temperature and catalyst charge (Scheme 112) [176]. These
pentacyclic orthoamides (538) are structurally related to
those obtained by Marcaccini (307) by the cyclisation of
P-3C-2C adducts of 6-oxo-4-thiacarboxylic acids through a
similar mechanism (Scheme 56) [92].

A similar intermediate was proposed by Marcaccini et al.
in the synthesis of 2,N-diarylglycines (543) from the basic
treatment of Ugi adducts (540) synthesised from aromatic
aldehydes (371), anilines (114), a-ketoacids (539) and iso-
cyanides (31; Scheme 113) [177].

These chemical results were not achieved when aliphatic
aldehydes or amines were used or when aldehydes were
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replaced by ketones. Based on these experimental results,
the formation of the arylglycine derivatives was explained
by the base-induced formation of imidazolidinone interme-
diates (544), which would undergo the deprotonation at C5
position. This key deprotonation step is not possible when
ketones, aliphatic amines and/or aldehydes were employed
in the Ugi condensation, since, either there is no hydrogen at
the C5 position, or this is not acidic enough. Rearrangement
of anion 545 would then lead to the intermediate ketene ani-
ons (546), which would give directly the a-amino acid salts
(542) via the addition of water or methanol, followed by the
hydrolysis of the corresponding methyl esters (Scheme 114).

Amine NH as nucleophile on adducts
of the hydrazoic acid variant of the Ugi reaction

A variant of the classic Ugi reaction uses hydrazoic acid
in place of the usual carboxylic acids to obtain a-amino
tetrazoles. Marcaccini took advantage of the nucleophilic

character of the a-amino group on the adducts to design
post-condensation transformations introducing the appro-
priate complementary electrophilic groups with one of the
components of the U-4CC.

Thus, the Ugi condensation involving methyl o-formylb-
enzoates (547), amines (114), isocyanides (31), and hydro-
gen azide (219; prepared in situ from trimethylsilylazide and
MeOH or from dimethylamine hydrochloride and sodium
azide) gives a primary adduct (548) that undergoes a spon-
taneous 1,5-dipolar cyclisation to give the a-amino tetrazole
(549). Next, nucleophilic cyclisation affords isoindolinones
(550). This latter reaction takes place spontaneously when
benzyl or alkyl amines are used, and requires basic condi-
tions with aromatic amines (Scheme 115) [178].

Hulme used a similar strategy, in which the ester moiety
necessary for the post-condensation amidation is localised in
the isocyanide (551). This reacts with carbonyl compounds
(153), amines (114) and trimethylsilylazide (175) to give
a-amino tetrazoles (552), which are heated in methanol

R'oC
Ar? Ar? >: N,
O A O O 1 o AN 1 HO R Ar2-NH
| N . \'Ar N . \Ar 541 Hzo 1
N @/ RZ — » 1 — 1 O — — Ar
RY N R o o™k e 90-¢
O) Ar1 © N O /N e) HN . Ar \b
- . Je
540" 544 545 O//C Ar! 542
546
Scheme 114 Mechanism for the cleavage of Ugi adducts leading to 2,N-diarylglycines
B H gy R* O NaOEt R o
R\’ R 5
R'-NH, HN, N N R oM EtOH, A R3
114 219 MeOH 4 € (84-92%) N—R!
+ CHO —> Ny |— NHR' — >
) rt R3 OMe or
- 2 ~
A R COMe Ré O NN e RN
R* - - N=N (11-79%) N*
547 548 549 550
73 -83%
Scheme 115 Synthesis of tetrazoloisoindolines by post-condensation of azide-Ugi adducts
Scheme 116 Synthesis of R3-NH, (0]
ketopiperazinetetrazoles by R3HN o1 R3
post-condensation of azide-Ugi 114 R" "R? R4 R 2 0 l\ll R?2
153 MeOH R MeOH
adducts o 1
(] - 5 NN - 5 R
Meo)KrNC TSN r, 24 h OMe N\N/N reflux, 24 h RY NN
N3 = N
N=N
R4
551 173 552 553
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NH4C| o NaN3
132 . k + OMe + 555
or R? "R® @ or
R'-NH, 153 Ne TMS-N,
114 554 175

R1
O 1 R2
1) MeOH/H,0, rt NIRS
2) spontaneous or 6 SN
LiOH, THF/H,0, N
then EDC, HOBt, DMF N=N
556

39 - 78% (one pot)
19 - 46% (Ugi), 25 - 80% (cyclisation)

Scheme 117 Synthesis of tetrazolobenzodiazepines by post-condensation of azide-Ugi adducts

to give fused ketopiperazinetetrazoles (553, Scheme 116)
[179].

Analogous tetrazolobenzodiazepines (556) were like-
wise synthesised by Voskressensky in a one-pot U-4CC
of ketones (153), ammonium chloride (132), bifunctional
isocyanides (554), and sodium azide (555) or trimethylsi-
lylazide (175), followed by cyclisation (Scheme 117) [180].
Domling used the same strategy, substituting primary
amines (114) for ammonium chloride (132) [181]. In this
case, ester hydrolysis followed by EDAC/HOBt mediated
amide bond formation was required to obtain the final tetra-
zolobenzodiazepines (556; Scheme 117).

Recently, Domling prepared unsubstituted tetrazolo
y- and d-lactams (560) by the Ugi reaction of aliphatic
ester-substituted aldehydes (558), trityl amine (557), iso-
cyanides (31) and trimethylsilylazide (175), followed by
deprotection with TFA and cyclisation with sodium hydride
(Scheme 118) [182].

Additional nucleophilic groups
Nitrogen nucleophiles

Nucleophilic groups present in the components of the Ugi
and Passerini reactions may interfere with the condensa-
tions, leading to unexpected reaction pathways (See, for
example, the reaction between 2-hydroxybenzaldehyde
(700), isocyanides (31) and ammonium formate (121;

OMe
Trityl—NH
y 2 (e 5 n=2,3
OHC MeOH
557 558 _veeR
MW, 100 °C
RI-NG TMS-N; 30 min
31 175

Scheme 118 Synthesis of tetrazolo lactams
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Scheme 147) [183]. To avoid these competitive reactions,
different strategies have been developed that use masked
internal nucleophiles, such as N-protected amines or nitro
or azide groups as amine surrogates. If these masked groups
are properly located relative to complementary electro-
philic sites, intramolecular reactions take place upon their
activation, affording a variety of often pharmacologically
relevant scaffolds. Thus, while Hulme et al. developed the
UDC concept (Ugi reaction/Deprotection/Condensation)
[184, 185], Marcaccini’s group pioneered the use of nitro
and azide groups as amine surrogates in Ugi/Condensation
sequences. Thus, in a seminal work where the nitro group
was introduced as a masked amino nucleophile in an IMCR,
Marcaccini developed an elegant synthesis of furan deriva-
tives (563) through Passerini/Knoevenagel sequences. When
2-nitrophenyl acetic acid (561) was chosen as the carboxylic
component in a P-3CC with glyoxals (333) and isocyanides
(282), the nitro-group played a double role, increasing the
acidity of the benzylic position on the Passerini adduct to
favour the intramolecular Knoevenagel condensation in
mild conditions and acting as a masked amino-group. In
this way, 2,5-dihydro-2-(2-nitrophenyl)-5-oxofuranes (563)
were obtained upon treatment of the Passerini adducts (562)
with piperidine and additional treatment with acid. Then, the
reduction of the nitro-group afforded 2-oxoindoles (565) as
a result of the nucleophilic attack of the amine on the lac-
tone carbonyl group with subsequent opening of the lactone
ring (Scheme 119) [186]. Thus, the overall reaction path-
way involves a first intramolecular reaction with a carbon

O.__OMe Q
(4 NHTrityl 1) TFA, CH,Cl,, 1 min (4 NH
RU Ny 2)NaH, THF, ta. 4h i /Sy
N=N N=N
559 560
41-78% 32-99%
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NO, 1) piperidine
©; NO, EtOH, rt to 40 °C
COOH o) Et,0, rt o 10 min Ar
561 + )J\ ” 2 —
Ar CHO 24 h (e} CONHCC6H11 2) HCI (69 - 76%) o
<:>—NC 333 (77.90%) :\[ 0~ ~CONHcCgH1
Ar” 0 563
282 562
Ar CONHCCGH»H
Fe, AcOH Ar / OH
35 °C to 40 °C N7 ) )= 0
15 min O 0" ~CONHCCgHs, N
(82-91%) 564 565
Scheme 119 Marcaccini’s three-step synthesis of 2-oxoindoles
R;_
NH2 2
R%*CHO |RO,C _)|<_ O R? o) R/L ]
81 Fe X CONHR
567 \ / NJ\CONHR1 . X N a
NO, R AcOH | | N(R 49 - 71% overall
CO,R
NH 568 i
Ph‘( 569
R2-CHO o) X R?
- O R? o
- COOH 81 570 | 1 Fe X N>\CONHR1
X \_/ N7 CONHR! — X | b
NO, NO ) AcOH L /X 58 - 78% (Ugi)
O 2 coPh N 48 - 78% (cycl.)
566 Ar‘gﬁ 571 572 "
1 H
R3:IC o R2'NH2 ~|_ O ,
333 114 \ / N,R SnCl,
—_ 1 C
CONHR'  Hc CONHR
NO, // 38 - 69% (Ugi)
Ar oH 41-91% (cycl.)
573

Scheme 120 Marcaccini’s synthesis of benzodiazepines by Ugi/reduction/cyclisation sequences

nucleophile, followed by a ring-switching transformation of
a furan into an indole triggered by the attack of the initially
masked nucleophile.

Later, Marcaccini’s group described the synthesis of
benzo[1,4]diazepine systems with different substitution
patterns (569, 572, 574) through two-step Ugi/reduction/
cyclisation (URC) sequences, varying the nature of the
nitro derivative and/or the doubly functionalised reactant
with the electrophilic site required for the cyclisation step.

Thus, the combination of 2-nitrobenzoic acid (566) with
a-amino esters (567) led to 1,4-benzodiazepine-2,5-diones
(569; Scheme 120a) [187], while its combination with
phenacylamine (570; Scheme 120b) [188] or arylglyoxals
(333; Scheme 120c) [189] afforded stable 4,5-dihydro-
3H-benzo[1,4]diazepin-5-ones (572, 574). However, when
arylglyoxals (333) were combined with 2-nitrobenzylamine
(583), unstable 4-benzoyl-4,5-dihydro-3H-benzo[e][1,4]
diazepines were obtained.
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R® R*
o R
RS )\COZMe
NC R3 COOH MeOH )
R%CHO * Of R NO, IR
81 575 576 566
- 577 -
Fe, AcOH l
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CO,Me CO,Me CO,Me
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Scheme 121 Synthesis of thiobenzodiazepines reported by Guo

Guo used a similar strategy to prepare thiobenzodiaz-
epines (582) to test their antitumor activity as p53-MDM?2
protein—protein interaction inhibitors. In this case, the use of
convertible isocyanide (576) permits the obtention of ben-
zodiazepine (578) by reduction of the nitro group on the
non-isolated Ugi adduct (§77). The treatment of 578 with
Lawesson’s reagent (579) affords compounds 580, which
can be further alkylated in the presence of DBU to give 582
(Scheme 121) [190]

Based on these results, Garcia-Valverde et al. introduced
new functionalised reagents to synthesise more complex
systems. In this way, pyrrolobenzodiazepine and pyrrolo-
quinazoline scaffolds have been synthesised from arylg-
lyoxals (333) and amino or carboxylic reagents where the
nitro group was attached [191, 192]. The reaction of glyox-
als (333), 2-nitrobenzylamine (583), isocyanides (31) and
3-bromopropionic acid (468) and subsequent intramolecular
nucleophilic attack of the peptidyl position onto the alkyl
bromide leads to pyrrolidinones (585). Reduction with SnCl,
unmasks the latent aromatic amine, resulting in pyrroloben-
zodiazepines (587) or pyrroloquinazolines (588), depending
on the reaction conditions (Scheme 122) [191].

Similarly, the same authors were able to synthesise pyr-
rolobenzodiazepines with different degrees of unsaturation
(590, 591, 593) by the post-condensation transformation of
arylglyoxals (333), isocyanides (31), 2-nitrobenzoic acid
(566) and bifunctional amines (589, 324, 592; Scheme 123)
[192].
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Using a complementary approach, Marcaccini synthe-
sised some analogous structures, as well as other medium
size nitrogen heterocycles, from azide derivatives as amine
surrogates, following Ugi/Staudinger/aza-Wittig cyclisa-
tion sequences. Thus, seven-membered rings as 4,5-dihy-
dro-3H-benzo[1,4]diazepin-5-ones (595) were obtained
from 2-azidobenzoic acid (594) and arylglyoxals (333)
(Scheme 124, a) [193]; 5-0x0-4,5,6,7-tetrahydro-1H-1,4-
diazepines (5897) from 3-azidopropionic acids (596) and
arylglyoxals (333; Scheme 124, b), and 2-oxo-1,4-benzodi-
azepines (600) from 3-phenyl-2-azidopropionic acid (599)
and 2-aminobenzophenone (598; Scheme 124), c) [194].
Likewise, eight-membered rings as [(SH)-6-oxodibenzo[b,f]
[1,5]diazocines (601) were synthesised from 2-azidobenzoic
acid (594) and 2-aroylanilines (598; Scheme 124, d) [195].

The stereochemical outcome of these reactions have
also been analysed, revealing uneven results. When the
chiral information was incorporated into the acid compo-
nent [194] the diastereoselectivity achieved was extremely
poor, however high diastereoselectivities were observed
when the chiral information was introduced in the amino
component [187]. Moreover, reversal of diastereoselectivity
was observed in the synthesis of 3-carboxamide-1,4-benzo-
diazepin-5-ones depending on the synthetic methodology
employed [196].

Yan used aromatic amines linked to an azide group (602)
to prepare benzimidazoles (604) or quinoxalin-2(1H)-ones
(606) using an Ugi/Staudinger/aza-Wittig sequence. When
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31 HO)K/\Br
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_ EtOH 50 °C @/\
CONHR
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587 HCI
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Scheme 122 Three-step synthesis of pyrrolobenzodiazepines or pyrroloquinazolines developed by Garcia-Valverde

Scheme 123 Post-Ugi transfor-
mations to diverse pyrroloben-
zodiazepines

.
RY NO,
33§HO -"COoO0H
. 566
R-NC
31

carboxylic acids (386) were used in the Ugi reaction, the
Ugi-adducts (603) reacted with triphenylphosphine at room
temperature and successive heating in toluene to give ben-
zimidazoles (604). In turn, when glyoxylic acids (539) were
used, quinoxalin-2(1H)-ones (606) were formed at room
temperature (Scheme 125) [197].

Br o
/\/h R! N
HN oo [\\\ 58 - 83%
// Ay Coone
Ar
H2N
N
dL 26 - 53%
CONHR

32

4>

36 - 46%

ArCONHR

Wessjohann also employed the Ugi-Staudinger-aza-Wit-
tig sequence to prepare imidazolines (609). Here, the Ugi
adducts (608) of azidoalkylamines (607) were treated with
triphenylphosphine or resin bound triphenylphosphine give
the imidazolines (609). In some cases, o-amidines (610)
were also observed (Scheme 126) [198].
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Scheme 124 Synthesis of 7- and 8-membered nitrogen heterocycles by Ugi/Staudinger/aza-Wittig cyclisation

1 3
R4-COOH RYCONHR
386 N R4

o~ LY
MeOH R o)
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41 - 86%
40
R* 1 3
R CONHR
COOH T R4
539 N
e R
rt, 24-48 h A\, °
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47 - 88%

Scheme 125 Amino-azides in the Ugi- Staudinger-aza-Wittig process

Ding et al. have used analogous Ugi/Staudinger/aza-
Wittig sequences using 2-azidobenzaldehyde (611) for
the synthesis of different heterocycles. The reaction of
2-azidobenzaldehyde (611), amines (114), isocyanides

(31), and carboxylic acids (386), followed by treatment

@ Springer
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R1

with methyldiphenyl phosphine yields the expected
quinazolines (613; Scheme 127, a) [199]. When phenyl-
glyoxylic acid (376) is used, 2-acylquinazolines (615)
and/or 3H-1,4-benzodiazepin-3-ones (616) are obtained,
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Scheme 126 Ugi-Staudinger-aza-Wittig synthesis of imidazolines reported by Wessjohann
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depending on the steric and electronic nature of amine
substituents (Scheme 127, a) [200].

When the Ugi-adducts (617) of 2-azidobenzaldehyde
(611) with 2-acylaniline (598), isocyanides (31), and car-
boxylic acids (386) were treated with triphenylphosphine,
the expected benzodiazocines (621) were not formed.
Instead, indolo[1,2-c]quinazolines (620) were obtained,
probably through quinazoline intermediates (619), which
upon heating in toluene were transformed in situ by nucleo-
philic addition of the peptidyl carbon on the carbonyl group
(Scheme 128). The authors argue that this is probably due
to a restricted conformation of the iminophosphorane (618)
that would be entropically unfavourable for the cyclisation
between the iminophosphorane moiety and the ketone car-
bonyl group [201].

Ding has also used vinyliminophosphorane (622)
as amine component in a U-4CC with 2-azidobenza-
ldehyde (611), isocyanides (31) and carboxylic acids
(386). The resulting Ugi adducts (623) were treated with

triphenylphosphine and afforded the 3-arylidene-substituted
3H-1,4-benzodiazepines (624) by the usual Staudinger/aza-
Wittig sequence (Scheme 129) [202].

Likewise, Ding carried out a tandem Passerini/Staudinger/
aza-Wittig starting from a-azidocinnamaldehydes (625), to
obtain 2,4,5-trisubstituted oxazoles (628) in a one-pot pro-
cess. A catalytic amount of potassium carbonate is necessary
to the complete transformation of dihydrooxazoles (627) into
the final oxazoles (628) via a 1,3-H shift (Scheme 130) [203]

Similarly, the hydrazoic variant of the Passerini conden-
sation of 2-azidobenzaldehydes (629) in tandem with an
acylation/Staudinger/catalytic aza-Wittig reaction readily
gave 4-tetrazolyl-substituted 4H-3,1-benzoxazines (631;
Scheme 131) [204].

Bazgir used 2-azidoacetic acid (633) in an Ugi reaction
with 3-formylchromones (632), isocyanides (31) and amines
(114). The Ugi adduct (634) was not isolated and was treated
in situ with triphenylphosphine. When the reaction was car-
ried out in water, the intermediate iminophosphorane was

0
1
R R®NC , R R
— RSHNOC 3
TN 31 1) PPh, RSHNOC
R®  N=PPh;Me MeOH N CH,Cly, 1t N/EO
622 ., ————
CHO 613 + 602 at-50 ° C, 4-6 h N, L/\R 2) Toluene, A fRz
©: R“COOH  then 31 + 389, rt, 48 h RS0 NN
N3 386 623 624
611 43-71% 77-91%
Scheme 129 Synthesis of benzodiazepines developed by Ding
CHO
R1§/ 1) CH,Cl, 24-48 h CONHR, CONHR; CONHR;
N 2) PPhs 2 h
3 ) PPhg, N o RSN RN
625 3) Toluene N )\ 5 N<< N<<
R>NC R*»COOH  NaxCOscat, A o7 R R® R®
31 386 626 627 628
43 -70%

Scheme 130 Tandem Passerini/Staudinger/aza-Wittig synthesis of oxazoles
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) o TMDS o}
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Scheme 131 Passerini/acylation/Staudinger/catalytic aza-Wittig synthesis of benzoxazines

@ Springer



Molecular Diversity

0 _ T
CHO e} N. H
| R'-NH, o R? 0 _N-g2
1 O 1
0 L ‘ N PPhy, H,0 -
632 — 7
Ng t, 24 h 0 (go ft, 2 h / J:o
2 “—COOH N Of N
R“-NC 3 H
634
31 633 L - 635
PPhj toluene 56 - 74%
t, 24'h
o
R1
0N
_N
|
HN.
0 R?
636
66 - 72%

Scheme 132 Synthesis of coumarinpyrazinones and oxazines reported by Bazgir

hydrolysed and an intramolecular nucleophilic attack of the
resulting amine, followed by a ring opening, took place to
give the 3-oxo-1,4-diazepine-5-carboxamides (635). In turn,
when dry toluene was used, the aza-Wittig reaction between
the iminophosphorane and the amide group gave coumarin-
pyrazinones (636). The expected attack of the iminophos-
phorane on the chromone carbonyl group is probably not
favoured due to the restricted conformation of intermediate
(634) and it was not observed (Scheme 132) [205].
Marcaccini also used azines and semicarbazones as
components for the Ugi condensation containing masked
nucleophiles useful for post-condensation transformations.

The reaction between hydrazine hydrate (637) and oxo-
compounds (153) affords the azine (638), which reacts
with 2-benzoylbenzoic acid (639), and cyclohexyl isocya-
nide (282) to give the Ugi adduct (640). Acid hydrolysis
of the hydrazone (640) liberates the hydrazine nucleophile
and triggers an intramolecular cyclisation that results in
4-phenyl-1-(2H)phthalazinone-2-alkanoic acid amides (642;
Scheme 133) [206].

Semicarbazones (643) were used for the first time in an
Ugi reaction by Marcaccini for the synthesis of triazines
(648). The reaction of semicarbazones (643) with isocya-
nides (31) and benzoyl-, or 4-methoxybenzoylformic acid

o EtOH or R1_R?
L+ MeOH, rt hd
R1TNRz  NaHax HO N‘,N
153 637 R1J\R2
638
_ . _
HORCRT
N )QH/N
EtOH, HCI H™ N
—_— O
H,O, rtor A ©
2> Ph
L @) _
641

Scheme 133 U-4CC with masked hidrazines

CO,H
NC B
Ph R? !
O/ I RER'
o] N. N
639 282 N
o]
o)
Ph
L O |
640

O R2ZR?

N
N>§W
e |
@iN J
Ph
642

66 - 81%
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H,N__O o
MeOH
N+ RENG + COH ———
o rt, 72 h
R1 R2 31 R4
643 644 R4
OH
H,O NJ%N C|-2|;N2
—_ ‘ 'll R3 —_—
N
|
" o R'R?
647
53 - 85%

Scheme 134 Use of semicarbazones in the Ugi reaction

(644) gave the expected Ugi adducts (645), which by treat-
ment with sodium ethoxide resulted in a nucleophilic attack
of the amide to the glyoxylic acid moiety leading to [1, 2, 4]
triazines (647). Treatment of triazines 647 with diazometh-
ane (29) led to the formation of the corresponding O-methyl
derivatives (648; Scheme 134) [207]. Interestingly, com-
pounds 647 and 648 constitute a new class of conforma-
tionally constrained pseudopeptides.

Carbon nucleophiles

Carbon C—H centres contiguous to electron-withdrawing
groups can act as internal nucleophiles in the presence of
an appropriate base or, sometimes, spontaneously. This
strategy has been extensively used by Marcaccini and other

0
H Et,0
Arﬁg + R2NC * YACOzH 42> Ar
o
381 Y= CN
333 3 649 v=S0Ar

650a Y= CN (78 - 82%)
650b Y= SO,Ar (65 - 71%)

+

j\ jgNa

HoN" NH O N“>NH O
o N R3 NaOEt | 3
N — O~ _N N/R
12 |
OR RZ H rt, 12 h R1R? ||
Q
645 R* 646
46 - 73%
N \l}l
N _R3
h
1 p2
Ré o R'R°H
648
80 - 89%

researchers to facilitate post-condensation reactions of Ugi
and Passerini adducts.

Thus, Bossio and Marcaccini described the prepara-
tion of tetrasubstituted furans (653) by a Passerini reaction
of arylglyoxals (333), isocyanides (31), and cyanoacetic
(381) [208] or arenesulfonylacetic acids (649) [209] fol-
lowed by subsequent treatment with base and diazometh-
ane (29). In this process, the Passerini adducts (650) were
formed and isolated, and then are subjected to a base trig-
gered intramolecular Knoevenagel condensation between
the oxo group and the activated methylene to give the furan
derivatives (651-652). Methylated derivatives (653) were
obtained by treatment of compounds 652 with diazomethane
(Scheme 135).

In order to extend this methodology to the preparation
of pyrrole derivatives (657), these authors used arylglyoxal

2 R2
R EtsN o .

N
o. H — O H
Y J A
0o 651a Y=CN (78 - 85%)
651b Y= SO,Ar (83 -92%)

CH,N,

o) o)
O _R? 2 0 R?
N 9 N~
MeowH ~——— Ho—C [ N
v Ar v Ar

653a Y= CN (73%, one example)
653b Y= SO,Ar (81-92%)

Scheme 135 Synthesis of tetrasubstituted furans
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anils (654) in place of arylglyoxals (333). Arylglyoxal anils
(654) were prepared from arylglyoxals (333) and anilines
(49) and subjected to an Ugi condensation with cyanoacetic
acid (381) and isocyanides (31). Cyclisation of the adducts
(655) and methylation readily led to the desired pyrroles
(657; Scheme 136) [124].

Analogously, the Ugi reaction of aldehydes (81), phen-
acylamine hydrochloride (558), cyanoacetic acid (381), and
cyclohexyl isocyanide (282) affords the intermediate Ugi
adducts (659), which cyclise spontaneously to give pyr-
rolinones (660). Subsequent treatment with diazomethane
(29) yields methylated pyrroles (661; Scheme 137) [210].

Scheme 136 Synthesis of
tetrasubstituted pyrroles

More recently, Marcaccini, Torroba and Marcos per-
formed U-4CC employing diarylglyoxal monohydrazones
(662) as the amino components, isocyanides (31), aldehydes
or ketones (153), and carboxylic acids bearing an activated
methylene group, such as cyanoacetic acid (381), tosy-
lacetic acid (649) and malonic acid monoethyl ester (663).
The resulting Ugi products (664a-c) spontaneously cyclised
via an intramolecular Knoevenagel condensation to 3(2H)-
pyridazinones (665a-c; Scheme 138) [125].

The tandem Ugi—Knoevenagel strategy was also applied
to the synthesis of quinolin-2-(1H)-ones (668), start-
ing from 2-aminophenylketones (666), aldehydes (81),

R2-NC
31

NA% NG “>COo,H

(0]
Toluene
H + _ > AI‘1 l 4>3
1 Ar?-NH, H
Ar
5 49 Dean-Stark o Et,O j(\CN
333 654 655
1) EtzN, EtOH
2) 6N HCl
Ar? CH2N2
XNJ\A
73 - 89% 40 - 60% overall from 333

o Bh o NC.__ Os_Ph
Al 4/<; MeOH
R'H NHsCl oo

81 658 _KeCOs | o

H
rt, 48 h 1J\WN\
’ R Cy
QNC NG COH o)

282 381 - 659 -

NC.  Ph
_ CH,N, 29 NG _ FPh
5 CH,Cl, Et,0 ﬂ

- = e N

0 0
660 661
38 - 48% 69 - 82%

Scheme 137 Synthesis of N-cyclohexyl-2-aryl-2-(3-cyano-2-methoxy-4-phenylpyrrol-1-yl)acetamides

Scheme 138 One-pot synthesis
of pyridazinones

o) Ar<_NNH,
FUMR2 I

l im wam

Ar 0 MeOH
153 662 — N 41 - 74%
t, 24 h

RENC Y7 >CO,H

31 381 Y=CN
649 Y= SO,Ar
663 Y= CO,Et

H
N 3 R1#\WN\R3
re R R?
L 0 a
664a Y= CN
664b Y= SO,Ar

664c Y= CO,Et

665a Y= CN
665b Y= SO,Ar
665¢c Y= CO,Et

@ Springer



Molecular Diversity

cyclohexylisocyanide (282) and malonic or arylsulfony-
lacetic acid derivatives (381, 649, 663; Scheme 139) [126].

In continuation with these post-Ugi transformations, Mar-
cos et al. synthesised the Ugi adducts (670) of 3-formylchr-
omones (669) with cyanoacetic acid (381), amines (114)
and isocyanides (31). Treatment of these adducts (670) with
KOH in methanol led to a ring-opening/ring-closing process
that produced efficiently polyfunctionalised pyridones (671)
related to cardiotonic agent milrinone (Scheme 140) [127].

Going one step further, they developed a one-pot, two-step
diastereoselective synthesis of spiropyrrolidinochromanones
(673). The Ugi reaction between 3-formylchromones (669),

amines (114), isocyanides (31), and glyoxylic acids (644)
affords the Ugi adducts (672) that suffer a nucleophilic con-
jugate addition to the position 2 of the chromone ring of a
second amine (114) and subsequent intramolecular cycli-
sation to give the spiranic structures (673) in diastereose-
lective manner. Remarkably, three new stereogenic centers
are formed in the cyclisation process (Scheme 141). Ugi
adducts are stable and can be isolated, but their purification
is not necessary and can be directly used in the following
step [211].

On the other hand, Marcaccini et al. also reacted iso-
cyanides (31) with cyanoacetic acid (381) in the absence

o _ _
2
T \ T
1 y_ O spontaneous Y=~
R 81 : NH, MeOH > or NaOMe
rt, 48 h o Ny o~ N H
QNC Y Co,H R1J\”/N\Cy RA\W “Cy
282 381 Y=CN - o — o
649 Y= SO,Ar 667a Y= CN 668a Y= CN
663 Y= CO,Et 667b Y= SO,Ar 668b Y= SO,Ar

667c Y= CO,Et

668c Y= CO,Et

Scheme 139 Ugi/Knoevenagel strategy for the synthesis of quinolinones

Scheme 140 Synthesis of milrinone analogues

0
R1
|
0
669
R3-NC
31 R4

0O O
H RZNH,
114 MeOH
B ——
669 o) rt, 24 h
NC
QkOH
381
o)
1
H R2'NH2 R
14 MeOH
—_——
o rt, 24-48 h
CO,H
644

670 CN 671
27 - 68% 51-84%
RS ]
]
(@) NH
(0]
R2
| N RO-NH, (114)
(6] (e} ©
Et,0, rt E
RS NH < 2>
R 673 R4
672 — racemic mixture
45 -74%

Scheme 141 Diastereoselective synthesis of spiropyrrolidinochromanones
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of carbonyl compounds affording N,N’-disubstituted
2-cyanoacetoxy-2-cyanomethylmalondiamides (681).
According to the mechanism proposed by the authors, the
key step is the formation of intermediate ketene (676) by
deamidation of the adduct of cyanoacetic acid and isocya-
nide (674). Cyanoketene (676) is then attacked by a second
molecule of isocyanide (31) and cyanoacetic acid (381) to
form the intermediate (678). The carbonyl group in (678)
undergoes a regular Passerini reaction and eliminates a fur-
ther molecule of cyanoketene (676), ensuring the cyclic con-
tinuation of the reaction. It is also possible that cyanoketene
elimination takes place before the final Passerini condensa-
tion (Scheme 142) [212].

Nucleophilic groups introduced with external
reagents

The addition of, usually bifunctional, nucleophiles to Passer-
ini and Ugi adducts containing complementary electrophilic
sites can lead to the formation of novel heterocyclic struc-
tures in a very efficient manner. With this aim Marcaccini
developed different post-condensation transformations using

ammonia or bisamine equivalents. For example, he treated
arylglyoxals (333) with carboxylic acids (386) and isocya-
nides (31) to give N-alkyl-2-acyloxy-3-aryl-3-oxopropion-
amides (682). Upon heating of this Passerini adduct (682)
with ammonium formate (121) in acetic acid, 5-oxazolecar-
boxamides (684) were obtained in fair yields (Scheme 143)
[213, 214]. This strategy takes advantage of the reactivity
of the peptidyl carbon on intermediate (683) and is in that
way similar and complementary to the synthesis of oxazoles
from Ugi adducts shown in Scheme 90. Interestingly, when
arylthioacetic acids (386, R? =CH,SAr) were used, sulfur-
substituted oxazole-5-carboxamides (684) were obtained
[215].

Taking this idea further, the Ugi reaction between arylgly-
oxals (333), amines (114), benzoylformic acid (376) and iso-
cyanides (31) afforded the Ugi adducts (685). The four-com-
ponent reaction was carried out in two different manners:
preforming the corresponding imines (654) from amines
(114) and arylglyoxals (333) or following the classical one-
pot procedure. The two methods led to the expected product
with similar yields as an equilibrium mixture of tautomers
(685a and 685b). Treatment of these Ugi adducts (685) with

COH  Et,0 o
R-NC + — NCﬁO( \'Ll
CN rt "R
31 381 674
NC
CO5H 0) R
(381 0 Y en ;\ "
e | —>| NC 0] ) e (@) N-R ——— 0
N. lay: -676 ) EtOH,t CN
R "CN NVE R-N 0 N
678 679 680 681
44 -61% 70 - 88%
Scheme 142 Reaction of isocyanides with 2-cyanoacetic acid
o]
H Ar O
2.
Ar% RZNC O 0 HCOMH, . N
0 31 E,0 AFMNR 121 HN N"" | -H,0 o
333 + —_— H e Q 0 H H — '\f A\
3 O 3
R T AcOH R W( R3O
R3-CO,H o 100°C, 3 h 0 HN-R
386 682 683 684
65 - 86% 37-57%

Scheme 143 Synthesis of oxazole-5-carboxamides developed by Marcaccini
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376 31 685a
42 -81%

Scheme 144 Synthesis of phenylpyrazine-2-carboxamides

ammonium acetate (188) afforded 1,N-disubstituted 4-aryl-
1,6-dihydro-6-oxo-5-phenylpyrazine-2-carboxamides (686)
by a Davidson type cyclisation (Scheme 144) [216].

Marcaccini also described the synthesis of benzothiaz-
epinones (691) from 2-chloro-5-nitrobenzaldehyde (687),
amines (114), isocyanides (31), and chloroacetic acid (359).
Treatment of the Ugi adduct (688) with thiourea (689)
resulted in the nucleophilic substitution of the aliphatic chlo-
rine atom, followed by an aromatic nucleophilic substitution
to give the benzothiazepinones (691). Then, the nitro-group
could be reduced with iron in acetic acid to give an amine
(692) that reacted with phenyl isothiocyanate (693) resulting
in thiourea (694) (Scheme 145) [217].

OH O
X .
AFMN MN
Ox N _,H
N._,H
I R ACOH,A Ph/jﬁ( R2
Ph” O 0o

685b

Adduct cleavage

Cleavage reactions of the IMCR adducts can lead to com-
pounds difficult to obtain by other procedures. An exam-
ple of this strategy used by Marcaccini for the synthesis
of glycine derivatives (543) is shown in Scheme 113.
Using a different approach, Marcaccini and Marcos syn-
thesised different 1,3-dicarbonilic compounds in two
steps by a Passerini/hydrolysis or a Passerini/reduction
strategy. The reaction between glyoxals (695), isocya-
nides (31) and acetic acid (224) gave the expected Pas-
serini adducts (696). When these a-acyloxyamides (696)
were treated with activated zinc in aqueous methanol,

CIo NHR?
02N\©iCHO OsNHR? "
R%NC N
O,N
cl 31 MeOH 2 K&
687 it 24 h Clz: Twzn ©
R'-NH, cl” >Co,H
114 359
40 - 92% 690
KOH, EtOH
reflux
2 2
R2pN P NHR NHR
R 693 R
HN N H2N B — 02
):o EtOH, rt, 12 h ):o AcOH ):
s
694
65% from 691 40 - 95%

(one example)

Scheme 145 Synthesis of 4,5-dihydro-1,4-benzothiazepin-3(2H)-ones
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Scheme 146 Post-Passerini O O
transformations leading to Zn, NH4Clyq 1M _R? a
1,3-dicarbonylic compounds 0 = R H 66 - 95%
k MeOH 697
R" “CHO 1
R'= Ar
695 O O
+ R? O O
1 .
Et,0 R MN . 2
RZNC 2 o M zn ) R N R b
- 0,
31 rt, 48-72 h To( ZnCl, cat. on M 12-99%
+ MeOH 698
o 696 }
)k 35 - 89% R'= NHR or OR
OH o o
224
Sml, hv R1MN’R2 c
_ o,
Sc(OTf); cat. 699 : 20-89%
THF

the corresponding f-keto amides (697) were obtained
(Scheme 146, a) [218]. When glyoxylamides or glyoxy-
lesters (695, R' = NHR or OR) were used in the Passer-
ini condensation, tartronodiamides (698, R! = NHR) and
tartronoamidoesters (698, R! = OR) were obtained by
zinc catalysed solvolysis of the corresponding Passerini
adducts (696; Scheme 146, b), [219]. Finally, when the
Passerini adducts of glyoxylamides (696, R' = NHR or
NRR’) were reduced with samarium diiodide, malonodi-
amides (699) were obtained (Scheme 146, ¢) [220]. This
protocol permits, in a simple and efficient manner, the
synthesis of malonic subunits that can be useful in the
synthesis of retro-peptides.

R'= NHR or NRR'

Ugi reactions with phenols

Marcaccini pioneered the use of phenols as substitutes for
carboxylic acid in Ugi reactions [183]. Reaction of salicy-
laldehyde (700) with ammonium formate (121) and iso-
cyanides (31) readily gave benzofuran derivatives (703;
Scheme 147). In this case, the primary adduct (702a) is
obtained through an intramolecular attack of the phenoxide
on the nitrile cation in the reaction intermediate (701). The
tautomerisation of this primary adduct produces diamino-
furan (702b), which reacts with a second molecule of salicy-
laldehyde (700) giving benzofuran (703).

Several years later, Kobayashi reported the preparation
of 2,3-bis(arylamino)benzofurans (706) and/or 2,3-diim-
ino-2,3-dihydrobenzofurans (707) based on the reaction

NH,

X CHO
1 MeOH/H,0 | x N « e H
+ R“NC + HCO,NH, ———— o |—
OH 7) N<q N=R'
200 31 121 o) o)
701 702a
X=H, Br R'=Bn, Cy, Ph
o |
N X CHO NH,
N 700 X
-
X N . S—NHR!
NHR o
o]
703 702b
20 - 36%

Scheme 147 Synthesis of benzofurans by an intramolecular phenol-Ugi reaction
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Scheme 148 Kobayashi’s
synthesis of diaminobenzo-
furans based on Marcaccini’s
chemistry 705
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reflux g,(v \\N+ ‘ ‘
OH k \R1 - R |
OH R R
NH; 710 1 712
709 45 - 93% (yields
determined by NMR)
Scheme 149 Gonzélez-Zamora approach for the synthesis of 2-imino-1,4-benzoxazines
C[NC @[ S
base
® BF C[ ) C[
4> 3 —> >—<
2,4,6-collidine T 716
R? OR3 CHCly, rt R2 GRS ng 717
713 714 715 65 - 100%
Scheme 150 Wada’s synthesis of benzoxazoles
Scheme 151 Ukaji’s synthesis 1 OH ]
of iminobenzothiophenones R\@:CHO . RENC Lil-2 H,O R! R!
_— —_—
—N —N
SH 31 dioxane, reflux S R2 S R2
718 719 720
27 -77%

of 2-aryliminophenols (704) and aryl isocyanides (705)
with boron trifluoride catalysis (Scheme 148) [221]. A
similar approach, using a secondary amine, electron-poor
salicylaldehydes and aliphatic or aromatic isocyanides in
the presence of catalytic SiO, was reported by Ramazani
[222]. In this latter case, the presence of a tertiary amine on
benzofuran position 3 does not allow further oxidation to
the corresponding diimine derivative and the 2,3-diamin-
obenzofurans are isolated as the only products. Very simi-
lar synthetic strategies were later published by Chattopad-
hyay’s [223] and Adib’s [224] groups, using respectively
cerium ammonium nitrate as Lewis acid catalyst and water
as solvent.

A related application, in which two phenol groups com-
pete as acid components in an intramolecular reaction, was

@ Springer

developed by Gonzéilez-Zamora et al. for the synthesis of
2-imino-1,4-benzoxazines (712; Scheme 149) [225].

Wada et al. published a synthesis of 2-(alkoxyalkyl)-
benzoxazoles (717) by a tandem migration/carboalkoxy-
lation of o-isocyanophenyl acetals (713) catalysed by
BF;-OEt, and 2,4,6-collidine. The authors propose two
alternative mechanisms for this transformation, one of
which resembles a Passerini-type reaction with an ethyl-
ideneoxonium intermediate (716) and the phenol group
acting as acid component (Scheme 150) [226].

The reaction of thiophenols (718) as acid components
in intramolecular Passerini-type reactions has also been
recently reported by Ukaji et al. (Scheme 151) [227]. The
reaction is promoted by Lil, and in situ oxidation of the
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Passerini adduct (719) leads to benzothiophene-3(2H)-one
(720).

Shiri et al. performed a similar reaction starting from
2-mercaptoquinoline-3-carbaldehyde (721), resulting in tri-
cyclic 2-(cyclohexylimino)thieno[2,3-b]quinolin-3(2H)-ones
(722) through an intramolecular Passerini/oxidation tandem
process (Scheme 152) [228].

An interesting related precedent had been published
by Marcaccini 20 years earlier. Thus, Marcaccini et al.
allowed 2-(arylaminothiocarbonyl)cyclohexanones (723)
and isocyanides (31) to react in an acidic medium to

give novel diimino thioanhydrides (728; Scheme 153).
Although the reaction can be considered as a formal
[4 + 1] cycloaddition, the authors propose a two-step
mechanism involving an initial protonation of carbonyl
group, followed by the nucleophilic attack of the carbenoid
carbon of the isocyanide and nucleophilic attack of the
thioamide sulfur on the intermediate imidoyl cation (726).
Final elimination of water takes place easily because of
the highly conjugated nature of the final products (728).
Salicylic acid (724) was found to provide a suitable acid
catalysis to facilitate this process [229].

Scheme 152 Shiri’s synthesis -NC
of iminothiophenone-fused 31 R'\
quinolines m - > v | N N
CH3O0H, reflux X N/ S R
721a 721b 722
72 - 85%
Scheme 153 Formal [4 +1] CO5H
cycloaddition 3-oxothioamides OH
and isocyanides
(@)
S
Et,0, 20°C
NHAr NHAr NHAr
723 725a 725b
1
- H+ - H,O
) 65 -83%
NHAr
726
Scheme 154 Ugi-Smiles reac- o R3NC _R3
tion developed by El Kaim 1 J]\ 31 09 R3 NQ NI o
RYH O,N \\J,\ R 0
81 + OH ? \( = &
N O,N HN._,
N02 R2 \H R
2.
R™NH, 730 731
114 729 732
of
RN R!
Smi N\
miles < 0 NO,
02 N-ge RS N 60 - 97%
O2N N "R2
H R
733 734
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Later El Kaim developed a general-purpose strategy in
which a condensation of Ugi with phenols (729) is followed
by a Smiles rearrangement, resulting in four-component
adducts (734) in good yields (Scheme 154) [230, 231]. The
reaction takes place with electron-deficient phenols, typi-
cally ortho or para-nitrophenols (729). The primary adduct
(732) undergoes a Smiles rearrangement to give rise to nitro-
phenyl aminoamides (734).

This strategy certainly increases the diversity of struc-
tures obtainable in Ugi-type reactions, although it is limited
to the use of a relatively small number of phenols containing
electron-withdrawing substituents.

Enol-Ugi reactions

Enols have pK, values comparable to that of phenols,
while enolates are more nucleophilic than carboxylates.
In 2012 Marcaccini and Marcos showed that heterocy-
clic enols (736) are feasible acid components in Ugi-type
condensations [232]. The presence of an a,f-unsaturated
electron-withdrawing group in the enol is a structural
determinant that facilitates a Michael-retro-Michael rear-
rangement of the primary adduct (739; Scheme 155).
This constitutes the driving force of the reaction and

Scheme 155 Mechanism of the EWG OH

enol-Ugi reaction
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| oo N
R' H R2 . G N
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Eewg o°
736 @
EWG 6
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Fig.3 Heterocyclic enamines
obtained by the enol-Ugi reac-
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Scheme 156 Charton’s synthesis of symmetrical squaramides
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Scheme 157 Ramazani’s enol-Ugi synthesis of tropolone-derived
enamines

affords the heterocyclic enamine products (741). Differ-
ent 5- and 6-membered enolic heterocycles can be used,
including pyrrolidine-2,3-diones, furane-2,3-diones, 3-
and 4-hydroxycoumarins and dihydropyrimidines, result-
ing in different heterocyclic enamines (742-746; Fig. 3)
[232-234].

Independently and almost simultaneously, Julie Char-
ton’s group published a related double 4-component Ugi-
type reaction using squaric acid (747) as the acid component
(Scheme 156) [235]. This reaction is also possible when
substituting squaramic or squaramide acids for squaric acid,
as it was later demonstrated by Mehrabi [236].

On the other hand, Ramazani et al. successfully used
tropolone (749) as the enol component in enol-Ugi reac-
tions leading to 2-(N,N-dialkylamino)-2,4,6-cycloheptatrien-
1-one derivatives (750; Scheme 157) [237].

More recently, Rabélo and Echemendia described
an enol-Ugi reaction between 2-hydroxy-3-nitro-1,4

Scheme 158 Rabélo and Eche- (0] H H
mendia’s synthesis of substi- >N N._»
tuted naphthoquinones R’ JJ\R1 R M“ R
81 751
(0]
OH
e (1]
31 NO,
(@)
752

1
27 R1
RN R2NH, . .
81 754 EtOH N/S]/N\
[ R3
S
R3-NC NH 5 O
31 g0 756
755 60 - 93%

(saccharin)

Scheme 159 Ugi-type condensation with saccharin

naphthoquinone (752), different secondary diamines (751)
and isocyanides (31) to give 3-substituted 1,4 naphthoqui-
nones (753; Scheme 158) [238].

In addition, Ramezanpour et al. reported a related vari-
ant of the Ugi condensation using saccharin (755) as acid
surrogate (Scheme 159) [239].

In line with previous research, Marcos et al. developed
analogous enol-Passerini and pseudo-enol-Ugi reactions
from pyrrolidinodiones (757), isocyanides (31) and alde-
hydes (81; Scheme 160) [240].

On the other hand, the post-condensation transforma-
tion of hydroxycoumarin enol-Ugi adducts (762) led to an
efficient synthesis of geometrically restricted peptidomi-
metic chromenol3,4-b]pyrazin-5-ones (763; Scheme 161)
[241].

Paixdo et al. have developed an elegant stereoselective
synthesis of tetrahydropyridines (769) [242] and related
natural product hybrids (774) based on an intramolecular
enol-Ugi condensation (Scheme 162) [243]. Interestingly,
the reaction of hemiacetal (767 or 772) and an amine (114
or 773) generates a reactive intermediate (768) containing
the enol and Shiff base moieties that make possible the
ensuing enol-Ugi condensation.

| |
CH3OH N N% _R®
— O‘ MOXN 35 - 68%
rt R'R
NO,
o)
753
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Scheme 160 Enol-Passerini and R2
pseudo-enol-Passerini reactions HN
o
R‘l
EtO,C o) 35 -93%, drup to 8:2
CH,Cl, FL
1 rt R N o
EtO,C OH R'-CHO '
— 81 R
4 + 758
R N )
‘ R%NC )
R3 31 R
757 HN
CH3;0H )
rt R’
EtO,C N-R2  20-70%, drca. 1:1
RSN O
R3
759
2
1 Heo ) R®
| 1
a8 \H)\NHz 20 NH H R R
o reN o)
81 CH3CN H5CO Fe N
760 —_— N R' - s o) e
t A
OH r o L _NO, CH3COOH
, Ny NO2 oo
R°-NC o o
31 o O 762 763
761 38 - 60% 55 - 85%

Scheme 161 Chromenopyrazinone synthesis by an enol-Ugi post-condensation transformation

Cycloaddition reactions of isocyanides
[3 + 2] Cycloadditions of bifunctional isocyanides

Isocyanoacetate derivatives (1) and other bifunctional iso-
cyanides have been used by Marcaccini for the synthesis
of heterocycles by a-addition to the isocyanide carbon
and subsequent cyclisation on the acidic o position, as
described earlier in this review. These bifunctional iso-
cyanides can also be used in formal [3 4+ 2] cycloaddition
reactions with dipolarophiles to afford 5-member nitrogen
heterocycles.

The variation of the van Leusen reaction employing
activated alkenes, such as a,f-unsaturated ketones, esters
or nitriles, was reported in 1972 for pyrrole synthesis
[244]. However, it was no until early 1990s, when Bar-
ton et al. made react aryl nitroolefins with TOSMIC in

@ Springer

tetrahydrofuran-isopropanol, at — 78 °C, in the presence of
DBU, to afford 3-nitropyrroles (Scheme 163) [245]. The
formal [3 + 2] cycloaddition probably involves an asyn-
chronous mechanism consisting in a first Michael addition
of TOSMIC « carbon to the nitroolefin, followed by inter-
nal attack of the nitronate on the isocyano group. Proton
exchange, elimination of the sulphone and aromatisation
through a [1, 5] sigmatropic shift of hydrogen leads to the
formation of a 3-nitropyrrole (782) in rather poor yields.
The yields were though significantly improved by Ono
et al., who carried out the reaction with NaH in DMSO
[246].

Marcaccini’s group applied this knowledge to the syn-
thesis of sugar derivatives from TOSMIC sodium salt
(784) and nitro-glucoside derivatives (783). In this way,
nitropyrroles substituted with sugar functionalities were
successfully obtained (Scheme 164) [247].
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Scheme 162 Intramolecular enol-Ugi condensation by Paixao and Rivera
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Scheme 163 Barton’s synthesis of 3-nitropyrroles

In a study contemporary to Marcaccini’s research, Van
Leusen et al. also reported the synthesis 3-nitropyrroles from
TOSMIC and nitrostyrenes, in almost quantitative yield and
high-regioselectivities (Scheme 165) [248].

Later research by Krishna et al. expanded Marcaccini
studies by reacting TOSMIC and activated alkene bonds to

different ribose derivatives to obtain 3-nitropyrrole C-nucle-
osides (Scheme 166) [249, 250].

A different approach was developed by Marcaccini, based
on the generation of a novel class of nitrile ylides by the
treatment of isothiocarbamoyl chlorides (792) with triethyl-
amine. These nitrile ylides react readily with dienophiles as
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Scheme 164 Synthesis of
C-glycosil pyrroles H

NO,

ZH

2 1 2 1

R*-—R © s DMSO,0°C R®TR

AcO——H ¥ §ﬂNC ™ AcO——H
R'——R? <

H OAc 784
CH,OAc
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®
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O NC Ph
775 +BuOK, THF, = NO,
n
+ - |\
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2 MPh H
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Scheme 165 Van Leusen synthesis of 3-nitropyrroles
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r Sugar. EWG
0=$=0 EWG n-BuLi ’
+ /:/ _— > / \
Sugar THF, -78°C H
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775 44 - 71%

EWG= NO,, CO,Et, SO,Tol

Scheme 166 Synthesis of pyrrole C-Nucleosides

acetylenedicarboxylate (794) through a 1,3-dipolar cycload-
dition to give 2-H-pyrroles (795). The precursor isothiocar-
bamoyl chloride (792) was, in turn, easily prepared by the
reaction of sulfenyl chlorides (790) and 2-isocyanopropioni-
trile (791; Scheme 167) [251].

This strategy was extended to the cycloaddition of nitrile
ylides (798) obtained from 4-nitrobenzoylisocyanides (796)
and arenylsulfenyl chlorides (790). In this way, different

o
C5@ o CHaClo C//NYCN EtsN
+ Y - > i cH - >
3
CH, 50°C Et,O
790 791 792

HN

R'= OAc, R%= H or
R'=H, R>= OAc

50 - 51%

1-H-pyrroles (800) and 1-H-imidazoles (801) were read-
ily prepared by the reaction with, respectively, dimethyl
acetylenedicarboxylate (794) or ethyl cyanoformate (799;
Scheme 168) [252].

[4 + 1] Cycloadditions of isocyanides

The a-addition of 1,4-bifunctional reagents to isocyanides
can result in 5S-member heterocycles, product of a formal
[4+ 1] cycloaddition process. Saegusa found that stoichio-
metric Et,AICI promotes the [4+ 1] cycloaddition of isocya-
nides with a,f-unsaturated carbonylic compounds to afford
unsaturated N-substituted iminolactones[253]. Later, this
reaction was effectively carried out by Chatani in the pres-
ence of catalytic GaCl; [254]. Yavari has similarly synthe-
sised 2-aminofurans [255], although, several reports point
out the instability of 2-aminofurans and their tendency to be
quickly oxidized in the reaction medium [256]. On the other
hand, Marcaccini and Marcos implemented different strate-
gies to trap the elusive 2-aminofurans obtained by the [4 + 1]
cycloaddition of isocyanides, resulting in tandem processes
leading to diverse heterocyclic systems.

Thus, an yttrium triflate catalysed tandem process
involving the [4 + 1] cycloaddition of isocyanides (31)
with a,f-unsaturated ketoester (802) and the ensuing
[4 + 2] cycloaddition of the resulting unstable aminofuran
(804) with maleimide derivatives (803) successfully gave
polysubstituted anilines (806) in moderate to good yields
(Scheme 169) [257]. The intermediate oxabycicle (805) was
not isolated, but opening of the oxygen bridge and dehydra-
tation take place inmediately in the reaction medium.

CO,Me NG ch,
Wl —
HsCYLj ' Et,0 g COMe
HNC® CO,Me CO,Me
793 794 795

30 - 80% overall

Scheme 167 1,3-Dipolar cycloaddition of nitrile ylides derived from 2-isocyanopropionitrile
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\
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Scheme 168 Synthesis of 1H-pyrroles and 1H-imidazoles via 1,3-dipolar cycloaddition
CO,R? CO,R? COR%q CO,R%
Y(OTf); (cat.) _
R1—Nc+‘ o *| — o |/ x—> X
Toluene Ar Ar Ar
Ar O reflux NHR' NHR' O NHR' O
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16 - 80%
CO,CH,

obtained by [4+1]/[4+2]
followed by Cu catalysed
intramolecular N-C coupling

Scheme 169 Synthesis of polysubstituted anilines by tandem [4 + 1]/[4 + 2] cycloaddition of isocyanides

R2

1

RPNC O CO,Me

31 R2 THF

+ X (@) _— .

Og-x k| 2535°C
=0 >0

=

803 807

X =0, NH, N-Me, N-Ph

808
30 - 99%

Scheme 170 [4+1]/[4+2] Cycloaddition strategy for the synthesis
of 4-aminoxanthones

Marcos et al. applied this methodology to a highly
efficient synthesis of 4-aminoxanthones (808), starting
from 3-carbonylchromones (807), isocyanides (31) and

dienophiles (803; Scheme 170) [258]. The geometrical
rigidity of the a,f-unsaturated carbonyl of the chromone
drives the progress of the reaction, which proceeds without
the need for catalysis at near room temperature.

Interestingly, the use of non-symmetrical dienophiles,
such as methylvinylketone or acrylonitrile (809), allows
the isolation of the intermediate 1-hydroxydihydroxantho-
nes (810), which in this case turn out to be stable products
that can be further dehydrated in the presence of a base
to give the corresponding xanthones (808; Scheme 171)
[259, 260]. The reaction is fully regioselective so that the
electron-withdrawing group R? occupies the 3-position of
the product xanthone or dihydroxanthone.
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R™=NC THF
31 4
70°C,2-9hor
R2TX uW, 100 °C
809 807 05-2h

R'= ¢-CgH4y, 4-MeOPh, CsHy
R2= CN, COMe
R3 = H, OMe, Me, CI

Scheme 171 Synthesis of dixydroxanthones and xanthones

MeO,C OHO

OHO CO,Me

809

Fig.4 Secalonic acid analogue obtained by a tandem [4+1]/[4+2]
cycloaddition of isocyanides

Xanthones related to natural products, such as secalonic
acid analogue 809, could be obtained using this simple pro-
cedure (Fig. 4).

A virtually identical synthesis of 4-aminoxanthones was
later reported by Teimouri [261], who also used quinones as
dienophiles to obtain 4 or 5 fused polycycles [262].

Benzocoumarins (811) were also obtained by Mar-
cos et al. by the tandem [4 + 1]/[4 + 2] cycloaddition of

Scheme 172 Tandem synthesis
of benzocoumarins

R'NC
31

803

O HO CO,Me R3O COMe
DBU
— >
R?  toluene
WW, 140 °C
5-10 min
810 808

28 - 90% 75-83%

isocyanides (31), 3-carbonylcoumarins (810) and dieno-
philes (803; Scheme 172) [263].

Tang et al. have used o-alkenyl arylisocyanides (813),
which react with a,f-unsaturated ketones (812) in a tan-
dem [4 + 1]/intramolecular [4 + 2] process to afford car-
bazole and indolocarbazole alkaloid derivatives (814;
Scheme 173) [264]. This strategy was recently used for
the synthesis of the alkaloid malasseziazole C 815 [265].

A different approach was also developed by Marcos’
group, where polycyclic isoindoles (818 and 819) were
obtained in a tandem multicomponent synthesis starting
from cyclic 1,3-dicarbonyls (816 or 817), aldehydes (81),
isocyanides (31), and maleimides (803). The reaction
involves a sequence of a Knoevenagel condensation, and
[4+ 1] and Diels—Alder cycloadditions. Interestingly, a
further microwave-promoted dehydrogenative N—C bond
forming reaction allows the synthesis of a natural product-
like isoindolocarbazoles (820, Scheme 174) [266].

A related tandem Knoevenagel/double cycloaddition
reaction was developed by Byk to obtain staurosporine
analogues (824) [267]. This multicomponent reaction
begins with the condensation of aldehyde (81) and sub-
stituted chiral tetramic acid (821), which under the reac-
tion conditions suffer successive cycloadditions with an

O
EtOH
X R ——
100 °C
O O
810 811

X =0, NH, N-Me, N-Ph
R = CHS, OCH3’ Ph
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Scheme 173 Tandem [4 + 1]/intramolecular [4 + 2] cycloaddition for the synthesis of carbazoles
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Scheme 174 Tandem synthesis of polycyclic isoindoles

CH,Cl,, sealed tube
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Scheme 175 Byk’s synthesis of isoindoles

isocyanide (31) and a dienophile (823) to give the desired
isoindoles (Scheme 175).

An intramolecular version of this type of process was
again reported by the group of Tang in 2020, in which
polyfunctionalised cyclo[b]fused carbazoles (826) are
obtained in a catalyst-free aqueous media with yields up to
99% (Scheme 176) [268]. Di- and tricarbazoles (827) were
obtained from di- and trialdehydes.

A related strategy, developed by Xu’s group consists in
the formation of an intermediate furane (831) by the addi-
tion of alkenyl isocyanides (828) to ene-yne-ketones (829)

R 823 N.
RZ*N ‘ \ N\ _ > RZ,N H
0 H [4+2]

820
52%, two steps

R¢ RS o R R

: R®
R® RS
822 824
18 - 78%

and a subsequent intramolecular Diels—Alder cycloaddition
(Scheme 177) [269].

In the absence of a dienophile, the [4+ 1] cycloaddition
of formylchromones (833) and isocyanides (31) gives unsta-
ble aminofuranes (834) that can undergo a Friedel-Crafts-
type addition to a second molecule of the aldehyde (833)
and dehydrate to give chromenylmethylene furochromones
(835; Scheme 178). Preliminary studies of this reaction
were reported by the group of Marcos in 2008 [270, 271]
and later published a complete study by spectroscopic and
X-ray diffraction analyses in which the structure (835) was
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Scheme 176 Tandem Knoevenagel/[4 + 1]/intramolecular [4 +2] cycloaddition to cyclo[b]fused carbazoles
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Scheme 178 Tandem [4 + 1] cycloaddition/condensation for the synthesis of chromenylmethylene furochromones

unequivocally confirmed [272]. Meanwhile, a report by Ban-
dyopadhyay in 2010 [273] published the same reaction, but
postulated a structure for the products that was later shown
to be incorrect [274]. Teimouri also reported the same reac-
tion with similar results [275].

The Friedel-Crafts trapping of 3-formylchromone
derived aminofuranes with different electrophiles, such
as azodicarboxilates (836) [276], isatines (838) [277] and
arylidene malononitriles (840) [278], was later reported by
Teimouri et al. (Scheme 179).

They also performed the reaction of 3-formylchromones
(833), isocyanides (31) and carboxylic acid anhydrides
(842), which led to the formation of (acyloxymethylidene)

@ Springer

chromonyl-furochromones (844) by the Friedel-Crafts
attack of intermediate aminofurane (834) to an O-acylated
chromone (843; Scheme 180) [279].

On the other hand, chromone 3-carboxylic acid (845),
undergoes [4+ 1] cycloaddition with isocyanides (31) to
give a highly reactive intermediate iminoanhydride (846),
which in the presence of alcohol nucleophiles is opened to
give chromone-2-carboxamido-3-esters (847; Scheme 181).
If water is used as nucleophile, the resulting carboxylic acid
decarboxylates spontaneously to give 2-amido-substituted
chromanones (848) [280].

The product chromone-2-carboxamido-3-esters (847) are
obtained as a mixture of the cis (847cis) and enol (847en)
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Scheme 180 1,4-addition of intermediate aminofuranes to acylated formylchromones

tautomers, which equilibrate in solution to a thermodynamic
mixture of cis (847cis), trans (847trans) and enol (847en)
isomers (Scheme 182).

A related-isocyanide four-component reaction was
published by Shaabani in 2008 using Meldrum’s acid to
obtain coumarin 4-carbamoyl-2-oxochromane-3-carbox-
ylates (852) [281]. The mechanism involves the [4 + 1]

cycloaddition of isocyanide (31) with the a,f-carbonyl
intermediate, formed in situ through the condensa-
tion of aldehyde (849) and the Meldrum’s acid (850;
Scheme 183). In this case, the major isomer was 852cis,
especially when bulky alcohols (851) and isocyanides (31)
were used.
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Scheme 181 Conjugate addition of isocyanides to chromone 3-carboxylic acid

Scheme 182 Equilibrium of 0O O
isomers in chromone-2-carboxa-
mido-3-esters OCHjs
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Scheme 183 Four-component synthesis of 4-carbamoyl-2-oxochro-
mane-3-carboxylates

Conclusions

Stefano Marcaccini is recognised as one of the foremost
pioneers in isocyanide chemistry. The profound impact of
his developments is clearly visible today in the work of
those who follow his path and in the contributions of many
first-rate research groups working in organic synthesis.
This review collects some of the overwhelming body
of work developed by Stefano Marcaccini in the field
of isocyanide chemistry. His encyclopaedic knowledge
and his great creativity, as well as his scientific acumen,
allowed him to utilise different strategies for the synthe-
sis of heterocycles, some of which were still unpublished
structures. Among other advancements, he made impor-
tant contributions in the use of difunctional isocyanides,
cycloaddition reactions of isocyanides, post-condensation
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transformations of adducts of classic multicomponent
reactions, such as P3CC and U4CC, and development of
new isocyanide multicomponent reactions using intramo-
lecular methodologies and alternative reagents like phe-
nols and enols.

With this review we want to gather the most important
contributions of Stefano Marcaccini to organic synthesis and
pay a fitting tribute to his memory.

Acknowledgements We wish to thank Prof Roberto Pepino, Dr Cris-
tina Faggi, Dr Gloria Menchi and Beatrice Marcaccini for their help
with this review.

Author contributions The authors declare that they have no competing
financial interests or personal relationships that could have influenced
this paper. All authors contributed equally to this work.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.

Declarations

Competing interest The authors declare that they have no competing
financial interests or personal relationships that could have influenced
this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are



Molecular Diversity

included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

11.

12.

13.

Schroder R, Schollkopf U, Blume E, Hoppe I (1975) Synthesen
mit a-metallierten isocyaniden, xxviii. In 2-stellung unsubstitui-
erte oxazole aus a-metallierten isocyaniden und acylierungsrea-
genzien. Justus Liebigs Ann Chem 1975:533-546. https://doi.
org/10.1002/jlac.197519750315

Schollkopf U (1977) Recent applications of alpha-metalated iso-
cyanides in organic synthesis. Angew Chem Int Ed 16:339-422.
https://doi.org/10.1002/anie. 197703393

van Leusen D, van Leusen AM (2001) Synthetic use of tosylme-
thyl isocyanide (TosMIC). In: Overman LE (ed) Organic reac-
tions. Wiley, New York, pp 417-666

Bossio R, Marcaccini S, Pepino R (1986) A novel synthetic
route to oxazoles: One pot synthesis of 2-arylthio-5-alkox-
yoxazoles. Heterocycles 24:2003-2005. https://doi.org/10.
3987/R-1986-07-2003

Bossio R, Marcaccini S, Pepino R, Polo C, Torroba T (1991) A
novel class of oxazole derivatives-4-acyl-2-arylthio-5-ethoxyox-
azoles. Org Prep Proced Int 23:670-672. https://doi.org/10.1080/
00304949109457925

Gulevich AV, Zhdanko AG, Orru RVA, Nenajdenko VG (2010)
Isocyanoacetate derivatives: synthesis, reactivity, and applica-
tion. Chem Rev 110:5235-5331. https://doi.org/10.1021/cr900
411f

Bossio R, Marcaccini S, Pepino R (1986) Synthesis of
5,5’-dialkoxy-2,2’-dioxazolylsulfides. Heterocycles 24:2411—
2413. https://doi.org/10.3987/R-1986-09-2411

Bossio R, Marcaccini S, Pepino R, Torroba T, Valle G (1987) An
unusual and simple one-pot synthesis of thiazolo[5,4-d]thiazoles.
Synthesis. https://doi.org/10.1055/s-1987-28202

Rossler A, Boldt P (1998) Improved access to thiazolo[5,4-d]
thiazole and thieno[2,3-d]thiazole. ] Chem Soc Perkin Trans
1(1998):685-687

Reginato G, Mordini A, Zani L, Clamante M, Dessi A (2016)
Photoactive compounds based on the thiazolo[5,4-d]thiazole core
and their application in organic and hybrid photovoltaics. Eur
J Org Chem 2016:233-251. https://doi.org/10.1002/ejoc.20150
1237

Bossio R, Marcaccini S, Muratori M, Pepino R, Valle G (1990)
Studies on alkyl isocyanoacetates and related compounds - syn-
thesis of 6-arylthio-8-ethoxycarbonyl-4-ethoxycarbonylmethyl-
aminoimidazo[5,1-b][1,3,5]thiadiazine-2- thiones. Heterocycles
31:611-615. https://doi.org/10.3987/COM-89-5243

Mampuys P, Zhu Y, Sergeyev S, Ruijter E, Orru RVA, Van
Doorslaer S, Maes BUW (2016) Iodide-catalyzed synthesis of
secondary thiocarbamates from isocyanides and thiosulfonates.
Org Lett 18:2808-2811. https://doi.org/10.1021/acs.orglett.
6b01023

Guan Z, Zhu S, Wang S, Wang H, Wang S, Zhong X, Bu F,
Cong H, Lei A (2021) Electrochemical oxidative carbon-atom
difunctionalization: towards multisubstituted imino sulfide
ethers. Angew Chem Int Ed 60:1573-1577. https://doi.org/10.
1002/anie.202011329

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Xiaofang Lei YW, Fan E, Sun Z (2019) In situ activation of
disulfides for multicomponent reactions with isocyanides and a
broad range of nucleophiles. Org Lett 21:1484—1487. https://doi.
org/10.1021/acs.orglett.9b00275

Neo AG, Carrillo RM, Marcos CF (2011) A straightforward syn-
thesis of 2-aminobenzothiazoles from Herz compounds. Org Bio-
mol Chem 9:4850—4855. https://doi.org/10.1039/C10B05398 A
Ugi I, Werner B, Domling A (2003) The chemistry of isocya-
nides, their multicomponent reactions and their libraries. Mol-
ecules 8:53-66. https://doi.org/10.3390/80100053

Bossio R, Marcaccini S, Pepino R (1995) Studies on isocyanides
- synthesis of N-tosylguanidines. Tetrahedron Lett 36:2325—
2326. https://doi.org/10.1016/0040-4039(95)00246-9

Bossio R, Marcaccini S, Pepino R (1995) Studies on isocyanides
and related compounds - synthesis of 3- substituted 2-arylsulfo-
nylamino-3,4-dihydro-4-oxoquinazolines via a novel 3-compo-
nent reaction. J Heterocycl Chem 32:1115-1116

Giustiniano M, Basso A, Mercalli V, Massarotti A, Novellino
E, Tron GC, Zhu J (2017) To each his own: isonitriles for all
flavors. Functionalized isocyanides as valuable tools in organic
synthesis. Chem Soc Rev 46:1295-1357. https://doi.org/10.1039/
c6cs00444;

Bossio R, Marcaccini S, Pepino R, Polo C, Valle G (1989) A
novel synthetic route to imidazole derivatives - synthesis of
mesoionic 3-alkyl-2-arylthio-1,3-diazolium-4-olates. Synthesis
1989:641-643. https://doi.org/10.1055/s-1989-27347
Garcia-Valverde M, Marcaccini S, Gonzalez-Ortega A, Rodri-
guez FJ, Rojo J, Torroba T (2013) Complementary regioselec-
tivity in the synthesis of iminohydantoins: remarkable effect of
amide substitution on the cyclization. Org Biomol Chem 11:721-
725. https://doi.org/10.1039/c20b27098f

Bossio R, Marcaccini S, Pepino R, Polo C, Torroba T, Valle
G (1989) Synthesis of 1-arylthiocarbonyl-4-isopropylamino-
2,5-dihydro-1H-imidazole-2-thiones, a novel class of imidazole
derivatives. Heterocycles 29:1843—-1847. https://doi.org/10.3987/
COM-89-5089

Bossio R, Marcaccini S, Pepino R, Polo C, Torroba T (1989)
Synthesis of 2,4-diarylthio-5-N-alkyl-N-phenylaminooxazoles: a
novel class of oxazole derivatives. Heterocycles 29:1829-1833.
https://doi.org/10.3987/COM-89-5070

Sun X, Janvier P, Zhao G, Bienaymé H, Zhu J (2001) A novel
multicomponent synthesis of polysubstituted 5-aminooxazole
and its new scaffold-generating reaction to pyrrolo[3,4-b]pyri-
dine. Org Lett 3:877-880. https://doi.org/10.1021/01007055q
Janvier P, Bois-Choussy M (2003) A one-pot four-component
(ABC,) synthesis of macrocycles. Angew Chem Int Ed 42:811-
814. https://doi.org/10.1002/anie.200390216

Wang SX, Wang MX, Wang DX, Zhu J (2007) Chiral
salen - aluminum complex as a catalyst for enantioselective
a-addition of isocyanides to aldehydes: asymmetric synthesis
of 2-(1-hydroxyalkyl)-5-aminooxazoles. Org Lett 9:3615-3618.
https://doi.org/10.1021/017014658

Yue T, Wang MX, Wang DX, Masson G, Zhu J (2009) Catalytic
asymmetric Passerini-type reaction: chiral aluminum-organo-
phosphate-catalyzed enantioselective a-addition of isocyanides
to aldehydes. J Org Chem 74:8396-8399. https://doi.org/10.
1021/09017765

Yue T, Wang MX, Wang DX, Masson G, Zhu J (2009) Brgnsted
acid catalyzed enantioselective three-component reaction involv-
ing the a addition of isocyanides to imines. Angew Chem Int Ed
48:6717-6721. https://doi.org/10.1002/anie.200902385
Odabachian Y, Wang Q, Zhu J (2013) Tertiary amines as syn-
thetic equivalents of vinyl cations: zinc bromide promoted
coupling of propargylamines with a-isocyanoacetamides to
give 2,4,5-trisubstituted oxazoles initiated by an internal redox

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/jlac.197519750315
https://doi.org/10.1002/jlac.197519750315
https://doi.org/10.1002/anie.197703393
https://doi.org/10.3987/R-1986-07-2003
https://doi.org/10.3987/R-1986-07-2003
https://doi.org/10.1080/00304949109457925
https://doi.org/10.1080/00304949109457925
https://doi.org/10.1021/cr900411f
https://doi.org/10.1021/cr900411f
https://doi.org/10.3987/R-1986-09-2411
https://doi.org/10.1055/s-1987-28202
https://doi.org/10.1002/ejoc.201501237
https://doi.org/10.1002/ejoc.201501237
https://doi.org/10.3987/COM-89-5243
https://doi.org/10.1021/acs.orglett.6b01023
https://doi.org/10.1021/acs.orglett.6b01023
https://doi.org/10.1002/anie.202011329
https://doi.org/10.1002/anie.202011329
https://doi.org/10.1021/acs.orglett.9b00275
https://doi.org/10.1021/acs.orglett.9b00275
https://doi.org/10.1039/C1OB05398A
https://doi.org/10.3390/80100053
https://doi.org/10.1016/0040-4039(95)00246-9
https://doi.org/10.1039/c6cs00444j
https://doi.org/10.1039/c6cs00444j
https://doi.org/10.1055/s-1989-27347
https://doi.org/10.1039/c2ob27098f
https://doi.org/10.3987/COM-89-5089
https://doi.org/10.3987/COM-89-5089
https://doi.org/10.3987/COM-89-5070
https://doi.org/10.1021/ol007055q
https://doi.org/10.1002/anie.200390216
https://doi.org/10.1021/ol7014658
https://doi.org/10.1021/jo9017765
https://doi.org/10.1021/jo9017765
https://doi.org/10.1002/anie.200902385

Molecular Diversity

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

process. Chem Eur J 19:12229-12233. https://doi.org/10.1002/
chem.201302106

Mossetti R, Pirall T, Tron GC, Zhu J (2010) Efficient synthesis of
a-ketoamides via 2-acyl-5-aminooxazoles by reacting acyl chlo-
rides and a-isocyanoacetamides. Org Lett 12:820-823. https://
doi.org/10.1021/01902894p

Janvier P, Sun X, Bienayme H, Zhu J (2002) Ammonium chlo-
ride-promoted four-component synthesis of pyrrolo[3,4-b]pyri-
din-5-one. J Am Chem Soc 124:2560-2567. https://doi.org/10.
1021/ja017563a

Janvier P, Bienaymé H, Zhu J (2002) A five-component synthesis
of hexasubstituted benzene. Angew Chem Int Ed 41:4291-4294.
https://doi.org/10.1002/1521-3773(20021115)41:22%3c4291::
AID-ANIE4291%3e3.0.CO;2-D

Gonzalez-Zamora E, Fayol A, Bois-Choussy M, Chiaroni A, Zhu
J (2001) Three component synthesis of oxa-bridged tetracyclic
tetrahydroquinolines. Chem Commun 1:1684-1685. https://doi.
0rg/10.1039/b104317j

Fayol A, Gonzalez-Zamora E, Bois-Choussy M, Zhu J (2007)
Lithium bromide-promoted three-component synthesis of
oxa-bridged tetracyclic tetrahydroisoquinolines. Heterocycles
73:729-742. https://doi.org/10.3987/COM-07-S(U)55
Montaiio RG, Zhu J (2002) Rapid access to tetracyclic ring sys-
tem of lennoxamine type natural product by combined use of
a novel three-component reaction and Pummerer cyclization.
Chem Commun 2002:2448-2449. https://doi.org/10.1039/b2071
79¢

Fayol A, Zhu J (2002) Synthesis of furoquinolines by a multi-
component domino process. Angew Chem Int Ed 41:3633-3635.
https://doi.org/10.1002/1521-3773(20021004)41:19%3¢3633::
AID-ANIE3633%3e3.0.CO;2-T

Fayol A, Zhu J (2004) Synthesis of polysubstituted
4,5,6,7-tetrahydrofuro[2,3-c]pyridines by a novel multicompo-
nent reaction. Org Lett 6:115-118. https://doi.org/10.1021/01036
167p

Fayol A, Zhu J (2005) Multicomponent synthesis of epoxy-
tetrahydronaphthyridine and structural diversification by subse-
quent fragmentation. Tetrahedron 61:11511-11519. https://doi.
org/10.1016/j.tet.2005.09.017

Fayol A, Zhu J (2005) Three-component synthesis of polysub-
stituted 6-azaindolines and its tricyclic derivatives. Org Lett
7:239-242. https://doi.org/10.1021/010477881

Bossio R, Marcaccini S, Pepino R (1990) Studies on isocyanides.
Synthesis of N-substituted 2-isocyanocarboxamides. Liebigs Ann
Chem 90:935-937. https://doi.org/10.1002/j1ac.1990199001172
Bossio R, Marcaccini S, Pepino R, Pellegrini G, Polsinelli M
(1992) Synthesis of N-substituted isocyanocarboxamides with
antimicrobial activity. Farmaco 47:1173-1179

Bossio R, Marcaccini S, Pellegrini G, Pepino R (1992) N-sub-
stituted 2-isocyanoarylacetamides with antimicrobial activity.
Arzneimittel-Forschung/Drug Research 42-2:1494—-1497
Bossio R, Marcaccini S, Paoli P, Papaleo S, Pepino R, Polo C
(1991) Studies on isocyanides and related compounds-synthesis
and cyclization of N-substituted 1-isocyano-1- cycloalkanecar-
boxamides. Liebigs Ann Chem 1991:843-849. https://doi.org/
10.1002/jlac.1991199101145

Bossio R, Marcaccini S, Papaleo S, Pepino R (1994) Studies
on isocyanides and related compounds - a convenient synthe-
sis of 2,3-disubstituted spiroimidazolones. J Heterocycl Chem
31:397-399. https://doi.org/10.1002/jhet.5570310225

Frippiat S, Leterrier C, Baudequin C, Hoarau C, Bischoff
L (2020) Formation of imidazolones by ring closure of
a-isocyanoamides: Exploring new reactivities. Synlett 31:1211—
1215. https://doi.org/10.1055/5-0040-1708015

Muselli M, Baudequin C, Hoarau C, Bischoff L (2015) Pd-cata-
lyzed direct C-H functionalization of imidazolones with aryl- and

@ Springer

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

alkenyl halides. Chem Commun 51:745-748. https://doi.org/10.
1039/c4cc07917e

Gesu A, Pozzoli C, Torre E, Aprile S, Pirali T (2016) Transition-
metal-free synthesis of 2-arylimidazolones via cascade reaction
between arynes and o, a'-disubstituted a-isocyanoacetamides.
Org Lett 18:1992—1995. https://doi.org/10.1021/acs.orglett.
6b00580

Pirali T, Tron GC, Masson G, Zhu J (2007) Ammonium chloride
promoted three-component synthesis of 5-iminooxazoline and its
subsequent transformation to macrocyclodepsipeptide. Org Lett
9:5275-5278. https://doi.org/10.1021/017024372

Djukanovic D, Petkovic M, Simic M, Jovanovic P, Tasic G,
Savic V (2018) Synthesis of 2-unsubstituted imidazolones from
bisamides via a one-pot, domino dehydration/base promoted
cyclisation process. Tetrahedron Lett 59:914-917. https://doi.
org/10.1016/j.tetlet.2018.01.074

Waibel KA, Nickisch R, M6hl N, Seim R, Meier MAR (2020)
A more sustainable and highly practicable synthesis of aliphatic
isocyanides. Green Chem 22:933-941. https://doi.org/10.1039/
c9gc04070f

Bossio R, Marcaccini S, Pepino R, Polo C, Torroba T (1990)
A facile synthesis of 1-aryl-2-arylthio-1H-imidazoles. Hetero-
cycles 31:1287-1290. https://doi.org/10.3987/COM-90-5390

. Bossio R, Marcaccini S, Pepino R (1996) Studies on iso-

cyanides and related compounds. Synthesis of 1l-aryl-
2-(tosylamino)-1H-imidazoles, a novel class of imidazole
derivatives. J Org Chem 61:2202-2203. https://doi.org/10.
1021/j09519165

Bossio R, Marcaccini S, Pepino R (1993) Studies on iso-
cyanides and related compounds. A facile synthesis of
imidazo[1,5-alimidazoles. Liebigs Ann Chem 1993:1229—
1231. https://doi.org/10.1002/j1ac.1993199301199

Patil P, Khoury K, Eberhardt H, Domling A (2014) A uni-
versal isocyanide for diverse heterocycle synthesis. Org Lett
16:5736-5739. https://doi.org/10.1021/015024882

Kazmaier U, Ackermann S (2005) A straightforward approach
towards thiazoles and endothiopeptides via Ugi reaction. Org
Biomol Chem 3:3184-3187. https://doi.org/10.1039/B5070
28G

Gulevich AV, Balenkova ES, Nenajdenko VG (2007) The first
example of a diastereoselective thio-Ugi reaction: a new syn-
thetic approach to chiral imidazole derivatives. J Org Chem
72:7878-7885. https://doi.org/10.1021/jo0710300

Gunawan S, Hulme C (2013) Construction of functionalized
tricyclic dihydropurazino-quinazolinedione chemotypes via an
Ugi/N-acyliminium ion cyclization cascade. Tetrahedron Lett
54:4467-4470. https://doi.org/10.1016/j.tetlet.2013.06.042
Meerwein H, Florian W, Schon N, Stopp G (1961) Uber sidu-
reamidacetale, harnstoffacetale und lactamacetale. Liebigs Ann
Chem 641:1-39. https://doi.org/10.1002/jlac.19616410102
Domling A, Illgen K (2005) 1-isocyano-2-dimethylamino-alk-
enes: versatile reagents in diversity-oriented organic synthesis.
Synthesis 2005:662-667. https://doi.org/10.1055/s-2004-831236
Schollkopf U, Porsch P-H, Lau H-H (1979) Notiz iiber
p-dimethylamino-a-isocyanacrylsdureester und ihre verwendung
in der heterocyclenchemie. Liebigs Ann Chem 1979:1444-1446.
https://doi.org/10.1002/j1ac.197919790918

Lau H, Schollkopf U (1982) Syntheses with a-metalated isocya-
nides. Synthesis of methyl 2-alkyl-1-methylimidazole-4-carbox-
ylates and 2-acyl-1-mehtylimidazole-4-carboxylates from methyl
(Z)-p-dimethylamino-a-isocyanoacrylate and alkyl or acyl hal-
ides. Liebigs Ann Chem 11:2093-2095. https://doi.org/10.1002/
jlac.198219821117

Bossio R, Marcaccini S, Pepino R, Paoli P, Polo C (1993) Studies
on isocyanides and related compounds-investigation on the reac-
tion between (Z)-alkyl 3-dimethylamino-2- isocyanoacrylates


https://doi.org/10.1002/chem.201302106
https://doi.org/10.1002/chem.201302106
https://doi.org/10.1021/ol902894p
https://doi.org/10.1021/ol902894p
https://doi.org/10.1021/ja017563a
https://doi.org/10.1021/ja017563a
https://doi.org/10.1002/1521-3773(20021115)41:22%3c4291::AID-ANIE4291%3e3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20021115)41:22%3c4291::AID-ANIE4291%3e3.0.CO;2-D
https://doi.org/10.1039/b104317j
https://doi.org/10.1039/b104317j
https://doi.org/10.3987/COM-07-S(U)55
https://doi.org/10.1039/b207179g
https://doi.org/10.1039/b207179g
https://doi.org/10.1002/1521-3773(20021004)41:19%3c3633::AID-ANIE3633%3e3.0.CO;2-T
https://doi.org/10.1002/1521-3773(20021004)41:19%3c3633::AID-ANIE3633%3e3.0.CO;2-T
https://doi.org/10.1021/ol036167p
https://doi.org/10.1021/ol036167p
https://doi.org/10.1016/j.tet.2005.09.017
https://doi.org/10.1016/j.tet.2005.09.017
https://doi.org/10.1021/ol0477881
https://doi.org/10.1002/jlac.1990199001172
https://doi.org/10.1002/jlac.1991199101145
https://doi.org/10.1002/jlac.1991199101145
https://doi.org/10.1002/jhet.5570310225
https://doi.org/10.1055/s-0040-1708015
https://doi.org/10.1039/c4cc07917e
https://doi.org/10.1039/c4cc07917e
https://doi.org/10.1021/acs.orglett.6b00580
https://doi.org/10.1021/acs.orglett.6b00580
https://doi.org/10.1021/ol7024372
https://doi.org/10.1016/j.tetlet.2018.01.074
https://doi.org/10.1016/j.tetlet.2018.01.074
https://doi.org/10.1039/c9gc04070f
https://doi.org/10.1039/c9gc04070f
https://doi.org/10.3987/COM-90-5390
https://doi.org/10.1021/jo9519165
https://doi.org/10.1021/jo9519165
https://doi.org/10.1002/jlac.1993199301199
https://doi.org/10.1021/ol5024882
https://doi.org/10.1039/B507028G
https://doi.org/10.1039/B507028G
https://doi.org/10.1021/jo071030o
https://doi.org/10.1016/j.tetlet.2013.06.042
https://doi.org/10.1002/jlac.19616410102
https://doi.org/10.1055/s-2004-831236
https://doi.org/10.1002/jlac.197919790918
https://doi.org/10.1002/jlac.198219821117
https://doi.org/10.1002/jlac.198219821117

Molecular Diversity

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

71.

78.

79.

and acyl chlorides. J Heterocycl Chem 30:575-577. https://doi.
org/10.1002/jhet.5570300256

Bossio R, Marcaccini S, Pepino R (1993) Studies on isocya-
nides and related compounds - a novel synthetic route to oxazole
derivatives. J Chem Res Synop 1993:1

Bossio R, Marcaccini S, Pepino R, Paoli P (1994) Studies on
isocyanides and related compounds - an unusual synthesis of
imidazolyloxazolones. J Heterocycl Chem 31:729-732. https://
doi.org/10.1002/jhet.5570310406

Helal CJ, Lucas JC (2002) A concise and regioselective synthe-
sis of 1-alkyl-4-imidazolecarboxylates. Org Lett 4:4133-4134.
https://doi.org/10.1021/01026892k

Bienaymé H, Bouzid K (1998) Synthesis of rigid hydrophobic
tetrazoles using an Ugi multi-component heterocyclic conden-
sation. Tetrahedron Lett 39:2735-2738. https://doi.org/10.1016/
S0040-4039(98)00283-4

Illgen K, Nerdinger S, Fuchs T, Friedrich C, Weber L, Herdtweck
E (2004) A versatile synthesis of 6-oxo-1,4,5,6-tetrahydro-pyra-
zine-2-carboxylic acid methyl esters via MCR chemistry. Synlett
2004:53-56. https://doi.org/10.1055/s-2003-43357

Bienaymé H (1998) “Reagent explosion”: an efficient
method to increase library size and diversity. Tetrahedron
Lett 39:4255-4258. https://doi.org/10.1016/S0040-4039(98)
00696-0

Heck S, Domling A (2000) A versatile multi-component one-
pot thiazole synthesis. Synlett 2000:424—426. https://doi.org/10.
1055/s-2000-6517

Kolb J, Beck B, Almstetter M, Heck S, Herdtweck E, Domling
A (2003) New MCRs: the first 4-component reaction leading to
2,4-disubstituted thiazoles. Mol Divers 6:297-313. https://doi.
org/10.1023/B:MODI.0000006827.35029.e4

. Henkel B, Sax M, Domling A (2003) A new and efficient multi-

component solid-phase synthesis of 2-acylaminomethylthiazoles.
Tetrahedron Lett 44:3679-3682. https://doi.org/10.1016/S0040-
4039(03)00662-2

Zhang H (2014) A novel one-pot multicomponent enzymatic
synthesis of 2,4-disubstituted thiazoles. Catal Lett 144:928-934.
https://doi.org/10.1007/s10562-014-1229-1

Kolb J, Beck B, Domling A (2002) Simultaneous assembly of the
B-lactam and thiazole moiety by a new multicomponent reaction.
Tetrahedron Lett 43:6897-6901. https://doi.org/10.1016/S0040-
4039(02)01621-0

Wang W, Joyner S, Andrew K, Khoury S, Démling A (2010)
(-)-bacillamide C: the convergent approach. Org Biomol Chem
8:529-532. https://doi.org/10.1039/6918214d

Henkel B, Beck B, Westner B, Mejat B, Do A (2003) Convergent
multicomponent assembly of 2-acyloxymethyl thiazoles. Tetra-
hedron Lett 44:8947-8950. https://doi.org/10.1016/j.tetlet.2003.
10.012

Domling A, Beck B, Eichelberger U, Sakamuri S, Menon S, Chen
QZ, Lu Y, Wessjohann LA (2006) Total synthesis of tubulysin
U and V. Angew Chem Int Ed 45:7235-7239. https://doi.org/10.
1002/anie.200601259

Pando O, Stark S, Denkert A, Porzel A, Preusentanz R, Wessjo-
hann LA (2011) The multiple multicomponent approach to natu-
ral product mimics: Tubugis, N-substituted anticancer peptides
with picomolar activity. ] Am Chem Soc 133:7692-7695. https://
doi.org/10.1021/ja2022027

Bossio R, Marcaccini S, Pepino R, Torroba T (1996) Studies on
isocyanides. 2-isocyanothioanisole, a synthetic equivalent of the
benzothiazol-2-yl anion. Heterocycles 43:471-474. https://doi.
org/10.3987/COM-95-7318

Yang W-C, Wei K, Sun X, Zhu J, Wu L (2018) Cascade C(sp3)—S
bond cleavage and imidoyl C-S formation: radical cyclization of
2-isocyanoaryl thioethers toward 2-substituted benzothiazoles.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Org Lett 20:3144-3147. https://doi.org/10.1021/acs.orglett.
8b01278

Liu Y, Li J-L, Liu X-G, Wu J-Q, Huang Z-S, Li Q, Wang H
(2021) Radical borylative cyclization of isocyanoarenes with
N-heterocyclic carbene borane: synthesis of borylated aza-
arenes. Org Lett 23:1891-1897. https://doi.org/10.1021/acs.orgle
tt.1c00309

Luo K, Yang W-C, Wei K, Liu Y, Wang J-K, Wu L (2019) Di-
tert-butyl peroxide-mediated radical C(sp*/sp>)-S bond cleavage
and group-transfer cyclization. Org Lett 21:7851-7856. https://
doi.org/10.1021/acs.orglett.9b02837

Yuan Y, Dong W, Gao X, Xie X, Zhang Z (2019) Sodium sulfite-
involved photocatalytic radical cascade cyclization of 2-isocy-
anoaryl thioethers: Access to 2-CF,/CF;-containing benzothia-
zoles. Org Lett 21:469—472. https://doi.org/10.1021/acs.orglett.
8b03710

Liu Y, Chen X-L, Sun K, Li X-Y, Zeng F-L, Liu X-C, Qu L-B,
Zhao Y-F, Yu B (2019) Visible-light induced radical perfluoro-
alkylation/cyclization strategy to access 2-perfluoroalkylbenzo-
thiazoles/benzoselenazoles by EDA complex. Org Lett 21:4019—
4024. https://doi.org/10.1021/acs.orglett.9b01175

Xie XY, Li Y, Xia YT, Luo K, Wu L (2021) Visible light-
induced metal-free and oxidant-free radical cyclization of
(2-isocyanoaryl)(methyl)sulfanes with ethers. Eur J Org Chem
2021:4273-4277. https://doi.org/10.1002/ejoc.202100501

Liu Y, Chen X-L, Li X-Y, Zhu S-S, Li S-J, Song Y, Qu L-B, Yu
B (2021) 4CzIPN-'Bu-catalyzed proton-coupled electron transfer
for photosynthesis of phosphorylated N-heteroaromatics. J] Am
Chem Soc 143:964-972. https://doi.org/10.1021/jacs.0c11138
Banfi L, Basso A, Lambruschini C, Moni L, Riva R (2017) Syn-
thesis of seven-membered nitrogen heterocycles through the Ugi
multicomponent reaction. Chem Heterocycl Compd 53:382-408.
https://doi.org/10.1007/s10593-017-2065-1

Hulme C, Dietrich J (2009) Emerging molecular diversity from
the intra-molecular Ugi reaction: Iterative efficiency in medici-
nal chemistry. Mol Divers 13:195-207. https://doi.org/10.1007/
s11030-009-9111-6

Short KM, Ching BW, Mjalli AMM (1997) Exploitation of the
Ugi 4CC reaction: preparation of small molecule combinatorial
libraries via solid phase. Tetrahedron 53:6653—-6679. https://doi.
org/10.1016/S0040-4020(97)00223-8

Harriman GCB (1997) Synthesis of small and medium sized
2,2-disubstituted lactams via the “intramolecular” three compo-
nent Ugi reaction. Tetrahedron Lett 38:5591-5594. https://doi.
org/10.1016/s0040-4039(97)01265-3

Hanusch-Kompa C, Ugi I (1998) Multi-component reactions 13:
Synthesis of y-lactams as part of a multiring system via Ugi-
4-centre-3-component reaction. Tetrahedron Lett 39:2725-2728.
https://doi.org/10.1016/s0040-4039(98)00428-6

Marcaccini S, Pepino R, Torroba T, Miguel D, Garcia-Valverde
M (2002) Synthesis of thiomorpholines by an intramolecular
Ugi reaction. Tetrahedron Lett 43:8591-8593. https://doi.org/
10.1016/S0040-4039(02)02064-6

Marcaccini S, Miguel D, Torroba T, Garcia-Valverde M (2003)
1,4-thiazepines, 1,4-benzothiazepin-5-ones, and 1,4-benzothiox-
epin orthoamides via multicomponent reactions of isocyanides.
J Org Chem 68:3315-3318. https://doi.org/10.1021/j0026614z
Ilyn AP, Loseva MV, Vvedensky VY, Putsykina EB, Tkachenko
SE, Kravchenko DV, Khvat AV, Krasavin MY, Ivachtchenko AV
(2006) One-step assembly of carbamoyl-substituted heteroan-
nelated [1,4]thiazepines. J Org Chem 71:2811-2819. https://doi.
org/10.1021/j0052640w

Ilyin AP, Parchinski VZ, Peregudova JN, Trifilenkov AS,
Poutsykina EB, Tkachenko SE, Kravchenko DV, Ivachtchenko
AV (2006) One-step assembly of carbamoyl substituted annu-
lated 1,4-oxazepines. Tetrahedron Lett 47:2649-2653

@ Springer


https://doi.org/10.1002/jhet.5570300256
https://doi.org/10.1002/jhet.5570300256
https://doi.org/10.1002/jhet.5570310406
https://doi.org/10.1002/jhet.5570310406
https://doi.org/10.1021/ol026892k
https://doi.org/10.1016/S0040-4039(98)00283-4
https://doi.org/10.1016/S0040-4039(98)00283-4
https://doi.org/10.1055/s-2003-43357
https://doi.org/10.1016/S0040-4039(98)00696-0
https://doi.org/10.1016/S0040-4039(98)00696-0
https://doi.org/10.1055/s-2000-6517
https://doi.org/10.1055/s-2000-6517
https://doi.org/10.1023/B:MODI.0000006827.35029.e4
https://doi.org/10.1023/B:MODI.0000006827.35029.e4
https://doi.org/10.1016/S0040-4039(03)00662-2
https://doi.org/10.1016/S0040-4039(03)00662-2
https://doi.org/10.1007/s10562-014-1229-1
https://doi.org/10.1016/S0040-4039(02)01621-0
https://doi.org/10.1016/S0040-4039(02)01621-0
https://doi.org/10.1039/b918214d
https://doi.org/10.1016/j.tetlet.2003.10.012
https://doi.org/10.1016/j.tetlet.2003.10.012
https://doi.org/10.1002/anie.200601259
https://doi.org/10.1002/anie.200601259
https://doi.org/10.1021/ja2022027
https://doi.org/10.1021/ja2022027
https://doi.org/10.3987/COM-95-7318
https://doi.org/10.3987/COM-95-7318
https://doi.org/10.1021/acs.orglett.8b01278
https://doi.org/10.1021/acs.orglett.8b01278
https://doi.org/10.1021/acs.orglett.1c00309
https://doi.org/10.1021/acs.orglett.1c00309
https://doi.org/10.1021/acs.orglett.9b02837
https://doi.org/10.1021/acs.orglett.9b02837
https://doi.org/10.1021/acs.orglett.8b03710
https://doi.org/10.1021/acs.orglett.8b03710
https://doi.org/10.1021/acs.orglett.9b01175
https://doi.org/10.1002/ejoc.202100501
https://doi.org/10.1021/jacs.0c11138
https://doi.org/10.1007/s10593-017-2065-1
https://doi.org/10.1007/s11030-009-9111-6
https://doi.org/10.1007/s11030-009-9111-6
https://doi.org/10.1016/S0040-4020(97)00223-8
https://doi.org/10.1016/S0040-4020(97)00223-8
https://doi.org/10.1016/s0040-4039(97)01265-3
https://doi.org/10.1016/s0040-4039(97)01265-3
https://doi.org/10.1016/s0040-4039(98)00428-6
https://doi.org/10.1016/S0040-4039(02)02064-6
https://doi.org/10.1016/S0040-4039(02)02064-6
https://doi.org/10.1021/jo026614z
https://doi.org/10.1021/jo052640w
https://doi.org/10.1021/jo052640w

Molecular Diversity

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Potapov VV, Fetisova NA, Nikitina AV, Ivachtchenko AV (2009)
A convenient synthesis of heterocyclic compounds containing
11-0x0-6,11,12,13-tetrahydrodibenzo[b, g][1,5]oxazonine frag-
ment. Mendeleev Commun 19:287-289. https://doi.org/10.
1016/j.mencom.2009.09.020

Zhang J, Jacobson A, Rusche JR, Herlihy W (1999) Unique struc-
tures generated by Ugi 3CC reactions using bifunctional starting
materials containing aldehyde and carboxylic acid. J Org Chem
64:1074-1076. https://doi.org/10.1021/j0982192a

Krasavin M, Parchinsky V, Shumsky A, Konstantinov I, Vantskul
A (2010) Proline-like B-turn mimics accessed via Ugi reaction
involving monoprotected hydrazines. Tetrahedron Lett 51:1367—
1370. https://doi.org/10.1016/j.tetlet.2009.12.141

Cioc RC, Estévez V, van der Niet DJ, Vande Velde CML, Turrini
NG, Hall M, Faber K, Ruijter E, Orru RVA (2017) Stereoselec-
tive synthesis of functionalized bicyclic scaffolds by Passerini
3-center-2-component reactions of cyclic ketoacids. Eur J Org
Chem 17:1262-1271. https://doi.org/10.1002/ejoc.201601432
Ley SV, Taylor SJ (2002) A polymer-supported [1,3,2]
oxazaphospholidine for the conversion of isothiocyanates to
isocyanides and their subsequent use in an Ugi reaction. Bioorg
Med Chem Lett 12:1813-1816. https://doi.org/10.1016/s0960-
894x(02)00269-x

Faggi C, Garcia-Valverde M, Marcaccini S, Menchi G (2010)
Isolation of Ugi four-component condensation primary
adducts: a straightforward route to isocoumarins. Org Lett
12:788-791. https://doi.org/10.1021/019028622

Ramazani A, Mahyari A (2010) Three-component reaction
of isocyanides and 2-formylbenzoic acid with dibenzylamine
catalyzed by silica nanoparticles under solvent-free conditions.
Helv Chim Acta 93:2203-2209. https://doi.org/10.1002/hlca.
201000124

Naghdipari K, Shojaei L, Heidari A, Heidarifard M, Sharbati
M, Mabhari A, Hosseinzadeh-Khanmiri R (2019) Isochrome-
none-functionalized mesoporous silica hollow sphere as an
efficient material for drug delivery. Polyhedron 170:659-665.
https://doi.org/10.1016/j.poly.2019.06.035

Marcaccini S, Menchi G, Trabocchi A (2011) Synthesis of
diverse phenylglycine derivatives via transformation of Ugi
four-component condensation primary adducts. Tetrahedron
Lett 52:2673-2675. https://doi.org/10.1016/j.tetlet.2011.03.
074

Zhang Y, Ao Y-F, Huang Z-T, Wang D-X, Wang M-X, Zhu J
(2016) Chiral phosphoric acid catalyzed asymmetric Ugi reaction
by dynamic kinetic resolution of the primary multicomponent
adduct. Angew Chem Int Ed 55:5282-5285

Esmacili-Marandi F, Yavari I, Saeedi M, Mahdavi M, Shafiee
A (2016) Synthesis of novel pyrazino[2,1-a]isoindolediones via
intramolecular hydroamination of 2,3-dihydro-3-oxo-2-(prop-
2-yn-1-yl)-1H-isoindole-1-carboxamides. Helv Chim Acta
99:187-190

Bachman M, Mann SE, Sheppard TD (2012) Rapid synthesis of
highly functionalised a-amino amides and medium ring lactones
using multicomponent reactions of amino alcohols and isocya-
nides. Org Biomol Chem 10:162-170. https://doi.org/10.1039/
C10B06534C

Ma G-H, Jiang B, Tu X-J, Ning Y, Tu S-J, Li G (2014) Synthesis
of isocoumarins with different substituted patterns via Passerini—
aldol sequence. Org Lett 16:4504—4507. https://doi.org/10.1021/
01502048e

Ponra S, Nyadanu A, Kaim LE, Grimaud L, Vitale MR (2016)
TiCl,-mediated preparation of thiophthalide derivatives via for-
mal thio-Passerini reactions. Org Lett 18:4060—4063. https://doi.
org/10.1021/acs.orglett.6b01937

Vitale M, Grimaud L, El Kaim L, Ponra S, Nyadanu A, Maurin
S (2017) TiCl,-mediated synthesis of 3,4-hetero-disubstituted

@ Springer

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

isocoumarins by means of isocyanide insertion reactions. Syn-
thesis 50:1331-1342. https://doi.org/10.1055/s-0036-1591733
Bossio R, Marcaccini S, Paoli P, Pepino R (1994) Synthesis of
N, N’-diaryldipeptide amides by multicomponent condensation
utilizing potassium isocyanoacetate. Synthesis 1994:672-674.
https://doi.org/10.1055/s-1994-25541

Bonne D, Dekhane M, Zhu J (2004) Ammonium chloride pro-
moted Ugi four-component, five-center reaction of a-substituted
a-isocyano acetic acid: a strong solvent effect. Org Lett 6:4771—
4774. https://doi.org/10.1021/010479388

Bonne D, Dekhane M, Zhu J (2005) Mild oxidative one-carbon
homologation of aldehyde to amide. J Am Chem Soc 127:6926—
6927. https://doi.org/10.1021/ja0511220

Bossio R, Marcos CF, Marcaccini S, Pepino R (1997) A fac-
ile synthesis of p-lactams based on the isocyanide chemistry.
Tetrahedron Lett 38:2519-2520. https://doi.org/10.1016/s0040-
4039(97)00389-4

Stevens CV, Vekemans W, Moonen K, Rammeloo T (2003)
Synthesis of 4-phosphono-p-lactams via phosphite addition to
acyliminium salts. Tetrahedron Lett 44:1619—-1622. https://doi.
org/10.1016/S0040-4039(03)00005-4

Moonen K, Stevens CV (2005) One-pot synthesis of N-chloroa-
cetyl 1-aminoalkyl phosphonates - precursors of 4-phosphono-
B-lactams. Synthesis 2005:3603-3612. https://doi.org/10.
1055/5-2005-918440

Van Speybroeck V, Moonen K, Hemelsoet K, Stevens CV, Waro-
quier M (2006) Unexpected four-membered over six-membered
ring formation during the synthesis of azaheterocyclic phospho-
nates: Experimental and theoretical evaluation. ] Am Chem Soc
128:8468-8478. https://doi.org/10.1021/ja0584119
Gerona-Navarro G, Bonache MA, Herranz R, Garcia-Lépez MT,
Gonzalez-Muiiiz R (2001) Entry to new conformationally con-
strained amino acids. First synthesis of 3-unsubstituted 4-alkyl-
4-carboxy-2-azetidinone derivatives via an intramolecular
N*C%cyclization strategy. J Org Chem 66:3538-3547. https://
doi.org/10.1021/j0015559b

Bonache MA, Gerona-Navarro G, Martin-Martinez M,
Garcia-Lopez MT, Lopez P, Cativiela C, Gonzalez-Muiiiz R
(2003) Memory of chirality in the enantioselective synthesis
of B-lactams derived from amino acids Influence of the reac-
tion conditions. Synlett 2003:1007-1011. https://doi.org/10.
1055/5-2003-39301

Bossio R, Marcos CF, Marcaccini S, Pepino R (1997) Studies
on isocyanides and related compounds. An unusual synthesis of
functionalized succinimides. Synthesis 1997:1389-1390. https://
doi.org/10.1055/s-1997-1367

Bossio R, Marcaccini S, Pepino R, Marcos CF (2000) Multicom-
ponent reactions - a convenient undergraduate organic chemistry
experiment. J] Chem Educ 77:382-384. https://doi.org/10.1021/
ed077p382

Ghabraie E, Balalaie S, Mehrparvar S, Rominger F (2014) Syn-
thesis of functionalized B-lactams and pyrrolidine-2,5-diones
through a metal-free sequential Ugi-4CR/cyclization reaction.
J Org Chem 79:7926-7934. https://doi.org/10.1021/j05010422
Yan Y-M, Wang M-L, Liu Y-L, He Y-C (2020) One-pot and regi-
oselective synthesis of functionalized y-lactams via a metal-free
sequential Ugi 4CR/intramolecular 5-exo-dig cyclization reac-
tion. Tetrahedron 76:131389-131396. https://doi.org/10.1016/].
tet.2020.131389

Bossio R, Marcos CF, Marcaccini S, Pepino R (1997) Studies on
isocyanides and related compounds. A novel synthetic route to
1,6-dihydro-6-oxopyridine-2-carboxylic acid derivatives. Hetero-
cycles 45:1589-1592. https://doi.org/10.3987/COM-97-7855
Bossio R, Marcaccini S, Pepino R (1994) Studies on isocya-
nides and related compounds - a novel synthesis of pyrroles


https://doi.org/10.1016/j.mencom.2009.09.020
https://doi.org/10.1016/j.mencom.2009.09.020
https://doi.org/10.1021/jo982192a
https://doi.org/10.1016/j.tetlet.2009.12.141
https://doi.org/10.1002/ejoc.201601432
https://doi.org/10.1016/s0960-894x(02)00269-x
https://doi.org/10.1016/s0960-894x(02)00269-x
https://doi.org/10.1021/ol9028622
https://doi.org/10.1002/hlca.201000124
https://doi.org/10.1002/hlca.201000124
https://doi.org/10.1016/j.poly.2019.06.035
https://doi.org/10.1016/j.tetlet.2011.03.074
https://doi.org/10.1016/j.tetlet.2011.03.074
https://doi.org/10.1039/C1OB06534C
https://doi.org/10.1039/C1OB06534C
https://doi.org/10.1021/ol502048e
https://doi.org/10.1021/ol502048e
https://doi.org/10.1021/acs.orglett.6b01937
https://doi.org/10.1021/acs.orglett.6b01937
https://doi.org/10.1055/s-0036-1591733
https://doi.org/10.1055/s-1994-25541
https://doi.org/10.1021/ol0479388
https://doi.org/10.1021/ja0511220
https://doi.org/10.1016/s0040-4039(97)00389-4
https://doi.org/10.1016/s0040-4039(97)00389-4
https://doi.org/10.1016/S0040-4039(03)00005-4
https://doi.org/10.1016/S0040-4039(03)00005-4
https://doi.org/10.1055/s-2005-918440
https://doi.org/10.1055/s-2005-918440
https://doi.org/10.1021/ja0584119
https://doi.org/10.1021/jo015559b
https://doi.org/10.1021/jo015559b
https://doi.org/10.1055/s-2003-39301
https://doi.org/10.1055/s-2003-39301
https://doi.org/10.1055/s-1997-1367
https://doi.org/10.1055/s-1997-1367
https://doi.org/10.1021/ed077p382
https://doi.org/10.1021/ed077p382
https://doi.org/10.1021/jo5010422
https://doi.org/10.1016/j.tet.2020.131389
https://doi.org/10.1016/j.tet.2020.131389
https://doi.org/10.3987/COM-97-7855

Molecular Diversity

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

via Ugi reaction. Synthesis 1994:765-766. https://doi.org/10.
1055/5-1994-25565

Marcos CF, Marcaccini S, Pepino R, Polo C, Torroba T (2003)
Studies on isocyanides and related compounds; a facile synthesis
of functionalized 3(2H)-pyridazinones via Ugi four-component
condensation. Synthesis 2003:691-694. https://doi.org/10.
1055/s-2003-38071

Marcaccini S, Pepino R, Pozo MC, Basurto S, Maria GVB,
Torroba T (2004) One-pot synthesis of quinolin-2-(1H)-ones
via tandem Ugi- Knoevenagel condensations. Tetrahedron Lett
45:3999-4001. https://doi.org/10.1016/j.tetlet.2004.03.184
Neo AG, Carrillo RM, Barriga S, Moman E, Marcaccini S,
Marcos CF (2007) Multicomponent synthesis of highly sub-
stituted 2-pyridones. Synlett 2007:327-329. https://doi.org/10.
1055/5-2007-967992

Alvarez-Rodriguez NV, Dos Santos A, El Kaim L, Gdmez-Mon-
taflo R (2015) The Ugi reaction of cyanoacetic acid as a route to
tetramic acid derivatives. Synlett 26:2253-2256. https://doi.org/
10.1055/5-0035-1560050

Trifilenkov AS, Ilyin AP, Kysil VM, Sandulenko YB, Ivachtch-
enko AV (2007) One-pot tandem complexity-generating reaction
based on Ugi four component condensation and intramolecular
cyclization. Tetrahedron Lett 48:2563-2567. https://doi.org/10.
1016/j.tetlet.2007.02.015

Zhang L, Zhao F, Zheng M, Zhai Y, Liu H (2013) Rapid and
selective access to three distinct sets of indole-based heterocycles
from a single set of Ugi-adducts under microwave heating. Chem
Commun 49:2894. https://doi.org/10.1039/c3cc00111c
Polindara-Garcia LA, Miranda LD (2012) Two-step synthesis
of 2,3-dihydropyrroles via a formal 5-endo cycloisomerization
of Ugi 4-CR/propargyl adducts. Org Lett 14:5408-5411. https://
doi.org/10.1021/013024727

Polindara-Garcia LA, Vazquez A (2014) Combinatorial synthe-
sis of nicotine analogs using an Ugi 4-CR/cyclization-reduction
strategy. Org Biomol Chem 12:7068. https://doi.org/10.1039/
c40b00767k

Shahriari A, Amiri K, Nikbakht A, Rominger F, Bijanzadeh HR,
Balalaie S (2022) Synthesis of pyrrolidin-5-one-2-carboxamides
through cyclization of N-substituted-2-alleneamides. J Org Chem
87:7778-7785. https://doi.org/10.1021/acs.joc.2c00387
Polindara-Garcia LA, Montesinos-Miguel D, Vazquez A (2015)
An efficient microwave-assisted synthesis of cotinine and iso-
cotinine analogs from an Ugi-4CR approach. Org Biomol Chem
13:9065-9071. https://doi.org/10.1039/c50b01170a

Shiri M, Mirpour-Marzoni SZ, Bozorgpour-Savadjani Z,
Soleymanifard B, Kruger HG (2014) Base-catalyzed cycliza-
tion of Ugi-adducts to substituted indolyl based y-lactams.
Monatsh Chem 145:1947-1952. https://doi.org/10.1007/
s00706-014-1271-0

Che C, Li S, Jiang X, Quan J, Lin S, Yang Z (2010) One-pot
syntheses of chromeno[3,4-c]pyrrole-3,4-diones via Ugi-4CR
and intramolecular Michael addition. Org Lett 12:4682-4685.
https://doi.org/10.1021/011020477

Ben Abdessalem A, Abderrahim R, Agrebie A, Dos Santos A,
El Kaim L, Komesky A (2015) Formal [3+2] cycloaddition of
Ugi adducts towards pyrrolines. Chem Commun 51:1116-1119.
https://doi.org/10.1039/c4cc08282f

Jia S, El Kaim L (2018) A Passerini/Michael pathway towards
butyrolactones. Eur J Org Chem 2018:6457-6464. https://doi.
org/10.1002/ejoc.201800958

Zidan A, Garrec J, Cordier M, El-Naggar AM, Abd El-Sattar
NEA, Ali AK, Hassan MA, El Kaim L (2017) B-lactam synthesis
through diodomethane addition to amide dianions. Angew Chem
Int Ed 56:12179-12183. https://doi.org/10.1002/anie.201706315
Zidan A, Cordier M, El-Naggar AM, Abd El-Sattar NEA, Has-
san MA, Ali AK, El Kaim L (2018) Propargylation of Ugi amide

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

dianion: an entry into pyrrolidinone and benzoindolizidine alka-
loid analogues. Org Lett 20:2568-2571. https://doi.org/10.1021/
acs.orglett.8b00687

Salcedo A, Neuville L, Zhu J (2008) Palladium-catalyzed intra-
molecular C-arylation of benzylic carbon: synthesis of 3-benzo-
xazolylisoindolinones by a sequence of Ugi-4CR/postfunction-
alization. J Org Chem 73:3600-3603. https://doi.org/10.1021/
j0800266y

Ghandi M, Zarezadeh N, Abbasi A (2015) One-pot synthesis of
spiropyrroloquinoline-isoindolinone and their aza-analogs via
the Ugi-4CR/metal-free intramolecular bis-annulation process.
Org Biomol Chem 13:8211-8220. https://doi.org/10.1039/c50b0
1095k

Butani HH, Vachhani DD, Bhoya UC, Shah AK, Van Der
Eycken EV (2014) Regio- and chemoselective formation of
spiroindolinone-isoindolinone by a palladium-catalyzed Buch-
wald-Hartwig addition-elimination sequence. Eur J Org Chem
2014:6634—6638. https://doi.org/10.1002/ejoc.201402909
Sharma N, Li Z, Sharma UK, Van Der Eycken EV (2014) Facile
access to functionalized spiro[indoline-3,2'-pyrrole]-2,5'-diones
via post-Ugi domino Buchwald-Hartwig/Michael reaction. Org
Lett 16:3884-3887. https://doi.org/10.1021/015019079

El Kaim L, Grimaud L, Le Goff X-F, Menes-Arzate M,
Miranda LD (2011) Straightforward four-component access
to spiroindolines. Chem Commun 47:8145. https://doi.org/10.
1039/clcc12236¢

Zidan A, El-Naggar AM, Abd El-Sattar NEA, Ali AK, El Kaim
L (2019) Raising the diversity of Ugi reactions through selec-
tive alkylations and allylations of Ugi adducts. Front Chem
7:20. https://doi.org/10.3389/fchem.2019.00020

Tyagi V, Khan S, Chauhan PMS (2013) Facile synthesis of
diverse isoindolinone derivatives via Ugi-4CR followed by
Cu-catalyzed deamidative C(sp?)—C(sp>) coupling. Tetrahe-
dron Lett 54:1279-1284. https://doi.org/10.1016/j.tetlet.2012.
12.091

Trang TTT, Peshkov AA, Jacobs J, Van Meervelt L, Peshkov VA,
Van der Eycken EV (2015) Post-Ugi carbocyclization/fragmenta-
tion sequence for the synthesis of 6,7-dihydro-5H-pyrrolo[3,4-b]
pyridin-5-ones. Tetrahedron Lett 56:2882-2886. https://doi.org/
10.1016/j.tetlet.2015.03.092

Ramiro JL, Neo AG, Marcos CF (2022) Synthesis of imidazolo-
coumarins by the amide-directed oxidative cyclisation of enol-
Ugi derivatives. Org Biomol Chem 20:5293-5307. https://doi.
org/10.1039/d20b00518b

Garcia-Valverde M, Macho S, Marcaccini S, Rodriguez T, Rojo
J, Torroba T (2008) A one-pot, Ugi four-component synthesis of
2(3H)-oxazolone 4-carboxamides. Synlett 2008:33-36. https://
doi.org/10.1055/5-2007-992372

Zeng X-H, Wang H-M, Yan Y-M, Wu L, Ding M-W (2014) One-
pot regioselective synthesis of f-lactams by a tandem Ugi 4CC/
Sy cyclization. Tetrahedron 70:3647-3652. https://doi.org/10.
1016/j.tet.2014.04.033

Zeng X-H, Wang H-M, Wu L, Ding M-W (2013) One-pot synthe-
sis of 5-oxopyrrolidine-2-carboxamides via a tandem Ugi 4CC/
Sy cyclization starting from Baylis-Hillman bromides. Tetrahe-
dron 69:3823-3828. https://doi.org/10.1016/j.tet.2013.03.058
Pertejo P, Sancho-Medina A, Hermosilla T, Gonzalez-Saiz
B, Gémez-Ayuso J, Quesada R, Moreno D, Carreira-Barral I,
Garcia-Valverde M (2021) Keto-enol tautomerism in Passerini
and Ugi adducts. Molecules 26:919. https://doi.org/10.3390/
molecules26040919

Gonzélez-Saiz B, Pertejo P, Pefia-Calleja P, Mielczarek M, Her-
mosilla T, Carreira-Barral I, De Miguel O, Rodriguez-Vidal F,
Quesada R, Garcia-Valverde M (2022) Base-selective access to
highly functionalized heterocycles from multicomponent Ugi

@ Springer


https://doi.org/10.1055/s-1994-25565
https://doi.org/10.1055/s-1994-25565
https://doi.org/10.1055/s-2003-38071
https://doi.org/10.1055/s-2003-38071
https://doi.org/10.1016/j.tetlet.2004.03.184
https://doi.org/10.1055/s-2007-967992
https://doi.org/10.1055/s-2007-967992
https://doi.org/10.1055/s-0035-1560050
https://doi.org/10.1055/s-0035-1560050
https://doi.org/10.1016/j.tetlet.2007.02.015
https://doi.org/10.1016/j.tetlet.2007.02.015
https://doi.org/10.1039/c3cc00111c
https://doi.org/10.1021/ol3024727
https://doi.org/10.1021/ol3024727
https://doi.org/10.1039/c4ob00767k
https://doi.org/10.1039/c4ob00767k
https://doi.org/10.1021/acs.joc.2c00387
https://doi.org/10.1039/c5ob01170a
https://doi.org/10.1007/s00706-014-1271-0
https://doi.org/10.1007/s00706-014-1271-0
https://doi.org/10.1021/ol1020477
https://doi.org/10.1039/c4cc08282f
https://doi.org/10.1002/ejoc.201800958
https://doi.org/10.1002/ejoc.201800958
https://doi.org/10.1002/anie.201706315
https://doi.org/10.1021/acs.orglett.8b00687
https://doi.org/10.1021/acs.orglett.8b00687
https://doi.org/10.1021/jo800266y
https://doi.org/10.1021/jo800266y
https://doi.org/10.1039/c5ob01095k
https://doi.org/10.1039/c5ob01095k
https://doi.org/10.1002/ejoc.201402909
https://doi.org/10.1021/ol5019079
https://doi.org/10.1039/c1cc12236c
https://doi.org/10.1039/c1cc12236c
https://doi.org/10.3389/fchem.2019.00020
https://doi.org/10.1016/j.tetlet.2012.12.091
https://doi.org/10.1016/j.tetlet.2012.12.091
https://doi.org/10.1016/j.tetlet.2015.03.092
https://doi.org/10.1016/j.tetlet.2015.03.092
https://doi.org/10.1039/d2ob00518b
https://doi.org/10.1039/d2ob00518b
https://doi.org/10.1055/s-2007-992372
https://doi.org/10.1055/s-2007-992372
https://doi.org/10.1016/j.tet.2014.04.033
https://doi.org/10.1016/j.tet.2014.04.033
https://doi.org/10.1016/j.tet.2013.03.058
https://doi.org/10.3390/molecules26040919
https://doi.org/10.3390/molecules26040919

Molecular Diversity

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

adducts. Green Chem 24:7988-7995. https://doi.org/10.1039/
d2gc02896d

Peshkov AA, Peshkov VA, Li Z, Pereshivko OP, Van Der Eycken
EV (2014) Assembly of a 1H-pyrrol-2(5H)-one core through a
cascade Ugi reaction/5-endo-dig carbocyclization/retro-Claisen
fragmentation process. Eur J Org Chem 2014:6390-6393. https://
doi.org/10.1002/ejoc.201402723

Li Z, Kumar A, Peshkov A, Van Der Eycken EV (2016) A dom-
ino Ugi/Michael approach for the synthesis of a, f-unsaturated
y-lactams. Tetrahedron Lett 57:754-756. https://doi.org/10.
1016/j.tetlet.2016.01.014

Van der Eycken E, Peshkov V, Nechaev A, Peshkov A (2016) The
application of multicomponent Ugi and Passerini reactions for
the one-pot synthesis of pyrrolones and butenolides. Synthesis
48:2280-2286. https://doi.org/10.1055/5-0035-1561422
Pertejo P, Gonzalez-Saiz B, Quesada R, Garcia-Valverde M
(2020) One-pot synthesis of enantiopure pyrrolopiperazines.
J Org Chem 85:14240-14245. https://doi.org/10.1021/acs.joc.
0c02103

Marcaccini S, Pepino R, Pozo MC (2001) A facile synthesis
of 2,5-diketopiperazines based on isocyanide chemistry. Tet-
rahedron Lett 42:2727-2728. https://doi.org/10.1016/S0040-
4039(01)00232-5

Bruttomesso AC, Eiras J, Ramirez JA, Galagovsky LR (2009)
Highly stereoselective synthesis of steroidal 2,5-diketopipera-
zines based on isocyanide chemistry. Tetrahedron Lett 50:4022—
4024. https://doi.org/10.1016/j.tetlet.2009.03.219

Caputo S, Banfi L, Basso A, Galatini A, Moni L, Riva R, Lam-
bruschini C (2017) Diversity-oriented synthesis of various enan-
tiopure heterocycles by coupling organocatalysis with multicom-
ponent reactions. Eur J Org Chem 2017:6619-6628. https://doi.
org/10.1002/ejoc.201701328

Malet G, Martin AG, Orzaez M, Vicent MJ, Masip I, Sanclimens
G, Ferrer-Montiel A, Mingarro I, Messeguer A, Fearnhead HO,
Pérez-Paya E (2006) Small molecule inhibitors of apaf-1-related
caspase- 3/-9 activation that control mitochondrial-dependent
apoptosis. Cell Death Differ 13:1523-1532. https://doi.org/10.
1038/sj.cdd.4401828

Corredor M, Bujons J, Orzaez M, Sancho M, Perez-Paya E,
Alfonso I, Messeguer A (2013) Optimizing the control of apop-
tosis by amide/triazole isosteric substitution in a constrained
peptoid. Eur J Med Chem 63:892—-896. https://doi.org/10.1016/j.
ejmech.2013.03.004

Corredor M, Garrido M, Bujons J, Orzaez M, Pérez-Paya E,
Alfonso I, Messeguer A (2015) Efficient synthesis of conforma-
tionally restricted apoptosis inhibitors bearing a triazole moiety.
Chem Eur J 21:14122-14128. https://doi.org/10.1002/chem.
201502380

Garrido M, Corredor M, Orzéez M, Alfonso I, Messeguer A
(2016) Regioselective synthesis of a family of f-lactams bearing
a triazole moiety as potential apoptosis inhibitors. ChemistryO-
pen 5:485-494. https://doi.org/10.1002/0pen.201600052
Vroemans R, Bamba F, Winters J, Thomas J, Jacobs J, Van
Meervelt L, John J, Dehaen W (2018) Sequential Ugi reaction/
base-induced ring closing/IAAC protocol toward triazoloben-
zodiazepine-fused diketopiperazines and hydantoins. Beilstein
J Org Chem 14:626-633. https://doi.org/10.3762/bjoc.14.49
Hernandez-Vazquez E, Miranda LD (2016) Practical synthesis
and cytotoxic evaluation of the pyrazino[1,2-b]-isoquinoline
ring system. Org Biomol Chem 14:4875-4884. https://doi.org/
10.1039/c60b00431h

Golubev P, Krasavin M (2017) Sterically constrained and encum-
bered: An approach to the naturally occurring peptidomimetic
tetrahydropyrazino[1,2-a]indole-1,4-dione core. Eur J Org Chem
2017:1740-1744. https://doi.org/10.1002/ejoc.201700152

@ Springer

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Gonzélez-Saiz B, Carreira-Barral I, Pertejo P, Gémez-Ayuso J,
Quesada R, Garcia-Valverde M (2022) One-pot diastereoselective
synthesis of pyrrolopiperazine-2,6-diones by a Ugi/nucleophilic
substitution/N-acylation sequence. J Org Chem 87:9391-9398.
https://doi.org/10.1021/acs.joc.2c00694

Ignacio JM, Macho S, Marcaccini S, Pepino R, Torroba T (2005)
A facile synthesis of 1,3,5-trisubstituted hydantoins via Ugi four-
component condensation. Synlett 2005:3051-3054. https://doi.
org/10.1055/s5-2005-922745

Hulme C, Ma L, Romano JJ, Morton G, Tang S-Y, Cherrier M-P,
Choi S, Salvino J, Labaudiniere R (2000) Novel applications of
carbon dioxide/MeOH for the synthesis of hydantoins and cyclic
ureas via the Ugi reaction. Tetrahedron Lett 41:1889-1893.
https://doi.org/10.1016/S0040-4039(00)00053-8

Chen Z-Z, Xu C, Xu Z-G, Ding Y, Meng J-P, Tang D-Y, Li Y, Lei
J (2018) Facile construction of hydantoin scaffolds via a post-
Ugi cascade reaction. Synlett 29:2199-2202. https://doi.org/10.
1055/s-0037-1610234

Safiudo M, Garcia-Valverde M, Marcaccini S, Torroba T (2012)
A diastereoselective synthesis of pseudopeptidic hydantoins by
an Ugi/cyclization/Ugi sequence. Tetrahedron 68:2621-2629.
https://doi.org/10.1016/j.tet.2012.01.073

Brockmeyer F, Kroeger D, Stalling T, Ullrich P, Martens J (2012)
A manifold three-step synthetic route to polycyclic annulated
hydantoins via cyclic imines. Helv Chim Acta 95:1857-1870.
https://doi.org/10.1002/hlca.20120044 1

Firth J, Zhang R, Morgentin R, Guilleux R, Kalliokoski T, War-
riner S, Foster R, Marsden S, Nelson A (2015) Exploitation of
the Ugi-Joullié reaction in the synthesis of libraries of drug-like
bicyclic hydantoins. Synthesis 47:2391-2406. https://doi.org/10.
1055/5-0034-1378704

Yu S-J, Zhu C, Bian Q, Cui C, Du X-J, Li Z-M, Zhao W-G
(2014) Novel ultrasound-promoted parallel synthesis of trifluoro-
atrolactamide library via a one-pot Passerini/hydrolysis reaction
sequence and their fungicidal activities. ACS Comb Sci 16:17—
23. https://doi.org/10.1021/c0400111r

Faggi C, Neo AG, Marcaccini S, Menchi G, Revuelta J (2008)
Ugi four-component condensation with two cleavable compo-
nents: the easiest synthesis of 2 N-diarylglycines. Tetrahedron
Lett 49:2099-2102. https://doi.org/10.1016/j.tetlet.2008.01.134
Marcos CF, Marcaccini S, Menchi G, Pepino R, Torroba T (2008)
Studies on isocyanides: Synthesis of tetrazolyl-isoindolinones via
tandem Ugi four-component condensation/intramolecular ami-
dation. Tetrahedron Lett 49:149-152. https://doi.org/10.1016/j.
tetlet.2007.10.154

Nixey T, Kelly M, Hulme C (2000) The one-pot solution phase
preparation of fused tetrazole-ketopiperazines. Tetrahedron Lett
41:8729-8733. https://doi.org/10.1016/s0040-4039(00)01563-x
Borisov RS, Polyakov AI, Medvedeva LA, Guranova NI,
Voskressensky LG (2013) Synthesis of tetrazolodiazepines by
a five-centered four-component azide Ugi reaction Scope and
limitations. Russ Chem Bull 61:1609-1615. https://doi.org/10.
1007/s11172-012-0214-3

Yerande SG, Newase KM, Singh B, Boltjes A, Domling A (2014)
Application of cyclic ketones in MCR: Ugi/amide coupling based
synthesis of fused tetrazolo[1,5-a][1,4]benzodiazepines. Tetra-
hedron Lett 55:3263-3266. https://doi.org/10.1016/j.tetlet.2014.
04.040

Boltjes A, Liao GP, Zhao T, Herdtweck E, Domling A (2014)
Ugi 4-CR synthesis of y- and &-lactams providing new access to
diverse enzyme interactions, a PDB analysis. MedChemComm
5:949-952. https://doi.org/10.1039/CAMDO00162A

Bossio R, Marcaccini S, Paoli P, Pepino R, Polo C (1991) Stud-
ies on isocyanides and related compounds - synthesis of benzo-
furan derivatives. Synthesis 1991:999-1000. https://doi.org/10.
1055/5-1991-26628


https://doi.org/10.1039/d2gc02896d
https://doi.org/10.1039/d2gc02896d
https://doi.org/10.1002/ejoc.201402723
https://doi.org/10.1002/ejoc.201402723
https://doi.org/10.1016/j.tetlet.2016.01.014
https://doi.org/10.1016/j.tetlet.2016.01.014
https://doi.org/10.1055/s-0035-1561422
https://doi.org/10.1021/acs.joc.0c02103
https://doi.org/10.1021/acs.joc.0c02103
https://doi.org/10.1016/S0040-4039(01)00232-5
https://doi.org/10.1016/S0040-4039(01)00232-5
https://doi.org/10.1016/j.tetlet.2009.03.219
https://doi.org/10.1002/ejoc.201701328
https://doi.org/10.1002/ejoc.201701328
https://doi.org/10.1038/sj.cdd.4401828
https://doi.org/10.1038/sj.cdd.4401828
https://doi.org/10.1016/j.ejmech.2013.03.004
https://doi.org/10.1016/j.ejmech.2013.03.004
https://doi.org/10.1002/chem.201502380
https://doi.org/10.1002/chem.201502380
https://doi.org/10.1002/open.201600052
https://doi.org/10.3762/bjoc.14.49
https://doi.org/10.1039/c6ob00431h
https://doi.org/10.1039/c6ob00431h
https://doi.org/10.1002/ejoc.201700152
https://doi.org/10.1021/acs.joc.2c00694
https://doi.org/10.1055/s-2005-922745
https://doi.org/10.1055/s-2005-922745
https://doi.org/10.1016/S0040-4039(00)00053-8
https://doi.org/10.1055/s-0037-1610234
https://doi.org/10.1055/s-0037-1610234
https://doi.org/10.1016/j.tet.2012.01.073
https://doi.org/10.1002/hlca.201200441
https://doi.org/10.1055/s-0034-1378704
https://doi.org/10.1055/s-0034-1378704
https://doi.org/10.1021/co400111r
https://doi.org/10.1016/j.tetlet.2008.01.134
https://doi.org/10.1016/j.tetlet.2007.10.154
https://doi.org/10.1016/j.tetlet.2007.10.154
https://doi.org/10.1016/s0040-4039(00)01563-x
https://doi.org/10.1007/s11172-012-0214-3
https://doi.org/10.1007/s11172-012-0214-3
https://doi.org/10.1016/j.tetlet.2014.04.040
https://doi.org/10.1016/j.tetlet.2014.04.040
https://doi.org/10.1039/C4MD00162A
https://doi.org/10.1055/s-1991-26628
https://doi.org/10.1055/s-1991-26628

Molecular Diversity

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Domling A (2006) Recent developments in isocyanide based
multicomponent reactions in applied chemistry. Chem Rev
106:17-89. https://doi.org/10.1021/cr0505728

Ayaz M, De Moliner F, Dietrich J, Hulme C (2012) Applications
of isocyanides in IMCRs for the rapid generation of molecular
diversity. Isocyanide chemistry. https://doi.org/10.1002/97835
27652532.ch10

Marcaccini S, Pepino R, Marcos CF, Polo C, Torroba T (2000)
Studies on isocyanides and related compounds. Synthesis of
furan derivatives and their transformation into indole derivatives.
J Heterocycl Chem 37:1501-1503. https://doi.org/10.1002/jhet.
5570370615

Faggi C, Marcaccini S, Pepino R, Pozo MC (2002) Studies on
isocyanides and related compounds; synthesis of 1,4-benzodiaze-
pine-2,5-diones via Ugi four-component condensation. Synthesis
2002:2756-2760. https://doi.org/10.1055/5-2002-35987
Marcaccini S, Miliciani M, Pepino R (2005) A facile synthesis of
1,4-benzodiazepine derivatives via Ugi four-component conden-
sation. Tetrahedron Lett 46:711-713. https://doi.org/10.1016/j.
tetlet.2004.11.083

Pertejo P, Garcia-Valverde M, Pena P, Cordero NA, Torroba T,
Gonzalez-Ortega A (2014) Experimental and theoretical studies
on the effect of the oxo group in 1,4-benzodiazepines. Org Bio-
mol Chem 12:4905-4916. https://doi.org/10.1039/c40b00444b
Guo Z, Zhuang C, Zhu L, Zhang Y, Yao J, Dong G, Wang S, Liu
Y, Chen H, Sheng C, Miao Z, Zhang W (2012) Structure—activ-
ity relationship and antitumor activity of thio-benzodiazepines
as p53—mdm?2 protein—protein interaction inhibitors. Eur J Med
Chem 56:10-16. https://doi.org/10.1016/j.ejmech.2012.08.003
Pertejo P, Pena-Calleja P, Carreira-Barral I, Quesada R, Alejan-
dro Cordero N, Javier Rodriguez F, Garcia-Valverde M (2017)
Novel pyrrolobenzodiazepine and pyrroloquinazoline scaffolds
synthesized by a simple and highly selective Ugi/cyclization
sequence. Org Biomol Chem 15:7549-7557. https://doi.org/10.
1039/c70b01807j

Pertejo P, Carreira-Barral I, Pena-Calleja P, Quesada R, Gar-
cia-Valverde M (2020) Post-Ugi transformations for the access
to pyrrolobenzodiazepine scaffolds with different degrees of
unsaturation. J Org Chem 85:2291-2302. https://doi.org/10.
1021/acs.joc.9b02995

Safiudo M, Garcia-Valverde M, Marcaccini S, Delgado JJ, Rojo
J, Torroba T (2009) Synthesis of benzodiazepine f-turn mimet-
ics by an Ugi 4CC/Staudinger/aza-Wittig sequence. Solving the
conformational behavior of the Ugi 4CC adducts. J] Org Chem
74:2189-2192. https://doi.org/10.1021/j08025862

Lecinska P, Corres N, Moreno D, Garcia-Valverde M, Marcaccini
S, Torroba T (2010) Synthesis of pseudopeptidic (S)-6-amino-5-
oxo-1,4-diazepines and (S)-3-benzyl-2-oxo-1,4-benzodiazepines
by an Ugi 4CC Staudinger/aza-Wittig sequence. Tetrahedron
66:6783-6788. https://doi.org/10.1016/j.tet.2010.06.062
Corres N, Delgado JJ, Garcia-Valverde M, Marcaccini S, Rod-
riguez T, Rojo J, Torroba T (2008) Synthesis of pseudopeptidic
[(5H)-6-oxodibenzo[b, f][1,5]diazocine-5-yl]arylglycinamides
by an Ugi 4CC/Staudinger/aza-Wittig sequence. Tetrahedron
64:2225-2232. https://doi.org/10.1016/j.tet.2007.12.028
Pertejo P, Corres N, Torroba T, Garcia-Valverde M (2015) Rever-
sal of diastereoselectivity in the synthesis of peptidomimetic
3-carboxamide-1,4-benzodiazepin-5-ones. Org Lett 17:612-615.
https://doi.org/10.1021/01503628r

Yan Y-M, Gao Y, Ding M-W (2016) New efficient synthesis of
multisubstituted benzimidazoles and quinoxalin-2(1H)-ones by
a Ugi 4CC/aza-Wittig sequence starting from aromatic amine
precursors. Tetrahedron 72:5548-5557. https://doi.org/10.1016/j.
tet.2016.07.048

Welsch SJ, Umkehrer M, Kalinski C, Ross G, Burdack C,
Kolb J, Wild M, Ehrlich A, Wessjohann LA (2015) Synthesis

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

of substituted imidazolines by an Ugi/Staudinger/aza-Wittig
sequence. Tetrahedron Lett 56:1025-1029. https://doi.org/10.
1016/j.tetlet.2015.01.043

Zhong Y, Wang L, Ding M-W (2011) New efficient synthesis
of 2,3,4-trisubstituted 3,4-dihydroquinazolines by a Ugi 4CC/
Staudinger/aza-Wittig sequence. Tetrahedron 67:3714-3723.
https://doi.org/10.1016/j.tet.2011.03.056

Zhong Y, Zhang H, Ding M-W (2015) Regioselective synthesis
of 2-acylquinazolines and 3H-1,4-benzodiazepin-3-ones by a
Ugi 4CC/Staudinger/aza-Wittig sequence. J Heterocycl Chem
52:330-335. https://doi.org/10.1002/jhet.1953

He P, Nie Y-B, Wu J, Ding M-W (2011) Unexpected synthesis of
indolo[ 1,2-c]quinazolines by a sequential Ugi 4CC—Staudinger—
aza-Wittig—nucleophilic addition reaction. Org Biomol Chem
9:1429-1436. https://doi.org/10.1039/COOB0O0855A

Ding M-W, Xie H, Liu J-C (2016) Facile synthesis of
3-arylidene-3H-1,4-benzodiazepines by a sequential Ugi/
Staudinger/aza-Wittig reaction. Synthesis 48:4541-4547. https://
doi.org/10.1055/5-0036-1588308

Ding M-W, Wang L, Ren Z-L, Chen M (2014) One-pot synthe-
sis of 2,4,5-trisubstituted oxazoles via a tandem Passerini three-
component coupling/Staudinger/aza-Wittig/isomerization reac-
tion. Synlett 25:721-723. https://doi.org/10.1055/s-0033-13405
96

Ding M-W, Ren Z-L, Liu J-C (2016) A facile synthesis of
4-tetrazolyl-substituted 4H-3,1-benzoxazines through sequen-
tial Passerini-azide/acylation/catalytic aza-Wittig reaction.
Synthesis 49:745-754. https://doi.org/10.1055/s-0036-15883
33

Akbarzadeh R, Amanpour T, Bazgir A (2014) Synthesis of
3-o0x0-1,4-diazepine-5-carboxamides and 6-(4-oxo-chromen-3-
yD)-pyrazinones via sequential Ugi 4CC/Staudinger/intramolecu-
lar nucleophilic cyclization and Ugi 4CC/Staudinger/aza-Wittig
reactions. Tetrahedron 70:8142-8147. https://doi.org/10.1016/j.
tet.2014.07.102

Marcaccini S, Pepino R, Polo C, Pozo C (2001) Studies on iso-
cyanides and related compounds; a facile synthesis of 4-phe-
nyl-1-(2H)phthalazinone-2-alkanoic acid amides. Synthesis
2001:85-88. https://doi.org/10.3184/030823401103168695
Safiudo M, Marcaccini S, Basurto S, Torroba T (2006) Synthesis
of 3-hydroxy-6-oxo[1,2,4]triazin-1-yl alaninamides, a new class
of cyclic dipeptidyl ureas. J Org Chem 71:4578-4584. https://
doi.org/10.1021/jo060434y

Bossio R, Marcaccini S, Pepino R, Torroba T (1993) Studies on
isocyanides and related compounds - a novel synthetic route to
furan derivatives. Synthesis 1993:783-785. https://doi.org/10.
1055/5-1993-25940

Bossio R, Marcaccini S, Pepino R (1994) Studies on isocyanides
and related compounds - synthesis of a novel class of furan-
derivatives. Liebigs Ann Chem 1994:527-528. https://doi.org/
10.1002/jlac.15619940515

Bossio R, Marcaccini S, Pepino R, Torroba T (1999) Studies
on isocyanides and related compounds. A facile synthesis of
1-substituted 3-cyano-2-methoxy-3-phenylpyrroles. Heterocy-
cles 50:463—-467. https://doi.org/10.3987/COM-98-S(H)16
Marcaccini S, Neo AG, Marcos CF (2009) Sequential five-com-
ponent synthesis of spiropyrrolidinochromanones. J Org Chem
74:6888—6890. https://doi.org/10.1021/j0900992w

Marcaccini S, Pepino R, Paoli P, Rossi P, Torroba T (2001) Stud-
ies on isocyanides and related compounds. N, N’-disubstituted
2-cyanoacetoxy-2-cyanomethylmalondiamides from an unusual
reaction between isocyanides and cyanoacetic acid. ] Chem Res
Synop 2001:465-467. https://doi.org/10.3184/030823401103168
695

Bossio R, Marcaccini S, Pepino R (1991) Studies on isocyanides
and related compounds - synthesis of oxazole derivatives via the

@ Springer


https://doi.org/10.1021/cr0505728
https://doi.org/10.1002/9783527652532.ch10
https://doi.org/10.1002/9783527652532.ch10
https://doi.org/10.1002/jhet.5570370615
https://doi.org/10.1002/jhet.5570370615
https://doi.org/10.1055/s-2002-35987
https://doi.org/10.1016/j.tetlet.2004.11.083
https://doi.org/10.1016/j.tetlet.2004.11.083
https://doi.org/10.1039/c4ob00444b
https://doi.org/10.1016/j.ejmech.2012.08.003
https://doi.org/10.1039/c7ob01807j
https://doi.org/10.1039/c7ob01807j
https://doi.org/10.1021/acs.joc.9b02995
https://doi.org/10.1021/acs.joc.9b02995
https://doi.org/10.1021/jo8025862
https://doi.org/10.1016/j.tet.2010.06.062
https://doi.org/10.1016/j.tet.2007.12.028
https://doi.org/10.1021/ol503628r
https://doi.org/10.1016/j.tet.2016.07.048
https://doi.org/10.1016/j.tet.2016.07.048
https://doi.org/10.1016/j.tetlet.2015.01.043
https://doi.org/10.1016/j.tetlet.2015.01.043
https://doi.org/10.1016/j.tet.2011.03.056
https://doi.org/10.1002/jhet.1953
https://doi.org/10.1039/C0OB00855A
https://doi.org/10.1055/s-0036-1588308
https://doi.org/10.1055/s-0036-1588308
https://doi.org/10.1055/s-0033-1340596
https://doi.org/10.1055/s-0033-1340596
https://doi.org/10.1055/s-0036-1588333
https://doi.org/10.1055/s-0036-1588333
https://doi.org/10.1016/j.tet.2014.07.102
https://doi.org/10.1016/j.tet.2014.07.102
https://doi.org/10.3184/030823401103168695
https://doi.org/10.1021/jo060434y
https://doi.org/10.1021/jo060434y
https://doi.org/10.1055/s-1993-25940
https://doi.org/10.1055/s-1993-25940
https://doi.org/10.1002/jlac.15619940515
https://doi.org/10.1002/jlac.15619940515
https://doi.org/10.3987/COM-98-S(H)16
https://doi.org/10.1021/jo900992w
https://doi.org/10.3184/030823401103168695
https://doi.org/10.3184/030823401103168695

Molecular Diversity

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Passerini reaction. Liebigs Ann Chem 1991:1107-1108. https://
doi.org/10.1002/jlac.1991199101193

Bossio R, Marcaccini S, Pepino R, Polo C, Torroba T (1992)
Synthesis of N-substituted 2-alkyl-4-aryloxazole-5-carboxam-
ides. Org Prep Proced Int 24:188-191. https://doi.org/10.1080/
00304949209355696

Bossio R, Marcaccini S, Pepino R (1991) Studies on isocya-
nides and related compounds - synthesis of N-substituted 4-aryl-
2-arylthiomethyloxazole-5-carboxamides. J] Chem Res Synop
1991:320-321

Faggi C, Garcia-Valverde M, Marcaccini S, Pepino R, Pozo MC
(2003) Studies on isocyanides and related compounds: A fac-
ile synthesis of 1,6-dihydro-6-oxopyrazine-2-carboxylic acid
derivatives via Ugi four-component condensation. Synthesis
2003:1553-1558. https://doi.org/10.1055/5-2003-40525

Neo AG, Marcos CF, Marcaccini S, Pepino R (2005) Studies
on isocyanides. A facile synthesis of 4,5-dihydro-1,4-benzothi-
azepin-3(2H)-ones via post-condensation modifications of the
Ugi reaction. Tetrahedron Lett 46:7977-7979. https://doi.org/10.
1016/j.tetlet.2005.09.071

Neo AG, Delgado J, Polo C, Marcaccini S, Marcos CF (2005) A
new synthesis of B-keto amides by reduction of Passerini adducts.
Tetrahedron Lett 46:23-26. https://doi.org/10.1016/j.tetlet.2004.
11.041

Carrillo RM, Neo AG, Lopez-Garcia L, Marcaccini S, Marcos
CF (2006) Zinc catalysed ester solvolysis. Application to the
synthesis of tartronic acid derivatives. Green Chem 8:787-789.
https://doi.org/10.1039/b607358a

Neo AG, Carrillo RM, Delgado J, Marcaccini S, Marcos
CF (2011) A multicomponent approach to the synthesis of
1,3-dicarbonylic compounds. Mol Divers 15:529-539. https://
doi.org/10.1007/s11030-010-9277-y

Kobayashi K, Shirai Y, Fukamachi S, Konishi H (2010) Synthe-
sis of 2,3-bis(arylamino)benzofurans and 2,3-bis(arylimino)-
2,3-dihydrobenzofurans by a Lewis acid catalyzed reac-
tion of 2-aryliminophenols with aryl isocyanides. Synthesis
2010:666—670. https://doi.org/10.1055/s-0029-1218609
Ramazani A, Mahyari AT, Rouhani M, Rezaei A (2009) A
novel three-component reaction of a secondary amine and
a 2-hydroxybenzaldehyde derivative with an isocyanide in
the presence of silica gel: An efficient one-pot synthesis of
benzo[b]furan derivatives. Tetrahedron Lett 50:5625-5627.
https://doi.org/10.1016/j.tetlet.2009.07.115

Mitra S, Hota S, Chattopadhyay P (2010) Lewis acid catalyzed
one-pot selective synthesis of aminobenzofurans and N-alkyl-
2-aryl-2-(arylimino)acetamides: Product dependence on the
nature of the aniline. Synthesis 2010:3899-3905. https://doi.
org/10.1055/s-0030-1258239

Adib M, Mahdavi M, Bagherzadeh S, Zhu L-G, Rahimi-Nas-
rabadi M (2010) Reaction between anthranilic acids, salicy-
laldehydes and isocyanides in water: An efficient synthesis
of 2-{[2-(alkylimino)-1-benzofuran-3-yliden]amino }benzoic
acids. Tetrahedron Lett 51:27-29. https://doi.org/10.1016/j.
tetlet.2009.05.017

Garcia-Gonzialez MC, Gonzalez-Zamora E, Santillan R,
Dominguez O, Méndez-Stivalet JM, Farfan N (2009) Three-
component synthesis of 2-imino-1,4-benzoxazines. Tetrahe-
dron 65:5337-5342. https://doi.org/10.1016/j.tet.2009.04.080
Okitsu T, Nagase K, Nishio N, Wada A (2012) Tandem migra-
tion—carboalkoxylation of o-isocyanophenyl acetals leading to
benzoxazoles. Org Lett 14:708-711. https://doi.org/10.1021/
01203175a

Soeta T, Shitaya S, Okuno T, Fujinami S, Ukaji Y (2016)
Efficient synthesis of benzothiophenes by [4+1] cycloaddi-
tion of 2-mercaptobenzaldehyde derivatives with isocyanides.

@ Springer

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Tetrahedron 72:7901-7905. https://doi.org/10.1016/j.tet.2016.
09.054

Shiri M, Faghihi Z, Oskouei HA, Heravi MM, Fazelzadeh S,
Notash B (2016) The synthesis of iminothiophenone-fused qui-
nolines and evaluation of their serendipitous reactions. RSC Adv
6:92235-92240. https://doi.org/10.1039/c6ral 1469¢

Bossio R, Marcaccini S, Pepino R, Torroba T (1996) Studies
on isocyanides and related compounds: synthesis of benzo[c]-
thiophenes by way of acid-induced three-component reactions.
J Chem Soc Perkin Trans 1(1996):229-230. https://doi.org/10.
1039/P19960000229

El Kaim L, Grimaud L (2010) Ugi-Smiles couplings: New entries
to N-aryl carboxamide derivatives. Mol Divers 14:855-867.
https://doi.org/10.1007/s11030-009-9175-3

El Kaim L, Grimaud L, Oble J (2005) Phenol Ugi-smiles sys-
tems: Strategies for the multicomponent N-arylation of primary
amines with isocyanides, aldehydes, and phenols. Angew Chem
Int Ed 44:7961-7964. https://doi.org/10.1002/anie.200502636
Castellano TG, Neo AG, Marcaccini S, Marcos CF (2012) Enols
as feasible acid components in the Ugi condensation. Org Lett
14:6218-6221. https://doi.org/10.1021/01302976g

Neo AG, Castellano TG, Marcos CF (2015) Enol-Ugi reaction
of hydroxycoumarins: Straightforward synthesis of amino acid
derived coumarin enamines. Synthesis 47:2431-2438. https://
doi.org/10.1055/5-0034-1380436

Neo AG, Castellano TG, Marcos CF (2017) An easy synthesis
of diversely functionalized 2H-chromenes and amido amines by
an enol-Ugi reaction. ARKIVOC 2017:21-31. https://doi.org/10.
3998/ark.5550190.p009.775

Aknin K, Gauriot M, Totobenazara J, Deguine N, Deprez-Pou-
lain R, Deprez B, Charton J (2012) Squaric acid is a suitable
building-block in 4C-Ugi reaction: Access to original bivalent
compounds. Tetrahedron Lett 53:458—461. https://doi.org/10.
1016/j.tetlet.2011.11.077

Mehrabi H, Saleki T (2015) The double four-component Ugi
reaction between squaramic or squaramide acids with alkyl iso-
cyanides, amines and aromatic aldehydes. J] Chem Res 39:195—
198. https://doi.org/10.3184/174751915x14266899341593
Massoudi A, Amini I, Ramazani A, Nasrabadi FZ,
Ahmadi Y (2012) Four-component synthesis of 2-(N,
N-dialkylamino)-2,4,6-cycloheptatrien-1-one derivatives from
tropolone, an isocyanide, a primary amine and an aldehyde via
Ugi-Smiles coupling reaction. Bull Korean Chem Soc 33:39-42.
https://doi.org/10.5012/bkes.2012.33.1.39

Rabélo WF, Echemendia R (2019) Synthesis of novel 1,4 naph-
thoquinone-based molecules by an Ugi-type four-component
reaction. Synth Commun 49:515-521. https://doi.org/10.1080/
00397911.2018.1551548

Ramezanpour S, Bigdeli Z, Alavijeh N, Rominger F (2017)
Application of saccharin as an acidic partner in the Ugi reaction
for the one-pot synthesis of 3-iminosaccharins. Synlett 28:1214—
1218. https://doi.org/10.1055/5-0036-1558962

Neo AG, Marcos CF (2018) Selective synthesis of 3-substituted
pyrrolidinones by enol-Passerini and anomalous enol-Passerini
condensations. Org Lett 20:3875-3878. https://doi.org/10.1021/
acs.orglett.8b01462

Bornadiego A, Neo AG, Marcos CF (2021) Synthesis of
chromeno[3,4-b]piperazines by an enol-Ugi/reduction/cycliza-
tion sequence. Molecules 26:1287—-1304. https://doi.org/10.3390/
molecules26051287

Echemendia R, Da Silva GP, Kawamura MY, De La Torre AF,
Corréa AG, Ferreira MAB, Rivera DG, Paixao MW (2019) A
stereoselective sequential organocascade and multicomponent
approach for the preparation of tetrahydropyridines and chi-
meric derivatives. Chem Commun 55:286-289. https://doi.org/
10.1039/c8cc06871b


https://doi.org/10.1002/jlac.1991199101193
https://doi.org/10.1002/jlac.1991199101193
https://doi.org/10.1080/00304949209355696
https://doi.org/10.1080/00304949209355696
https://doi.org/10.1055/s-2003-40525
https://doi.org/10.1016/j.tetlet.2005.09.071
https://doi.org/10.1016/j.tetlet.2005.09.071
https://doi.org/10.1016/j.tetlet.2004.11.041
https://doi.org/10.1016/j.tetlet.2004.11.041
https://doi.org/10.1039/b607358a
https://doi.org/10.1007/s11030-010-9277-y
https://doi.org/10.1007/s11030-010-9277-y
https://doi.org/10.1055/s-0029-1218609
https://doi.org/10.1016/j.tetlet.2009.07.115
https://doi.org/10.1055/s-0030-1258239
https://doi.org/10.1055/s-0030-1258239
https://doi.org/10.1016/j.tetlet.2009.05.017
https://doi.org/10.1016/j.tetlet.2009.05.017
https://doi.org/10.1016/j.tet.2009.04.080
https://doi.org/10.1021/ol203175a
https://doi.org/10.1021/ol203175a
https://doi.org/10.1016/j.tet.2016.09.054
https://doi.org/10.1016/j.tet.2016.09.054
https://doi.org/10.1039/c6ra11469e
https://doi.org/10.1039/P19960000229
https://doi.org/10.1039/P19960000229
https://doi.org/10.1007/s11030-009-9175-3
https://doi.org/10.1002/anie.200502636
https://doi.org/10.1021/ol302976g
https://doi.org/10.1055/s-0034-1380436
https://doi.org/10.1055/s-0034-1380436
https://doi.org/10.3998/ark.5550190.p009.775
https://doi.org/10.3998/ark.5550190.p009.775
https://doi.org/10.1016/j.tetlet.2011.11.077
https://doi.org/10.1016/j.tetlet.2011.11.077
https://doi.org/10.3184/174751915x14266899341593
https://doi.org/10.5012/bkcs.2012.33.1.39
https://doi.org/10.1080/00397911.2018.1551548
https://doi.org/10.1080/00397911.2018.1551548
https://doi.org/10.1055/s-0036-1558962
https://doi.org/10.1021/acs.orglett.8b01462
https://doi.org/10.1021/acs.orglett.8b01462
https://doi.org/10.3390/molecules26051287
https://doi.org/10.3390/molecules26051287
https://doi.org/10.1039/c8cc06871b
https://doi.org/10.1039/c8cc06871b

Molecular Diversity

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Echemendia R, de La Torre AF, Monteiro JL, Pila M, Correa AG,
Westermann B, Rivera DG, Paixao MW (2015) Highly stereose-
lective synthesis of natural-product-like hybrids by an organo-
catalytic/multicomponent reaction sequence. Angew Chem Int
Ed 54:7621-7625. https://doi.org/10.1002/anie.201412074

van Leusen AM, Siderius H, Hoogenboom BE, van Leusen D
(1972) A new and simple synthesis of the pyrrole ring system
from Michael acceptors and tosylmethylisocyanides. Tetrahedron
Lett 13:5337-5340. https://doi.org/10.1016/S0040-4039(01)
85244-8

Barton DHR, Kervagoret J, Zard SZ (1990) A useful synthesis
of pyrroles from nitroolefins. Tetrahedron 46:7587-7598. https://
doi.org/10.1016/S0040-4020(01)89069-4

Ono N, Muratani E, Ogawa T (1991) Preparation of 2-formyl-
4-nitropyrroles. J Heterocycl Chem 28:2053-2055. https://doi.
org/10.1002/jhet.5570280846

Delvalle JL, Polo C, Torroba T, Marcaccini S (1995) A short syn-
thesis of C-glycosyl pyrazoles and pyrroles. J Heterocycl Chem
32:899-901. https://doi.org/10.1002/jhet.5570320337

ten Have R, Leusink FR, van Leusen AM (1996) An efficient
synthesis of substituted 3(4)-nitropyrroles from nitroalkenes and
tosylmethyl isocyanides. Synthesis 1996:871-876. https://doi.
org/10.1055/s-1996-4306

Krishna PR, Reddy VVR, Sharma GVM (2003) A versatile
protocol for the synthesis of oxazole and 3-nitro/3-carbethoxy
pyrrole C-nucleosides using TOSMIC. Synlett 2003:1619—
1622. https://doi.org/10.1055/s-2003-41007

Krishna PR, Reddy VVR, Srinivas R (2007) A new synthetic
route to oxazole and pyrrole 2-deoxy-C-ribosides. Tetrahedron
63:9871-9880. https://doi.org/10.1016/j.tet.2007.06.110
Bossio R, Marcaccini S, Pepino R (1986) A novel class of
nitrile ylide. Tetrahedron Lett 27:4643—-4646. https://doi.org/
10.1016/S0040-4039(00)85027-3

Bossio R, Marcaccini S, Paoli P, Pepino R, Polo C (1990)
Studies on isonitriles and related compounds - synthesis of
1H-pyrrole and 1H-imidazole derivatives via 1,3-dipolar
cycloaddition. Heterocycles 31:1855-1860. https://doi.org/
10.3987/COM-90-5529

Ito Y, Kato H, Saegusa T (1982) A new approach for stereose-
lective synthesis of y-butyrolactones. J Org Chem 47:741-743.
https://doi.org/10.1021/jo00343a030

Chatani N, Oshita M, Tobisu M, Ishii Y, Murai S (2003) A
GaCl;-catalyzed [4+1] cycloaddition of «, B-unsaturated
carbonyl compounds and isocyanides leading to unsaturated
y-lactone derivatives. J] Am Chem Soc 125:7812-7813. https://
doi.org/10.1021/ja035014u

Yavari I, Shaabani A, Maghsoodlou MT (1997) On the reaction
between alkyl isocyanides and 3-benzylidene-2,4-pentanedi-
one. A convenient synthetic route to densely functionalized
furans. Monatsh Chem 128:697-700

Quai M, Frattini S, Vendrame U, Mondoni M, Dossena
S, Cereda E (2004) 5-hydroxy-2H-pyrrol-2-ones and not
2-aminofurans are the cycloaddition products between alkyl
isocyanides and benzyliden-1,3-diketones. Tetrahedron Lett
45:1413-1416

Neo AG, Bornadiego A, Diaz J, Marcaccini S, Marcos CF (2013)
Elusive 2-aminofuran Diels-Alder substrates for a straightfor-
ward synthesis of polysubstituted anilines. Org Biomol Chem
11:6546-6555. https://doi.org/10.1039/c30b41411f
Bornadiego A, Diaz J, Marcos CF (2014) Synthesis of 4-ami-
noxanthones by an uncatalyzed, multicomponent reaction. Adv
Synth Catal 356:718-722. https://doi.org/10.1002/adsc.20130
0750

Bornadiego A, Diaz J, Marcos CF (2015) Regioselective tandem
[4+1]-[4+2] synthesis of amino-substituted dihydroxanthones

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

and xanthones. J Org Chem 80:6165-6172. https://doi.org/10.
1021/acs.joc.5b00658

Bornadiego A, Diaz Alvarez J, Marcos FC (2019) Tandem
synthesis of 4-aminoxanthones is controlled by a water-assisted
tautomerization: A general straightforward reaction. Org Biomol
Chem 17:1410-1422. https://doi.org/10.1039/C80B02527D
Teimouri MB, Mohammadnia S (2018) Reaction between alkyl
isocyanides and 3-formylchromones in the presence of monocy-
clic unsaturated acyl compounds: competition between Friedel-
Crafts acylation and Diels-Alder cycloaddition. Tetrahedron
74:1767-1775. https://doi.org/10.1016/j.tet.2018.01.054
Teimouri MB, Savadjani ZB, Shiri M, Bikas R, Naderi S (2022)
Combining cycloaddition reactions for the one-pot synthesis of
novel xanthoquinone dyes. Dyes Pigm 199:110106. https://doi.
org/10.1016/j.dyepig.2022.110106

Bornadiego A, Diaz J, Marcos CF (2019) Direct multicompo-
nent synthesis of benzocoumarins. Peer J Organic Chem 1:e1-14.
https://doi.org/10.7717/peerj-ochem. 1

Men Y, Hu Z, Dong J, Xu X, Tang B (2018) Formal [1+2+3]
annulation: Domino access to carbazoles and indolocarbazole
alkaloids. Org Lett 20:5348-5352. https://doi.org/10.1021/acs.
orglett.8b02266

Dong J, Zhang D, Men Y, Zhang X, Hu Z, Xu X (2019) [14+2+3]
annulation as a general access to indolo[3,2-b]carbazoles: Syn-
thesis of malasseziazole C. Org Lett 21:166—169. https://doi.org/
10.1021/acs.orglett.8b03646

Bornadiego A, Diaz J, Marcos CF (2019) Tandem synthesis of
polycyclic isoindoles. J Org Chem 84:7426-7433. https://doi.
org/10.1021/acs.joc.9b00381

Gelman M, Massarano T, Lavi R, Byk G (2018) A new mul-
ticomponent reaction MCR4 for the synthesis of analogs of
staurosporine. Curr Org Chem 22:505-517. https://doi.org/10.
2174/1385272821666170817110101

HuZ,MenY, Xu Z, Wu T, Xu X, Tang B (2020) A catalyst-
free aqueous mediated multicomponent reaction of isocyanide:
Expeditious synthesis of polyfunctionalized cyclo[b]fused
mono-, di- and tricarbazoles. Organic Chem Front 7:3720—
3726. https://doi.org/10.1039/d0qo01095b

Hu Z, Dong J, Li Z, Yuan B, Wei R, Xu X (2018) Metal-free
triple annulation of ene—yne—ketones with isocyanides: Dom-
ino access to furan-fused heterocycles via furoketenimine. Org
Lett 20:6750-6754. https://doi.org/10.1021/acs.orglett.8b028
70

Diaz-Alvarez J, Neo AG, Carrillo RM, Garrido L, Delgado
J, Marcos CF (2008) Synthesis of furochromones by [4+1]
cycloaddition of 3-formylchromone with isocyanides 1st Portu-
guese Young Chemist Meeting (1stPYCheM). Instituto Superior
Técnico de Lisboa, Lisbon (Portugal), p 79

Diaz Alvarez J, Carrillo RM, Garrido L, Neo AG, Delgado J,
Jover A, Marcaccini S, Marcos CF (2009) Synthesis of fluores-
cent chemosensors based in chromone core 16th European Sim-
posium on Organic Chemistry (ESOC 2009). Institute of Organic
Chemistry and Biochemistry Academy of Sciences of the Czech
Republic, Prague (Czech Republic ), p 170

Neo AG, Garrido L, Diaz J, Marcaccini S, Marcos CF (2012)
Furo [3,4-b] chromones, and not pyrano [3,4-b] chromones, are
obtained by the reaction of 3-formylchromones with isocyanides.
Synlett 2012:2227-2230. https://doi.org/10.1055/s-0032-13170
32

Panja SK, Maiti S, Banerjee S (1914) Bandyopadhyay C (2010)
One-pot synthesis of pyrano[3,4-b]chromones from chromone-
3-carbaldehyde. Synlett 2010:1909. https://doi.org/10.1055/s-
0030-1258496

Panja SK, Maiti S, Drew MGB, Bandyopadhyay C (2011) One-
pot three component reaction involving cyclohexyl isocyanide for

@ Springer


https://doi.org/10.1002/anie.201412074
https://doi.org/10.1016/S0040-4039(01)85244-8
https://doi.org/10.1016/S0040-4039(01)85244-8
https://doi.org/10.1016/S0040-4020(01)89069-4
https://doi.org/10.1016/S0040-4020(01)89069-4
https://doi.org/10.1002/jhet.5570280846
https://doi.org/10.1002/jhet.5570280846
https://doi.org/10.1002/jhet.5570320337
https://doi.org/10.1055/s-1996-4306
https://doi.org/10.1055/s-1996-4306
https://doi.org/10.1055/s-2003-41007
https://doi.org/10.1016/j.tet.2007.06.110
https://doi.org/10.1016/S0040-4039(00)85027-3
https://doi.org/10.1016/S0040-4039(00)85027-3
https://doi.org/10.3987/COM-90-5529
https://doi.org/10.3987/COM-90-5529
https://doi.org/10.1021/jo00343a030
https://doi.org/10.1021/ja035014u
https://doi.org/10.1021/ja035014u
https://doi.org/10.1039/c3ob41411f
https://doi.org/10.1002/adsc.201300750
https://doi.org/10.1002/adsc.201300750
https://doi.org/10.1021/acs.joc.5b00658
https://doi.org/10.1021/acs.joc.5b00658
https://doi.org/10.1039/C8OB02527D
https://doi.org/10.1016/j.tet.2018.01.054
https://doi.org/10.1016/j.dyepig.2022.110106
https://doi.org/10.1016/j.dyepig.2022.110106
https://doi.org/10.7717/peerj-ochem.1
https://doi.org/10.1021/acs.orglett.8b02266
https://doi.org/10.1021/acs.orglett.8b02266
https://doi.org/10.1021/acs.orglett.8b03646
https://doi.org/10.1021/acs.orglett.8b03646
https://doi.org/10.1021/acs.joc.9b00381
https://doi.org/10.1021/acs.joc.9b00381
https://doi.org/10.2174/1385272821666170817110101
https://doi.org/10.2174/1385272821666170817110101
https://doi.org/10.1039/d0qo01095b
https://doi.org/10.1021/acs.orglett.8b02870
https://doi.org/10.1021/acs.orglett.8b02870
https://doi.org/10.1055/s-0032-1317032
https://doi.org/10.1055/s-0032-1317032
https://doi.org/10.1055/s-0030-1258496
https://doi.org/10.1055/s-0030-1258496

Molecular Diversity

275.

276.

2717.

278.

the synthesis of furo[3,4-b]chromenes. ] Chem Res 35:225-228.
https://doi.org/10.3184/174751911X13015945166625
Teimouri MB (2011) Serendipitous stereoselective synthesis of
brand-new fluorescent dyes: (1 Z)-3-(alkylimino)-1-[(chromone-
3-yl)methylene]-1,3-dihydro-9A-furo[3,4-b]chromen-9-one-type
fluorophores with blue fluorescence emission properties. Tetra-
hedron 67:1837-1843. https://doi.org/10.1016/j.tet.2011.01.033
Terzidis MA, Tsiaras VG, Drosos NM, Kasapidou PM, Stephani-
dou-Stephanatou J, Tsoleridis CA, Buth G, Kostakis GE (2014)
Chromeno[2,3-c]pyrroles by one-pot multicomponent domino
addition—amination reaction. Tetrahedron Lett 55:5601-5604.
https://doi.org/10.1016/j.tetlet.2014.08.048

Teimouri MB, Zolfaghari F, Naderi S (2017) Furochromone-
isatin conjugates via an uncatalyzed diastereoselective [4+1]
cycloaddition/tautomerization/Friedel-Crafts hydroxyalkyla-
tion domino reaction. Tetrahedron 73:262-271. https://doi.org/
10.1016/j.tet.2016.12.010

Teimouri MB, Mokhtare Z, Khavasi HR (2021) Uncatalyzed
diastereoselective synthesis of alkyliminofurochromone-derived
benzylmalononitriles via a three-component cascade reaction:
Competition between Diels-Alder cycloaddition and Michael
addition. Org Biomol Chem 19:2517-2525. https://doi.org/10.
1039/d00b02540b

@ Springer

279.

280.

281.

Teimouri MB, Batebi E, Mohammadnia S, Khavasi HR (2021)
Water-controlled selectivity switch in a multicomponent reac-
tion: One-pot stereoselective synthesis of (acyloxymethylidene)
chromonyl-furochromones and amido-(acyloxymethylidene)
chromones. Tetrahedron 96:132374. https://doi.org/10.1016/j.
tet.2021.132374

Neo AG, Diaz J, Marcaccini S, Marcos CF (2012) Conjugate
addition of isocyanides to chromone 3-carboxylic acid: an effi-
cient one-pot synthesis of chroman-4-one 2-carboxamides. Org
Biomol Chem 10:3406-3416. https://doi.org/10.1039/c20b0
7011a

Shaabani A, Soleimani E, Rezayan AH, Sarvary A, Khavasi HR
(2008) Novel isocyanide-based four-component reaction: a facile
synthesis of fully substituted 3,4-dihydrocoumarin derivatives.
Org Lett 10:2581-2584. https://doi.org/10.1021/01800856¢

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


https://doi.org/10.3184/174751911X13015945166625
https://doi.org/10.1016/j.tet.2011.01.033
https://doi.org/10.1016/j.tetlet.2014.08.048
https://doi.org/10.1016/j.tet.2016.12.010
https://doi.org/10.1016/j.tet.2016.12.010
https://doi.org/10.1039/d0ob02540b
https://doi.org/10.1039/d0ob02540b
https://doi.org/10.1016/j.tet.2021.132374
https://doi.org/10.1016/j.tet.2021.132374
https://doi.org/10.1039/c2ob07011a
https://doi.org/10.1039/c2ob07011a
https://doi.org/10.1021/ol800856e

	Stefano Marcaccini: a pioneer in isocyanide chemistry
	Abstract
	Graphical abstract

	Introduction
	Synthesis of heterocycles from bifunctional isocyanides
	Isocyanoacetate derivatives
	Isocyanoacetamide derivatives
	2,2’-Diethoxy-isocyanoethane
	Alkyl (Z)-3-(dimethylamino)-2-isocyanoacrylates
	2-Isocyanothioanisole

	Intramolecular Ugi and Passerini reactions
	Post-condensation transformations of Passerini and Ugi adducts
	Enolisation of the peptidyl hydrogen
	Amide NH as nucleophile
	Amine NH as nucleophile on adducts of the hydrazoic acid variant of the Ugi reaction

	Additional nucleophilic groups
	Nitrogen nucleophiles
	Carbon nucleophiles
	Nucleophilic groups introduced with external reagents

	Adduct cleavage
	Ugi reactions with phenols
	Enol-Ugi reactions
	Cycloaddition reactions of isocyanides
	[3 + 2] Cycloadditions of bifunctional isocyanides
	[4 + 1] Cycloadditions of isocyanides

	Conclusions
	Acknowledgements 
	References


