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In times of steadily increasing relevance of sustainability and
environmental concern, the concept of multicomponent reac-
tions (MCRs) [1] has become a particularly powerful principle
of synthetic design, combining synthetic efficiency with
conceptual efficacy. The importance of rapid lead finding and
identification has demanded novel ways of synthetic ap-
proaches, ultimately approaching the ideal synthesis [2,3]. As
an evergreen in organic chemistry MCRs never became old-
fashioned or tedious, because they always inspire creative
spirits by following the fundamental quest: more than two com-
pounds are reacted in a one-pot fashion to form two or more
bonds. This fundamental principle, recognized by Ugi's ground-
breaking developments in isonitrile-based chemistry directly
leads to one-pot methodologies as a reactivity-based concept
[4]. Reactive functionalities that are repetitively being gener-
ated and transformed represent the basis of the underlying
general principle. Therefore, MCRs are equally intriguing for
industrial applications as exciting and stimulating for academia,
especially, for approaching new shores of interdisciplinarity by
concatenating elementary steps to new sequences and ulti-

mately to complex functional molecules in a one-pot fashion.
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This thematic issue on multicomponent reactions proceeds the
previously released issues from 2011 and 2014 [5,6]. Moreover,
by the majority of the contributing authors it also becomes a
vivid testimony of last year's 7th International Conference on
Multicomponent Chemistry and Related Reactions that was
held in Diisseldorf, Germany [7]. All contributions in this issue
report or summarize recent developments of this highly
dynamic field in a snap shot fashion. The agenda broadly spans
over modern synthetic chemistry, from isonitrile and condensa-
tion-based MCRs over metal-catalyzed and mediated se-
quences to algorithms of synthetic efficiency. Biologically and
pharmaceutically relevant scaffolds are likewise tackled as
chromophores, methodology development and conceptual
design of macro(hetero)cycles go hand in hand with MCR-
based heterocyclic chemistry. As in the previous thematic issues
also this issue opens the actual field of MCR chemistry to a
broader interested community by five reviews on MCR based
concepts.

As the guest editor of this thematic issue in the Beilstein
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dedicated and excellent scientists, for sharing their exciting
findings and, in particular, I am grateful to the staff of the
Beilstein-Institut for their excellent support and professional re-

alization.
Thomas J. J. Miiller
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The sequential three-component reaction between o-hydroxybenzaldehydes, N-(cyanomethyl)pyridinium salts and a nucleophile
towards substituted chromenoimidazopyridines under oxidative conditions has been developed. The employment of

Mn(OAc)3-2H70 or KMnOy as stoichiometric oxidants allowed the use of a wide range of nucleophiles, such as nitromethane,

(aza)indoles, pyrroles, phenols, pyrazole, indazole and diethyl malonate. The formation of the target compounds presumably

proceeds through a domino Knoevenagel/cyclization/Michael addition/oxidative cyclization reaction sequence.

Introduction

Domino reactions are well recognized for their ability to effec-
tively synthesize organic compounds, as far as creating two and
more chemical bonds in one-step decreases waste, resources
and time, and makes the development of methodology of syn-

thesis in a domino fashion a substantial task [1]. Recently, much

attention in research was given to domino reactions with an oxi-
dation step, revealing possibilities for shifting the equilibrium
by making products more stable or in situ generating reactive
intermediates [2-13]. In its turn, multicomponent reactions

(MCRs), usually occurring as domino processes with three or
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more reactants mixed together, became a valuable tool for the
synthetic chemistry to produce diverse and complex com-
pounds in an efficient and sustainable way [14-17]. The use of
8], but
challenging due to difficulty to match the redox potentials of

oxidative conditions in MCRs was found to be useful [1

three or more reactants at a time and employment of a sequen-
tial one-pot strategy may become one of the reasonable solu-

tions.

The vast biological activity of the compounds, bearing the
imidazo[1,2-a]pyridine scaffold makes this heterocycle of great
importance to the fields of medicinal chemistry and biology
[19,20], illustrated by the marketed drugs, e.g., alpidem,
minodronic acid, olprinone, zolimidine (Figure 1) and some
recent examples of the imidazopyridines inhibiting tubulin po-
lymerization [21], NF-kB [22], aldosterone synthase [23], or
autotaxin [24]. Whereas many interesting approaches towards
the imidazo[1,2-a]pyridine core are being published nowadays
[25-30], this molecular entity is still a pursued synthetic target
and novel routes to diverse imidazopyridines are of value.
Another privileged scaffold for drug discovery is 2-amino-
chromene, which may be found in crolibulin, an antitumor
agent, undergoing phase II clinical trials [31], chromenotacrine
CT-6, a potential anti-Alzheimer agent [32], and pranoprofen, a

é e 3§ - @
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chromenotacrine CT6 crolibulin (EPC2407)
pranoprofen

Figure 1: Biologically relevant imidazo[1,2-a]pyridines and chromenes.
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marketed anti-inflammatory drug [33]. Combination of
chromene and imidazopyridine rings led to the discovery of
compound A with promising anticancer activity [34], thereby
showing the importance of this merged heterocyclic skeleton

(Figure 1).

The formation of the chromene and imidazole rings in a single-
step procedure was independently discovered by us [35,36] and
Proenga et al. [37,38], who identified 2-iminochromene 3 to be
the key intermediate of the domino sequence (Scheme 1, reac-
tion 1). Taking into account the capability of 2-iminochromenes
to perform as Michael acceptors [39-41], we envisioned the
diversification of the substitution pattern at the chromene ring
to be a realizable and an appealing target, complicated by the
need of an oxidant to fulfil the final aromatization. Following
our interest in domino [42,43] and MCR chemistry [44,45] and
taking an advantage of 2-iminochromene reactivity, herein we
report a sequential three-component domino reaction of salicyl-
aldehydes 2 and N-(cyanomethyl)pyridinium salts 1 with a
broad scope of nucleophiles to produce diversely substituted
valuable chromenoimidazopyridines under oxidative conditions

(Scheme 1, reaction 2).

) previous work:

CHO NayCOj; ag, -
@ EtOH N
| ¥
OH (
CN 1
- H,O O —HCI
(2) this work:
Et3N,
CF3CH,0OH
) NuH, oxidant

fe)”

1CI

(;ECHO m Q

) —HCl
- H,0 < Q o
‘ A
NH ¢

3
NuH = n—nucleophiles, CH acids, N-nucleophiles

Scheme 1: Domino formation of imidazopyridines and current work.

Results and Discussion

To prove the designed concept, the reaction between salicylal-
dehyde (2a), N-(cyanomethyl)pyridinium chloride (1) and nitro-
methane as a nucleophile was carried out in ethanol with tri-

ethylamine as a base under air atmosphere in a two-step
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fashion. Firstly, the quaternary salt was stirred with salicylalde-
hyde in the presence of triethylamine at 0 °C for 30 min, and
secondly nitromethane (10 equiv) was added and the mixture
was refluxed for 2 h in an open vessel. As a result, the desired
product 5a was isolated in trace amounts as a mixture with
compound 4 (Table 1, entry 1). Performing the first step under
cooling was found to be essential to avoid cyclization of
2-iminochromene intermediate 3 into the two-component reac-
tion product 4. It is worth noting, that the conversion of 3 to 4 is
a constant side reaction, occurring even at rt and complicating
the process. Since the air oxygen was not enough to deliver the
needed cyclization, we started to look for an appropriate
oxidant. The addition of 1.1 equiv diacetoxyiodobenzene
(PIDA) as an external oxidant on the second step and changing
the solvent to trifluoroethanol allowed the isolation of the
desired product 5a with 25% yield after 2 h reflux (Table 1,

Table 1: Optimization of reaction conditions with nitromethane nucleophile.

Beilstein J. Org. Chem. 2018, 14, 3078-3087.

entry 2), while leaving the reaction at rt for 7 days gave the
compound Sa with 30% yield (Table 1, entry 3). Further
screening of the oxidants revealed, that the use of molecular
iodine gave the desired product with 27% yield (Table 1, entry
4), while employment of NaOCl, NalO4, MnO,, H,0,, or
Cul/TBHP was not effective and led to the formation of com-
plex mixtures (Table 1, entries 5-9), and use of CAN did not
promote the reaction (Table 1, entry 10). The use of KMnOy
which is known as a classical oxidant for pyridine amination
[46], gave desired chromenoimidazopyridine 5a with admis-
sible 47% yield (Table 1, entry 11). The yield of 54% was
achieved with Mn(OAc)3-2H,0 (Table 1, entry 12), while in-
creasing the reaction time of the first step gave product Sa with
good 64% yield (Table 1, entry 13). The use of EtOH as a sol-
vent was found inappropriate, as the yield was decreased by
21% (Table 1, entry 14), and reducing the amount of nitro-

/O | (‘B\ NOZ
o
| NI OH C(P N 10 equiv CH3NO, NQ
_—
& ?\?/ 0°C A oxidant | N
/ conditions (1) 0 conditions (1) 0
NZ
1 2a 5a
L 3 _

entry  conditions (I) oxidant (equiv) conditions (I1) yield of 5a (%)
1 Et3N (1 equiv), 0 °C, EtOH, 0.5 h no oxidant reflux, 2 h traces
2 Et3N (1 equiv), 0 °C, TFE, 0.5 h PIDA (1.1 equiv) Et3N (2 equiv), reflux, 2 h 25
3 Et3N (1 equiv), 0 °C, TFE, 0.5 h PIDA (1.1 equiv) Et3N (2 equiv), rt, 7 days 30
4 Et3N (0.2 equiv), 0 °C, TFE, 1 h I> (1 equiv) Et3N (0.8 equiv), reflux, 1 h 27
5 Et3N (1 equiv), 0 °C, TFE, 0.5 h NaOCI (5% aq, 3 equiv) Et3N (1 equiv), reflux, 1 h complex mixture
6 Et3N (1 equiv), 0 °C, TFE, 0.5 h NalO4 (0.5 equiv) Et3N (1 equiv), reflux, 1 h complex mixture
7 Et3N (1 equiv), 0 °C, TFE, 0.5 h MnO5 (2 equiv) Et3N (1 equiv), reflux, 1 h complex mixture
8 Et3N (1 equiv), 0 °C, TFE, 0.5 h 33% aq H202 (2 equiv) Et3N (1 equiv), reflux, 1 h complex mixture
9 EtsN (1 equiv), 0 °C, TFE, 0.5 h (Czuéé%il%qo‘ﬂ,'/;’g:?”P EtsN (1 equiv), reflux, 1 h complex mixture
10 Et3N (1 equiv), 0 °C, TFE, 0.5 h CAN (2 equiv) Et3N (1 equiv), reflux, 1 h -
11 Et3N (0.2 equiv), 0 °C, TFE, 1 h KMnOy4 (1 equiv) Et3N (0.8 equiv), reflux, 1 h 47
12 Et3zN (1 equiv), 0 °C, TFE, 0.5 h Mn(OAc)3-2H50 (2 equiv) Et3N (1 equiv), reflux, 1 h 54
13 Et3N (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H,0 (2 equiv) Et3N (1.8 equiv), reflux, 1 h 64
14 Et3N (0.2 equiv), 0 °C, ETOH dry, 1 h  Mn(OAc)3-2H50 (2 equiv) Et3N (1.8 equiv), reflux, 1 h 43
152 Et3N (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H20 (2 equiv) Et3N (1.8 equiv), reflux, 1 h 59
16 DIPEA (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H20 (2 equiv) DIPEA (1.8 equiv), reflux, 1 h 55
17 DABCO (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H,0 (2 equiv) DABCO (1.8 equiv), reflux, 1 h 42
18 K2CO3 (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H,0 (2 equiv) K2CO3 (1.8 equiv), reflux, 1h 36
19 Et3N (0.2 equiv), 0 °C, TFE, 1 h Mn(OAc)3-2H20 (2 equiv) Et3N (3.8 equiv), reflux, 1 h 64

a5 equiv CH3NO, was used instead of 10 equiv.
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methane lowered the yield by 5% (Table 1, entry 15). Use of
DIPEA (Table 1, entry 16), DABCO (Table 1, entry 17) or
K,CO3 (Table 1, entry 18) did not increase the yield of 5a. In-
creasing the amount of Et3N to 3.8 equiv at the second step
allowed to suppress the formation of byproduct 22 (Scheme 6,
reaction 2, IV) and simplified the isolation of 5a (Table 1, entry
19, further referred to as optimal conditions), probably due to

improved solubility of manganese salt.

To understand the scope of this three-component reaction of
nitromethane, the optimized conditions were used with differ-
ent o-hydroxybenzaldehydes to prepare products 5a—h with
37-68% yields, displaying tolerance to diverse substitution
patterns in the aldehyde component (Scheme 2).

According to the literature [47-52], the introduction of an indole
core into a chromene moiety is an appealing task, which
prompted us to investigate the possibility to use this nucleo-
phile in the discovered process. The previously optimized
conditions worked nicely for the reaction of N-(cyanomethyl)-

pyridinium chloride, o-hydroxybenzaldehyde and indole, pro-

Beilstein J. Org. Chem. 2018, 14, 3078-3087.

ducing the desired compound 6a with good 77% yield
(Scheme 3, footnote a). Unfortunately, the employment of
N-methylindole resulted in the formation of the inseparable
mixture of the target compound 6b and the two-component
reaction product 4 (Scheme 3, footnote b), showing the need for
more general reaction conditions. It occurred that the use of
KMnOy as an oxidant was advantageous, though giving 6a with
a slightly lower yield of 69%, but furnishing N-methylindole
product 6b with 54% (Scheme 3, footnote c). Further investiga-
tion of the reaction scope gave rise to a series of diversely
substituted chromenoimidazopyridines 6c—k, demonstrating
high synthetic potential of the transformation (Scheme 3).

To show the generality of the chosen oxidant, broad scope of
nucleophiles was tested under selected conditions. Thus,
employment of pyrrole as a nucleophile gave product 7a in
43% yield, and N-methylpyrrole facilitated desired compound
7b in 23% yield (Scheme 4). Isomeric 5-, 6- and 7-azaindoles
were found to be appropriate nucleophiles too, producing the
corresponding molecules 8-10, in 60%, 53% and 49% yields,
respectively.

1.0.2 equiv Et3N, 0 °C

0 TFE,1h
- 2. 10 equiv CH3NO, NO,
X xo-OH 2 equiv Mn(OAc)3-2H,0 —
| o) + | y 3. 8 equiv Et3N, reflux, 1 h f\ | NQ
N /
© k R / 0 N
Cl Nen R
1 2a-h 5a—-h
@& & tﬁ & @& &
5a 64% 5b 53% Et 5¢c57%
@& & W@ﬁi = Bf@& &
5d 58% Cl 5e44% 5f 45%

NO; O NG
c0 0" N o” N

59 37% 5h 68%

Scheme 2: Scope of the reaction between N-(cyanomethyl)pyridinium chloride, o-hydroxybenzaldehydes, and nitromethane.
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1.0.2 equiv EtzN, 0°C, TFE, 1 h
2. 3 equiv indole, 1 equiv KMnOy4
reflux, 0,8 equiv Et3N, 1 h

e
6j 41%

6i 56%

Scheme 3: Scope of the reaction of o-hydroxybenzaldehydes with N-(cyanomethyl)pyridinium chloride and indoles. 2 equiv Mn(OAc)3-2H,0 was
used as an oxidant at step 2; Pisolated as inseparable mixture with 4; Cstep 2 performed at 0 °C for 5 days.

Such well-known m-nucleophiles as phenols could be used for
the reaction, though 3-methoxyphenol and 3,5-dimethoxy-
phenol gave inseparable mixtures of regioisomers 11a and 11b
(NMR, LCMS). The reactions with p-isopropyl- and p-tert-
butylphenols gave only one isomer, but the yields of the corre-
sponding products 11¢ and 11d were low. Employed as
N-nucleophiles, pyrazole and benzopyrazole successfully
formed products 12 and 13, correspondingly, with moderate
yields. The possibility to employ CH-acids as nucleophiles was
finally demonstrated on diethyl malonate, providing com-
pounds 14a—c in 40-58% yields.

To conclusively reveal the scope of the reaction, we exploited
N-cyanomethyl quaternary salts of fused thieno[2,3-c]pyridine
15 and 1-methyl-6-azaindole 16 in this transformation.
Therefore, annulated chromenoimidazoles 17-20 were effec-
tively produced in a sequential three-component manner
(Scheme 5).

The structures of the synthesized compounds 5a-h, 6a—k, 7-14,
17-20 were confirmed by 'H, !13C NMR, IR spectroscopy and
HRMS spectra (see Supporting Information File 1 for details).
The structure of the compound 7b was unambiguously deter-
mined by a single crystal X-ray diffraction study (Figure 2).

The sequential domino reaction presumably starts with the
Knoevenagel condensation of o-hydroxybenzaldehyde and
N-(cyanomethyl)pyridinium salt forming styryl derivative A,
which undergoes intramolecular cyclization to give 2-imino-
chromene salt 3. Subsequent treatment of the reaction mixture
with nucleophile, oxidant and a base leads to the Michael addi-
tion on C(4) of the chromene ring to produce 2-aminochromene
B with incorporated nucleophilic moiety. Further cyclization
and deprotonation furnishes anion C, which is easily oxidized to
final product 5 (Scheme 6, reaction 1). The key 2-imino-
chromene intermediate 3 may be isolated as a perchlorate salt

with 80% yield (Scheme 6, reaction 2). To confirm the reaction
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1. 0.2 equiv Et3N
0°C, TFE, 1h
2. 3 equiv NuH
= 1 equiv KMnOy4
OH reflux, 0.8 equiv
Et;N

7a, b2 o
7a:R=H, 43%
7b: R = Me, 23%

11a61%

11b 29%
NMR, ESIMS: m/z 345 [M + H]*

.
N p—
N o” N

11d® 18% 12 56%

EtO,C.__CO,Et

Beilstein J. Org. Chem. 2018, 14, 3078-3087.

NMR, ESIMS: m/z 375 [M + H]*

11c? 14%

)
N,
N —
@fi@
|-
o) N

13 37%

R3 —
R2 N ) 14 R'=R2=R3=H, 58%
N, 14b: R' = H, R2= OMe, R®=H, 52%
R! o~ N Z s 40%

14c: R'=H,R2=R3=
14a—cP -

Scheme 4: Scope of the nucleophiles in the reaction of o-hydroxyarylaldehydes with N-(cyanomethyl)pyridinium chloride and various nucleophiles.

aThe second step was performed at 0 °C, for 5-8 days; P1 equiv EtO,CCH,COEt was used at the first step at 0 °C for 2 days, after which KMnOy4

was added and the reaction mixture was refluxed for 1 h.
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1. 0.2 equiv EtzN
0°C,TFE,1h
2. 3 equiv NuH

1 equiv KMnOy4
0.8 equiv Et3N = A
reflux, 1 h Nu |

&

CN
15y=s 2a
16 Y = NMe

17 57%

0
(/ o | N/ S

19 37%

N
)N
o

NC /T
O|N/ S

18 43%

gego

20 30%

Scheme 5: N-(Cyanomethyl)thieno[2,3-c]pyridinium chloride (15) and 6-(cyanomethyl)-1-methyl-1H-pyrrolo[2,3-c]pyridin-6-ium chloride (16) in reac-
tions with salicylaldehyde and different nucleophiles. 2Second step was performed at 0 °C, for 7 days; 10 equiv of CH3NO, was used.

C(12A)

Figure 2: General view of the molecule 7b in the crystal state (CCDC
1849215). Anisotropic displacement parameters are drawn at 50%
probability.

pathway, perchlorate 3 was converted into the product 5a under

the standard conditions with 71% yield (Scheme 6, reaction 2,

I). Without an external oxidant, the reaction of perchlorate 3

with nitromethane fails to give the desired product, while com-

pound 21, arisen from nucleophilic attack on pyridinium
moiety, was the only isolated material (Scheme 6, reaction 2,
IT). Without a nucleophile, the perchlorate 3 was confidently
converted into the product 4 with 81% yield (Scheme 6, reac-
tion 2, III). The importance of the base on a second step of the
transformation and its involvement in the oxidation part was
affirmed experimentally. Thus, when the reaction was per-
formed under the standard conditions, but no triethylamine was
added at the second step, target product 5a was not observed,
and compound 22 was isolated in trace amounts. Its formation
may be explained by an initial nucleophilic addition of water to
intermediate chromene 3, oxidation to keto-derivative and con-
densation with nitromethane (Scheme 6, reaction 2, IV).

Conclusion

In conclusion, we have developed a practical route towards
substituted chromenoimidazopyridines through a sequential
three-component domino Knoevenagel/cyclization/Michael ad-
dition/oxidative cyclization reaction, employing cheap and
abundant oxidants. The discovered process works in a broad
substrate scope with special emphasis to the tolerance to a wide
range of nucleophiles, despite high proximity of the nucleo-
philic and reductive properties. We presume the transformation

finds its place in the diversity-oriented synthesis toolbox to
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(1) _ _
1. 0.2 equiv EtzN ® | @N Il | 2.NuH
(ICHO ) TFE.0°C,1h (\I(‘\/N X @I X base
OH ( OH 07 NH NHz
2a 1 L A . L 3 - - H -
dant Nu — Nu __
oxiaan NQ base N /
| — 0 |
- H -2e o) N) ] -H N H
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A family of N,N-bis(phosphinoylmethyl)amines bearing different substituents on the phosphorus atoms was synthesized by the

microwave-assisted and catalyst-free Kabachnik—Fields reaction of (aminomethyl)phosphine oxides with paraformaldehyde and

diphenylphosphine oxide. The three-component condensation of N, N-bis(phosphinoylmethyl)amine, paraformaldehyde and a

secondary phosphine oxide affording N, N, N-tris(phosphinoylmethyl)amine derivatives was also elaborated. This method is a novel

approach for the synthesis of the target products.

Introduction

a-Aminophosphine oxides are of considerable importance as
potential precursors of a-aminophosphine ligands [1].
a-Aminophosphines play an important role in the synthesis of
P(III)-transition metal complexes [2], which are often applied
catalysts in homogeneous catalytic reactions [2-4]. In addition,
a few Pt, Ru and Au complexes incorporating phosphine ligands

show significant anticancer activity [5,6].

One of the most common synthetic routes to a-aminophosphine
oxides is the Kabachnik—Fields (phospha-Mannich) reaction,
where an amine, an oxo compound (aldehyde or ketone) and a
secondary phosphine oxide react in a condensation reaction [1].
However, only a few papers deal with the synthesis of

a-aminophosphine oxides. (Phenylaminomethyl)dibenzylphos-
phine oxide was prepared by the three-component reaction of
aniline, paraformaldehyde and dibenzylphosphine oxide [7], as
well as by the reaction of (hydroxymethyl)dibenzylphosphine
oxide and aniline [8]. The condensation of butylamine, para-
formaldehyde and di(p-tolyl)phosphine oxide to afford (butyl-
aminomethyl)di(p-tolyl)phosphine oxide was also described [9].
A microwave (MW)-assisted, catalyst-free method was elabo-
rated by us for the synthesis of several (aminomethyl)phos-
phine oxides [10,11].

As regards a-aminophosphine oxides with different P-substitu-

ents, only two different types were reported. Olszewski and
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co-workers synthesized chiral thiazole-substituted aminophos-
phine oxides 2 through the Pudovik reaction of alkylphenyl-
phosphine oxides and the corresponding aldimine derivatives of
thiazole 1 (Scheme 1) [12].

Cherkasov and his group applied the Kabachnik—Fields reac-
tion to synthesize a P-chiral aminophosphine oxide with a
2-pyridyl substituent 3 (Scheme 2) [13].

Bis(aminophosphine oxide) derivatives were also prepared by
the double Kabachnik—Fields reaction using primary amines
[11,14,15], amino acids [16,17] or aminoethanol [14] as the
amine component.

To the best of our knowledge, only one example can be found
for a bis(a-aminophosphine oxide) containing different P-func-
tions that was prepared by the condensation of (octylamino-
methyl)dihexylphosphine oxide, paraformaldehyde and di(p-
tolyl)phosphine oxide in the presence of p-toluenesulfonic acid
in boiling acetonitrile (Scheme 3) [12].

Furthermore, tris(a-aminophosphine oxide) derivatives have not
been described in the literature up to now. In this paper, we
report the efficient, catalyst-free and MW-assisted synthesis of

CHO 25°C

DCM

RNH, + N s

R = n-Bu, Bn

Scheme 1: Synthesis of chiral thiazole-substituted aminophosphine oxides.
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N,N-bis(phosphinoylmethyl)amine and N, N, N-tris(phosphinoyl-
methyl)amine derivatives bearing different substituents on the

phosphorus atoms.

Results and Discussion
Synthesis of N,N-bis(phosphinoyl-
methyl)alkylamines containing different

substituents on the phosphorus atoms

First, the (aminomethyl)phosphine oxide starting materials 5-7
were synthesized following our previous protocol [11]. Thus,
the MW-assisted Kabachnik—Fields reaction of primary amines
(butyl-, cyclohexyl- or benzylamine), paraformaldehyde and
di(p-tolyl)- or dibenzylphosphine oxide was carried out in
acetonitrile at 100 °C for 1 h affording the products with excel-
lent yields (Scheme 4).

Then, (aminomethyl)diphenylphosphine oxide (9) was pre-
pared through debenzylation of (benzylaminomethyl)di-
phenylphosphine oxide (8, Scheme 5). The reduction was
carried out in the presence of a 10% palladium on carbon cata-
lyst (Selcat Q), in methanol, at 75 °C for 3 h, and the (amino-
methyl)diphenylphosphine oxide (9) was obtained in a yield of
47% after column chromatography.

YPhP(O)H 2.Ph
R—-N=CH 110 °C R-NH-CH—P_
N7 s PhMe N”"s
o \_/
Y = Me, n-Bu
1 2
57-67%

110 °C 0
@NH +  HCHO R PISA @NH CH—B
2 + P —CHy—
\_/ H \C10H21 PhMe \_/ ) “CioHa
Scheme 2: Synthesis of a P-chiral aminophosphine oxide containing a 2-pyridyl moiety.
82°C cH _9/C6H13
CgH17~NH—CH E/CGH” + (HCHO), + OspAMeCefls - PTSA o Celtas
—NH— — 817~ 4-MeCgH
gH17 T n H M-MeCgH, MeCN “CHp—PZ e
Il ~4-MeCgHy
(0]
4
70%

Scheme 3: Condensation of (octylaminomethyl)dihexylphosphine oxide with paraformaldehyde and di(p-tolyl)phosphine oxide.
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o, Y
R=NH; * (HCHO), + P
Y
Scheme 4: Synthesis of (aminomethyl)phosphine oxides 5-7.
10% Pd/C
H,,12 bar
Q@ Ph 75°C,3h Q Ph
Bn-NH—CH,—P{ on HaN-CH— P,
8 9
47%

Scheme 5: Synthesis of (aminomethyl)diphenylphosphine oxide (9).

In the next step, (aminomethyl)phosphine oxides 57 were con-
verted to bis(phosphinoylmethyl)amine derivatives bearing dif-
ferent substituents at the phosphorous atoms (Y,P=0) by
reacting them with one equivalent of paraformaldehyde and
diphenylphosphine oxide under MW conditions (Scheme 6).
The three-component condensations were performed in the

absence of any catalyst in acetonitrile as the solvent to over-

Qv O _Ph
Ve AN
R-NH—CH,—P{,, + (HCHO), + | “ph
R = n-Bu (5), Cy (6), Bn (7)

Y = 4-MeCgHy (a), Bn (b)

Beilstein J. Org. Chem. 2019, 15, 469-473.

MW
100 °C, 1 h Qv
MoCN R-NH—CH,—P{,,

95-98%
R = n-Bu (5), Cy (6), Bn (7)
Y = 4-MeCgHy (a), Bn (b)

come the heterogeneity of the reaction mixture. After an irradia-
tion of 1 h at 100 °C, the mixed N,N-bis(phosphinoyl-
methyl)amines 10a,b, 11a,b and 12a,b were obtained in yields
of 92-97% and their structures were confirmed by 31P, 13C and
'H NMR, as well as HRMS measurements. Due to the two dif-
ferently substituted phosphorous nuclei in the molecules, two
signals were observed in the 3!P NMR spectra.

The valuable intermediate 9 was then utilized in the synthesis of
N,N-bis(phosphinoylmethyl)amines 13a—c (Scheme 7). The
condensation of (aminomethyl)diphenylphosphine oxide (9),
paraformaldehyde and various secondary phosphine oxides,
such as diphenyl, di(p-tolyl) or dibenzylphosphine oxide, at
100 °C for 40 min led to the corresponding N, N-bis(phosphi-
noylmethyl)amines containing identical (13a) or different
substituents on the phosphorus atoms (13b and 13¢) in excel-
lent yields (95-97%).

MW Qv
100°C, 1h _ o AT
- Ph
MeCN “CH,—P”
CHo—pn
o)
R| nBu |nBu| cCy |cCy| Bn |[Bn
Y | 4-MeCgH,| Bn  [4-MeCgHy| Bn [4-MeCeH, | Bn
10a  10b 11a 1b  12a  12b
93%  94%  92%  96%  95% 97%

Scheme 6: Synthesis of N,N-bis(phosphinoylmethyl)amines 10a,b, 11a,b and 12a,b bearing different substituents at the phosphorus atoms (Y,P=0).

O

MW 2 Ph
HzN-CHz—(IP?:Ph + (HeHoy, + Sp¢¥ 100°C.40min (e
Ph n H Y MeCN \CHZ—P\/Y
9 5y
13
Y = Ph (a), 4-MeCqHs (b), Bn (c)
9%6%  95%  97%

Scheme 7: Synthesis of N, N-bis(phosphinoylmethyl)amines 13a—c.
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Q ph
N CH—PLpp o, 2
Y *t (HCHO), + ,
“CH,—PZ. " H z
1Y
o)

13
Y =Ph (a), 4-MeCgHy (b)

Scheme 8: Synthesis of N,N,N-tris(phosphinoylmethyl)amines 14-17.

Synthesis of N,N,N-
tris(phosphinoylmethyl)amines

Finally, N,N-bis(phosphinoylmethyl)amines 13a and 13b were
reacted further with paraformaldehyde and a secondary phos-
phine oxide (diphenyl-, di(p-tolyl)- or dibenzylphosphine oxide)
to afford the N, N, N-tris(phosphinoylmethyl)amine derivatives
bearing identical (14) and different Y,P=0 groups (15-17)
(Scheme 8). The condensations were performed as mentioned
above. The introduction of a third phosphinoylmethyl moiety
into the bis-derivatives containing an NH unit (13a and 13b) re-
quired a longer reaction time (2 h) at 100 °C. In these cases, the
conversion was 70-95%, and the corresponding N,N,N-
tris(phosphinoylmethyl)amine derivatives 14—17 were isolated
in yields of 27-77%. However, applying a higher temperature

and/or longer reaction time, lead to decomposition.

Conclusion

In summary, we have developed an efficient, catalyst-free and
MW-assisted method for the synthesis of N, N-bis(phosphinoyl-
methyl)amines and N, N, N-tris(phosphinoylmethyl)amines
bearing different substituents on the phosphorus atoms by the
Kabachnik—Fields reaction. This method is a novel approach for
the synthesis of the target products. In all, thirteen new deriva-
tives were isolated in high yields and fully characterized.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, details of
the NMR structural determination of all products and
copies of 3!P, 'H, and 13C NMR spectra for all compounds
synthesized.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-40-S1.pdf]
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Macrocycles were designed to antagonize the protein—protein interaction p53-MDM2 based on the three-finger pharmacophore

F19W231L.25_ The synthesis was accomplished by a rapid, one-pot synthesis of indole-based macrocycles based on Ugi macrocycliza-

tion. The reaction of 12 different a,-amino acids and different indole-3-carboxaldehyde derivatives afforded a unique library of

macrocycles otherwise difficult to access. Screening of the library for p5S3-MDM2 inhibition by fluorescence polarization and

'H,15N HSQC NMR measurements confirm MDM2 binding.

Introduction

Macrocycles are the chemical entities that are consisting of a
12-membered or even bigger ring. It is estimated that 3% of the
known natural products consists of a macrocyclic ring [1-5].
Compared to macrocycles in synthetic molecules, the aforemen-
tioned occurrence is still over proportional; for that reason,
these compounds have delighted scientists worldwide due to
their special physicochemical properties, their roles in biologi-
cal systems and the associated synthetic challenges [6,7]. How-
ever, only few synthetic methods allow for the convergent and

fast access to a large macrocyclic chemical space [8-10]; most

of the times their synthesis is complex, multistep and sequen-
tial [11,12]. For this reason a great effort is ongoing to utilize
multicomponent reactions for the synthesis of macrocycles
[8,13-25].

The p53 protein is a well-studied protein which has a leading
role in protecting our organism from cancer. It was found that
most of the human cancers have either mutated the p53 itself or
the p53 pathway is inhibited. The latter group of tumors retains
the wild type p53 (wt-p53) but its pathway is inactivated by

513


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:a.s.s.domling@rug.nl
https://doi.org/10.3762%2Fbjoc.15.45

negative regulators, mainly the MDM2 and MDMX proteins.
Thus, the design and synthesis of an inhibitor of the
MDM2-p53 interaction could enable p53 and reverse tumor
formation [26-28]. Based on our knowledge to antagonize the
oncogenic protein—protein interaction pS3-MDM2 [23,29-40]
we designed macrocyclic inhibitors in continuation of our
previous work [13,23]. Herein, an indole-based macrocycle syn-
thesis is reported in a one-pot fashion based on Ugi macrocy-
clization with readily available a,®-amino acids. Moreover, in
continuation of our efforts in the design and synthesis of
macrocycles targeting the p53—MDM2 interaction demon-
strating the potential of these indole-based macrocycles, a
subset of them was screened searching for MDM2 inhibitors.
Compared to our previous indole-based macrocycles 1
following a different strategy (employing a classical Ugi-4C as
the key reaction) [23], this one-pot Ugi macrocyclization
leading to macrocycles 2 offers speed (one-pot procedure with
one purification step), much better yields, no need of expensive
catalysts as in ring-closing metathesis (RCM) reaction and
higher complexity/diversity on the macrocyclic ring, e.g., inser-
tion of heteroatoms that could improve the ADMET properties
(Scheme 1) [4].

Beilstein J. Org. Chem. 2019, 15, 513-520.

Results and Discussion
Synthesis

Based on our previous studies [13], unprotected diamines 3
were reacted in one-step with cyclic anhydrides 4 at rt affording
the appropriate a,@-amino acids 5 in excellent yields (see Sup-
porting Information File 1). Elongated diamines (n =24, 6, 8
and 10) and cyclic anhydrides that bear a heteroatom in the
4-position as oxygen or sulfur (Y = O, S, Scheme 2) were em-
ployed in order to enhance the diversity of our macrocycles [4].
Thus, in a parallel way, we readily synthesized 12 different
amino acids which were subsequently subjected to the Ugi
macrocyclization.

After quite some optimization, we improved the Ugi-macrocy-
clization procedure compared to our previous findings utilizing
microwave irradiation (see Supporting Information File 1);
Firstly, the corresponding amino acid was irradiated with
indole-3-carboxaldehyde derivatives 6 using MeOH as solvent
(5 mL) at 120 °C for 1 h. Then, tert-butyl isocyanide was
added, diluted with more MeOH and irradiated again the
reaction mixture at 120 °C for an additional 1 h in a final

concentration of 0.1 M (Scheme 3). By this way, a rapid, one-

CHO
=
Ncogt  x T N x|
cl N = 4
H steps
. oacr H-con
R! Cl H
SN Z T CoM 1, 0.5-40%
m NC n
0
HN - XN\ _o
ﬁf\}\lg 0
CHO o o
one-pot procedure N
@ b N YA gy TRt rece \ H
X N nH Ugi macrocyclization — x N
H \‘/ H
X= (H), gl e 2, 29-60%

Scheme 1: MCR approach to indole-based macrocycles; a more effective strategy is proposed in this work, based on a,w-amino acids and an Ugi

macrocyclization.

HoN NH
2 \/Hn\/ 2
3
n=2-4,6,8,10

Y=0,S

0..0._0 O o
rt
Y " H
4

5, >90%

Scheme 2: Reaction of unprotected diamines 3 with cyclic anhydrides 4 at rt affording a,w-amino acids 5 in quantitative yields.
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Scheme 3: Ugi macrocyclization in a one-pot fashion and synthesis of diverse indole-based macrocycles. The circle depicts the size number of the

macrocycle.
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pot access to macrocycles 2a—p was achieved otherwise very
difficult to synthesize in relatively good yields (29-60%).
16 different indole-based macrocycles were synthesized
with their size varying from 11-13, 15, 17 and 19 atoms
(Scheme 3).

Biological evaluation

Our previously introduced three-point pharmacophore model on
mimicking the hot triad (Phe19, Trp23 and Leu26, F19W231.26)
was the basis of the evaluation of the current derivatives as po-
tent inhibitors [33]. The indole moiety could be used not only to

A

6t position chlorine

Beilstein J. Org. Chem. 2019, 15, 513-520.

constrain the two other substituents but also as an “anchor”
mimicking the Trp23. The bulky tert-butyl group would mimic
the Phel9 and the macrocyclic ring would fill the Leu26 sub-
pocket as shown by our docking studies (Figure 1A,B, Figure
S4 in Supporting Information File 1). Thus, extending our
previous work [13], the Leu26 subpocket was probed by
utilizing the different ring sizes and the different heteroatoms
(oxygen or sulfur) of our macrocyclic library. In addition, the
influence of the chlorine atom in the 6-position of the indole
ring (Figure 1C) was examined. Macrocycles 2a—j consist of an
oxygen linker whereas 2g—j bear also a chlorine atom in the

O
N/l%
H o
Leu26 l /&
HN }Phe19
N o
(@]
AN
N
of N
‘_'_'
Trp23

Domling et al., Angew.Chem. 2017

heteroatom linker

Figure 1: (A) Modeling of the macrocycle 2h (cyan sticks) and 2n (magenta sticks) into the MDM2 receptor (PDB ID: 1YCR); (B) 2D structure of 2h
with the substituents targeting the subpockets of MDM2; (C) Analysis of the synthesized macrocycles probing the subpockets of MDM2 and expan-

sion of the chemistry compared to previous studies [13].
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6-position in the indole ring. Macrocycles 2k—p incorporate
both a sulfur linker and the chlorine on the indole ring
(Scheme 3).

In order to exclude false positive hits, two biorthogonal assays
were chosen; 'H,!>N HSQC NMR and fluorescence polariza-
tion (FP, Table 1). FP assay was employed to determine the
inhibitory affinities (Kj) of the derivatives against MDM2
as previously described [36]. Besides 2h (K; = 2.3 pM,
K4q=12.1 uM), it was shown that 2i demonstrated a promising
activity with a Kj of 5.5 uM. Furthermore, 'H,!>N HSQC

Beilstein J. Org. Chem. 2019, 15, 513-520.

showed a K4 of 4.8 uM (Table 1, Figure 2). Moreover, macro-
cycles 2g and 2n demonstrated a K4 of 9 uM and 17 pM, re-
spectively (Table 1). With this preliminary analysis, it was
found that a ring size of 15—17 atoms and an oxygen as the
heteroatom linker improves the binding affinity. All the active
macrocycles have a 6-chloro-substituted indole core. It is well
established that at the bottom of the Try23 pocket a hydro-
phobic small subpocket exists which is formed by Phe86,
I1e103, Leu82 and Leu57. This pocket when filled with a
smaller hydrophobic substituent such as -Cl boosts the inhibitor
activity in accordance with literature [33].

Table 1: Measurement of K; and Ky of the selected macrocycles based on FP and "H,">N HSQC NMR assays, respectively.?

Entry Name Structure

(0]

2N

K; MDM2 [uM] Kg MDM2 [uM]

121+£8.5

5.5 48+15

316 17.2+3.8

n.a. 89+1.2

an.a. no activity against MDM2 protein. K; and Ky values were calculated based on fluorescence polarization binding and "H,’>N HSQC NMR assay,

respectively.
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L82

9y,

S22

0.20 &, [ppm]

0.10 0.15

0.05

W T10

Residue

Figure 2: (A) Overlay of ' H,">N-HSQC spectra of the reference MDM2 (red) and the titration steps with the 2i inhibitor. MDM2/2i ratios 4:1 (orange),
4:2 (yellow), 4:3 (green), 1:1 (light blue), 1:2 (blue), 1:5 (purple). Examples of most perturbed residues are labeled on the spectrum. (B) Normalized
chemical shift perturbations (5,) of MDM2 residue (calculated according to Stoll et al. [41]). Residue with &, equal 0 are either despairing from MDM2
spectrum upon titration or cannot be identified. (C) Chemical shift perturbations plotted onto the structure of MDM2 (wheat); orange (despairing — indi-
cating stronger binding), light orange (>0.1 ppm), yellow (0.05-0.1 ppm). Residues which disappear upon titration experiment are labeled on the
Mdm2 surface.
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Conclusion

We effectively synthesized p53-MDM?2 antagonists based on an
artificial macrocyclic scaffold. 16 different derivatives were ob-
tained and screened. The aforementioned artificial macrocycles
combine the indole ring, a motif found in many bioactive mole-
cules with the drug-like properties of a non-peptide macrocycle.
We hypothesize that these chimeric derivatives of an indole and
a macrocycle will offer new potential on specific PPIs and other
postgenomic targets as it was demonstrated with the p53-
MDM?2 interaction.

Supporting Information

Supporting Information File 1

Experimental procedures, analytical data, NMR spectra,
fluorescence polarization binding assays, 'H,!SN HSQC
NMR spectra of 1%N-labeled MDM2 and computational
modeling studies.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-45-S1.pdf]
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Multiple multicomponent reactions reach an unparalleled level of connectivity, leading to highly complex adducts. Usually, only

one type of transformation involving the same set of reactants takes place. However, in some occasions this is not the case. Selec-

tivity issues then arise, and different scenarios are analyzed. The structural pattern of the reactants, the reaction design and the ex-

perimental conditions are the critical factors dictating selectivity in these processes.

Introduction

Organic synthesis has become fundamental in science and tech-
nology, affecting many aspects of our lives. Therefore, there is
a big need for the optimized preparation of a variety of com-
pounds [1-3]. In this context, multicomponent reactions
(MCRs) hold a privileged position, allowing the formation of
many bonds and connecting three or more reactants in one step
[4]. A particularly attractive and synthetically productive set of
MCRs involve di/polyfunctionalized substrates that can, conse-
quently, lead to repeated processes. The so-called multiple
multicomponent reactions (MMCRs) display impressive power
regarding connectivity and bond-forming efficiency and can be

considered as ideal synthetic processes in many aspects [5].

These features may be maximized if the controlled incorpora-
tion of distinct reactant units, belonging to the same class, along
the transformation would be feasible (Scheme 1). This review,
which does not intend to be exhaustive, deals with the selec-
tivity levels found in the literature and their impact on the syn-
thetic outcome. In this way we may find different scenarios:
i) completely unselective combinations leading to mixtures,
symmetrical adducts or polymers; ii) structurally preorganized
systems allowing the generation of macrocycles and iii) selec-
tive processes in which a determined combination arises in a
sequential manner, either directly or indirectly, through func-

tional group deprotection/generation. Stereoselectivity (where

521


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:rlavilla@ub.edu
https://doi.org/10.3762%2Fbjoc.15.46

D

Beilstein J. Org. Chem. 2019, 15, 521-534.

1V) FG protection N s . ' —
/deprotection ) PG —— \

V) FG generation )—. ,:> _. N f )_(
A G

V1) polymerization

-

(\)— ) »—

-9

VIl) macrocyclization

111) biased
substrates

Q—¢

1) sequential

(e
(O <9 .ﬁ‘ Q)_(‘

1) innate

Scheme 1: Selectivity levels found in multiple multicomponent reactions. 1) Innate selectivity; 1l) sequential selectivity; Ill) use of biased substrates;
1V) use of protecting groups; V) generation of new functional groups; VI) polymerization; VII) macrocyclization; FG = functional group.

applicable) arising out of the individual MCRs or in the final
adduct, is not contemplated. Only the connectivity issues related
with the identity of the reactants are taken into account.

Review

Substrates displaying two (or more) identical functional groups
(FGs) have been reacted in a variety of MCRs. An early exam-
ple involves the synthesis of protease inhibitors by double Ugi
4CR using pyridine-2,6-dicarboxylic acid, isocyanides, amines
and aldehydes (Scheme 2), and the combinatorial implications
of this protocol were analyzed [6]. Ugi and Démling soon real-
ized the potential of such experiments, which helped to pave the
way of combinatorial chemistry and its applications for the fast
generation of pharmacological hits through library deconvolu-
tion. The reactivity of the system led to complex product mix-
tures, with no practical substrate selectivity.

2 xR3-NC
2 x R2-CHO
7
HOOC” “N” >COOH Joubl
Ugi 4CR

However, if in analogous experiments several reactants of a
kind, displaying different reactivities, are used, their relative
nucleophilicities/electrophilicities [7] may lead, in principle, to
biased mixtures. At the same time, this innate selectivity is not
straightforward, as the most reactive combination would
promote a fast first MCR, and likely the following MCR pro-
cesses may also involve this same set [8]. Experimental find-
ings showing complex mixtures, although far from statistical
product ratios, are the usual outcome of MMCRs involving
several reactants of one kind.

There are, however, cases where this indiscriminate reactivity is
synthetically useful: MCR polymerizations, typically involving
two doubly functionalized reactants, which yield macromolecu-
lar adducts [9-11]. In these processes, the reactivity of the
equivalent FGs is nearly identical in the reactants and in the

o RN R Q
3 N N R
R NJLT/ W \TJLN R
H re o o r2 M

Scheme 2: Indiscriminate double Ugi MCR upon pyridine-2,6-dicarboxylic acid.
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oligo/polymeric intermediates, as they are usually connected [14], metal-catalyzed MCRs [15], and reactive combinations in-
through long linear alkyl chains. Representative examples volving an alkyne-sulfonyl azide nucleophile [16] and sulfur,
include polymerizations using Biginelli [12], Passerini [13], Ugi  amines and isocyanides [17] (Scheme 3).

A) o o X X
X J J
o} HN™ “NH HN” “NH
O/\é/ \a;\o HZNJJ\NHZ g )
OHC CHO
o o * 6 o 0o Ors° oo™
I J L Biginelli MCR o o
polymerization n
oo y
B) 0
Yol oo R A N aEY!
1R2 1R2
° Passerini MCR o o R'R R'R
4/3\ polymerization n
CN " 6 NC
c) Q
)J\/\COOH {Ff o o
+ /R fo) N N n o
CNMG\NC HN" “NH, _ O
Ugi MCR H °H
polymerization
D) o o) o
(e} (0] N
I o 7 AN
O/\M’s\o O\) 3
X
| OR
* ” §
OR metal-catalyzed [oj RO X
__ /_< _ MCR polymerization
HO =\ / — OH )
RO
B s R3—S0,N3 NSO,R3 NSO,R?
\\R1// +  HO,OH {)&R%O/RZ\ ojL
n
alkyne-sulfonylazide-alcohol
polymerization
7N e H.N  NH o 8
2 1
=t + 2 o 2+ s {)kN/R\N)LN/R\N/}
sulfur-amine-isocyanide H H H H n

polymerization

Scheme 3: Representative examples of MCR-polymer synthesis. A) Biginelli HTS of polymers; B) Passerini;- C) Ugi-; D) metal-catalyzed MCR poly-
merizations; E) alkyne-sulfonylazide-alcohol interactions; F) sulfur-amine-isocyanide combination.
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An interesting case, where this principle does not apply, is
introduced by Wessjohann [5,18], who introduced a family of
MMCRs leading to complex macrocyclic structures instead of
linear polymer chains. In these examples, a low concentration
together with the use of specific substrates tune the reactivity
pattern, promoting intramolecular interactions over intermolec-
ular polymerizations. Thus, the use of the right conditions and
the intelligent choice of the polyfunctionalized building blocks,
enable an “architectural approach” towards the MMCR synthe-
sis of macrocyclic adducts [19].

This multiple multicomponent macrocyclization strategy
[18,20] (Scheme 4) constitutes a breakthrough in the field, pro-
viding a powerful synthetic tool to systematically design and
prepare a variety of structures. The implementation of this ap-
proach goes beyond simple macrocycles, and was exploited to
deliver macromulticycles [21], supramolecular structures
(cryptands, cages, cryptophanes, podands, etc.) [22-24], cyclic/
macrocyclic peptides [25] and other complex structures in a
straightforward manner (Scheme 5). The diversity in these
systems arises not only from combining a variety of building
blocks (from simple aromatic and aliphatic substrates to
peptides, steroids, sugars, etc.) [26], but also from the different
MCRs used. Although the Ugi 4CR is the most commonly used

AN
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transformation in this context, interesting examples exploiting
other MCRs have been reported (Scheme 6) [27,28].

However, when the first MCR step in the process leads to a less
reactive intermediate, the system may stop temporarily at this
level, and once completed, a second MCR with a distinct set of
reagents may take place under more vigorous activation. This
allows for selective sequential MMCRs, although there is a
clear dependency on the structural features of a given substrate.
For instance, all known examples deal with ditopic compounds,
where the two reactive FGs are conjugated. In this way, after
the initial MCR, the intermediate adduct is somewhat deacti-
vated with respect to the initial substrate, and the remaining FG
is less prone to suffer the same transformation. Relevant exam-

ples are shown in Scheme 7.

Terephthalaldehyde is capable of undergoing sequential MCRs
in a selective manner with two different sets of reactants. In this
way, a variety of transformations involving Groebke—Black-
burn-Bienaymé (GBB)/Hantzsch, and Biginelli/Ugi-azide
sequential reactions were reported by Shahrisa [29]. Similarly,
Sharma and co-workers disclosed a related approach [30].
Moreover, 2,4-diaminopyrimidine underwent selective GBB
processes leading to a single monoadduct, which reacted again

- 4B -~ i

= —— 9 O

X 4 i [MCRbased . & [VCRobased N 7
V dimerization ring closure

MCR-based
oligomerization

Scheme 4: Concept of multicomponent macrocyclization.

) d\/
MCR-based
oligomerization
cyclization
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Scheme 5: Supramolecular structures out of MMCR macrocyclizations.

with another isocyanide/aldehyde pair to yield a 5-component
adduct in a selective manner. Interestingly, the protocol allows
control of the respective localization of all reactant inputs.
Thus, inverting the order of the MCRs leads to the complemen-
tary disposition of the residues in the final MCR adduct [31].

Non-symmetrically polyfunctionalized components can signifi-
cantly diversify the synthetic output of MMCRs. However, a
limiting factor in the design of MMCRs with such components
is the risk of generating undesired cross-adducts. This problem
can be avoided by introduction of protecting groups or through

the sequential generation of repeating FGs (see below). An al-

ternative strategy is to include those duplicated FGs displaying
distinct reactivity. In this way, one FG selectively reacts
through the first MCR, while its counterpart remains intact to be
exploited in a subsequent transformation.

This elegant concept has been reported by Orru [32], exploiting
a non-symmetrical diisocyanide A (Scheme 8). The designed
sequence requires the a-acidic isocyanide to undergo the 3CR
leading to a 2-imidazoline in the first step, the aliphatic
isocyanide remaining intact (without protection) and being later
incorporated in a variety of isocyanide-based MCRs. In this

way, the selective formation of intermediate B, leads to the
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Scheme 6: Macrocyclization by MMCRs. A) Staudinger MCR; B) boronic-imine MCR.

following MCR processes based in different isocyanide MCRs.
This approach made possible a remarkable 8-CR process for the
one-pot synthesis of compounds with up to 11 diversity points.

A conceptually distinct approach for selective MMCRs is based
in reactivity features. The Union concept (the combination of
MCRs) [33,34] is extremely fruitful and was developed by Ugi
and Domling to perform a 7CR out of the combination of
Asinger and Ugi transformations (Scheme 9A) [35]. In this
context, chemoselectivity can be achieved when the key poly-
functionalized reactants bear the adequate FGs and the combi-
nation of MCRs becomes feasible. This can happen either by
the orthogonal reactivity of the participating FGs or because the
sequential character of the process implies the participation of
the first MCR adduct as a reactant in the following transformat-
ion. Several examples use this approach with the same set of

reagents leading to MMCRs, with limited structural variability

(Scheme 9B and C) [36,37]. However, in some occasions the
two processes are split up and higher levels of diversity can be
achieved.

In these cases, the consecutive reactions lead to adducts
displaying a diversity of substituents at several positions, which,
in principle, can be located at will, in a controlled manner. For
instance, the combination of a Petasis 3CR with an Ugi 4CR led
to a peptide structure with six diversity points arising directly
from the reactants (Scheme 10A) [38]. Similarly, a suitably
substituted aldehyde participates in a GBB MCR to yield an
adduct which participated in standard Ugi—Passerini processes
through the carboxylic acid functional group, untouched in the
first MCR (Scheme 10B) [39]. Furthermore, Reissert or Reis-
sert/Ugi reactions can be linked with Povarov MCRs through
the intermediacy of the enamine-containing adducts from the

former processes (Scheme 10C) [40].
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Many additional combinations arise from the Union concept,
such as Bredereck—Passerini [41], pyridone-cyclocondensation/
Passerini—Ugi [42], azadiene-keteneimine Diels—Alder [43],

Asinger—Ugi [44], etc.

Another class of reactions highlight the importance of the
distinct kinetic reactivity of similar FGs present in the reactants
and in the initial adducts of the first transformation, then

enabling productive and selective combinations of the MCRs.
The synthesis of aminomethyltetrazoles arising from two
consecutive isocyanide-MCRs shows excellent selectivity and
broad scope, and although it combines two different transfor-
mations, the amine component (ammonia in the starting mix-
ture and a primary amino group in the first adduct) reacts at dif-
ferent rates in each substrate, allowing the controlled perfor-

mance of both processes, leading to a formal two-step 6CR [45]
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Scheme 9: The Union concept. A) Asinger—Ugi combination; B) Passerini-Ugi/azide from anthranilic acid; C) Passerini—-Ugi multiple MCR from

glutamic acid.

(Scheme 11A). Analogously, Ruijter reported an interrupted
Ugi process [46] involving a 2-(3-indolyl)ethyl isocyanide, an
aldehyde and an amine which elegantly led to the iminospiro
adduct C (Scheme 11B). This compound does not react under

the initial reaction conditions, but can be forced to do so in a
Joulli¢ MCR with a new isocyanide/carboxylic acid pair [47].
Incidentally, this last process is also remarkably stereoselective,
something very unusual in Ugi-type reactions.
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Scheme 10: Relevant examples of consecutive MCRs exploiting the Union Concept. A) Petasis-Ugi combination; B) GBB-Ugi/Passerini combination;
C) Reissert MCRs linked to a Povarov reaction.
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Finally, to exemplify the complexity levels that can be achieved
with this approach, we list two multiple MCRs showing their
power to reach very elaborate scaffolds with several diversity
points in short sequences. Westermann described a remarkable
Ugi/Ugi—Smiles protocol using a carboxylic acid provided with
a phenol group, which led to a 7-component transformation in a
sequential manner (Scheme 12A) [48]. The process can be
kinetically justified taking into account that the Ugi MCR with
the acid input is much faster than the Ugi—Smiles transformat-
ion involving the phenol. In another impressive transformation,
a formal 8-component adduct can be assembled through a
one-pot protocol combining imidazoline, cyanomethylamide
and Ugi MCRs. Although the final product is a complex
stereoisomeric mixture, the process stands as a milestone for the
rapid construction of complex structures, amenable to combina-
torial diversification (Scheme 12B) [32]. Incidentally, the reac-
tivity of the diisocyanide leading to the cyanomethylamide
MCR, features a distinct reactivity between the two FGs (see
above).

A)

R'-NH,
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+ @
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H,N__COO Na

NO, H
Ugi-Smiles 4CR R2 O

CN
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Another scenario involves substrates with different FGs where
the selective combination of consecutive MCRs can be carried
out by temporarily blocking one of the reactive sites along the
process. This sequential approach involves protection/deprotec-
tion steps in which one of the building blocks contains a pro-
tected FG to be subsequently (and selectively) activated for the
following MCRs.

For instance, the examples shown in Scheme 13 illustrate a
repetitive Ugi 4CR-deprotection-Ugi 4CR protocol to obtain
peptide nucleic acid (PNA) oligomers (Scheme 13A) [49],
peptidic tetrazoles and hydantoinimides (Scheme 13B) [50], re-
spectively. Incidentally, the later processes take place in solid

phase, which enhances their synthetic suitability.

The same strategy was exploited by Wessjohann for the synthe-
sis of RGD (Arg-Gly-Asp)cyclopeptoids [51]. In this case, they
developed a stepwise protocol in which two Ugi 4CRs, flanking
a deprotection, provided linear peptidic adducts. Afterwards,

n-B
HNTEY
BnNH, /Lj/&o
OH iPrCHO 1 N.
n-BuNC o F|‘> Bn

t-Bu\NJ N NO

///NC

+
’ O
N
H H
N

Bn-NH,
iPrCHO
HCI (1 equiv)

© H

@ g

No o %i
ki

Ugi 4CR N Nen Bz N

N
MeOOC

Scheme 12: High order MMCRs. A) Ugi/Ugi—Smiles 7C combination; B) imidazoline-N-cyanomethylamide-Ugi union leading to an 8CR.
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Scheme 13: Consecutive Ugi 4CR-deprotection—-Ugi 4CR strategy towards A) PNA oligomers and B) peptidic tetrazoles and hydantionimides.

these intermediates were again deprotected and a final Ugi
4CR-macrocyclization efficiently afforded the final target
(Scheme 14).

Furthermore, additional sequential versions of multiple MCRs
have been employed to construct natural products. For instance,
Ugi reported the synthesis of a 6-aminopenicillanic acid deriva-
tive using two different MCRs [33,52].
Scheme 15, the initial Asinger 4CR yielded an adduct which
was selectively deprotected for the following intramolecular

As shown in

Joullié reaction, leading to the penam derivative.

Finally, an elegant MCR—deprotection strategy was reported by
Wessjohann for the synthesis of Tubugis, highly potent anti-
tumor peptidomimetics (Scheme 16) [53]. The convergent ap-
proach employs three different isocyanide-MCRs, efficiently
prepares the building blocks and combines them, intercalating

protecting group cleavages.

Conclusion
The MMCRs approach represents the most efficient way to
build chemical complexity and structural diversity around

meaningful scaffolds. When different sets of reactants are

i 0
i Ugi 4CR :
Ugi 4CR o Ugi 4CR N
© 2 R2 NH Rr2 HN
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~ HN - cpzHN NH " ij\
}——\ 2 —
COOH b) ester cleavage O b) ester cleavage & N~<' b) TFA 0 O7 > NH
R1 O c)Hy, PdIC Rl 0 t-BU
cyclopeptoid

Scheme 14: Sequential Ugi 4CR-deprotection access to cyclopeptoids.
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Scheme 15: Stepwise access to 6-aminopenicillanic acid derivative through an Asinger, deprotection, Joullié approach.
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Scheme 16: A triple MCR-deprotection approach affording anticancer peptidomimetics.

involved in these processes, the control of the selectivity
becomes a fundamental issue. In this respect, a variety of
scenarios can be considered. Innate selectivity (the spontaneous
selection of reactants) is unknown and, arguably, it would be
difficult to reach under standard conditions. However, this lack
of selectivity allows the generation of complex mixtures of
adducts, useful in combinatorial chemistry for biological
purposes. On the other hand, MCR polymerization takes advan-
tage of this behaviour, and a variety of transformations lead to
well-defined macromolecules. An interesting case is found in
systems where the reaction conditions and the preorganization
of some inputs leads to selective macrocyclization, affording
extremely complex MCR adducts in just one step. Rationaliza-
tion of these processes allows programmed access to a variety
of structural types. On the contrary, when di(poly)functionali-
zed substrates display conjugation between the reactive FGs,
selectivity may arise. When the initial MCR adduct is less reac-
tive than the starting material, a sequential procedure may lead
to the following transformation with different reactants to afford
the final adducts in a selective manner. Alternatively, sub-

strates with two chemically distinct FGs of the same kind (i.e.,

isocyanides) may react at different rates, prompting selectivity,
usually in a sequential manner. Moreover, the generation of
novel FGs in the course of a given MCR can trigger a new one,
then allowing for selectivity in another sequential approach.

Finally, the use of protecting groups in reactants undergoing
MCRs leads to multistep transformations which, after suitable
deprotections, selectively afford the final adducts. Active
research is pursued in the field, aiming at the generalization of
the aforementioned concepts and their extension to diverse syn-
thetic outcomes.
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Abstract

A series of giant tris(heteroaryl)methanes are easily assembled by one-pot three-component synthesis by simple reflux in ethanol
without catalyst or additives. Diversely substituted indoles (Ar!) react with quinoline aldehydes, quinolone aldehydes, chromone
aldehydes, and fluorene aldehydes (Ar2CHO) and coumarins (Ar?) in 1:1:1 ratio to form the corresponding tris(heteroaryl)methanes
(Ar!Ar2Ar?)CH along with (Ar! Ar' Ar2)CH triads. A series of new 2:1 triads were also synthesized by coupling substituted indoles
with Ar2CHO. The coupling reactions could also be carried out in water (at circa 80 °C) but with chemoselectivity favoring
(ArlArlArz)CH over (Ar' Ar?Ar3)CH. The molecular structure of a representative (Ar' Ar?Ar?)CH triad was confirmed by X-ray
analysis. Model tris(heteroaryl/aryl)methylium salts were generated by reaction with DDQ/HPF¢ and studied by NMR and by DFT
and GIAO-DFT.

Introduction
During the last few decades multicomponent reactions (MCRs)  logical and practical interest. This approach offers several
have gained importance as a suitable strategy for the synthesis  advantages including simplicity, high reaction rates, and high

of diverse synthetic and naturally occurring compounds of bio-  bond-forming efficiency [1-5]. Furthermore, it is highly desir-
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able to perform these reactions in environmentally friendly sol-
vents such as water, ethanol, and PEG [6,7].

Motifs bearing triarylmethane (Ar;CH) [8-10] and their hetero-
cyclic variants (Het-Ar);CH [8-12], constitute an integral part
of a number of bioactive compounds [13-16]. Due to their valu-
able properties, they are also well exploited by the chemical
industry as dyes and photochromic agents [17,18], protective
groups in organic synthesis [19] and as building blocks for
dendrimers [20] and nonlinear optical (NLO) properties [21]
(Scheme 1). Numerous methods for the construction of triaryl-
methane frameworks have been developed, with the majority of
them bearing simple diaryl or triaryl moieties in their structures
[22], and many are performed in multistep processes or require
harsh reaction conditions [1-22]. Although, “Yonemitsu-type”
three-component reactions have been employed for the synthe-
sis of indole-based triarylmethanes [23-26] (Scheme 2), there
still exists a need for the development of new approaches for
easy access to libraries of triarylmethanes of higher complexity
by employing simpler, more efficient, catalytic methods that are

also environmentally friendly.

Molecular hybridization has emerged as an interesting strategy
for the synthesis of bioactive molecules with improved proper-
ties by combining two or more pharmacophore fragments in a
new structure. This concept has recently received attention by

the pharmaceutical industry because it provides new options to

|
HO OH O H

antitumor
properties

antimalarial activity

NEt,
antifungal
activity

®NMe,

R
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develop more specific drugs for the treatment of persistent and
challenging pathologies [27,28] (Scheme 1).

The indole, coumarin, quinoline, chromone and fluorene
moieties are a set of “privileged structural motifs” that are
present in both synthetic and naturally occurring compounds of
practical and biological interest [29-36]. Consequently, there
have been many attempts to produce hybrid structures with
interesting properties by combining two such pharmacophores
in one molecule, using both catalytic and non-catalytic reac-
tions [37-48].

However, a remaining challenge is to discover methods to
construct asymmetric triads consisting of three different
pharmacophores (i.e., heterodimeric entities) via a simple
synthetic step. According to the literature, most attempts
in this direction have resulted in isolation of symmetric
and asymmetric bis(indolyl)methane derivatives as the main
components [39-41,49-52] (Scheme 1). Some exceptions
to this tendency have been reported by Appendino et al.
[52] and by Mousavizadeh et al. [53] through the three-compo-
nent reactions of indole and coumarin, but in all cases, ordinary
aliphatic and aromatic aldehydes as the third partner, mediated
by a catalyst or by a biphasic system as solvent, respectively,
were used. The lack of structural diversity in the indole and

coumarin partners also characterizes these approaches,

Scheme 2.
S
=
S/ S/ N

inhibit renal cell
carcinoma

synthon for
tridimensional
network systems

CHs OAc
R? !\l N N N
H H H H

vibrindole A genotoxic agent

Scheme 1: Representative examples of tris(hetero/aryl)methanes, molecular hybrids and bis(indolyl)methanes with useful properties.
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entry 2: Appendino et al. [52]
CHClI3/H,0
X 1:1
| N + RcHO  + L*
Z~N 40 °C
\  R=aryl, alkyl
H
indole 4-hydroxycoumarin/ (indole)(R)
triacetic acid lactone (4-hydroxycoumarin/triacetic
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4-hydroxycoumarin
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hexane, reflux

(indole)(Ar)
(4-hydroxycoumarin)CH
triads

EtOH
reflux

X

RS

Scheme 2: Previous synthetic approaches for the synthesis of triarylmethane analogues in comparison to the present study.

Continuing our current program on the synthesis of quinoline-
based heterocyclic compounds of biological interest [54-57], we
describe here a Yonemitsu-based direct and reproducible three-
component synthesis of ternary heteroarylmethane-inspired
hybrids by coupling diversely substituted indoles (Ar!) with
quinoline aldehydes, quinolone aldehydes, chromone aldehydes,
and fluorene aldehydes (Ar2CHO) and coumarins (Ar®) in 1:1:1
ratio by simple reflux in ethanol solvent to form the correspond-
ing highly crowded tris(heteroaryl)methanes (Ar' Ar?Ar3)CH
(Scheme 2). Formation of (Ar! Ar! Ar?)CH triads is a competing
process, whose relative proportion varies depending on the
choice of the substituents. The efficacy to perform these
remarkable reactions in water as solvent, and to generate highly
crowded triarylmethylium salts by hydride abstraction from
(Ar'Ar'Ar?)CH are also demonstrated.

Results and Discussion

At the onset a series of non-commercial N-alkylindoles 1{4—10}
and quinoline-/quinolone aldehydes 6{/-7} were prepared
(Scheme 3 and Scheme 4). The N-methyl-, N-butyl- and
N-benzylindoles 1{4—10} were synthesized in 80-98% yield by
N-alkylation of commercially available N-H indoles 1{/-3}
({1} R=H; {2} R=F and {3} R = OMe), by adopting a
procedure similar to that described by Kong et al. [58]
(Scheme 3).

The quinolone aldehydes 5 were synthesized via 2-chloroquino-
line-3-carbaldehydes 4 mediated by a Meth-Cohn type method-
ology through the Vilsmeier—Haack (DMF + POCI3) reagent
[59,60]. A subsequent sequence of hydrolysis and N/O-alkyl-
ation processes, respectively, afforded the starting quinoline-/
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Scheme 3: Synthesis of the starting N-alkylindoles 1{4—10}.

quinolone aldehydes 6{/—7} in 70-85% yield as described pre-
viously [54] (Scheme 4).

Additionally, a chemset of hydroxycoumarins 7{/—4}
(Scheme 5) was chosen as the second source of nucleophilic

partners for elaboration in our MCR experiments.

With these building blocks at hand, an initial three-component

assay was performed starting with indole 1{/} (1.0 equiv),

Beilstein J. Org. Chem. 2019, 15, 642—-654.

quinoline aldehyde 6{/} (1.0 equiv) and coumarin 7{/}
(1.0 equiv) in ethanol as solvent with no catalyst. The mixture
was subjected to stirring at ambient temperature, and the reac-
tion progress was monitored by TLC. After 24 h, the starting
materials 1{/} and 6{/} were almost totally consumed, but
several spots were observed (including unreacted 7{/}), with
two of them as main components. A white solid fell out of solu-
tion, which was collected by filtration and washed with cold
ethanol. NMR and HRMS analysis showed that it corresponded
to the bisindole derivative 8{/,7,7}. The remaining crude reac-
tion mixture was purified by column chromatography, and led
to isolation of a second major component corresponding to the
desired three-component product 9{7,1,1}. The relative weight
ratios of the two isolated products 8{/,/,1} and 9{/,1,1} were
circa 1:1 (Scheme 6).

These initial findings encouraged us to perform an in-depth
study aimed at optimizing chemoselectivity. As a model
reaction, an equimolar three-component mixture of precursors
1{1}, 6{2} and 7{/} was subjected to various catalyzed and
uncatalyzed conditions and the results are summarized in
Table 1.

X
R_:@\ A0 R j\ _DMF__ N
= NH, H POCI3 N o
2 3 )
R=H, Cl. Me, OMe AcOH
reflux
O
DMF
BuBr and P
BnBr H 0}
= 1. 5
6:{6}=R: 6-Me, R':Bu 6:{1}=R:6-C,R 1Bu
=R: 1. {2} = R: 8-Me, R": Bu
{7}=R:6-Cl, R": Bu 1
{3} =R: 6-OMe, R': Bu
{4}=R:H, R Bu
{6}=R=7-Cl,R":Bu
Scheme 4: General procedure for the synthesis of the starting quinoline-/quinolone aldehydes 6{7-7}.
OH OH oH o
A Cl X Me | N Q
o” "0 o” "0 = oo HO N
7{1} 7{2} 7(3) 744)

Scheme 5: Chemset of coumarins 7{7—4} for elaboration in the MCR experiments.
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8{1,1,1} 9(1,1,1}

+ other minor
components

Scheme 6: Exploratory reaction leading to isolation of products 8{7,7,7} and 9{1,1,1}.

Table 1: Optimization of the reaction conditions for the three-component synthesis of triads 8{7,7,2} and 9{1,2, 1}.

O OH
X AN H XX conditions
| P \ + P + | —_—_—
N N” >OBu Z 00
Me

A
H
1{1} 6{2} 7{1} 8{1,1,2} 9{1,2,1}
entry@ solvent catalyst temp. time bisindole triad 8{1,1,2} tris-triad 9{1,2,1}
(2 mL) (mol %) (°C) (h) (% wiw) (% wiw)
1 EtOH - rt 24 =50 ~50
2 EtOH - reflux 3 =50 =50
3 ACN Yb(OTf)3 (5) rt 6 100 -
4 ACN Sc(0Tf)3 (5) rt 3 100 -
5 ACN Al(OTf)3 (5) rt 3 100 -
6 ACN Bi(OTf)3 (5) rt 3 100 -
7 ACN Iy (5) rt 1 100 -
8 ACN BF3-OEt (5) rt 2 100 -
9 ACN - rt 48 =50 =50
10 EtOHP AcOH (0.5 mL) rt 8 =50 =50
11 H,O - reflux 3 =67 ~33

aAll reactions were performed starting with compound 1{7} (10 mg), 6{2} (20 mg) and 7{7} (13 mg) corresponding to a 1:1:1 mmolar ratio. ®1.5 mL of

EtOH was used.

Further studies showed that the Lewis acid-catalyzed reactions
(Table 1, entries 3—8) greatly favored the formation of bisin-
dole triad 8{7,7,2}, while EtOH at room temperature produced
an optimal (circa 1:1 w/w) mixture of 8{7,7,2} and 9{1,2,1}
(Table 1, entry 1), and reflux accelerated the process without
affecting the w/w ratio (Table 1, entry 2). The reaction time was
notably shorter in EtOH at rt in the presence of AcOH as cata-
lyst (Table 1, entry 10), while longer reaction times were noted

when MeCN was used as solvent at rt (compare entry 9 and

entry 1). Finally, performing the reaction in hot water instead of
EtOH resulted in a 2:1 mixture of 8 and 9.

Using the outcomes in Table 1 as a guide, an adaptation of entry
3 was chosen to obtain a library of diversely substituted bisin-
dole triads 8. Since coumarin 7 remained unreacted in this ap-
proach the examples described in Figure 1 were performed by
employing a 2:1 ratio of precursors 1 and 6, respectively, in the

absence of coumarin 7.
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o Yb(OTf)3
2 E\ N4 P 5 mol %
= Het H
N ACN, rt
|
1 R 6

N ’
Me |
‘ O 8{4,4,2}
8{5,5,2} 73%

o)
8{4,4,3} N N~ O
OMe N™ "0 | N
83 % 8(7,7,3) ©
85%
8{6,6,4} 8{9,9,6}°
71%

8{4,4,8}

p 75%
N

8{10,10,9}
N 71%

Br

N
8{1,1,70} H
75%

Figure 1: Pseudo-three-component synthesis of bisindole triads 8 employing quinoline-/quinolone-CHO 6{7-6}, chromone-CHO 6{8-9} and fluorene-
CHO 6{10} as coupling partners. Although entries 4 and 7 (Table 1) were satisfactory, reactions of Figure 1 were performed by following an adapta-
tion of entry 3 (using Yb(OTf)3 with a 2:1 ratio of 1 and 6, respectively) due to lower catalyst cost (in comparison with Sc(OTf)3) and/or easier work-up
(in comparison with I,) (see experimental section). @This product was obtained as an inseparable mixture along compound 9{9,6,2} from the ap-
proach described in entry 2 of Table 1 (see also Supporting Information File 1).
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For a broader scope of this approach, bisindole triads 8{4,4,8},
8{4,4,9}, 8{10,10,9} and 8{1,1,10} were also synthesized in
good yields by replacing the corresponding quinoline-/
quinolone aldehydes 6{/—6} with 4-oxo-4H-chromene-3-
carbaldehyde (6{8}), 6-fluoro-4-oxo-4H-chromene-3-carbalde-
hyde (6{9}), and 9H-fluorene-2-carbaldehyde (6{10}), respec-
tively (Scheme 7 and Figure 1).

Focusing our attention on the synthesis of diversely substituted
tris(heteroaryl)methane triads of type 9 via a three-component
procedure, the approach described in Table 1, entry 2 was
adopted, and the method was extended to a variety of indoles 1,
quinoline-/quinolone- and chromene aldehydes 6, and hydroxy-
coumarins 7 as illustrated in Schemes 3-5, leading to a set of
novel tris(heteroaryl)methane triads 9{/,7,7} to 9{6,4,1}, as
shown in Figure 2.

Structures of the newly obtained triads 8 and 9 were ascer-
tained by 1D and 2D NMR spectroscopy and by EIMS,
elemental analysis, and HRMS (see experimental section and
Supporting Information File 1). Additionally, single crystals of
compound 9{4,7,1} suitable for X-ray analysis were grown
from ACN at room temperature. Compound 9{4,7,1} crystal-
lizes in the triclinic space group P1 (Figure 3). The asym-
metric unit corresponds to one molecule of 9{4,7,/} and one
molecule of ACN. A packing diagram is shown in Figure S1
(Supporting Information File 1). Interestingly, the unit cell
consists of a pair of enantiomers. Within the structure of
9{4,7,1}, there is a short distance between the quinolone car-
bonyl and the OH of hydroxycoumarin (H(1)-O(4) 1.740 A).

The DFT-optimized structure of 9{4,7,1} (Figure 4) confirms
the formation of a highly stable hydrogen bond between the
quinolone carbonyl and the OH of hydroxycoumarin, with a
O--H bond distance of 1.603 A. It should be noted that the
hydrogen-bonded conformation is ca. 15 kcal/mol more stable
than other rotamers that do not present this O---H interaction.

In the next phase of the study the possibility to synthesize
crowded tris(heteroaryl/aryl)methylium salts from 8{4,4,8} and
8{4,4,11} was examined. Whereas attempts to cleanly generate
the salts by hydride abstraction with trityl-BF4 were unsuccess-

Beilstein J. Org. Chem. 2019, 15, 642—-654.

ful [61], presumably due to extreme steric crowding, the reac-
tion with DDQ/HPF¢ (Scheme 8) [62-65] was successful and
the methylium-PF¢ salts 10{4,4,8} and 10{4,4,11}, respective-
ly, precipitated from DCM as purple solids. Both salts were
studied in detail by 1D and 2D (COSY, DEPT, HSQC, and
HMBC) NMR. Restricted rotation of the N-methylindole
moiety is clearly deduced from 'H NMR for both methylium
salts by broadening the pair of protons at & 8.82/7.43 and 8.62/
6.85 ppm, respectively (Figure 5, Figure 6 and Supporting
Information File 1). Assignments of the quaternary carbons in-
cluding the formal carbocation centers were made by HMBC
correlations.

NMR data suggest that the positive charge is more effectively
delocalized into the indole rings. The GIAO-NMR data show
the same general trend, as evidenced by the 13C A8 chemical
shifts, with largest charge locations at the conjugated carbon of
the indole ring (Figure S2, Supporting Information File 1). The
DFT-optimized structures of methylium-PFg salts 10{4,4,8}
and 10{4,4,11} are shown in Figure 7 and Figure 8, where close
cation—anion contacts are observed despite significant steric
crowding. Steric congestion restricts the conjugation of the
carbocationic center with the aromatic/heteroaromatic substitu-
ents, as evidenced by the bond length shortenings from only
0.052 A t0 0.111 A observed upon hydride abstraction. The op-
timized geometries confirm the restricted rotation of the
N-methylindole moiety deduced from experimental 'H NMR
for both methylium salts as described above (broadening of pair
of protons at 6 8.82/7.43 and 8.62/6.85 ppm), as this moiety is
anchored by the position of the PFg~ anion (Figure 7 and
Figure 8). The distance between the formal carbocationic center
and the closest fluorine atom was 3.084 A in the methylium-PFg
salt 10{4,4,8}, and 3.275 A in case of the 10{4,4,11} salt.
Moreover, C—H---F interactions where also observed, with H:--F
bond distances between 2.094 A and 2.575 A.

Conclusion

A facile one-pot method for the three-component synthesis of
ternary heteroarylmethane-inspired hybrids is presented, by
coupling quinoline aldehydes, quinolone aldehydes, chromone
aldehydes, and fluorene aldehydes with substituted indoles and
coumarins. The method enabled the synthesis of novel libraries

6{8} 6{9}

6{10}

Scheme 7: Chemset of further aldehydes 6{8-10} for elaboration in the MCR experiments.
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9(1,1,1} 9(5,2,1}
cl 25% 20%

57%

94,34}
39%

942,11} 9(4,7,1} OMe
58% cl 50% 41%

9{10,9,1}
57%

9(8,7,3}

cl 78%

9{9,6,2}2

9{6,4,1}
40%

Figure 2: Three-component synthesis of tris(heteroaryl)methane triads 9. @This product was obtained as an inseparable mixture along compound
8{9,9,6} (see Supporting Information File 1).
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Figure 3: Thermal ellipsoid plot (40% probability level) of the
tris(heteroaryl)methane triad 9{4,7, 1}.

Figure 4: DFT-optimized structure of 9{4,7, 1} triad.

Q)
] 2. HPFg

N N in DCM
/ \
Me Me
(0]
HetZ/Ar2: |
O

8{4,4,8} 8{4,4,11}

Scheme 8: Synthesis of crowed (Het',Het?/Ar2)C*PFg~ salts 10.
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©
PFg
19F —72.51

10{4,4,8}

Figure 5: 1D- and 2D-based NMR assignments for methylium-PFg salt
10{4,4,8}.

19F NMR -72.51
31P NMR -144.24

7.84

10{4,4,11}

Figure 6: 1D- and 2D-based NMR assignments for methylium-PFg salt
10{4,4,11}.

of giant (Ar' Ar' Ar2)CH and (Ar!Ar?Ar?)CH triads 8 and 9, re-
spectively, packed with up to three different pharmacophors in a
single molecule. The ability to perform these reactions in
ethanol and even in water, with no catalysts is noteworthy. Rep-
resentative methylium salts generated by ionization with DDQ/
HPFg exhibited 'H NMR signal broadening reflecting restricted
rotation of the N-methylindole moieties at room temperature.

A

Me/ Me
10{4,4,8}/10{4,4,11}
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Figure 8: Optimized geometry of methylium-PFg salt 10{4,4,11}.

Experimental

General. Melting points were measured using a Stuart SMP3
melting point apparatus and are uncorrected. IR spectra were re-
corded on a Shimadzu IRAffinity-1 spectrophotometer by ATR
method. 'H and 13C NMR spectra were recorded on Bruker
Avance 400 and Varian INOVA 500 MHz instruments using
DMSO-dg and CDClj as solvents with and without added TMS
as internal standard. Mass spectra were run on a SHIMADZU-
GCMS 2010-DI-2010 spectrometer (equipped with a direct inlet
probe) operating at 70 eV. HRMS analyses were performed on
a Finnigan Quantum ultra-AM in electrospray mode using
methanol as solvent. Single-crystal X-ray data for compound
9{4,7,1} was collected at 200 K on a Bruker AXS diffrac-
tometer upgraded with an APEX II CCD detector. Crystallo-

Beilstein J. Org. Chem. 2019, 15, 642—-654.

graphic data for the structure has been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no: CCDC 1864804. TLC analyses were performed
on silica gel aluminum plates (Merck 60 F,54) and spots visual-
ized under UV light. The starting precursors and reagents for
the synthesis of indoles 1{4-9} and quinoline-/quinolone alde-
hydes 6, and the required solvents were purchased from Sigma-
Aldrich, Fluka and Merck (analytical grade reagent), and were
used without further purification.

Catalyzed general procedure for the direct synthesis of
bisindoles 8. A mixture of indole 1 (2.0 equiv), aldehyde 6
(1.0 equiv), Yb(OT?)3 (5 mol %) and ACN (2 mL), was stirred
at ambient temperature for 6 h until the starting materials 1 and
6 were no longer detected by TLC. The white precipitate
formed was collected by filtration and washed with cold EtOH
(2 x 0.5 mL). No further purification of product 8 was required.
Alternatively, the more expensive Lewis acid Sc(OTf); was
used instead of Yb(OTf)3 with similar behavior and results, al-
though, reactions just took about 3 h. In the case of I,, although,
the reaction worked quite well, the isolation of products 8 re-
quired filtering the colored solid formed and treatment of the
re-dissolved solid in ethyl acetate with sodium thiosulfate to
destroy the excess iodine. Finally, purification of the crude
reaction mixtures by column chromatography was required in
all cases.

Uncatalyzed general procedure for the synthesis of prod-
ucts 9. An equimolar mixture of the appropriate indole 1
(1.0 equiv), aldehyde 6 (1.0 equiv), and 4-hydroxycoumarin 7
(1.0 equiv) was dissolved in ethanol (2 mL). The solution was
heated to reflux for 3 h until the starting materials 1 and 6 were
no longer detected by TLC. After the solvent was removed
under reduced pressure, the crude reaction mixture was purified
by column chromatography on silica gel, using hexane/EtOAc
(7:3) as eluent. The desired products 9 along with the side-prod-
ucts 8 were isolated and quantified.

General procedure for the synthesis of carbocation salts
10{4,4,8} and 10{4,4,11}. DDQ (2 equiv) was added to a solu-
tion of 3,3'-(arylmethylene)bis(1-methyl-1H-indoles) 8{4,4,8}
or 8{4,4,11} (50 mg, 1 equiv) in CH,Cl, (8 mL) at room tem-
perature. After the solution was stirred at the same temperature
for 30 min, 60% HPFg (1 mL) and water (10 mL) were added to
the mixture. The resulting suspension was filtered with suction.
The organic layer was washed with water, dried over MgSOy,
and concentrated under reduced pressure. Finally, the crystals
were obtained after simple trituration with Et,0O.

Computational methods. Density functional theory (DFT)
calculations were carried out with the Gaussian 09 program
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suite [66]. Geometries were fully optimized at the B3LYP [67-
69]1/6-311+G(d,p) level. Stationary points were characterized as
minima by harmonic vibrational frequency calculations (no
imaginary frequencies). NMR chemical shifts were computed
by the GIAO (gauge independent atomic orbitals) [70,71]
method at the B3LYP/6-311+G(d,p) level. The 'H and
13C NMR chemical shifts were referenced to TMS. GIAO mag-
netic shielding tensors were 31.88 for IH, 182.5 for 13C, values
related to the GIAO isotropic magnetic susceptibility.

X-ray crystallography. Colorless crystals were isolated for
9{4,7,1} from acetonitrile and used for the following X-ray
diffraction studies. A crystal was mounted onto a fiber from
Fluorolube™ and was placed under a liquid N, cooled stream,
on a Bruker AXS diffractometer updated with an APEX II CCD
detector. The radiation used was graphite monochromatized
Mo Ka radiation (A = 0.7107 A). Lattice determination, data
collection, structure refinement, scaling, and data reduction
were carried out using the APEX2 Version 2014.11 software
package [72,73]. The data were corrected for absorption using
the SCALE program within the APEX2 software suite [72,73].
The structure was solved using SHELXT [74]. This procedure
yielded a number of the C, N and O atoms. Subsequent Fourier
synthesis yielded the remaining atom positions. The hydrogen
atoms are fixed in positions of ideal geometry (riding model)
and refined within the XSHELL software package [75]. The
final refinement of the compound included anisotropic thermal
parameters on all non-hydrogen atoms was performed
using OLEX2-1.2 [76]. The crystal data for compound
9{4,7,1} is given in Table S1, and a packing diagram is shown
in Figure S1 [77] (Supporting Information File 1). Crystallo-
graphic data for the structure has been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no: CCDC 1864804. Copies of the data can
be obtained on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax, +44-(0)1223-336033; or email,
deposit@ccdc.cam.ac.uk).

Supporting Information

Supporting Information File 1

Spectroscopic data for compounds 8 and 9, copies of NMR
spectra and additional Table and Figures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-60-S1.pdf]

Supporting Information File 2

CIF report for 9{4,7,1}.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-60-S2.pdf]
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pyrimidines; quinoxalines

Abstract

The LANCA three-component reaction of lithiated alkoxyallenes LA, nitriles N and carboxylic acids CA leads to f-ketoenamides
KE in good to excellent yields. The scope of this reaction is very broad and almost all types of nitriles and carboxylic acids have
successfully been used. The alkoxy group introduced via the allene component is also variable and hence the subsequent transfor-
mation of this substituent into a hydroxy group can be performed under different conditions. Enantiopure nitriles or carboxylic
acids can also be employed leading to chiral KE with high enantiopurity and dinitriles or dicarboxylic acids also lead to the ex-
pected bis-p-ketoenamides. B-Ketoenamides incorporate a unique combination of functional groups and hence a manifold of subse-
quent reactions to highly substituted heterocyclic compounds is possible. An intramolecular aldol-type condensation reaction effi-
ciently furnishes pyridin-4-ols PY that can be further modified by palladium-catalyzed reactions, e.g., to specifically substituted
furopyridine derivatives. Condensations of B-ketoenamides with ammonium salts or with hydroxylamine hydrochloride afford
pyrimidines PM or pyrimidine N-oxides PO with a highly flexible substitution pattern in good yields. The functional groups of
these heterocycles also allow a variety of subsequent reactions to various pyrimidine derivatives. On the other hand, acid-labile
alkoxy substituents such as a 2-(trimethylsilyl)ethoxy group are required for the conversion of B-ketoenamides into 5-acetyl-substi-
tuted oxazoles OX, again compounds with high potential for subsequent functional group transformations. For acid labile -ketoen-

amides bearing bulky substituents the acid treatment leads to acylamido-substituted 1,2-diketones DK that could be converted into
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quinoxalines QU. All classes of heterocycles accessed through the key B-ketoenamides show a unique substitution pattern — not

easily accomplishable by alternative methods — and therefore many subsequent reactions are possible.

Introduction

Multicomponent reactions are known to create unique product
skeletons in an atom economic, efficient and time saving
fashion. In many cases, compounds bearing functional groups
of relatively high energy level with the potential of multiple re-
activity are employed, for instance nitriles, isonitriles or alkynes
[1-9]. Not surprisingly, simple or functionalized allenes have
also been used in multicomponent processes and — dependent
on the substitution pattern of the allene — a remarkable variety
of reactions and product types are known using the three-car-
bon backbone of these reactive compounds [10]. During the
exploration of alkoxyallene chemistry [11-20] we accidently
discovered a new three-component reaction leading to -ketoen-
amides that are uniquely functionalized alkenes and suitable for
a variety of subsequent reactions, in particular in heterocyclic

synthesis.

This LANCA three-component reaction (LA = lithiated
alkoxyallene, N = nitrile, CA = carboxylic acid) was observed
for the first time by Oliver Flogel, who treated pivalonitrile (1)
with lithiated methoxyallene 2 and isolated the expected prima-
ry addition product 3 [21]. This intermediate was subjected to
different cyclization conditions (Scheme 1) and the desired
pyrrole derivative 4 was produced under specific conditions em-
ploying silver nitrate as catalyst. However, the treatment of 3
with an excess of trifluoroacetic acid led to a mixture of B-keto-

enamide 5 and pyridin-4-ol derivative 6. Thus, the carboxylic

OMe

3 equiv =;/ . NH

t-Bu—C=N

Et,0, -78 °C
1 3

AgNO3
K,CO3
CH,CN

56%

HN )
t-Bu/Q

OMe

4

acid did not act as a catalyst in this reaction as expected, it was

incorporated into the products!

The unique mechanism leading to the -ketoenamide and the
pyridin-4-ol has been discussed earlier [21-23], but the essen-
tials of the involved cascade reactions have to be presented
again in order to understand the formation of the crucial -keto-
enamide intermediates (Scheme 2). The protonation of the
primarily formed allenylimine A by the added carboxylic acid
at the nitrogen gives an allenyl iminium/aminobutadienyl cation
intermediate B that accepts the present carboxylate at the elec-
trophilic carbon to provide an acyloxy-substituted aminobuta-
diene derivative C. The acyl group is subsequently transferred
to the close amino group giving D thus accomplishing the final
connectivity of the three components. Enol/carbonyl tautomer-
ization gives the isolated -ketoenamide KE with E-configura-
tion being the result of the intramolecular acyl transfer. Even
after storage of pf-ketoenamides there is no evidence that an
isomerization to the corresponding Z-isomers occurs.

It should be noted here that the protonation to the allenyl
iminium species B implies an “umpolung of reactivity” of the
alkoxyallene subunit converting the central allene carbon to an
electrophilic center whereas this carbon is a nucleophilic center
in the neutral compound. The obtained B-ketoenamides are

alkenes with a remarkable assembly of functional groups: they

6 equiv CF3CO,H

2 Li .%
t-Bu

OMe

CDCl3,0°Ctort

t-Bu” > “OH
OMe

6 15%

Scheme 1: Discovery of the LANCA three-component reaction. The reaction of pivalonitrile (1) with lithiated methoxyallene 2 leads to allenyl-substi-
tuted imine 3 which upon reaction with trifluoroacetic acid affords B-ketoenamide 5 and pyridin-4-ol derivative 6.
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Scheme 2: Proposed mechanism of the LANCA three-component reaction to B-ketoenamides KE and pyridin-4-ol derivatives PY.

are enamides, enol ethers and a,B-unsaturated carbonyl com-
pounds at the same time. In addition, their methyl ketone
subunit is required for some of the subsequent transformations,
e.g., the synthesis of pyridin-4-ols PY.

The first reaction shown in Scheme 1 gave a mixture of B-keto-
enamide 5 and its subsequent cyclization product pyridin-4-ol 6

in low yields. This new route to highly substituted pyridin-4-ol
derivatives could be streamlined as a one-pot procedure and
after completion of the condensation reaction with trimethyl-
silyl trifluoromethanesulfonate (TMSOTY) and a tertiary amine
as base a broad range of pyridine derivatives was accessible
(Scheme 3). According to its discoverer, we named this reac-
tion Flogel pyridine synthesis [21]. The reaction is very flex-

(6]
R3kNH (e}
1) n-BulLi S~
Et,O or THF R?
—78°C 1
OR
_78°C KE NEt;, CH,Cl,
::< 3 R-Comn + 0 °C, then reflux
H - 2
-78°Ctort OH
1
| N OR
R3NT R2
PY

OH o) §
4 1 4 4
J'\)\/ER ® > ® " B :
RN DRZ RIONTORZ RYONTRZ R ONTOR?

D

Scheme 3: One-pot preparation of pyridin-4-ols PY and their subsequent transformations to highly substituted pyridine derivatives and furopyridines.
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ible with respect to the employed alkoxyallenes, nitriles and
carboxylic acids and due to the two differently protected
oxygen functions of the pyridin-4-ols these intermediates could
be further substituted, e.g., through palladium-catalyzed reac-
tions, to give highly substituted pyridine derivatives in a great
variety. The scope and limitations of this approach as well as
many subsequent reactions to a broad range of pyridine or
furopyridine derivatives has recently been summarized in a
comprehensive review [23]. It should be mentioned here, that
alkoxyallenes are no exotic compounds but easily available in
two steps from simple starting materials [24,25]. They can
smoothly be prepared in multigram scale and recently a flow
chemistry approach on the use of lithiated methoxyallene was
published [26].

For the case, that substituents R3 are strongly electron with-
drawing the relatively electrophilic amido carbonyl group of the
B-ketoenamides partially undergoes a subsequent intramolecu-
lar aldol-type condensation reaction to furnish the pyridin-4-ols.
Therefore, trifluoroacetic acid or related fluorinated carboxylic
acids [22] lead to mixtures of the two products as shown in
Scheme 1. For other carboxylic acids the multistep reaction of
the three components stops at the stage of the B-ketoenamides
that were usually isolated in good yields. These intermediates
also provide pyridin-4-ols under slightly more rigorous conden-
sation conditions, but they can also be used in alternative syn-
thetic operations providing other compound classes, in particu-
lar heterocyclic compounds. The synthesis of pyrimidines PM,
pyrimidine N-oxides PO, oxazoles OX, 1,2-diketones DK and
quinoxalines QU starting from B-ketoenamides KE is the topic
of the present review.

Review

Scope of the LANCA three-component
synthesis of B-ketoenamides

The scope of the LANCA three-component synthesis of f-keto-
enamides KE through the reaction of alkoxyallenes, nitriles and
carboxylic acids is very broad and only a few clear limitations
were found (Scheme 4). With lithiated methoxyallene

Beilstein J. Org. Chem. 2019, 15, 655-678.

(R! = Me) — the standard alkoxyallene generally used to study
new reactions — many conceivable combinations of nitriles
as second and carboxylic acids as third component were exam-

ined.

In Table 1 the resulting products KE1-35 are collected,
showing that simple alkyl, branched alkyl, cycloalkyl, functio-
nalized alkyl, alkenyl, aryl or heteroaryl substituents (R2 or R3)
can be introduced into the resulting B-ketoenamides KE. The
use of a,B-unsaturated nitriles as second component did not
provide reasonable results, possibly due to a competing 1,4-ad-
dition of the lithiated methoxyallene to the double bonds. On
the other hand, a,B-unsaturated carboxylic acids were excellent
third components as shown in various examples (Table 1,
entries 15-19, 26-28, and 34). Even with acrylic acid the ex-
pected product KE15 was isolated in 91% yield. Although we
did not systematically study nitriles with heterocyclic substitu-
ents, we showed that thiophene-2-carbonitrile is an excellent
substrate leading to KE32-35 in good yields (Table 1, entries
32-35). Unfortunately, pyridine-2-carbonitrile could not be
used as electrophilic component; the reason for this failure is
unclear. By use of heterocyclic carboxylic acids we could
smoothly introduce 2-thienyl and 2-pyridyl substituents into the
B-ketoenamides KE2, KE23, KE30, KE31 and KE35 (Table 1,
entries 2, 23, 30, 31, and 35).

The present approach does not allow the synthesis of f-ketoen-
amides with substituents R = H or R3 = H. The reaction of
lithiated methoxyallene with hydrogen cyanide as second com-
ponent was not examined due to the assumed Brensted acid
property of the latter. As a substitute, cyano trimethylsilane was
examined, however, this experiment did not afford the corre-
sponding B-ketoenamide. Unexpectedly, using formic acid as
the third component afforded only mixtures of compounds
whose structures could not be elucidated. The role of formic
acid in the three-component reaction should be investigated by
finding the proper substrates and conditions. The B-ketoen-
amides with N-formyl substituents should be valuable precur-

sors for subsequent transformations.

RS = alkyl, CH,CH,SiMes, CF3, CCls, alkenyl, aryl, heteroaryl

1) n-BulLi i
Et,0 or THF
:<0R1 TseC R SNH O
Y4 2)R2CN RN
-78°C OR!
3) R3-CO,H
-78°Ctort KE

R2 = alkyl, cycloalkyl, functionalized alkyl, aryl, heteroaryl

R! = Me, Bn, PMB, 2-THP, CH,CH,SiMes

Scheme 4: Synthesis of B-ketoenamides KE by the LANCA three-component reaction of alkoxyallenes, nitriles and carboxylic acids.
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Table 1: Synthesis of B-ketoenamides KE1-35 through the LANCA three-component reaction of lithiated methoxyallene, nitriles (R2-CN) and

carboxylic acids (R3-CO,H) according to Scheme 4.2

entry R? R2 R3

1 Me Me Ph

2 Me Me 2-Py

3 Me iPr CCl3

4 Me iPr Ph

5 Me cPr cPr

6 Me cPr CgHy-4-Br

7 Me t-Bu allyl

8 Me t-Bu Bn

9 Me t-Bu cPr

10 Me t-Bu CH,CH5SiMe3
11 Me t-Bu CH,OPh

12 Me t-Bu CF3

13 Me t-Bu CHoCI

14 Me t-Bu CCl3

15 Me t-Bu HC=CH,

16 Me t-Bu HC=CH-Me
17 Me t-Bu HC=CH-Ph
18 Me t-Bu HC=CH-2-Fu
19 Me t-Bu HC=CH-2-Th
20 Me t-Bu C=CH

21 Me t-Bu Ph

22 Me Ad cPr

23 Me CH,OMe 2-Py

24 Me Ph CF3

25 Me Ph CCl3

26 Me Ph CH=CH,

27 Me Ph HC=CH-Ph
28 Me Ph HC=CH-2-Th
29 Me Ph Ph

30 Me Ph 2-Py

31 Me Ph 2-Th

32 Me 2-Th CH2,OMe

33 Me 2-Th CH,CI

34 Me 2-Th HC=CH-Ph
35 Me 2-Th 2-Th

product yield ref.
KE1 13% [27]
KE2 22% [27]
KE3 41% (+9% PY) [28]
KE4 53% [27]
KES 75% [29]
KE6 53% [30]
KE7 82% [31]
KE8 95% [31]
KE9 39% [30]
KE10 49% [30]
KE11 63% [27]
KE12 27% (+15% PY) [21]
KE13 60% [30]
KE14 27% (+28% PY) [28]
KE15 91% [31]
KE16 93% [31]
KE17 87% [31]
KE18 89% [31]
KE19 80% [31]
KE20 2% [27]
KE21 76% [27]
KE22 67% [32]
KE23 33% [27]
KE24 30% (+28% Py) [21]
KE25 42% [28]
KE26 45% [31]
KE27 51% [31]
KE28 68% [31]
KE29 45% [29]
KE30 42% [33]
KE31 43% [27]
KE32 47% [27]
KE33 62% [30]
KE34 68% [31]
KE35 70% [34]

@Abbreviations: Ad = 1-adamantyl, Fu = furyl, Py = pyridyl, Th = thienyl; all alkenyl substituents are E-configured.

As expected, the reactions involving trifluoroacetic acid gave
only low yields of the B-ketoenamides KE due to the competing
in situ cyclization to the corresponding pyridin-4-ols (PY,
Table 1, entries 12 and 24). The related reactions with
trichloroacetic acid provided the B-ketoenamides in slightly
better yields with lower amounts of the corresponding pyridin-
4-ols (Table 1, entries 3, 14, and 25) showing that the electro-
philicity of the amide carbonyl group is lower in these sub-
strates.

Stereogenic centers could also successfully be introduced into

the B-ketoenamides as shown by the examples collected in

Scheme 5. All three possibilities to use enantiopure starting ma-
terials were examined in the three-component reaction. The
products KE36-39 are derived from the O-protected nitrile ob-
tained from (S)-lactic acid [35,36]. This chiral acid itself was in-
corporated as third component resulting in -ketoenamides
KE39-41. There is no indication of an erosion of the enantiopu-
rity and the chiral compounds were converted into the corre-
sponding pyridin-4-ol derivatives and tested as chiral ligands in
asymmetric catalysis [37]. Using the N-trityl-substituted proline
as carboxylic acid provided the expected p-ketoenamide KE42
in low yield and as major product we isolated compound 7 in

49% yield (1:1 mixture of the two possible diastereomers).
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o TBSOI
S
NH o NH O

\ | 0
N NS
TBSO OMe TBSO OMe
KE38 73% KE39 25%

NBn2

7 49% (1:1) KE43 26%

Scheme 5: B-Ketoenamides KE36—43 derived from enantiopure components.

Probably due to the bulkiness of the acyl group, the migration to
the nitrogen is strongly hampered and hence the three-compo-
nent cascade almost completely stops at the stage of aminobuta-
diene C (see Scheme 2) that is hydrolyzed during work-up to
give a-methoxy carbonyl compound 7. The isolation of this
compound supports our mechanistic proposal as shown in
Scheme 2 and it shows that sterically very hindered carboxylic
acids are probably poor components in the route to -ketoen-
amides. A systematic study of this possible limitation was not
carried out, but a component such as Mosher acid with a tertiary
carbon next to the carboxylic acid function was successfully
used in the three-component reaction and the corresponding
B-ketoenamide was converted into the corresponding pyridin-4-
ol in good overall yield [36]. This demonstrates that carboxylic
acids with tertiary centers are possible candidates for the route
to B-ketoenamides.

The last example shown in Scheme 5 demonstrates that allenes
with chiral alkoxy substituents are also suitable starting materi-
als in the three-component reaction. We did not study lithiated
carbohydrate-derived alkoxyallenes that were good precursors
for other applications [38,39], but prepared the allene derived
from N-protected alaninol that was converted into B-ketoen-
amide KE43 in 26% yield [30].

It should be mentioned here that most of the reactions to B-keto-
enamides were performed only once under standard conditions
without detailed optimization reaction conditions such as stoi-
chiometry of components, applied temperatures and reaction
times. It is therefore very likely that in the cases where low or
moderate yields were recorded improvements are easily

possible. For a few examples, we also performed the reactions

in larger scale, e.g., the synthesis of f-ketoenamides KE35 that
was prepared in 3.5 g quantity [34]. The scalability of the three-
component reactions seems therefore no problem which is im-
portant for the multistep preparation of subsequent products
(see below).

Aromatic dinitriles such as 1,3- and 1,4-dicyanobenzene were
also examined as second component in the three-component
reaction. The obtained bis-p-ketoenamides were not isolated
and purified, but directly converted into the corresponding bis-
pyridin-4-ol derivatives by cyclocondensation [40]. The overall
yields were only in the range of 20% probably due to solubility
problems with employed aromatic dinitriles. Nevertheless, these
examples showed the feasibility of this approach to highly
substituted p-ketoenamides. Similar results were obtained by
the use of aromatic dicarboxylic acids (Scheme 6). Again, the
moderate efficacy may be due to their low solubility in ethereal
solvents at low temperatures — a problem that could only
partially be solved by use of DMF as cosolvent. The yields of
B-ketoenamides KE44-46 are only in the range of 25%, but the
three-component approach to unique multifunctional products is
nevertheless remarkable [41].

For subsequent reactions, alkoxy groups other than the me-
thoxy group were desirable because the latter substituent can
only be converted into free hydroxy groups by treatment with
strong (Lewis) acids. We therefore examined benzyloxyallene
as starting material in the three-component reaction to B-ketoen-
amides. The resulting products were deprotectable under milder
conditions as shown below. The examples, including one with a
p-methoxybenzyloxy group (PMB, Table 2, entry 10) are
collected in Table 2. As expected there were no fundamental
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OMe 7 S OMe
t-Bu Z N
(@) NH O O NH O
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KE44 23% KE45 28% KE46 15%

Scheme 6: Bis-B-ketoenamides KE44—46 derived from aromatic dicarboxylic acids.

Table 2: Synthesis of B-ketoenamides KE47-56 through the LANCA three-component reaction of lithiated benzyloxyallene, nitriles (R2-CN) and

carboxylic acids (R3-CO,H) according to Scheme 4.2

entry R? R2 R3

1 Bn Me CF3
2 Bn n-Non Ph

3 Bn cPr cPr
4 Bn t-Bu cPr
5 Bn t-Bu 2-Th
6 Bn Ph CF3
7 Bn Ph Ph

8 Bn Ph 2-Py
9 Bn 2-Th 2-Th
10 PMB Ph CF3

product yield ref.
KE47 5% (+39% PY) [22]
KE48 27% [42]
KE49 56% [27]
KE50 44% [30]
KE51 52% [42]
KE52 40% (+36% PY) [42]
KES53 54% [29]
KE54 27% [42]
KE55 32% [27]
KE56 23% (+10% PY) [42]

@Abbreviations: Fu = furyl, Py = pyridyl, Th = thienyl, PMB = CH,CgH4-4-OMe; all alkenyl substituents are E-configured.

differences to the observations with methoxyallene. The B-keto-
enamides derived from trifluoroacetic acid are only available in
low yield due to the fast formation of the corresponding
pyridin-4-ols (PY, Table 2, entries 1, 6, and 10). For the other
combinations of substituents the unoptimized yields of B-keto-
enamides are satisfying.

Another good alternative to methoxyallene is the 2-(trimethyl-
silyl)ethoxy-substituted allene. The 2-(trimethylsilyl)ethyl sub-
stituent can be removed from the products either by fluoride or
acid treatment under mild conditions. Again, there were no
great differences in the performance of this component com-
pared to methoxyallene or benzyloxyallene. In Table 3 the
result with tetrahydropyranyl-substituted allene is also included
(Table 3, entry 1) that gave a moderate yield of B-ketoenamide
KE57.

The alkoxyallenes so far listed are unsubstituted at the C-3
terminus and related allenes bearing alkyl groups at this carbon
are not directly accessible [44]. In contrast, products that are

formally derived from 3-aryl-substituted alkoxyallenes can

smoothly be prepared from the corresponding alkyl propargyl
ethers E (Scheme 7). Their deprotonation with n-butyllithium
proceeds with a proton shift delivering the intermediate F that
reacts with electrophiles at C-1. The three-component reaction
with nitriles and carboxylic acids then leads to the correspond-
ing B-ketoenamides KEAr in moderate yields. The reaction se-
quence is illustrated in Scheme 7 also showing the three prod-
ucts KE78 [22], KE79 [45] and KE80 [46] that were prepared
by this largely unexplored, but very promising method. It opens
a route to highly substituted heterocycles as shown by the
cyclocondensation of KE78 that gave the corresponding penta-
substituted pyridin-4-ol derivative in 91% yield [22].

As mentioned above, a large number of the prepared -ketoen-
amides KE was converted into the corresponding pyridin-4-ol
derivatives PY and subsequent products of these versatile
heterocyclic intermediates. Our published review on this topic
[23] presents many examples of B-ketoenamides KE that were
not purified but directly transferred into these pyridine deriva-
tives. Hence, the scope of available f-ketoenamides KE is

broader than the eighty examples presented here. This fact
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Table 3: Synthesis of B-ketoenamides KE57-77 by the LANCA three-component reaction of lithiated 2-(trimethylsilyl)ethoxyallene, nitriles (R2-CN)

and carboxylic acids (R3-CO,H) according to Scheme 4.2

entry R! R2 R3

1 2-THP cPr cPr

2 TMSE cPr cPr

3 TMSE cPr CH=CH-Ph
4 TMSE t-Bu Me

5 TMSE t-Bu CF3

6 TMSE t-Bu HC=CH,

7 TMSE t-Bu HC=CH-Me
8 TMSE t-Bu HC=CH-Ph
9 TMSE t-Bu HC=CH-CgH4-NO»
10 TMSE t-Bu HC=CH-2-Fu
11 TMSE t-Bu Ph

12 TMSE Ad cPr

13 TMSE Ph CF3

14 TMSE Ph HC=CH-Me
15 TMSE Ph HC=CH-Ph
16 TMSE Ph C=CH

17 TMSE Ph Ph

18 TMSE Ph 2-Py

19 TMSE Ph 2-Th

20 TMSE Ph Ac

21 TMSE 2-Th Ph

product yield ref.
KE57 24% [42]
KE58 75% [42]
KE59 57% [30]
KE60 52% [42]
KE61 14% (+28% PY) [33]
KE62 40% [43]
KE63 42% [43]
KE64 35% [43]
KE65 52% [43]
KE66 30% [43]
KE67 49%P [30]
KE68 57% [42]
KE69 39% (+24% PY) [42]
KE70 46% [43]
KE71 50% [43]
KE72 21% [42]
KE73 36% [29]
KE74 24% [42]
KE75 75% [42]
KE76 28% [42]
KE77 74% [29]

aAbbreviations: THP = tetrahydropyranyl, Ad = 1-adamantyl, Fu = furyl, Py = pyridyl, Th = thienyl; all alkenyl substituents are E-configured. PAs
second product, 15% of the imine tautomer of B-ketoenamide KE67 was isolated.

0
. OR! FngNH 0
_ OR' 1)n-BuLi L 2) t-Bu-CN ~ Ar
Ar—=— s = PP O————— - 1Y
Et,0,-40°C |, / .| 3) TFA, —78°C
Ar Li ’ OR!
E F KEAr
hi§ i
F
FsC~ °NH O FsC~ °NH O FsC” NH O
Ph Ph
t-Bu)YJ\/ t-Bu)YJ\/ tBu Y
OMe OTMSE OMe
KE78 49% KE79 42% KE80 36%

Scheme 7: Conversion of alkyl propargyl ethers E into aryl-substituted B-ketoenamides KEAr and selected products KE78-80 obtained by this route.

should be kept in mind when the reactions of B-ketoenamides to
alternative subsequent products are discussed in the following
chapters.

Synthesis of pyrimidine derivatives

The B-ketoenamides KE also serve as excellent starting materi-
als for the preparation of highly substituted pyrimidine deriva-
tives PM [47-49]. Cyclocondensation reactions with ammoni-

um salts in methanol afford these versatile heterocycles in good

to excellent yields (Scheme 8). In most cases, ammonium
acetate gave the best results (method A) and in a few
examples ammonium bicarbonate was tested as alternative
(method B) [29,33]. The plausible mechanism of this transfor-
mation involves the formation of an a,B-unsaturated imine G
and its cyclization to H followed by water elimination. As char-
acteristic substitution pattern, the available pyrimidines
PM contain a methyl group at C-4 and an alkoxy group OR! at
C-5.
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Scheme 8: Condensation of LANCA-derived B-ketoenamides KE with
ammonium salts to give 5-alkoxy-substituted pyrimidine derivatives
PM.

Beilstein J. Org. Chem. 2019, 15, 655-678.

The remarkably wide scope of this pyrimidine synthesis is
demonstrated by the thirty examples collected in Table 4. All
tested P-ketoenamides were successfully converted into the
pyrimidines PM and the examples show that the method
is fully compatible with methoxy, benzyloxy and 2-(trimethyl-
silyl)ethoxy substituents. The groups R2 and R? can be
unbranched, branched or functionalized alkyl, aryl or heteroaryl
groups. In addition, there are many examples with alkenyl sub-
stituents R3.

In Scheme 9 additional examples PM31-34 having stereogenic
centers are presented, that were obtained from p-ketoenamides
KE37, KE38, KE40 and KE41 (see Scheme 5) [43]. The
pyrimidine PM3S5 is derived from B-ketoenamide KE78 (see
Scheme 7) and bears a benzyl group at C-4 instead of the stan-
dard methyl group [33].

Table 4: Condensation of B-ketoenamides KE with ammonium salts to give pyrimidine derivatives PM1-30 according to Scheme 8.2

entry precursor R? R2 RS product yield (method)P ref.
1 KEA Me Me Ph PMA 40% (A) 33]
2 KE4 Me iPr Ph PM2 54% (A) [33]
3 KES5 Me cPr cPr PM3 56% (A) [29]
4 KE7 Me tBu  allyl PM4 69% (A) [31]
5 KES Me tBu  Bn PM5 82% (A) 50]
6 KE12 Me tBu  CFs PM6 31% (A) (33]
7 KE15 Me t-Bu HC=CH, PM7 77% (A) [31]
8 KE16 Me t-Bu HC=CH-Me PM8 75% (A) [31]
9 KE17 Me t-Bu HC=CH-Ph PM9 85% (A) [31]
10 KE18 Me t-Bu HC=CH-2-Fu PM10 67% (A) [31]
11 KE19 Me tBu  HC=CH-2-Th PM11 69% (A) [31]
12 KE20 Me t-Bu C=CH PM12 55% (A) [33]
13 KE26 Me Ph HC=CH, PM13 55% (A) [31]
14 KE27 Me Ph HC=CH-Ph PM14 84% (A) [31]
15 KE29 Me Ph Ph PM15 73% (A), 66% (B) [29]
16 KE30 Me Ph 2-Py PM16 38% (A) 133]
17 KE31 Me Ph 2-Th PM17 65% (B) [33]
18 KE34 Me 2-Th HC=CH-Ph PM18 78% (A) [31]
19 KE35 Me 2-Th 2-Th PM19 83% (A) [50]
20 KES53 Bn Ph Ph PM20 75% (B) [29]
21 KES55 Bn 2Th  2-Th PM21 68% (A) 33]
22 KE61 TMSE t-Bu CF3 PM22 66% (B) [33]
23 KE62 TMSE tBu  HC=CH PM23 53% (A) [43]
24 KE63 TMSE t-Bu HC=CH-Me PM24 70% (A) [43]
25 KE64 TMSE t-Bu HC=CH-Ph PM25 52% (A) [43]
26 KE66 TMSE t-Bu HC=CH-2-Fu PM26 65% (A) [43]
27 KE70 TMSE Ph HC=CH-Me PM27 66% (A) [43]
28 KE71 TMSE Ph HC=CH-Ph PM28 68% (A) [43]
29 KE73 TMSE Ph Ph PM29 86% (A) [29]
30 KE77 TMSE 2-Th Ph PM30 74% (B) [29]

aAbbreviations: Fu = furyl, Py = pyridyl, Th = thienyl; all alkenyl substituents are E-configured. °Method A: NH,OAc, MeOH, 60 °C; method B:

NH,4HCO3, MeOH, 65 °C.
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Scheme 9: Synthesis of PM31-35 from B-ketoenamides KE37, KE38, KE40, KE41 and KE78 obtained by method A (NH4OAc, MeOH, 60 °C).

The bis-B-ketoenamides KE44-46 also provide the expected
bis-pyrimidine derivatives (Scheme 10) [41]. With precursor
KE44 a full conversion into the expected bis-pyrimidine prod-

NH4OAC
(16 equiv)
MeOH
sealed

| | N
o o NH,OAc
Meojif OMe (8 eqUiV)
MeOH

sealed tube
70 °C

NH4OAc (16 equiv)

MeOH, sealed tube
90 °C
HN t-Bu

OMe

NH4OAc (16 equiv)

MeOH, sealed tube
90 °C

KE46

uct PM36 was achieved in 55% yield after 48 h reaction time,
when a large excess of ammonium acetate (16 equiv) is em-

ployed, whereas with only eight equivalents (reaction time:

t-Bu N N t-Bu
B O

N N
MeO™ Y X"S0OMe

PM36 55%

| AN
t-Bu N Pz O
{.Bu+ PM36 34%

MeO

e

t-Bu

PM37 34%

t- Bu

PM38 23% PM39 56%

PM40 60%

Scheme 10: Synthesis of bis-pyrimidine derivatives PM36, PM39 and PM40 from -ketoenamides KE44-46 by method A (NH4OAc, MeOH, 60 °C).
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36 h) a 1:1 mixture of PM36 and the intermediate mono-pyrim-
idine PM37 — containing still one B-ketoenamide moiety — was
isolated. The use of sixteen equivalents ammonium acetate
afforded good yields of bis-pyrimidine derivative PM39 and
PM40, whereas in the case of KE45 as starting material, con-
siderable amounts of the mono-pyrimidine derivative PM38
were isolated as side product. Subsequently, both mono-pyrimi-
dine derivatives PM37 and PM38 were subjected to alternative
cyclization reactions involving the remaining B-ketoenamide
moiety [41]. It is worth mentioning that the relatively complex
heterocyclic compounds depicted in Scheme 10 are accessible
through the three-component reaction and subsequent condensa-
tion reaction in only two steps.

Beilstein J. Org. Chem. 2019, 15, 655-678.

Functionalization of pyrimidine derivatives

The substitution pattern of the prepared pyrimidine derivatives
PM allows a variety of subsequent transformations to new de-
rivatives. The C-4 methyl (in one case benzyl) group is an
inevitable structural feature of these pyrimidines, but it can
smoothly be used for oxidation reactions to introduce new func-
tional groups. As typical examples selenium dioxide oxidations
of PMS, PM9, PM15 and PM19 furnishing aldehydes PM41,
PM42, PM44 and PM48 are shown in Scheme 11 [33]. In case
of the benzyl-substituted substrate PMS, the (probably faster)
oxidation of the C-2 benzyl group could not be avoided and
hence the dicarbonyl compound PM41 was isolated [50]. The
formyl group of the prepared intermediates allows further

Phj\ tho
N~ |N Se0, N7 |N
A dioxane N O
t'B“)\KK 80 °C t'B“)W
OMe 70% OMe H
PM5 PM41
Ph Ph Ph
= = @ o Z
PhsPCH,Ph Br
N| SN SeO, N| SN n-BuLi, Et,0, 0 °C NI SN
i o}
t-Bu)\)\ gg”fg”e t-Bu” 60% t-Bu” N7 Fph
OMe 80% OMe H OMe
PM9 PM42 PM43
N~ |N Se0, N)\|N NaClIO, N~ |N
X dioxane X O NaH,PO, )\(k
Ph)\(j\ S Ph A e L I CO,H
e 90% OMe H 66% e
PM15 PM44 PM45
HONH,HCI PPhs, CBry4
MeOHM ‘ CH,Cly, 1t
70% 87%
Ph Ph
o WA
N
Phw PR NN Br
OMe H OMe H
PM46 PM47
SE /\) S; /} S
N“ N  SeO, TosMIC N7 N
SZQN ! dioxane O K,CO3, MeOH
\ 80 °C 70 °C
S OMe 91% OMe H 58%
PM19 PM48 PM49

Scheme 11: Functionalization of pyrimidine derivatives PM through selenium dioxide oxidations of PM5, PM9, PM15 and PM19 leading to 4-formyl-
substituted pyrimidines PM41, PM42, PM44 and PM48 and selected subsequent transformations (TosMIC = tosylmethyl isocyanide).
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conversion into other functional groups as depicted in the
scheme. Wittig reactions provided 4-alkenyl-substituted pyrimi-
dine derivatives such as PM43 or PM47, whereas further oxida-
tion of PM44 afforded the carboxylic acid PM45 in good yield
[33]. Alternatively, the conversion of PM44 into oxime PM46
or a van Leusen oxazole synthesis [51] of PM48 with tosyl-
methyl isocyanide giving PM49 were possible. The synthesis of
pyrimidine derivative PM49 with three heterocyclic substitu-
ents is remarkable and stresses the flexibility of the methods
presented here.

The easily introduced C-2 alkenyl groups may also be oxidized.
Thus, dihydroxylation of the vinyl group in PM7 followed by
oxidative cleavage afforded pyrimidine derivative PMS50 having
a formyl group at C-2 (Scheme 12) [31].

H

/
1) K,0804-2H,0, NMO I
N
|

)

SN acetone/H,0 5:1, rt N N

|
)\/\ 2) NaIO4 t-BU)\/K
e THF/H20 25:1,0 °C

OMe
76%
PM50

Scheme 12: Conversion of 2-vinyl-substituted pyrimidine PM7 into
aldehyde PM50; (NMO = N-methylmorpholine N-oxide).

Next, the conversion of the 5-alkoxy groups of the pyrimidine
derivatives PM into a 1-nonafluorobutanesulfonate group is

Beilstein J. Org. Chem. 2019, 15, 655-678.

presented, that — like the closely related triflate group — allows
transition metal-catalyzed coupling reactions or nucleophilic
substitutions [52]. The selected three examples presented in
Scheme 13 show striking differences in the deprotection step
[33]. The methoxy-substituted compound PM2 requires harsh
conditions employing trimethylsilyl iodide at 80 °C to provide
the intermediate hydroxy derivative PMS51. In contrast, the
removal of the benzyl group in PM20 can be achieved by
palladium-catalyzed hydrogenolysis at room temperature to
give hydroxy compound PMS53. This method is certainly not
applicable to pyrimidines with alkenyl substituents, but in
this case 2-(trimethylsilyl)ethoxy-substituted compounds
such as PM29 can be used, whose deprotection with trifluoro-
acetic acid proceeds at room temperature. The obtained
5-hydroxy-pyrimidines can be purified and characterized or, for
further transformations, the crude products are directly con-
verted into the corresponding nonaflates by deprotonation
with sodium hydride and treatment with 1-nonafluorobutane-
sulfonyl fluoride (NfF). Scheme 13 shows two examples,
PMS52 and PM54 that are ready for palladium-catalyzed reac-

tions.

As mentioned above, pyridyl nonaflates derived from the
B-ketoenamides KE are excellent substrates for palladium-cata-
lyzed coupling reactions as briefly discussed in our review [23].
Pyrimidyl nonaflates can analogously be used to achieve higher
substitution degrees as illustrated by the examples shown in
Scheme 14 [33]. Nonaflate PM54 underwent a Suzuki—-Miyaura
reaction to PMS55 or a Sonogashira coupling to PM56 under

Ph Ph E
N7 |N Me;Sil N7 |N NaH, NfF N7 |N
iPr&H\ 1,2-dichlorethane iPr)Y\ THF, rt iPr)YK
OMe 80°C OH 59% ONf
(two steps)
PM2 PM51 PM52
E Ph Ph
N= |N Pd/C, H, N "N  NaH, NfF NZ |N
Ph Y MeOH,rt  pp "X THF, rt Ph)\ﬁ\
OBn 92% OH 66% ONf
PM20 PM53 PM54
j\h NaH, NfE/ THF, rt
. 60%
N~ IN TFACHCL 12 bus3 (two steps)
PN rt
OTMSE
PM29

Scheme 13: Deprotection of 5-alkoxy-substituted pyrimidines PM2, PM20 and PM29 and conversion into nonaflates PM52 and PM54; (Nf =1-nona-

fluorobutanesulfonyl).
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Scheme 14: Palladium-catalyzed coupling reactions of PM54 and PM12 giving rise to new pyrimidine derivatives PM55-58.

standard conditions. The ethynyl-substituted pyrimidine deriva-
tive PM12 could also be employed in C—C coupling reactions
as shown by its connection to pyridyl nonaflate 8 — readily
available from B-ketoenamide KE61 [33] — efficiently
furnishing the disubstituted alkyne PMS57. This intermediate
was directly converted into pyrimidyl-substituted furopyridine
derivative PM58 in very good overall yield. The example of
compound PM58 nicely demonstrates the combination of dif-
ferent heterocycles that were generated from the two p-ketoen-

1) TMSOTf, NEt3,
1,2-dichloroethane, 90 °C

amides KE20 and KE61 and shows the potential of these
methods in heterocyclic chemistry.

Options for palladium-catalyzed reactions are also offered by
compound PM60 that was prepared from mono-pyrimidyl-
substituted p-ketoenamide PM38 (see Scheme 10). This com-
pound was converted into PM59 by the standard cycloconden-
sation reaction (Scheme 15) leading to a pyridin-4-ol moiety
that was converted to the nonaflate. Compound PM60 bears a

t-Bu

PM38

Scheme 15: Synthesis of pyrimidyl-substituted pyridyl nonaflate PM60.

2) NaH, NfF, THF, rt

PM59 R=H, 79%
PM60 R = Nf, 60%
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pyrimidyl and a pyridinyl substituent at the 2,2’-position of the
biphenyl part [41].

Synthesis of pyrimidine N-oxide derivatives

The condensation of f-ketoenamides KE with hydroxylamine
hydrochloride can either deliver pyrimidine N-oxides PO or
oxazepine derivatives J. However, only the six-membered
heterocycles were isolated under the conditions employed
(Scheme 16) [32]. Remarkably, the condensations occurred
under milder conditions compared with those involving ammo-
nium salts and smoothly provided the pyrimidine N-oxides at
room temperature. An additional advantage of this approach to
the pyrimidine skeleton is the fact that the N-oxide moiety could
be exploited for the functionalization of the adjacent 4-alkyl

group.

The scope of this method is again very broad as demonstrated
by the 25 examples compiled in Table 5 and those of
Scheme 17 and Scheme 18. This condensation method is com-
patible with all substituents that are available by the three-com-
ponent reactions to f-ketoenamides KE, however, due to the
slightly acidic reaction conditions the tert-butyldimethylsilyl

0]

PN

R¥ °NH O

Beilstein J. Org. Chem. 2019, 15, 655-678.

HONH,-HCI, MeOH, rt

OR! X R3
I N)\O\

N
R'O
J

N "N

Scheme 16: Condensation of LANCA-derived B-ketoenamides KE
with hydroxylamine hydrochloride leading to pyrimidine N-oxides PO.

Table 5: Preparation of pyrimidine N-oxides PO1-25 through condensation of B-ketoenamides KE with hydroxylamine hydrochloride.?

entry  precursor R? R? RS

1 KE3 Me iPr CCl3

2 KE4 Me iPr Ph

3 KE6 Me cPr CgHy-4-Br

4 KE8 Me t-Bu Bn

5 KE9 Me t-Bu cPr

6 KE10 Me t-Bu CH,CH,SiMe3
7 KE40 Me t-Bu CH(OH)Me

8 KE14 Me t-Bu CCl3

9 KE16 Me t-Bu HC=CH-Me
10 KE17 Me t-Bu HC=CH-Ph
11 KE18 Me t-Bu HC=CH-2-Fu
12 KE19 Me t-Bu HC=CH-2-Th
13 KE21 Me t-Bu Ph

14 KE22 Me Ad cPr

15 KE25 Me Ph CCl3

16 KE27 Me Ph HC=CH-Ph
17 KE29 Me Ph Ph

18 KE34 Me 2-Th HC=CH-Ph
19 KE35 Me 2-Th 2-Th

20 KE50 Bn t-Bu cPr

21 KE58 TMSE cPr cPr

22 KE59 TMSE cPr HC=CH-Ph
23 KE63 TMSE t-Bu HC=CH-Me
24 KE67 TMSE t-Bu Ph

25 KE68 TMSE Ad cPr

product

PO1
PO2
PO3
PO4
PO5
PO6
PO7
PO8
PO9
PO10
PO11
PO12
PO13
PO14
PO15
PO16
PO17
PO18
PO19
PO20
PO21
PO22
PO23
PO24
PO25

yield

28%
61%
69%
81%
54%
46%
30%
71%
54%
88%
99%
91%
97%
67%
96%
58%
58%
65%
59%
38%
65%
45%
47%
quant
84%

@Abbreviations: Ad = 1-adamantyl, Fu = furyl, Py = pyridyl, Th = thienyl; all alkenyl substituents are E-configured.

ref.

(28]
(32]
(30]
[30]
(53]
(30]
(43]
(28]
[54]
(32]
[32]
(32]
(32]
[32]
(28]
[54]
(30]
(30]
[32]
(30]
(32]
(30]
(54]
(30]
(32]
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Scheme 17: Reactions of B-ketoenamides KE15 and KE7 with hydroxylamine hydrochloride leading to pyrimidine N-oxides PO26-29.
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Scheme 18: Structures of pyrimidine N-oxides PO30-33 derived from B-ketoenamides KE43, KE45, KE78 and KE80.

protection group of KE40 is removed during the formation of
PO7 (Table 5, entry 7).

Under the conditions applied the vinyl-substituted p-ketoen-
amide KE15 furnished the expected pyrimidine N-oxide PO26.
However, the addition of the solvent methanol to the double
bond provided compound PO27 as major product (Scheme 17)
[32]. It was not studied whether the use of other solvents can
suppress this addition reaction. The allyl-substituted B-ketoen-
amide KE7 was converted under the standard conditions into
condensation product PO28, but in this case a second com-
pound, PO29 bearing a shifted double bond, was isolated as
main product [32].

A few pyrimidine N-oxides with special substituents are
depicted in Scheme 18. They are generated from the enan-
tiopure B-ketoenamide KE43 [30], the biphenyl derivative
KE45 [41] and the aryl-substituted -ketoenamides KE78 and
KES80 [46]. In all cases, the corresponding heterocycles
PO30-33 were isolated in moderate to good yields.

Typical subsequent reactions of

pyrimidine N-oxides

The N-oxide moiety of pyrimidine N-oxides can easily be
reduced by various methods, as shown by the reduction of PO4
with hydrogen/palladium to give pyrimidine PM5 (Scheme 19)
[30]. Although compounds such as PMS are also directly avail-
able by condensation with ammonium salts (see above), the
detour via pyrimidine N-oxides may have advantages in certain
cases due to the milder reaction conditions of the condensation
step. However, a more important transformation of pyrimidine
N-oxides PO represents the Boekelheide rearrangement [S5] to
afford 4-acetoxymethyl-substituted pyrimidines and some
typical examples of this side-chain functionalization are
depicted in Scheme 19. Treatment of pyrimidine N-oxide PO13
with acetic anhydride at 90 °C furnished the expected pyrimi-
dine derivative PM61 in 69% yield [32] showing that this trans-
formation involves an internal redox reaction. However, the
mechanism of this rearrangement is still under discussion
[56,57] and side-products such as PM62 having a 4-ethyl group
(3% yield) and other compounds evidence the participation of
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Scheme 19: Reduction of PO4 to PM5 and Boekelheide rearrangements of PO13, PO14, PO4 and PO30 to 4-acetoxymethyl-substituted pyrimidine

derivatives; Ad = 1-adamantyl.

radicals [30]. After the efficient conversion of pyrimidine
N-oxide PO14 into pyrimidine PM63 no products of this type
were isolated. The regioselectivity is another important feature
of the Boekelheide rearrangement if alkyl groups are present at
C-2 or C-4 next to the N-oxide moiety. The pyrimidine N-oxide
PO4 offers a benzyl substituent and a methyl group whereas
PO30 bears two methyl groups. In both cases, 1:1 mixtures of
the two possible rearranged products, PM64 and PM65 [50] or
PM66 and PM67 [30] were isolated, respectively.

4-Acetoxymethyl-substituted pyrimidine derivatives offer many
options for the introduction of new substituents. For example
the removal of the acetyl group by treatment with potassium
carbonate in methanol and oxidation with Dess—Martin periodi-
nane (DMP) converted PM61 and PM63 into aldehydes PM69
and PM71 in reasonable overall yields (Scheme 20) [30]. This

pathway via the pyrimidine N-oxides represents a good alterna-
tive to the direct oxidation of the 4-methyl group by selenium
dioxide (see Scheme 11). The subsequent transformation of the
aldehyde PM71 to the oxime followed by dehydration afforded
nitrile PM72 in good yield [30]. The latter should be a suitable
precursor for three-component reactions with alkoxyallenes and
carboxylic acids to furnish new B-ketoenamides KE bearing a
6-adamantyl-2-cyclopropyl-5-methoxypyrimidin-4-yl substitu-
ent. This again stresses the flexibility and versatility of our ap-
proach to complex heterocycles.

The aldehyde PM69 was further converted into the terminal
alkyne PM73 by employing the Bestmann—Ohira protocol
(Scheme 21). After its Sonogashira reaction with iodobenzene
to the intermediate disubstituted alkyne PM74 this compound
was converted into furopyrimidine derivative PM75 [30].
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Scheme 20: Deprotection of 4-acetoxymethyl-substituted pyrimidine derivatives PM61 and PM63, oxidations to formyl-substituted pyrimidines PM69

and PM71 and synthesis of nitrile PM72 (DMP = Dess—Martin periodinane).
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Scheme 21: Synthesis of pyrimidinyl-substituted alkyne PM74 and conversion into furopyrimidine PM75 and Sonogashira reaction of PO3 with

ethynylbenzene to pyrimidine N-oxide PO34.

Finally, the bromoaryl group in PO3 was engaged in a cou- copper-catalyzed reactions [30]. The conversion of the 5-alkoxy

pling with ethynylbenzene to give PO34. This latter reaction  substituent into a nonafloxy group (as shown above with the

proves that the N-oxide moiety is compatible with palladium/  pyrimidine derivatives, see Scheme 13) was not examined so
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far, however, it should be possible. Hence, the pyrimidine
N-oxides may also be used in other palladium-catalyzed pro-
cesses in order to introduce new substituents at C-5 of the
heterocycles.

Synthesis of oxazole derivatives

By brief heating with trifluoroacetic acid f-ketoenamides KE
with acid-labile alkoxy substituents OR! underwent an unex-
pected formation of 5-acetyl-substituted oxazole derivatives OX
(Scheme 22) [42,45]. This useful transformation proceeds with
benzyloxy-, p-methoxybenzyl-, 2-tetrahydropyranyl- and 2-(tri-
methylsilyl)ethoxy-substituted f-ketoenamides KE as precur-
sors and - mainly depending on the size of substituent R -
oxazoles OX and/or the simple hydrolysis products 1,2-di-
ketones DK were isolated in moderate to excellent yields
(Table 6). With substituents R of moderate bulkiness the
oxazoles OX are formed exclusively (Table 6, entries 1, 36,
17, and 20-23), whereas for the two compounds KE57 and
KES58 (R% = R3 = cyclopropyl) the corresponding oxazoles
0X6 and OX7 were isolated as highly predominating products
(Table 6, entries 7 and 8), but traces of the corresponding 1,2-
diketones DK2 and DK3 were detected in the crude product.
The reactions of B-ketoenamides KE60, KE61 and KE68

Beilstein J. Org. Chem. 2019, 15, 655-678.

(R2 = tert-butyl or adamantanyl, R3 = methyl, trifluoromethyl or
cyclopropyl) provided mixtures of oxazoles OX7, OX8 and
0X10, respectively, and of 1,2-diketones DK4, DK5 and DK11
(Table 6, entries 9, 10, and 16). For examples with very bulky
substituents R? and R3 the exclusive formation of the 1,2-di-
ketones DK1 and DK6-10 was observed (Table 6, entries 2,
and 11-15). Trifluoroacetic acid treatment of -ketoenamides
KE70 and KE71 not only furnished DK12 and DK13 in moder-
ate yield, but also dimeric products whose structure has still to
be established [43].

0] 0]
EN

RS
JJ\NH O TFA,80°C N)\O R °NH O
X
R2

= +
J\)J\ sealed tube — Rg%
R2 9]
OR! (0]

KE OoX DK

Scheme 22: Trifluoroacetic acid-promoted conversion of LANCA-
derived B-ketoenamides KE into oxazoles OX and 1,2-diketones DK.

R3

The method could also be extended to aryl-substituted -ketoen-
amide KE79 that delivered oxazole derivative OX16 in
59% yield (Scheme 23) [45]. A subsequent reduction of the car-

Table 6: Preparation of oxazoles OX1-15 and 1,2-diketones DK1-13 through trifluoroacetic acid-promoted reaction of B-ketoenamides KE.2

entry KE R R2 R3

1 KE48 Bn n-Non Ph

2 KES51 Bn t-Bu 2-Th

3 KE52 Bn Ph CF3

4 KE53 Bn Ph Ph

5 KE54 Bn Ph 2-Py

6 KE56 PMB Ph CF3

7 KE57 2-THP cPr cPr

8 KE58 TMSE cPr cPr

9 KE60 TMSE t-Bu Me

10 KE61 TMSE t-Bu CF3

11 KE62 TMSE t-Bu CH=CH;

12 KE63 TMSE t-Bu CH=CH-Me
13 KE64 TMSE t-Bu CH=CH-Ph
14 KE65 TMSE t-Bu CH=CH-CgH4-NO;
15 KE66 TMSE t-Bu CH=CH-2-Fu
16 KE68 TMSE Ad cPr

17 KE69 TMSE Ph CF3

18 KE70 TMSE Ph CH=CH-Me
19 KE71 TMSE Ph CH=CH-Ph
20 KE72 TMSE Ph C=CH

21 KE74 TMSE Ph 2-Py

22 KE75 TMSE Ph 2-Th

23 KE76 TMSE Ph Ac

@Abbreviations: Ad = 1-adamantyl, Py = pyridyl, Fu = furyl, Th = thienyl, Ac =

a dimeric compound were isolated.

oX yield DK yield ref.
ox1 51% - [45]
- - DK1 83% [45]
ox2 74% - - [45]
ox3 48% - - [45]
OX4 64% - - [45]
OX5 53% - - [45]
OX6 51% DK2 <1% [45]
(0) ¢4 67% DK3 <1% [45]
() €] 24% DK4 29% [45]
OX9 61% DK5 31% [45]
- - DK6 73% [43]
- - DK7 80% [43]
- - DK8 60% [43]
- - DK9 55% [43]
- - DK10 70% [43]
0X10 12% DK11 65% [45]
0X11 98% - - [45]
- - DK12 30%P [43]
- - DK13 33%P [43]
0X12 57% - - [45]
0X13 99% - - [45]
0X14 68% - - [45]
ox15 39% - - [45]

acetyl; all alkenyl substituents are E-configured. PIn addition, ca. 30% of
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bonyl group followed by iodine-induced elimination gave the
5-styryl-substituted oxazole OX17. This sequence demon-
strates the potential of the C-5 functionalized oxazoles to be
used for further transformations (see below).

The examples collected in Table 6 show a dichotomy of oxazole
and 1,2-diketone formation that is not fully understood so far.
As mentioned above, the presence of bulky substituents R2 (and
R3) seems to be a prerequisite of the 1,2-diketone formation,
however, for the series with R% = phenyl the observed product
distributions are not easy to explain (Table 6, entries 18-23).
Nevertheless, a plausible mechanism is presented in Scheme 24
showing the analogy to the Gabriel-Robinson oxazole synthe-
sis [58]. For pB-ketoenamides KE with OR! groups that are not
easily cleaved by acids the cyclization to pyridin-4-ol deriva-
tives PY occurs without touching of the alkoxy group. If this
group is reacting with trifluoroacetic acid the E-configured enol
E-EN is generated first and its prototropy directly delivers the
isolated 1,2-diketones DK. Experiments with labelled oxygen
showed that the oxazole oxygen originates from the alkoxy
group and not from the amide moiety [45]. The oxazole forma-
tion therefore requires a configurational switch from enol E-EN
to Z-EN. Very likely, this step is acid-catalyzed as the subse-
quent cyclization to form the five-membered intermediate L and

O CF3
I TFA, 80 °C PN
FsC” NH O sealed tube N“ 0
Ph
t+Bu” 59% £-Bu
OTMSE (@)
KE79 0X16

Beilstein J. Org. Chem. 2019, 15, 655-678.

the final water elimination to oxazole OX. The formation of
Z-EN is possibly disfavored by bulky groups R? due to repul-
sion with the acetyl group. The cyclization step leading to L
may also be hampered if R is too bulky. In these cases, no
sufficient concentrations of Z-EN or of L are formed and hence
the 1,2-diketones DK are obtained as the products. It should
also be mentioned that isolated 1,2-diketones DK do not
undergo cyclizations to OX even after extended treatment with

trifluoroacetic acid.

As an alternative to the strongly acidic conditions, palladium-
catalyzed hydrogenolysis of the benzyloxy-substituted deriva-
tives is possible, thus avoiding the condensation to oxazoles.
Scheme 25 shows the conversion of KE52 into 1,2-diketone
DK14 (compare entry 3 of Table 6). Longer reaction times lead
to a subsequent reduction of the internal carbonyl group as
shown by the conversion of KE54 into the two diastereomeric
a-hydroxy-f-amino ketones 9 [45]. Due to the moderate mass
balance of this transformation we cannot exclude that the

second carbonyl group was also partially reduced.

Subsequent reactions of oxazole derivatives
As already shown in Scheme 23, the carbonyl group at C-5 of
oxazole derivatives OX offers possibilities for subsequent reac-

CF,
1) NaBHy, EtOH, rt
N7 0

2) I, 1,2-dichloroethane ):K/\
h sealed tube, 130 °C ;g ; —

42% (two steps) ox17

Ph

Scheme 23: Conversion of B-ketoenamide KE79 into oxazole OX16 and transformation into 5-styryl-substituted oxazole OX17.

R3 (0]
N TFA R3J\NH O TFA
|
RN DN0H  forR'=Me RN
OR! OR!
PY KE

for R' = Bn, PMB,
2-THP or TMSE

H

O
HNJ\R3
o
Z-EN

+H@

Scheme 24: Mechanisms of the formation of 1,2-diketones DK and of acetyl-substituted oxazole derivatives OX.
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1
FRCTONH O oo
N ®
Ph MeOH, rt, 30 min
OBn 53%
KE52
it
2Py"NH O by
N ’
Ph MeOH, rt, 1 d
OBn
KE54
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FsC” °NH O
Ph
o}
DK14
0 0
2-Py)J\NH o) 2-Py)J\l§lH o)
+
Ph™ Y Ph/\E)J\
OH OH
anti-9 35% syn-9 1%

Scheme 25: Hydrogenolyses of benzyloxy-substituted B-ketoenamides KE52 and KE54 to 1,2-diketone DK14 and to diastereomeric a-hydroxy-@-

amino ketones 9.

tions to other functionalized oxazoles. Typical examples are
depicted in Scheme 26 and Scheme 27 employing 2.,4-dicyclo-
propyl-substituted oxazole OX7 as the starting material. The
efficient conversion of the acetyl group into the corresponding
silyl enol ether moiety delivered OX18 that may be used for
further transformations. Alternatively, OX7 and phenyl
hydrazine afforded the corresponding hydrazone OX19 in
excellent yield that was further treated with polyphosphoric acid
to undergo a Fischer indole reaction to 5-indolyl-substituted
oxazole 0X20.

To demonstrate the versatility of the route to new oxazole deriv-
atives, typical palladium-catalyzed processes are compiled in
Scheme 27. First, the acetyl moiety was converted into a vinyl
or an ethynyl substituent. The reduction of OX7 followed by
elimination to OX21 proceeded smoothly and as subsequent
transformation a Heck reaction with alkenyl nonaflate 10 was

performed delivering OX22. The conversion of OX7 to alkyne

Nal, TBSCI
MeCN
80 °C

0X23 applied the protocol of Lyapkalo et al. [59] using
Schwesinger’s base [60] as crucial reagent. First, the corre-
sponding nonaflate is generated from OX7 that immediately
underwent elimination to the alkyne. Ethynyl-substituted
oxazole OX23 was isolated in excellent yield and subsequently
employed in Sonogashira couplings. lodobenzene afforded
compound OX24 in high yield and (B-ketoenamide-based)
pyridinyl nonaflate 8 gave OX25. The removal of the TMSE
group by acid treatment and subsequent cyclization furnished
the furopyridyl-substituted oxazole derivative OX26 in good
overall yield [45]. The examples shown in Scheme 27 and
Scheme 28 demonstrate the manifold options to synthesize
complex heterocyclic systems by the building block system
derived from B-ketoenamides KE.

Finally, the synthesis of star-shaped compound OX28 is

presented. A threefold Sonogashira reaction of 1,3,5-tribro-
mobenzene with ethynyl-substituted OX23 gave the desired

OTBS

X

N7 o  PhNHNH, N PPA, 80 °C
= AcOH, EtOH ={ HN-Ph 539%
0 50°C =N
91%
OX7 oX19 0X20

Scheme 26: Conversions of 2,4-dicyclopropyl-substituted oxazole OX7 into oxazole derivatives OX18-20 (PPA = polyphosphoric acid).
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1) NaBH,4

_ EtOH.rt 1
2) l2, 120 °C Pd(OAC),, PPh;
1,2-dichloroethane LiCl, NEt3, 75 °C
58% (two steps) 45%
ox21 OX22
P, base, NfF 95%
THF,-78°Ctort
N o  Phi N0
_ Pd(OAc),, PPhs, Cul -
A EtsN, DMF, 60 °C J—\
TMSEOQ  t-Bu 84%
= ox23 ox2a Ph
NfO— N
Pd(OAc), 8 CFs
PPh3, Cul 71%

EtsN, DMF, 60 °C

TMSEO  t-Bu
A/o = 1) TFA/CH,Cl, 1:5, rt
| = N

\ 2) K,CO3, DMF, 80 °C

CF3 63% (2 steps)
0X25 ox26 CF3

Scheme 27: Syntheses of vinyl and ethynyl-substituted oxazole derivatives 0X21 and OX23 and their palladium-catalyzed reactions to 0X22 and
0X24-26 (Schwesinger P, base).

I Br Br

Pd(OAc),, PPhs, Cul

AN EtsN, DMF, 50 °C

0X28 22%

Scheme 28: Synthesis of Cz-symmetric oxazole derivative OX28 and the STM current image of its 1-phenyloctane solution on highly oriented
pyrolytic graphite (HOPG).
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0X28 in 22% yield; the major product (41%) of this experi-
ment was the double-coupling product OX27 and the mono-
coupling product (not shown) was isolated in 5% yield [45]. A
solution of the C3-symmetric compound OX28 in 1-phenyloc-
tane was investigated by scanning tunneling microscopy (STM)
to reveal its ability to form self-assembled monolayers at the
interface with highly oriented pyrolytic graphite (HOPG). The
STM current image inserted in Scheme 28 shows bright areas
that indicate the positions of the n-systems, whereas the dark
areas indicate the cyclopropyl groups.

Synthesis of quinoxalines

The acylamido-substituted 1,2-diketones DK obtained by
hydrolysis of several B-ketoenamides KE also offer possibili-
ties of further synthetic applications. The reduction to
a-hydroxy-p-amino ketones such as compound 9 has been
already mentioned (see Scheme 25), but the vicinal carbonyl
groups may also be employed for condensation reactions
leading to heterocycles, for instance the Radziszewski reaction
to imidazoles [61,62]. As an example, the condensation of 1,2-
diketones DK with o-phenylenediamine to quinoxalines QU
[63] employing cerium ammonium nitrate [64] as catalyst was
investigated (Scheme 29). This transformation proceeded
smoothly at room temperature in water as solvent and provided
the expected acylamido-substituted quinoxalines QU1-7 in
moderate to good yields (Table 7) [43,45].

HoN

i )

2N HoN N
o

RSNH O N j@
N X
R2 CAN, H,0, rt Y N
o) R3 R2
DK Qu

Scheme 29: Condensation of 1,2-diketones DK with o-phenylenedi-
amine to quinoxalines QU1-7 (CAN = cerium ammonium nitrate).

Table 7: Preparation of quinoxalines QU1-7 by condensation of 1,2-di-
ketones DK with o-phenylenediamine.?

entry DK  R2 R3 QU  yield ref.
1 DK1 tBu 2-Th QU1 41%  [45]
2 DK6 tBu CH=CH, QU2 51%  [43]
3 DK7 tBu CH=CH-Me QU3 58%  [43]
4 DK8 tBu CH=CH-Ph QU4 53% [43]
5 DK10 tBu CH=CH-2-Fu QU5 55%  [43]
6 DK11 Ad  cPr QU6 30%  [45]
7 DK13 Ph  CH=CH-Ph QU7 42%  [43]

@Abbreviation: Ad = 1-adamantyl, Fu = furyl, Th = thienyl; all alkenyl
substituents are E-configured.

Beilstein J. Org. Chem. 2019, 15, 655-678.

Conclusion

Lithiated alkoxyallenes LA, nitriles N and carboxylic acids CA
undergo a three-component reaction (LANCA reaction) that
affords pB-ketoenamides KE in good to very good yields
(Scheme 30). The reaction proceeds through a unique mecha-
nism being driven by the high energy level of the allenes. The
eighty examples of B-ketoenamides KE collected in this review
impressively demonstrate the broad scope of this three-compo-
nent reaction that is compatible with all kinds of substituents R?
and R3 and several functional groups within these substituents.
Enantiopure components efficiently lead to products with
stereogenic centers. Dinitriles or dicarboxylic acids provide the
expected bis-B-ketoenamides in moderate yield.

The prepared B-ketoenamides KE are excellent precursors for
the synthesis of specifically substituted heterocycles
(Scheme 30). The intramolecular aldol-type condensations
leading to a manifold of pyridine derivatives PY was already
subject of a review article [23]. In this report, we demonstrate
that the B-ketoenamides KE are also excellent precursors for the
synthesis of a variety of pyrimidines PM, pyrimidine N-oxides
PO, 4-acetyl-substituted oxazoles OX and — via 1,2-diketones
DK - of quinoxalines QU. The substitution pattern of all com-

Qu DK

Scheme 30: The LANCA three-component reaction leading to 3-keto-
enamides KE and the structure of functionalized pyridines PY, pyrim-
idines PM, pyrimidine N-oxides PO, oxazoles OX, 1,2-diketones DK
and quinoxalines QU derived thereof.
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pounds allows specific subsequent reactions, for instance, by
substitution of the alkoxy groups with a nonafloxy group all
kinds of palladium-catalyzed coupling reactions. Specific oxi-
dation reactions also lead to a variety of new heterocyclic com-
pounds. All the examples collected here show the potential of
this approach to highly functionalized heterocycles, furnishing
compounds with a very high degree of structural diversity that
should be of interest in drug synthesis or material science. The
versatility of alkoxyallenes [11-20,65,66] as easily available C3
building blocks is key for this prosperousness.
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The synthesis of a novel category of pseudo-peptides via intramolecular Ugi reaction of levulinic acid (4-oxopentanoic acid), aro-

matic and aliphatic amines, and amino acid-based isocyanides is reported. Levulinic acid was applied as a bifunctional substrate

containing both carbonyl and acid moieties suitable for the Ugi reaction. This article provides a facile and convenient one-pot pro-

cedure for the synthesis of peptide-like heterocyclic molecules containing 2-pyrrolidone (y-lactam), amide and ester functional

groups with good to excellent yields.

Introduction

The multistep synthesis of complex molecules normally
requires a large number of repetitive synthetic operations, such
as extraction, separation, chromatography and other purifica-
tion steps. These disadvantages encouraged chemists to synthe-
size complex molecules using multicomponent reactions
(MCRs). MCRs transform three or more starting materials into
a single product in an atom- and step-economical way in diver-
sity- and target-oriented syntheses in modern organic synthesis.
In addition, MCRs are characterized by high yields, time effi-
ciency, low waste production, and reduced energy consumption
[1-9]. So, the design of novel MCRs with facile and green pro-

cesses has fascinated considerable attention in the fields of drug
discovery, organic synthesis of natural products, and materials
sciences [10].

Undoubtedly, one of the most prominent and studied MCRs is
the Ugi reaction. The Ugi four-component condensation reac-
tion (U-4CC) between an aldehyde, an amine, a carboxylic acid
and an isocyanide provides a rapid preparation of a-aminoacyl
amide or pseudo-peptide derivatives. These biologically active
peptide-like molecules can be utilized to circumvent some of

the problems associated with several natural peptides such as
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stability against proteolysis, poor bioavailability, receptor selec-
tivity, and short duration of action [11]. The Ugi reaction allows
the introduction of several substituents in its adducts to prepare
novel peptidomimetics with potential pharmaceutical applica-
tions. Therefore, the development of innovative Ugi reactions is
crucial for the synthesis of novel chemical libraries for various
purposes [12].

In recent years, one of the modifications for Ugi reactions is
the introduction of bifunctional substrates into the Ugi
condensation reaction in order to keep the multicomponent se-
quence as short as possible which makes it less complicated
[13-17].

Levulinic acid or 4-oxopentanoic acid, is an organic compound
which is classified as a ketoacid. It can be easily prepared in
industrial scale and low price by acid catalysis from renewable
resources, such as sugars, lignocellulosic biomass and waste
materials [18]. It can be used as a bifunctional precursor for the
synthesis of pharmaceuticals, plasticizers, and different addi-
tives [19]. Furthermore, it is recognized as an excellent starting
material for Ugi reactions because it has two functional groups
in its structure. By the way, using bifunctional chemicals in Ugi
four-component condensation reaction (4CC) converts it to an
Ugi three-component condensation reaction (3CC) and this is
identified as an Ugi-4-centre-3-component reaction (U-4C-
3CR) [20-23]. This reaction proceeds through an intramolecu-
lar mechanism which leads to the formation of heterocyclic
products as a result of a ring-closure process.

In 1998, Ugi et al. reported the intramolecular Ugi-4C-3CR of

ketoacids such as levulinic acid and phthalaldehydic acid with

Beilstein J. Org. Chem. 2019, 15, 852-857.

aliphatic amines and ordinary isocyanides with excellent yields
[24]. In 2003, Mironov et al. reported the Ugi reaction of
levulinic acid, isocyanides and primary amines in aqueous
media with high yields [25]. In addition, Banfi et al. have
shown that by using levulinic acid in multicomponent reactions
and post-multicomponent reactions, diversities of bicyclic drug-
like heterocyclic compounds can be obtained [26].

Results and Discussion

In continuation of our interest on the synthesis of novel pseudo-
peptides [27-29] via multicomponent reactions, herein we in-
vestigate the Ugi-4C-3CR of levulinic acid, aromatic and ali-
phatic amines and amino acid-based isocyanides. First of all,
racemic o-amino acids such as DL-tryptophan, DL-phenylala-
nine and DL-leucine were used as amine source for the synthe-
sis of isocyanide esters 3 through three sequential reactions
[30,31]. The first reaction is esterification of the a-amino acid
using thionyl chloride in methanol as reagent and solvent. The
second reaction is the formylation of the corresponding amino
acid ester salt with ethyl formate in the presence of NaHCOj.
Finally, the formamide group was transformed to the corre-
sponding isocyanide 3 using POCI; and triethylamine
(Scheme 1).

The prepared amino acid-based isocyanides 3 were applied in
an Ugi-4C-3CR (Scheme 2). For this purpose, the reactions of
one equivalent of bifunctional substrate levulinic acid (1), an
amine 2 and an isocyanide ester 3 were carried out in methanol
as solvent at room temperature to produce the corresponding
pseudo-peptides 4. We observed that under the optimized reac-
tion conditions, good to high yields of products were obtained.

The results are summarized in Figure 1. Various aromatic and

(0]
o (0]
o) HCOOEYEtOH R/\HkOM
R%OH SOCIy/MeOH oMe NaHCO; N ®  POCIyEt;N R OMe
NH, O°Ctort NHz-HCI 50°C \g CH,Cl,, -5 to —10 °C NC
1 2 3
Scheme 1: Synthesis of amino acid-based isocyanides starting from a-amino acids.
(6]
O O N-R'
/U\/\ MeOH
COOH + RNH, + R” OMe \
NG rt, 24 h g N1 o
1 2
, . . 4 o
R'=alkyl, aryl R = 3-indolyl (a), phenyl (b), isopropyl (c) R

Scheme 2: Synthesis of pseudo-peptides using levulinic acid, isocyanide esters and amines.
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)]\/\ MeOH
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1 2 a R ©°
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a (72%)2 [50:50]° (20%)°  4b (53%) [50:50]  4c (68%) [50:50] 4d (88%) [50:50] 4e (51%) [53:47]
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SNSRI A g <!
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g NH % & \H Y
4K (70%) [52:48] 41 (58%) [47:53] m (61%) [51:49] 4n (60%) [52:48] 40 (54%) [50:50]
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NH Y
e)
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Figure 1: Synthesis of functionalized 5-membered lactams using Ugi reaction. 2lsolated yield for mixture of diastereomers. PThe ratio of diastereo-
mers was determined by "H NMR analysis. CIsolated yield of one of the diastereomers as pure stereoisomer after several recrystallization steps.
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aliphatic amines were applied in this protocol to give the corre-
sponding pseudo-peptides. For this purpose, aliphatic amines
such as o-chlorobenzylamine and tryptamine and aromatic
amines such as aniline, 4-chloroaniline, 4-aminophenol, p-tolui-
dine, 4-fluoroaniline, and m-anisidine were applied successful-
ly in this protocol. In addition, all three prepared isocyanides
from DL-tryptophane, DL-leucine and DL-phenylalanine
worked very well in this reaction to provide the corresponding
pseudo-peptides 4 containing y-lactam, amide and ester func-
tional groups in a single structure.

By starting from DL-amino acids, the corresponding racemic
isocyanides were obtained. By using the racemic isocyanides in
the Ugi-4C-3CR, a mixture of diastereomers were obtained in
approximately 1:1 ratio (see NMR spectra in Supporting Infor-
mation File 1). Attempts to find a suitable procedure for separa-
tion of the diastercomers without losing the yield was not suc-
cessful. In the case of 4a, one of the diastereomers [(R*,5*)-4a]
was obtained as a pure compound in low yield (20%) after

several recrystallization steps from MeOH.

A proposed mechanism for this reaction is depicted in
Scheme 3. The primary step in the mechanism is the condensa-
tion reaction of the carbonyl group of levulinic acid with an
amine component that leads to the formation of an imine inter-
mediate A. The formed Schiff base is in equilibrium with its
iminium cation B as a result of an intramolecular proton
exchange with the carboxylic acid moiety which activates the
iminium ion for the nucleophilic addition of isocyanide. Conse-
quently, the electrophilic centre of the iminium ion in B is sub-
jected to a nucleophilic attack of the isocyanide to furnish the
intermediate C. Then, a second nucleophilic addition takes
place at this nitrilium intermediate C with an intramolecular
nucleophilic addition of the carboxylate anion. The final step is
an acyl transfer from oxygen to nitrogen (Mumm rearrange-
ment) in D which completes the Ugi reaction accompanied by
formation of the corresponding bis-amides.

0 R

)J\/\COOH + RNH, —

A

Scheme 3: Proposed mechanism for Ugi-4C-3CR.

.\N
|
COOH
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The structure of products was confirmed by IR, 'H and
13C NMR, CHN and HRMS analyses and by X-ray crystallog-
raphy for 4a. The IR spectra of the derivatives show character-
istic absorbance bands at 3200-3500 cm™! for the N—H bond
stretching vibration and at 1640—1750 cm™! for two carbonyls
of the amide groups and one carbonyl of the ester group. The
'H NMR spectra of the products show a characteristic peak at
6—7 ppm for the amide hydrogen and a peak as multiplet at
4.40-5.00 ppm for the CH group in the stereogenic center.
Carbons of the amide and ester moieties were observed around
170-177 ppm in '3C NMR spectra. In addition, the structure of
compound (R*,S*)-4a was confirmed by single crystal X-ray
diffraction and an ORTEP representation is shown in Figure 2
(CCDC 1896942); for details of the crystal structure data and
refinement of (R*,5*)-4a see Supporting Information File 1).

Figure 2: ORTEP representation of compound (R*,S*)-4a with ther-
mal ellipsoids at 50% probability. Opposite enantiomer is omitted for
clarity. The atom numbering does not follow IUPAC nomenclature.

Conclusion
In conclusion, we have synthesized a novel category of pseudo-
peptides containing y-lactam, amide and ester moieties in a

R R\NH
~N
NH*
. | RNC Ccoo-
- elop A NI
B R C
NHR'
H o)
P N -~
R \ R\#
' N o)
o R N) WO

855



single structure via Ugi-4-centre-3-component reaction. The
main advantage of this paper refers to the application of three
amino acid-based isocyanides in the reaction with levulinic acid
as a bifunctional substrate and amines which led to the forma-
tion of novel peptidomimetics with potential biological activi-
ties. In addition, the presence of an ester functional group in the
structure of products makes them suitable substrates for further
derivatization.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data and copies
of 'H and '3C NMR spectra of all compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-82-S1.pdf]
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Isocyanide-based multicomponent reactions are a versatile tool in the synthesis of heterocycles. This review describes recently de-

veloped approaches based on the combination of consecutive or repetitive isocyanide-based multicomponent reactions for the syn-

thesis of structurally diverse heterocycles. These strategies have also allowed the synthesis of a plethora of macroheterocycles in a

reduced number of steps.

Introduction

Isocyanide (isonitrile) chemistry was first described by Lieke in
1859 [1] and forms the basis of a large group of reactions in
organic chemistry, especially in isocyanide-based multicompo-
nent reactions (IMCRs) [2,3], such as the Passerini and Ugi
reactions, which are reactions that have been widely used in the
synthesis of peptides, peptidomimetics and heterocycles [4-8].
In this review, we describe synthetic sequences involving repet-
itive or consecutive IMCRs that have provided molecules with
even more structural diversity. By “repetitive” we mean pro-
cesses in which two or more IMCRs are occurring in the same
reaction vessel using polyfunctionalized compounds. In

contrast, consecutive processes involve the use of distinct

IMCRs in different stages of a synthetic sequence. This latter
strategy requires that the IMCR products have at least one func-
tional group that can be used directly or be manipulated for the
subsequent IMCR reaction. These strategies have proved very
efficient in the fast obtention of (macro)heterocycles, and the

number of examples from the literature has been increasing.

Review

Multicomponent reactions (MCRs)
Multicomponent reactions are reactions in which three or more
compounds are reacted yielding a product that retains most of

the atoms of the starting materials in an atom-economic process
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Scheme 1: Comparison between a normal sequential reaction and an MCR.

[9-11]. A high level of molecular complexity can be generated
in a single step and, by varying the structure of each compo-
nent, different libraries of molecules can be easily obtained.
Compared to a sequential synthesis, this strategy presents
several other advantages besides atom economy, such as higher
overall yields, easiness of procedure and work-up [12], less sol-
vent being used, fewer residues being produced, fewer purifica-
tion steps and time-saving, contributing to a more sustainable

process (Scheme 1).

The Strecker synthesis of a-amino cyanides, reported in 1850, is
considered to be the first example of an MCR [13]. Since then,
several different MCRs have been reported, including the well
documented isocyanide-based MCRs (IMCRs). These particu-
lar MCRs take advantage of the unique properties of the
isocyanide functional group, which is able to undergo both elec-
trophilic and nucleophilic reactions at the carbon atom. The Ugi
reaction, firstly reported by Ugi et al. in 1959 [14], involves an
amine, a ketone or aldehyde, an isocyanide, and a carboxylic
acid to form a dipeptide product. It is undoubtedly one of the
most important IMCRs known and has found many applica-
tions in synthetic organic chemistry [2,3,9,10]. Among the
IMCRs the Ugi reaction has been the most used in the repeti-
tive/consecutive strategy for the synthesis of (macro)hetero-
cycles. The union of different types of MCRs for the synthesis
of more complex products has been reviewed [15,16] and this

review will focus only on IMCRs.

Consecutive IMCRs

Synthesis of small-ring heterocycles (tetrazoles,
ketopiperazines, imidazoles, imidazolines and thia-
zoles)

The use of consecutive Ugi reactions in the synthesis of hetero-
cycles was first described in 2001 by Ugi and Constabel [17]

who developed a solid phase strategy to obtain tetrazoles and
hydantoinimide derivatives successfully (Scheme 2). In each
case, the synthetic sequence began with a classical Ugi reaction
between N-Fmoc glycine (1), isobutyraldehyde (2) and tert-
butyl isocyanide (4) in the presence of polystyrene resin 3 as the
amine component. After resin removal with piperidine in DMF,
a combinatorial strategy of replacing the carboxylic acid com-
ponent with trimethylsilyl azide (TMSN3) (azido-Ugi reaction)
or cyanic acid, followed by Fmoc removal (TFA), allowed the
formation of the tetrazole (yields >80%) or hydantoinimide
nuclei (yields 35-50%), respectively.

Isocyanoacetate derivatives 8 are efficient building blocks for
the synthesis of structurally complex products and biologically
active molecules [18]. After an initial IMCR reaction with their
isocyanide moieties, hydrolysis of the ester group present in
these compounds allows the obtention of carboxylic acids that
can be further used in consecutive IMCRs. Furthermore, opti-
cally active isocyanoacetates can be easily obtained from
natural amino acids. Recently, Domling et al. [19] used this
efficient approach in the synthesis of tetrazole-ketopiperazines
(Scheme 3). The strategy involved three steps: first, an Ugi
tetrazole reaction between isocyanoacetate derivatives 8, trity-
lamine (9), various aldehydes and TMSNj3, followed by treat-
ment of the products with aqueous HCI, which cleaved both the
trityl group and the methyl ester, to yield amino acids 11 bear-
ing a 1,5-disubstituted tetrazole. The practicality of the Ugi
tetrazole reaction (also called Ugi-azide or azido-Ugi reaction)
has been recently reviewed [20,21]. These compounds were
then used in an intramolecular three-component four-center Ugi
reaction using equimolar amounts of each reagent. Neither
room-temperature reactions nor reflux conditions led to satis-
factory results. However, microwave heating of 11 at 120 °C for

30 min in trifluoroethanol as solvent allowed the obtention of
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Scheme 3: Synthesis of tetrazole-ketopiperazines by two consecutive Ugi reactions [19].

the desired tetrazole-ketopiperazines 12 in yields ranging from
20-72% (1:1 to 9:1 mixture of diastereomers).

Recently, our research group [22] carried out the synthesis of
bis(1,5-disubstituted tetrazoles) 14 using two consecutive Ugi
reactions (Scheme 4). The synthetic strategy was based on two
hydrazino-Ugi-azide reactions and a hydrazinolysis step for the
synthesis of acylhydrazino bis(1,5-disubstituted tetrazoles).
Methyl isocyanoacetate 13a was used as an essential compo-

nent in the first hydrazino-Ugi-azide reaction allowing consecu-
tive Ugi reactions to take place. In the first step, 13a,
hydrazides, aldehyde or ketone, trimethylsilyl azide (TMSN3)
and ZnCl, (10 mol %) in trifluoroethanol (TFE) were stirred at
room temperature for 24 h to obtain acylhydrazino 1,5-disubsti-
tuted tetrazoles 14 in 30-100% yield. Attempts of this reaction
without the use of catalyst provided the desired products in low
yields. Subsequently, a hydrazinolysis reaction with hydrazine

monohydrate led to the corresponding hydrazides 15, which
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Scheme 4: Synthesis of acylhydrazino bis(1,5-disubstituted tetrazoles) through two hydrazine-Ugi-azide reactions and a hydrazinolysis step [22].

were used in a second hydrazine-Ugi-azide reaction with
various ketones, to obtain the acylhydrazino bis(1,5-disubsti-
tuted tetrazoles) 16 in yields ranging from 45—-70%.

Consecutive Ugi reactions for the synthesis of substituted
o-aminomethyl tetrazoles have also been described (Scheme 5)
[23]. The synthetic strategy was based on a four-component Ugi
reaction (U-4CR) followed by a three-component Ugi reaction
(U-3CR). The first step involved the reaction of ammonium
chloride or tritylamine, with oxo components, isocyanide, and
sodium azide or TMS azide followed by acid treatment with

TFA to obtain a-aminomethyl tetrazoles 17. Subsequently, a

new three-component Ugi reaction was performed involving
different amino methyl tetrazoles with different oxo compo-
nents, isocyanides and p-toluenesulfinic acid (p-TSIA) in
(semi)stoichiometric amounts to obtain substituted a-amino-
methyltetrazoles 18 in up to 99% yield.

Another recent study carried out the synthesis of tetrazole
peptidomimetics by the direct use of unprotected amino acids in
two consecutive Ugi-type reactions [24]. Acid-tetrazole com-
pounds 19 were obtained using C,N-unprotected amino acids in
an Ugi-tetrazole reaction with oxo components, isocyanide, and

sodium azide (Scheme 6). The success of the reaction was evi-

NC

Trt-NH, .
o 9 TMSN 1. EtOH, MW N-N RO
NC 3 1
R1JI\R2+ or + |'Q3 t oor 2. TFA, CH,Cl N\N\ NH, + JOJ\
NH,4CI or . R" 'R2 4SR5
4 NaNs MeOH:H,0 (3:1) R3 R R
18 h, r.t. 17
vcr-2 b
IMCR-2{
NNy ©
N\ N _R®

N N
'l?3 R! R2 R4 RS H
46 examples

18 17-99% yield

Scheme 5: Synthesis of substituted a-aminomethyltetrazoles through two consecutive Ugi reactions (U-4CR and U-3CR) [23].
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Scheme 6: Synthesis of tetrazole peptidomimetics by direct use of amino acids in two consecutive Ugi reactions [24].

denced by the sole obtention of the Ugi-tetrazole product with-
out any trace of other Ugi-type reaction products. Sequentially,
acid 19 was subjected to a second Ugi reaction with oxo com-
ponents, amines and isocyanides to obtain six tetrazole peptido-
mimetics (20a—f). Highly complex molecules were easily ob-
tained in only two steps (sequential Ugi-tetrazole/Ugi-reaction)
without the need for amino acid protection/deprotection reac-
tions.

A remarkable result was described by Orru and co-workers who
used two consecutive IMCRs in the same reaction pot to obtain
the first example of an eight-component reaction (§CR) [25].
This was accomplished after a careful study of functional-group
and solvent compatibilities from previous works of the same
group and led to the formation of complex molecules

possessing many points of diversity. In this strategy, intermedi-

ates 26 and 27 were formed through Ugi-type reactions and then
mixed together with benzylamine and isobutyraldehyde to
furnish the final product in 24% yield as a mixture of diastereo-
mers (Scheme 7). Other examples of 5- and 6CRs involving
Passerini and Ugi reactions such as those represented in
Scheme 8 were also reported in the same work.

Al-Tel et al.

Groebke—Blackburn—Bienaymé and Ugi or Passerini reactions

described the tandem combination of

in the same reaction flask without isolating any intermediate,
allowing the preparation of complex heterocycles through
sequential additions of five or six components [26]. For
instance, compounds 39 and 44 were efficiently obtained in
good yields using this strategy (Scheme 9 and Scheme 10, re-
spectively) and many other examples were described in this

work.
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Scheme 10: 5CR involving a tandem combination of Groebke—Blackburn—-Bienaymé and Passerini reaction for the synthesis of a complex hetero-

cycle [26].

The strategy of consecutive IMCRs has also been successfully
used in the synthesis of tubulysin analogues called tubugis
(53-55) [27]. These molecules are N-substituted peptides,
which possess a very high cytotoxic activity (on the picomolar
range). They were prepared using three different IMCRs
(Scheme 11): the Mep-Ileu-OH dipeptide fragment 47 was ob-
tained as a diastereomeric mixture via an Ugi—Nenajdenko reac-
tion using the 4-methyl-2,6,7-trioxabicyclo[2,2,2]octyl (OBO)
ester 46 to avoid epimerization of the isocyanide, followed by a

reductive amination and chromatographic separation of the
isomers; a Passerini-Domling IMCR led to the heterocyclic
fragment of the molecule, called tubuvaline (50); and finally an
Ugi reaction was used to couple them. Initial attempts to use
tubuvaline 50 led to an undesirable product due to water attack
at the reaction intermediate before Mumm rearrangement. This
was circumvented by changing the protecting group of 50 from
acetyl to fert-butyldimethylsilyl (TBS, compound 51). The cou-
pling of the fragments via Ugi reaction was carried out under
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very controlled conditions, using a syringe pump to slowly add
the isocyanide, thus avoiding the formation of the double-addi-
tion product.

Ruijter et al. performed the synthesis of telaprevir 64, a protease
inhibitor used in the treatment of hepatitis C, through a very

short and efficient synthetic strategy involving as key steps two

IMCRs (Ugi and Passerini) [28]. The strategy involved the syn-
thesis of isocyanide 58 via a Passerini reaction using aldehyde
56, cyclopropyl isocyanide 57 and acetic acid, followed by
reaction of the resulting formamide with triphosgene
(Scheme 12). Compound 58 was obtained as a 78:22 diastereo-
meric ratio without any racemization of the pre-existing stereo-
center and then used in the key step Ugi-type 3CR with cyclic
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Scheme 12: Synthesis of telaprevir through consecutive IMCRs [28].

imine 59 (generated in situ from catalytic oxidation of amine
61) and pyrazinecarboxylic acid 60 (readily available in four
steps from L-cyclohexylglycine methyl ester (62)) to give com-
pound 63, which was converted to telaprevir (64) after two ad-
ditional steps. This approach reduced by more than half the
number of steps compared to the existing linear synthetic se-
quence for telaprevir.

Later on, Riva et al. reported an alternative synthesis of
telaprevir using two consecutive IMCRs (Scheme 13) [29]. The
first one is a Passerini-type reaction between aldehyde 66,
isocyanide 67 and boric acid, which yielded a 2:1 mixture of
diastereomers. After converting 68 into aldehyde 69, this was
reacted with cyclopropyl isocyanide 57 and acetic acid
(Passerini reaction) furnishing compound 70, which was con-

verted to telaprevir (64) in three additional steps.

Macrocyclic peptoid synthesis

Domling et al. performed the combination of two isocyanide-
based multicomponent reactions in the synthesis of macro-
cycles containing a tetrazole nucleus [30]. The strategy was

based on the use of a-isocyano-w-carboxylic esters 71 via a

microwave-mediated Ugi-azide reaction at the beginning of the
synthesis and an intramolecular Ugi reaction of bifunctional
compounds 74 at the end, allowing the obtention of the 16- to
20-membered tetrazolic macrocycles 75 in only five steps
(Scheme 14).

A similar approach was used shortly afterwards by the same
research group in the synthesis of macrocyclic depsipeptides
containing a tetrazole nucleus [31]. The combination of two
isocyanide-based multicomponent reactions (azido-Ugi and
Passerini reactions) allowed easy access to a library of macro-
cyclic depsipeptides in only four steps with variations in the
size of the macrocycle as well as in the side chains
(Scheme 15). This was the first example in which the intramo-
lecular Passerini reaction was performed using bifunctional
isocyanocarboxylate (Scheme 15a). Scheme 15b shows three of
the 21 depsipeptides macrocycles synthesized by the authors in
this study.

Ethyl isocyanoacetate (13b) has also been successfully used as

starting material to allow consecutive Ugi reactions in the syn-

thesis of macrocycles (which were considered as macrohetero-

914



Beilstein J. Org. Chem. 2019, 15, 906-930.

N ~ o IMCR-1 /\ o o8
t - P < z
. — OBz CH4CN m
Hof\_OH N o + \_‘p/\ TR N3
3 n-Pr 92% N
H o /b = 2:1 MO W hpr
a/lb = Z:
65 66 QH 68 a=-"OH
Ho % oH b==0H
/\: 7 steps

aEB e v“

N\/%(N IMCR-2 AcOH +

N ; \/

H\_/KO O ; > W

(o] DCM, rt
N SR

N 4\ telaprevir (64)

Scheme 13: Another synthesis of telaprevir through consecutive IMCRs [29].

K TMS-N IMCR-1 o)
: 1. MeOH, MW N=N Ko)k(\/)NC N=N
R-NC * (Ph);CNH, 100 °C, 15 min RIN.__N n RIN__N
O 9 2. TFA, DCM, rt RZI EtsN, HOBt, DCC R?
= rs NHz CH3CN, 48 h 5 NH
R2"R3 o e NC
73 n
R'= o]
kﬁ%}‘ EtOH
e o R KOH
m R (1.5 equiv)

N R6
,[‘H\j m o IMCR-2 o Ne
N\ — NH R4- NH, + R5 R6 KOMNIN

N/g\
2 )
R R3Hj((/” MeOH (0.01 M), rt
0 NH,CI 74 R® NG
75 )\M’

25-36% H3CO

8 Y
0 o
//} ,[“\NJ/\/\i N
N IY N\N/)\\ HNIO< Ny N,
N—&H}j HNW \N:J\/NH

o
75a, 30% 75b, 27% o) 75¢, 25%

Scheme 14: a) Synthetic sequence for accessing diverse macrocycles containing the tetrazole nucleus by the union of two IMCRs. b) Some com-
pounds obtained by this strategy [30].

915



a) RTCHO (Ph)3C-NH,

Beilstein J. Org. Chem. 2019, 15, 906-930.

Kooc/\H’NC

o \
+ ido-Ugi- n
VSN . 1. azido-Ugi-4CR y N‘Q; COOMe 78 ‘(L COOMe
s M 2. TFA, CHCl, 2 EtsN, HOBt JH_§
MeOOCL INC rt, 1 min DCC, CHaCN -
76 M 48 h
N N’ N
N°°N IMCR-2) R \ N %
R3-CHO
79 _KOH, EtOH HNj/L COOK
JH—§ R [R? NH4CI/H,0 (0.01 M), 72 h
on— 1o m Passerini-3CR «\Rs
80

/

81a, 27% 81b, 20%

Z_

JQ/?
CW

81c, 28%

Z /

Scheme 15: a) Synthetic sequence for the tetrazolic macrocyclic depsipeptides using a combination of two IMCRs (Ugi and Passerini reactions). b)
Compounds 81a-c are representative of the 21 depsipeptides macrocycles obtained [31].

cycles in the context of this review). In this respect, Wessjo-
hann et al. developed a methodology for the synthesis of cyclic
RGD pentapeptoids (RGD = arginine-glycine-aspartic acid) by
consecutive Ugi reactions [32]. This was the first example in
which the Ugi reactions were used in the construction and cycli-
zation of peptoids in a combined fashion. The methodology was

MeCH, rt

24 h, 51-98%

based on two consecutive four-component Ugi reactions for the
construction of the acyclic precursors 84 and 89, followed by a
final intramolecular Ugi reaction under pseudo-high dilution
conditions (to avoid oligomerization) to furnish cyclopeptoids
85 and 90, respectively (Scheme 16 and Scheme 17). Ester

hydrolysis and N-deprotection reactions were carried out

o 0
Etok/N\ﬂ/\NJ\/NHCbz
8 0 R

0 (CHx0), O
13b NH; 82
iy IMCR-1

P
g

@]

1. LiOH, THF-H,0, 0 °C

1. LiOH, THF-H,0, 0 °C
2. R%-NH,, (CH,0),,, MeOH,
rt, 24 h, 62-87%

0
ENGe

13b

o N 0 2.10% Pd-C, H, (1 atm) H Q
. s M2
Y hN oo £io7 SN AN 0
1
RN 0O o
\—/< 4>—N 3. (CH,0),, tert-butyl isocyanide, 0 R® R{
HN R2 MeOH

85

= (CH2)3OH, R2= CHQCOz-t-BU, 20%
= (CH,),NHBoc; R? = CH,CO,-t-Bu, 19%
R1 CH,CO,-t-Bu; R2 = (CH,),NHBoc, 21%

Scheme 16: Synthesis of cyclic pentapeptoids by consecutive Ugi reactions [32].
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Dmb = 2,4-dimethoxybenzyl

pmc = 2,2,5,7,8-pentamethyl-6-sulfonyl

R T
L
(}—/NJ&NE_/ HN=<NH

H NH,

90

0
+ 1. MeOH, rt, 68%
1o NHCDz

2. LiOH, THF-H,0, 0 °C
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0 0
HO)K/HW/\N)K/NHCbz
0

.

IMCR-1
NDmb
HN™ "NHpmc
(6]
NC
MeOH, EtzN EtOJ\/ + (CHy0)
rt, 85% 13b "
n (0]
IMCR-2) C|H3N/\[( j<
(6]
88

1. LiOH, THF-H,0, 0 °C
2.10% Pd-C, Hy (1 atm),
MeOH, rt

3. MeOH, (CH,0),,

4. TFA, CH,Cl, 1:1, 33%

CbzHN
tert-butyl isocyanide (4), rt

g 0
Me0™ > NN
0 © ﬁo ©

T

89 KLN,Dmb

HN™ "NHpmc

Scheme 17: Synthesis of a cyclic pentapeptoid by consecutive Ugi reactions [32].

in between. In this approach, by varying the amine component, Later on, our group introduced the use of microwave heating to

the side chains of the peptoid backbone could be easily this same synthetic strategy for the synthesis of a cyclic peptoid

exchanged. (Scheme 18) [33]. The combination of these two tools (micro-

(CH20),
o) o 80 °C, 3 min, MW
MeO)k/NC + HOJ\/NHCbZ solvent-free
13a 82 or
l}le MeOH
R1 80-92%
IMCR-1

oj/Nf
o N o
?N NCH’ 0\_/<N\/\/\

IFNJ&NEJ

93

1. LiOH, THF/H,0O
3 min, 60 °C, MW
2. 10% Pd-C, HCOONHy,,

i-PrOH, 120 °C, 5 min, MW

o 0
MeOJ\/NY\NJ\/NHCbz
o R
91

1. LiOH, THF/H,O
60 °C, 3—4 min, MW

2. 80 °C, 3 min, MeOH, MW
81-92%

Scheme 18: MW-mediated synthesis of a cyclopeptoid by consecutive Ugi reactions [33].

N N__O
e \H/\N R! f

3. (CH50),, tert-butyl isocyanide (4) o R N
MeOH, rt, 5 days, 69%

92

NHCbz
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wave heating and consecutive IMCRs) has proved to be a par-
ticularly attractive method for the synthesis of macroheterocy-
cles, which could be easily accomplished in a reduced number
of steps and very short reaction periods (except for the last
step). Three consecutive Ugi reactions were performed fol-
lowed by the respective hydrolysis and deprotection, furnishing
an amino acid, which was cyclized in good yield to macrocycle
93 via an intramolecular Ugi three-component four-center reac-
tion (U-3C-4CR).

In the continuation of our studies, we used a similar strategy for
the combination of consecutive isocyanide-based multicompo-
nent reactions (Ugi and Passerini reactions) [34]. This method-
ology was used in the synthesis of six cyclic depsipeptoids
inspired by the structure of the natural depsipeptide sansal-
vamide A, which involved five steps (Scheme 19). In the first
step, formation of the peptoid was achieved via the first Ugi
reaction. Then, subsequent hydrolysis of the ester was followed
by formation of an acyclic depsipeptoid via Passerini reaction
between acid 96, isocyanide 98 and aldehydes 97. Trifluoro-
acetic acid (TFA) allowed deprotection of the amine/acid
groups. In the last step, a macrocyclization reaction via an intra-

Beilstein J. Org. Chem. 2019, 15, 906-930.

molecular Ugi reaction provided the achievement of the cyclic
depsipeptoids 100a—f in yields ranging from 33-49% depending
on the substrate.

More recently, our research group described a fast and efficient
strategy for the synthesis of macrocycles using four consecu-
tive Ugi reactions (Scheme 20) [35]. This was the first example
in the literature in which four consecutive IMCRs were em-
ployed. The strategy allowed the synthesis of a cyclic heptapep-
toid in only 8 steps using microwave irradiation in seven of
these steps allowing short reaction times (3—5 minutes) and
excellent yields of the intermediates (88-98%). The non-opti-
mized low yield of the last step was attributed to difficulties
during the purification step along with to some oligomerization

that might have occurred.

Repetitive IMCRs — multicomponent macro-
cyclizations through bifunctional building

blocks

A strategy that has been widely used for the synthesis of macro-
heterocycles is the multiple multicomponent macrocyclizations
including bifunctional building blocks (M3iB3s or MiBs). In

IMCR-1
(CH0) 1. 80 °C, 3 min, MeOH o o
O Na SOy, MW, 77-87% H
2074 ° N NHBoc
MeOJK/NC . HOJ\/NHBOC HOJ\/ \[(\NJI\/
13a 94 2. LiOH, THF/H,0, 0 °C, 2.5 h
NH; NaHSO, (2 M), 92—100% =
96 |
o
95 W >L NC
IMCR-2 J\/
R 97a,b
Hll\l o 97a,n =0,70%| 80 °C, 20 min,
\E o 97b,n =1, 66% THF, MW
o) NJ\ o)
>_/ HN 1. TFA/CH,Cl, (1:4)
N o0 o i, 0°C—rt, 40 h

100% (both)

S
OJ\/N

e

100a: n = 0; R'= isopropyl, 33%
100b: n = 0; R'= isobutyl, 40%
100c: n = 0; R'= tert-butyl, 49%
100d: n = 1; R1= isopropyl, 35%
100e: n = 1; R1=isobutyl, 37%
100f: n = 1; R1= tert-butyl, 33%

2. (CH,0), + RI-NC
Et;N, Na,SO,, MeOH, rt BOCHN\)k /\[(NH

4.5 days
pseudo-high dilution

5 A,

99a,n =0
99b, n =1

Scheme 19: Synthesis of six cyclic pentadepsipeptoids via consecutive isocyanide-based IMCRs [34].
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o) (CH0)n IMCR-1
1. 80 °C, 3 min, MW o) o
NC NHCbz , . H
MeOJ\/ + HOJ\/ MeOH, 88% HOJ\/N\“/\NJ\/NHCbZ
13a 82
NH, 2. LiOH, THF/H,0O
60 °C, 5 min, MW 102
101 2 mol/L NaHSO,
98%
0
1. 80 °C, 3 min, MW
NHz MeOJ\/ NC
13a MeOH, 88%
101 2. LiOH, THF/H,0
(CH,0), 60 °C, 5 min, MW
2 mol/L NaHSO,
IMCR-2 90%

1.80 °C, 3 min, MW
(CH,0), 13a, 101, 88%

O o H O
HN JN J_NH, 2. LioH, THF/H,0,
\([)]AN \([)]/\N 60 °C, 5 min, MW
2 mol/L NaHSOQy4, 93%
3. Pd/C (10%), cyclohexene
80 °C, 3 min, MeOH, 92%

O
H
\/\/\NWN\)J\OH
(0]

NJ\/N )J\/NHCbz

A

104

(CHO0)n + CoN">"
105

pseudo-high dilution
MeOH, rt, 5 days, 12%

NH o
HN
© 0 NH
O
o}
RN
NN
H
106

Scheme 20: Microwave-mediated synthesis of a cyclic heptapeptoid through four consecutive IMCRs [35].

this type of strategy, several subtypes of such reactions are
conceivable varying the number and the type of IMCRs [36]. In
this sense, Wessjohann and co-workers presented a direct
method to generate chimeric peptoid macrocycles containing
steroid moieties [37]. The process was based on designing a

4-fold Ugi-4CR macrocyclization by using the steroidal diiso-
cyanide 107 with diacid 108 or diamine 109 (Scheme 21). Ac-
cording to the authors, this was the first report of repetitive
multicomponent reactions to be used directly to obtain macro-
cycles of this complexity and size.
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repetitive IMCRs

110, R =iPr, 23%

111, R = H, 29%

%,
K

112, 17%

113 R =iPr, 27%
114, R=H, 39%

Scheme 21: Macrocyclization of bifunctional building blocks containing diacid/diisonitrile and diamine/diisonitrile [37].

The synthesis of macrocycles with up to 16 new bonds being
formed simultaneously has been described (Scheme 22). The
strategy was based on combining steroidal dicarboxylic acids
115 and biaryl ether diisocyanide 116 [38]. The approach provi-
ded the synthesis of steroid-biaryl ether hybrid macrocycles 117
and 118 with up to 68 members by the MiBs strategy.

Another representative example of MiBs is the synthesis of the

biaryl ether-containing macrocycles 123a—f (Scheme 23) [39].

The synthetic strategy involved the mixing of three different
C-protected amino acids (120-122) with diisocyanide 116 and
diacid 119. The approach allowed the one pot obtention of six
different macrocycles and a macrocycle core system containing
two symmetrical building blocks.

This same strategy has also been carried out for the synthesis of

natural products containing biaryl ether-cyclopeptoid macro-
cycles 127 and 128 (Scheme 24) [40]. The approach used
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OoH 115 CN NC
' T
o, +
<0 (CH20), 0
NH 116
COLH \( 2

repetitive IMC&

117, 13% 118, 1%

Scheme 22: Synthesis of steroid-biaryl ether hybrid macrocycles by MiBs [38].

+
CN _— NG HO 10 OH
116

119

o T
repetitive IMCRs \“"kcone T MeOLT NH - * oo Me
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120 122
0 Y MeO,C N o Of/;o\;z:o o c o)
~ kg LN
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N N N
COo,Me
HNLO 2 o - ;OCOQMQ j\ ;Ocone j\
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0 1Yo
123a 9)

0 MeOC =0
N N
\\

COzMe J
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[OW S 2 T C
=
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Scheme 23: Synthesis of biaryl ether-containing macrocycles by MiBs [39].
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NC n=2

HQN\/\M/\/NHZ n=4

125 © 1.
R-CHO + HzN‘< R-CHO + 4/<
it MeoH OH
MeOH repetitive IMCRs
o N @/
=
o)ﬁ* HN
N._O R
\( O 127a,R=iPr, n = 1 (38%)
N 127b, R = iPr, n = 2 (42%)
n \( 127¢, R = iPr, n = 4 (51%)
o} 127d,R=H, n =4 (7%)

"
IM/V 128a,R = iPr, n = 2 (46%)

128b,R= H, n=4(11%)

Scheme 24: Synthesis of natural product-inspired biaryl ether-cyclopeptoid macrocycles [40].

involved diisocyanides 124 (representing a biaryl ether moiety)
reacting with aliphatic diacid/diamine and amine/aldehyde, re-

spectively, to generate the target macroheterocycles.

Wessjohann and Rivera [41] performed the first use of the di-
amine/diacid combination of bidirectional Ugi-MiBs in the syn-
thesis of novel steroid—peptoid hybrid macrocycles. Scheme 25

shows two examples using this combination for the synthesis of

cholane—peptoid hybrid macrocycles.

Another application of the MiBs approach has been found in the
use of dynamic combinatorial chemistry (DCC) [42]. One of the
most accessible reversible bonds is the imine bond and has been
widely used in DCC. In this context, a freezing process of a

133

Scheme 25: Synthesis of cholane-based hybrid macrolactams by MiBs [41].

repetitive IMCRs

CO,Me
2 @NC OH o \—qN/\///o

(CH20),

134, 45%
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dynamic combinatorial library (DCL), which is a system of
recognition and thermodynamic control, has been developed
using multiple Ugi-4CRs (Scheme 26). This approach allows
the obtention of macrocycles without the use of pseudo-high-
dilution protocol and addition of Ba(II) allowed better results of
the final product. This combination has allowed the first selec-
tive formation of a 6-fold Ugi-MiB.

Functional macrocycles have been developed with dye-modi-
fied and photoswitchable moieties by MiBs [43]. The approach

Beilstein J. Org. Chem. 2019, 15, 906-930.

employed the use of bifunctionalized near-infrared (NIR) dyes
containing two carboxylic acid moieties with diisocyanide
building blocks providing the formation of somewhat flexible
34- and 35-membered macroheterocycles 142 and 143 in yields
ranging from 10 to 21% after long reactional times
(Scheme 27).

There are some interesting examples in which repetitive and
consecutive IMCRs were used in a combined fashion. For
instance, Wessjohann and Rivera [44] performed the synthesis

2. re-equilibration with Ba(ll)

“ 1. equilibration without template

repetitive IMCRs
t-BuNC + AcOH

138

no template: 21%
with Ba': 61%

N
+ é
/N

Z

QN

SN
\
N
\Q .
N
\

acyclic
oligomers

N
|

t-BU
139
no template: 14%
with Ba'l: 4%

Scheme 26: Synthesis of macrocyclic oligoimine-based DCL using the Ugi-4CR-based quenching approach [42].
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NN
I \l
HO 140 o =0
0\©\/\ repetitive IMCRs Q/O\Q\
NC MeOH MeOH CN NC
NG 141 rt, 10 days rt, 7 days 116
+ (CH,0), + R-NH,
(CH0),  Me,CHNH,
P < ) O+
NN NZ NNININF N
° \\>: r o \\>:O
(0] o R R\N
¢ N4< "l N OV
o
NH
j/'\NH NH™ =0

142, 10%

Scheme 27: Dye-modified and photoswitchable macrocycles by MiBs [43].

of nonsymmetric cryptands by two sequential double Ugi-4CR-
based macrocyclizations (Scheme 28). The approach also relies
on MiBs strategy [45]. The main focus was on the use of the
Ugi four-component reaction (Ugi-4CR) due to the tremendous
capability of this process to generate molecular complexity. In
the approach, one of the building blocks taking part in the first
Ugi-MiB must contain a protected, Ugi-reactive functional
group to be subsequently activated for the next macrocycliza-
tion. In this way, after the first double Ugi reaction between di-

amine 130, diisocyanide 116, paraformaldehyde and acid 144,

143a, R = CH(CHa),, 21%

1436, R ;&HNéph 1
5

\=\/ ‘co,Me

Cbz removal of the macrocycle 145 formed led to another di-
amine intermediate that was involved in a second double Ugi
reaction with paraformaldehyde, fert-butyl isocyanide and
diacid 146, to yield cryptand 147 in 31% overall yield from
130. Other macroheterocycles were synthesized in this study
using this same protocol.

Using this same combined approach, Wessjohann and Rivera

developed a very efficient strategy for the synthesis of supramo-

lecular compounds via Ugi-type multiple multicomponent
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N NH,
HN SN Y NHBoc
130 CozHN G >co,m

(CH20),
repetitive IMCRs

repetitive IMCRs
IMCR-2

a) Hy, Pd(C)
b) (CH20), + t-BuNC (4)

N
]
U

146

HO,C CO,H

Scheme 28: Synthesis of nonsymmetric cryptands by two sequential double Ugi-4CR-based macrocyclizations [44].

macrocyclizations of polyfunctional building blocks
(Scheme 29) [46]. An initial double Ugi-4CR-based macrocy-
clization yielded steroid-aryl hybrid macroheterocycles 151 and
152, which after ester hydrolysis, acted as trifunctional build-
ing blocks for consecutive 3-fold Ugi-4CR-based macrocycliza-
tions with triisocyanide 153. The cross-linked igloo-shaped
skeletons of cages 154 and 155 were obtained in a remarkable
one-pot reaction sequence, which involved the incorporation of
13 building blocks and the formation of 20 new bonds without
the need of isolating any intermediate in the process.

Wessjohann and co-workers demonstrated that the MiBs
strategy could be easily used to obtain several bidirectional

macrocycles with exocyclic substituents with side chains

derived from natural products [47]. The combination of acid
components with side chains derived from natural products con-
taining amino acid residues (e.g., Arg, Cys, His, Trp) and sugar,
bifunctional components (diamino/diisocyanide) and formalde-
hyde allowed the rapid production of eight functionalized
macrocycles (Scheme 30).

Another method using repetitive Ugi reactions has been de-
scribed for the macrocyclization of peptides [48]. The approach
was based on double Ugi-4CR involving a peptide diacid, a
diisocyanide, methylamine and paraformaldehyde
(Scheme 31a). Subsequently, it was observed that varying the
amine component (C-protected amino acids) allowed the obten-

tion of exocyclic elements of diversity as observed in macro-
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P 0 150

repetitive IMCRs

COo,Me
CO,Me IMCR-1 (CH20), 2

NH;

MeOQC

&>
o
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N
N‘O/\H’N\)LN repetitive IMCRs
3 H

IMCR-2
151
N NHz | (a) LiOH
. + +
(@)LIOH | (b) (CH,0), CNI S\NC \(
CN

153

22%

Scheme 29: Synthesis of steroid—aryl hybrid cages by sequential 2- and 3-fold Ugi-4CR-based macrocyclizations [46].
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Scheme 30: Ugi-MiBs approach towards natural product-like macrocycles [47].
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Scheme 31: a) Bidirectional macrocyclization of peptides by double Ugi reaction. b) Ugi-4CR for the generation of exocyclic diversity during the bidi-
rectional macrocyclization [48].
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Scheme 32: MiBs based on the Passerini-3CR for the synthesis of
macrolactones [49].

cycles 162a and b (Scheme 31b). The process allows the
increase of the peptide sequence as well as the inclusion of con-
formational constraints.

MgCl,, MeOH,
20 mM
+
167 (0]

l:lHBoc

WO NG 20 mM each
, N
)"..(NH HNW)\ vN/\/‘“/
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Wessjohann and co-workers also demonstrated MiBs based on
the Passerini-3CR [49]. The strategy is similar to Ugi-MiBs in
which it provides molecular diversity in a few steps due to vari-
able combinations of bifunctional building blocks that can be
easily changed to provide skeletal diversity in macrocycles. In
this approach, two different bifunctional building blocks were
combined: diacid/diisocyanide (Scheme 32). This approach also
allows the combination of diacid/dialdehyde and dialdehyde/
diisocyanide. Macrolactones 164 and 166 were readily ob-
tained using readily available starting materials. Diisocyanides
were prepared from commercial diamines in two steps: formyla-
tion followed by dehydration of the diformamides. The easi-
ness to obtain the starting materials provides a variety of macro-

cycles using the Passerini-MiBs.

Recently, the use of a double Ugi four-component macrocy-
clization for the synthesis of molecular cages was described
[50]. The approach was based on macromulticycle connectivi-
ties through bridgeheads. For the macrocyclization reaction,
metal-template-driven and dilution conditions were used. These
conditions allowed one-pot synthesis including aryl, hetero-
cyclic, polyether, peptidic and steroidal tethers. Scheme 33
shows a template-driven approach to macrotricycles 170, which
were obtained from preformed diimine 168 and addition of
diacid 169 and diisocyanide 130 as building blocks.

NC

COH 169 CO2H 130 repetitive IMCRs
\-/
O
H (@)
I’ \N \/\ﬁ
NH
N H N
0=0
Z g‘NHBoc

k/\NH

170, 37%
four stereoisomers

Scheme 33: Template-driven approach for the synthesis of macrotricycles 170 [50].

928



Conclusion

Based on the many examples shown herein, one can conclude
that the strategies of repetitive and consecutive isocyanide-
based multicomponent reactions can furnish a great variety of
different (macro)heterocycles in a short number of steps and
with good overall yields in most cases. The strategies are even
more powerful when coupled with microwave-mediated reac-
tions, allowing a fast and reproducible synthesis of more com-
plex products. It can be foreseen that this useful strategy will
continue to be applied to the synthesis of molecules with even
more structural diversity.
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Abstract

The unexpectedly uncatalyzed reaction between 2-amino-4-arylimidazoles, aromatic aldehydes and Meldrum’s acid has selectively
led to the corresponding Knoevenagel-Michael adducts containing a free amino group in the imidazole fragment. The adducts
derived from Meldrum’s acid have been smoothly converted into 1,7-diaryl-3-amino-6,7-dihydro-5H-pyrrolo[1,2-c]imidazol-5-
ones and 3-(2-amino-4-aryl-1H-imidazol-5-yl)-3-arylpropanoic acids. The interaction of 2-amino-4-arylimidazoles with aromatic
aldehydes or isatins and acyclic methylene active compounds has led to the formation of pyrrolo[1,2-c]imidazole-6-carbonitriles,
pyrrolo[ 1,2-c]imidazole-6-carboxylates and spiro[indoline-3,7'-pyrrolo[1,2-c]imidazoles], which can be considered as the ana-

logues of both 3,3’-spirooxindole and 2-aminoimidazole marine sponge alkaloids.
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Introduction

Heterocyclic compounds of both natural and synthetic origin,
containing in their structure pyrrole and imidazole rings, display
a wide set of pharmacologically significant activities. The most
important natural sources of such systems are marine sponges.
Since the 70's of 20th century up to date more than 150 deriva-
tives containing pyrrole and 2-aminoimidazole fragments in
their structure were found among the metabolites of these
marine organisms [1]. This group of compounds is character-
ized by an exceptional molecular diversity. The main structural
types of these substances are shown in Figure 1. The metabo-
lites of Leucetta Sp. and Clathrina Sp. are presented by achiral
imidazole alkaloids from the group of benzyl substituted

2-aminoimidazole (dorimidazole A (I), naamine A (II)), fused

Beilstein J. Org. Chem. 2019, 15, 1032—-1045.

cyclic systems (2-amino-2-deoxykealiiquinone (III)) and spiro-
linked compounds ((—)-spirocalcaridine B (IV)) [2]. Agelas Sp.
are a source of alkaloids with core structures containing simul-
taneously pyrrole carboxamide and 2-aminoimidazole moieties
such as the simple achiral compound oroidine (V) and spatially
organized molecules in a complex manner with a large number
of chiral centres like (—)-palau’amine (VI) [3]. Oroidine (V) and
other related vinyl 2-aminoimidazoles of this class are
monomeric precursors of nagelamide A (VII), mauritiamine
(VIII), sceptrin (IX), benzosceptrin A (X), axinellamines (XI)
and stylissazole A (XII) alkaloids [1,4,5]. Fused 2-aminoimida-
zole and azepinone derivatives XIII were isolated recently from

an extract of Pseudoceratina Sp. [6].

Figure 1: 2-Aminoimidazole alkaloids from marine sponges.
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The variety of types of pharmacological activity revealed in
these marine sponges’ metabolites is not inferior to the
chemodiversity of their structure. Many of them are reported to
have properties such as a-adrenoreceptors [7] and leukotriene
B4 receptor antagonists [8], cyclin-dependent kinases GSK-3,
CK1 [9] and nitric oxide synthase activity inhibitors [10,11], as
well as antibacterial [2], antifungal [12], antihistamine [13] and
antitumor activities [14]. Remarkable immunosuppressive prop-
erties are inherent to palau’amine (VI) [15]. Ceratamines XIII
are the disruptors of microtubule dynamics, therefore are of
great interest in cancer drug discovery [6]. Thereby, the stereo-
controlled total synthesis of marine alkaloids such as axinel-
lamines [16] and the search of new 2-aminoimidazole and
pyrrole containing compounds with a core structure that mimics
metabolites of marine sponges with interesting biological prop-
erties has received considerable attention from both chemists
and pharmacologists.

In the middle of 2000s, the authors of the studies [17-19] pro-
posed a facile one-pot two-step procedure for the synthesis of
diversely substituted 2-aminoimidazoles from a-bromocar-
bonyl compounds and substituted 2-aminopyrimidines. This
methodology allowed the rapid synthesis of alkaloids of the
isonaamine series [20] and other polysubstituted 2-aminoimida-
zoles with moderate cytostatic activity [21] and biofilm
inhibitory activity against S. Typhimurium and P. Aeruginosa
[22,23].

We have used 4-aryl-substituted 2-aminoimidazoles described
by the authors of the aforementioned works as polyfunctional
building blocks for the formation of different fused and spiro-
linked heterocyclic systems. Last ones are able to act as precur-
sors in the synthesis of the substances that mimic the core struc-
ture of marine alkaloids due to the presence of several reaction
centres, which allow their further chemical modification. In the
present work we disclose our results on the multicomponent
reactions between 2-amino-4-arylimidazoles, aromatic alde-
hydes or isatins and cyclic or acyclic CH acids. As the last com-
pounds we have used Meldrum’s acid, malononitrile and ethyl
2-cyanoacetate.

Results and Discussion

In view of the structure of 2-amino-4-arylimidazoles containing
four nonequivalent nucleophilic centres several pathways can
be assumed for their reactions with carbonyl 1,3-bielectrophiles
or their synthetic precursors in the case of three-component
reactions between these amines, carbonyl compounds and CH
acids. Previously, an unusual direction of the three-component
reaction between 2-aminoimidazoles, aldehydes and 5,5-
dimethyl-1,3-cyclohexanedione has led to the formation of the

Knoevenagel-Michael adducts (Figure 2) [24]. By analogy with

Beilstein J. Org. Chem. 2019, 15, 1032—-1045.

our results obtained with the use of other aminoazoles in the
reactions with benzaldehydes and Meldrum’s acid [25] we ex-
pected the formation of one or several isomers of tetrahydroimi-
dazopyrimidinone derivatives (Figure 2).

Ar?
1
Ar Ar<\4\N
N\ R Ny N0
)|\ O H
HoN H or
HO O
Ar1\//\N

< —
N/]\H Ar2

Figure 2: The Knoevenagel-Michael adduct [24] and expected prod-
ucts.

However, a short time (3—5 min) and reflux of the equimolar
amounts of amines 1, para-substituted benzaldehydes 2, and
Meldrum’s acid 3 in 2-propanol led to Knoevenagel-Michael
adducts 4a—h (Table 1).

Beside the short reaction times and mild conditions, this cata-
lyst-free three-component condensation is characterized by a
very facile performance since the solid products are formed as
precipitates and are simply isolated in good yields without any
additional purification (Table 1). In our synthetic practice this is
the first example of the existence of stable f-adducts, which si-
multaneously contain Meldrum’s acid and aminoazole frag-
ments. In all earlier described experiments with participation of
different a-aminoazoles as binucleophiles the reaction cascade
readily accomplished by the formation of fused heterocyclic
systems [25].

An analogous three-component reaction involving indole or
imidazo[1,2-a]pyridine derivatives instead of 2-aminoimida-
zoles is referred in the literature as Yonemitsu reaction or Yone-
mitsu-like reaction [26-31]. The similar Michael-type adducts 6
were isolated [31] from the reaction of imidazo[1,2-a]pyridine
with aldehydes and Meldrum’s acid in acetonitrile in the pres-
ence of a catalytic amount of proline (Scheme 1) and then they
were successfully converted to the appropriate esters 7 and

acids 8.

In our case, we have isolated products 4a—h individually and
characterized them by IR, Iy, 13C NMR, and mass-spectral
methods. The 'H NMR spectra of products 4 have two charac-
teristic broad singlets that represent the exchangeable proton

shifts of the crossed signals of NH and OH groups at
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Table 1: Three-component condensation of 2-amino-4-arylimidazoles, aldehydes and Meldrum’s acid.

HQN/<é - AVL/( ﬁ /Hne

Me
1 2

Entry Compound Arl
1 4a Ph
2 4b Ph
3 4c 4-Me-CgHgy
4 4d 4-Me-CgHgy
5 de 4-Me-CgHgy
6 af 4-F-CgHy
7 4g 4-F-CgHy
8 4h 4-Me-CgH,

At A2 O
reflux )(Me
NH
iPrOH, >‘ Ho” O Me
3-5 m|n
4a-h
Ar2 Yield?, %
Ph 77
4-Me-CgHg4 30
Ph 48
4-Me-CgHg4 50
4-NO»-CgHy 40
Ph 54
4-Me-CgHg4 50
3-OH-4-OMe-CgHg 70

aThe isolated yields accounted on the quantities of the starting materials 1-3.

Me Me

RCHO+O 0
o)

NN
Qo
:I MeCN, li
eCN, proline HO

50°C,10h 6

e
:

(0]

— R
QN])TJ\O
\
N O/%Me Cu reflux, 2 h

EtOH/Py,

o Qo
e

Me
EtOH/H,0,

KOH,0°Ctort \ g. r-h

Scheme 1: The three component condensation of imidazo[1,2-a]pyridine, aldehydes and Meldrum’s acid described by Gerencsér at al. [31].

12.35-11.61 ppm and the NH; group of the aminoimidazole
fragment at 7.47-7.26 ppm, as well as a singlet for the protons
of two methyl groups. The existence of the dioxanedione cycle
in enol form is proven by the presence of the singlet of a
methyne proton near the saturated carbon atom at
5.42-5.56 ppm and the absence of the signal for the methyne
proton of the dioxanedione cycle. With regard to the mass spec-
tra, all compounds 4 exhibit similar behaviour in their fragmen-
tation, showing the absence of the molecular ion peak and the
presence of intense signals that occur due to cleavage of ace-
tone and CO, molecules from the dioxanedione moieties.

Their further transformation took place in the presence of the
catalytic amounts of TFA in toluene under short time reflux
(3 min) or addition of the catalytic amounts of TFA to the initial
three-component mixture (Table 2).

The reaction proceeded via 1,3-dioxanedione cycle cleavage

followed by elimination of acetone and CO, to provide novel

pyrrolo[1,2-c]imadazol-5-ones trifluoroacetates 9b,e¢,i precipi-
tated from the reaction mixture (Table 2). The corresponding
bicyclic amine 10a was obtained by the prolonged treatment of
the product 4a with catalytic amounts of TFA in acetonitrile fol-
lowed by the addition of an aqueous solution of NHj3.

The structures of cyclized products 9 and 10 were confirmed by
spectral methods. The signals of NH, OH and methyl groups of
the dioxanedione cycle are absent in the "H NMR spectra of tri-
fluoroacetates 9. The broad signal of the NH, group shifts to the
downfield signal of NH3" at 8.5-8.2 ppm. Protons of the
CH,—CH fragment in the pyrrolidine cycle show the shifts of an
ABX system for CHy at 4.73-4.85, CHp at 3.81-3.84, CH,p at
2.86-2.95 ppm. The same situation is observed for compound
10a, however, the signal of the free NH, group of the aminoim-
idazole moiety shifts to 6.36 ppm. The common feature of the
mass spectra of salts 9 is the absence of the salt molecular ion
peak and the presence of the intense signals that occur due to
cleavage of the CF;COO™ anion.
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Table 2: Synthesis of compounds 9b,c,i, 10a, 11b—g.

Ar! Ar?
1 2 O
A A - TFA, reflux,
N (0] TFA, reflux, 3 min N 3-5 min
N NH | Me }-N 1+2+3
H,N HO O O Me toluene HoN 0 iPrOH
4a-h 9b,c,i TFA salts

10a free base

Ar’
TFA, H,0, 10-12 h Ar® 0 for 10a - from 4a,
CH4CN Bl\\\ J\OH TFA, 20 °C, 6 h, then NH; aq
NH
HoN

CHsCN
11b—g
Entry Compound Ar' Ar? Yield, %
1 9b Ph 4-Me-CgHy 52
2 9c 4-Me-CgH, Ph 60
3 9 4-Ph-CgHy Ph 71
4 10a Ph Ph 68
5 11b Ph 4-Me-CgHy 55
6 11c 4-Me-CgH, Ph 76
7 11d 4-Me-CgH, 4-Me-CgH, 65
8 11e 4-Me-CgH, 4-NO»-CgH, 60
9 11f 4-F-CgH, Ph 67
10 11g 4-F-CgHy 4-Me-CgHy 85

Single crystal X-ray diffraction analysis of biphenyl compound Compound 9i exists as organic salt with trifluoroacetic acid in
9i has finally proved the structures of the obtained products the crystal phase. The existence of the trifluoroacetic molecule
(Figure 3). as anion is confirmed by close values of the C—O bond lengths

Figure 3: Molecular structure of 1-([1,1'-biphenyl]-4-yl)-5-oxo-7-phenyl-6,7-dihydro-5H-pyrrolo[1,2-climidazol-3-aminium 2,2,2-trifluoroacetate 9i ac-
cording to X-ray diffraction data. Thermal ellipsoids of atoms are shown at 50% probability level.
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(1.229(2) A and 1.238(2) A, respectively) and the absence of
the hydrogen atom at the carboxylic group. The analysis of the
bond lengths in the imidazole ring has revealed that the C1-N1
and C1-N3 bonds are equal (1.320(3) A and 1.320(2) A, re-
spectively) and the N1-C6 bond (1.414(6) A) is slightly elon-
gated as compare to its mean value 1.376 A [32]. The hydrogen
atoms at the N1 and N3 were located from the electron density
difference maps. As a result we may describe the structure of

the organic cation as superposition of two forms (Scheme 2).

2 2
Ar Ar1 Ar AI’1
—\ + —
N. NH N. NH
J s
NH, + NH,

Scheme 2: Two forms of cation 9i.

The prolonged reflux (10 h) of compounds 4b—g in acetonitrile
in the presence of a catalytic amount of TFA leads to the
opening of the pyrrolidone ring followed by the formation of
acids 11b—g (Table 2). The process remarkably accelerates
while adding water to the reaction mixture. The acids 11 can
also be obtained from pyrrolo[1,2-c]imidazol-3-aminium tri-
fluoroacetates 9 after prolonged reflux (12 h) in aqueous aceto-
nitrile.

The "H NMR spectra of acids 11 contain the signals of the
protons of the aromatic system, the broad singlet for NH, group
at 5.87-5.82 ppm and the signals of the ABX protons of the
propionyl fragment — CHx at 4.60—4.30 ppm and CH2,p at
3.00-2.60 ppm.

Finally, the structure of acids 11 was confirmed by X-ray
diffraction data of the sample compound 11b (Figure 4).

Compound 11b was found to be a zwitterion and exists as
monohydrate in the crystal phase. The absence of the hydrogen
atom and equalization of the C6-O1 and C6—02 bond lengths
(1.254(2) A and 1.259(2) A, respectively) allow presuming the
location of the negative charge at the deprotonated carboxylic
group. The very close lengths of the bonds centred at the C1
atom (the N2—C1 bond length is 1.332(2) A, the C1-N3 bond
length is 1.337(3) A and the N1-C1 bond length is 1.340(2) A)
allows to describe the zwitterion as superposition of three forms
with different location of the positive charge (Scheme 3).

Literatur data concerning pyrrolo[1,2-c]imidazol-5-ones is quite
limited and the known 6,7-dihydro analogs are represented only
by several substances [33,34]. Partially hydrogenated
pyrrolo[1,2-c]imidazole is a part of (+)-axinellamines 11.
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Figure 4: Molecular structure of 3-(2-amino-4-phenyl-1H-imidazol-5-
yl)-3-(p-tolyl)propanoic acid 11b according to X-ray diffraction data.
Thermal ellipsoids of atoms are shown at 50% probability level.

Tol /
m—Ph
HO— @
Yo HN_NH

s 7

NH»

Scheme 3: Three forms of the compound 11b in the crystal phase.

4-[(5R)-6,7-Dihydro-5H-pyrrolo[1,2-c]imidazol-5-yl]-3-fluo-
robenzonitrile (LCI-699, osilodrostat) is considered as an inhib-
itor of aldosterone synthase (CYP11B2) and 11B-hydroxylase
(CYP11B1), which is responsible for cortisol production [35].
This compound is under development for the treatment of
Cushing's syndrome and pituitary ACTH hypersecretion [36].
From this point of view the approach to pyrrolo[1,2-c]imida-
zole moiety by using acyclic methylene active compounds, that
can lead to cyclic products, has a high potential for diversity-

oriented synthesis.

In the three-component condensations of equimolar amounts of
2-amino-4-arylimidazoles 1, para-substituted benzaldehydes 2
and malononitrile (12) in 2-propanol the Knoevenagel-Michael
adduct was not obtained. The reaction was complete to form a
mixture of pyrrolo[1,2-c]imidazol-6-carbonitriles 13 and their

azomethine derivatives 14 (Scheme 4).
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CN iPrOH
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HszH + Ar2/[<H + k
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Scheme 4: Synthesis of the mixture of compounds 13 and 14.

The use of a double excess of aromatic aldehydes 2 in this con-
densation prevented the formation of a mixture of substances
and led to the formation of individual 5-amino-3-(arylide-
namino)-1-aryl-7-aryl-7H-pyrrolo[1,2-c]imidazole-6-carbo-
nitriles 14, as well as azomethines 16 in case of using ethyl
2-cyanoacetate 15 as the acyclic methylene active compound
(Table 3).

The isolated products 14a—f and 16a,b were characterized by
IR, 'H, 13C NMR and mass-spectral methods. The mass spectra
of compounds 14 and 16 show the similar type of fragmenta-
tion. They contain peaks of molecular ions, as well as signals
corresponding to the loss of fragments [M™* — NH,, — CN],
[M** — ArCHN], [M** — NH,, — CN, — CAr]. From the compari-
son of these data with the results of elemental analysis, it
follows that in the formation of condensed systems 14 with the
participation of two molecules of aromatic aldehydes two mole-
cules of water were cleaved. In the IR spectra, the most charac-
teristic bands represent the absorption of NH, groups at 3420
and 3332 cm™! and the nitryl group CN at 2250 cm™!. In addi-
tion, there are characteristic bands at 1664—1668 cmfl, which

Table 3: Synthesis of compounds 14 and 16.
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Ar’ Ar!
/'\i \ Ar? N\ N A
HoN™ N + AN
= /=N CN
N CN Ar? H,N
13 14

may include both C=C bond and the exocyclic C=N bond. Fluc-
tuations of endocyclic C=N fragments are observed at
1584 cm™!. Thus, at least one nitrile and one NH, group are
present in the obtained compounds. The !H NMR spectra of
compounds 14 along with protons of aryl substituents contain
the characteristic singlet of the azomethine fragment at
9.24-9.34 ppm and a singlet of the methyne protone C’H at
5.26-5.36 ppm. Formation of the azomethine fragment during
the interaction of the second molecule of the aromatic aldehyde
with the C2-NH, group of the imidazole moiety is confirmed
by the disappearance of the singlet at 5.17-5.26 ppm, which is
inherent to the NH, group at the C? position of the imidazole
ring. Instead, in the spectra, a broad singlet of the C>~NH,
group of the imidazo[l,2-c]pyrrole cycle appears at
7.55-7.63 ppm. The absence in 'H NMR spectra of the signal of
the CH of proton of the imidazole cycle at 6.97-7.10 ppm
shows that the reaction takes place in the C> nucleophilic centre
of the aminoazole. The 'H NMR spectra of compounds 16 show
the resonance of the ethyl group of the ethyl 2-cyanoacetate
substituent as a triplet of a CH3 group at 1.02 ppm, J=7.02 Hz
and multiplets of the CH, group at 3.85-4.03 ppm. The

Ar'
Ar’ o N '\f \ A2
/z Y+ 2a24 4 ( _reﬂux r AN*N
HNT SN H R iPrOH =
H HN R
1 2 12: R=CN 14,16
15: R = COOEt
Entry Compound Ar' Ar2 Yield, %
1 14a Ph 4-Me-CgH, 65
2 14b 4-Cl-CgHy Ph 83
3 14c 4-OMe-CgH, Ph 45
4 14d Ph 4-Br-CgHgy 40
5 14e Ph 4-F-CgHy 58
7 14 4-Me-CgHy 4-Br-CgHy 59
8 16a Ph Ph 30
9 16b Ph 4-Br-CgHy 40
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'H NMR spectra of derivatives 16 are similar with the spectra
of compounds 14 by the absence of the resonance of the NH;
group and methyne proton of the aminoimidazole ring, which
allows to classify them as compounds of the same type contain-
ing a fused aminoimidazo[1,2-c]pyrrole moiety.

Finally, the structure of azomethines 16 was confirmed by
X-ray diffraction data of the sample compound 16a (Figure 5).

All atoms of the bicyclic fragment lie in the plane within
0.01 A. The analysis of the bond lengths has shown that the for-
mally single exocyclic C1-N3 bond is shorter than the double
endocyclic C6-C1 bond (1.336(6) A and 1.354(9) A, respec-
tively).The C1 and C6 atoms are planar indicating their sp?
hybridization. Such a distribution of electron density allows to
discuss the zwitter-ionic form and to consider the structure of
16a as superposition of two resonance structures (Scheme 5).

g0 ) /Ph EtO @Ph /Ph
d YN N TG NN
H2N N H2Ng N
b b

Scheme 5: Resonance structures of 16a.
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In the next step of our research we have involved isatin 18 as
the compound bearing a carbonyl group, as well in this case the
pyrolo[1,2-c]imidazole moiety will be spiro-fused with the
oxindole moiety, and the resulting structures can be considered
as analogues of 3,3'-spiroxindole alkaloids, such as spirotrypro-
statin B (17, Figure 6) [37].

NH
3
X
Z N
R1
3,3'-spirooxindole core 17

Figure 6: 3,3’-Spirooxindole alkaloids.

Indeed, the equimolar three-component reactions with the par-
ticipation of 2-amino-4-arylimidazoles 1, isatins 18 and acyclic
methylene active compounds 12 and 15 have completed with
the formation of spirooxindoles 19a—h and 20a—c, respectively,
with moderate to high yields (Table 4). The reduced reactivity
of the carbonyl group of isatins compared with benzaldehydes,
and the greater stability of their Knoevenagel adducts leads to

the formation of individual spiro compounds, not to a mixture

Figure 5: Molecular structure of aminoimidazo[1,2-c]pyrrole 16a according to X-ray diffraction data. Thermal ellipsoids of atoms are shown at 50%

probability level.
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Table 4: Synthesis of spirooxindoles 19 and 20.

Beilstein J. Org. Chem. 2019, 15, 1032—-1045.

Ar' 1 0
N§ R(Ilg: CN  reflux
/“\ + | o + <
HN"TN Z N R iproH
R? 12:R=CN
1 18 15: R = COOEt
Entry Compound Ar' R? R2 Yield, %

1 19a Ph H Me 60
2 19b Ph Br Me 68
3 19¢ Ph Me Me 60
4 19d Ph F 4-CICgH4CH; 40
5 19e 4-Me-CgHy H Me 68
7 19f 4-Me-CgHy Br Me 65
8 19g 4-F-CgHy Br Me 40
9 19h 4-Me-CgHa cl Me 48
10 20a Ph H Me 72
1 20b 4-OMe-CgHy Br Me 43
12 20c 4-Me-CgHy Br Me 60

of substances. However, condensations with the use of N-un-
substituted isatins are accompanied by the resinification of the
reaction mixture, which may be caused by competing reactions
of heterocyclization of the mentioned Knoevenagel adducts. In
similar reactions described in the literature [38-40], the authors
recognized the importance of protecting the amide fragment of
isatin, since it affects the reactivity and, in some cases, the en-
antioselectivity of processes. In order to prevent undesirable
side reactions in the future, three-component condensations

were carried out using N-substituted isatins.

The isolated products 19a—h and 20a—c were characterized by
IR, 'H, 13C NMR and mass-spectral methods. The IH NMR
spectra of spirooxindoles 19a—h and 20a—c, along with protons
of aryl substituents of imidazole and isatin contain a broad
singlet with 2H intensity of the C>-NH, group of the
imidazo[1,2-c]pyrrole cycle at 7.74—7.84 ppm. A characteristic
feature is the appearance of another broad singlet at the
6.37—6.46 ppm, inherent to the amino group of the CZ atom of
the imidazole ring, whose chemical shift is affected by the char-
acter of the substituents in 2-amino-4-arylimidazoles. The
multiplets of the C%-ethoxy group of the compounds 20a—c are
seen at 0.62—0.88 (OCH,CH3) and 3.57-3.85 ppm (OCH,CH3).
The 13C NMR spectra of spirooxindoles 19a—h and 20a—c are
represented by the groups of singlets at the 66.86-69.83 and
152.29-154.72 ppm. The signal of the spiro atom is seen as a
singlet at 53.53-56.03 ppm. Signals of the carbon atoms of the

imidazole ring are located in the resonance region of the carbon

atoms of the aryl substituents. Taken together, these data indi-
cate the formation of the pyrrolo[1,2-c]imidazole cyclic system.

Finally, the structures of spiroxindoles 19 and 20 were con-
firmed by X-ray diffraction data of the sample compound 19a
(Figure 7).

Compound 19a exists in the crystal phase as solvate with

dimethylformamide and water in a 1:1:1 ratio.

The spiro-joined bicyclic fragments are turned relatively to each
other in such a way that the dihedral angle between mean planes
of the bicycles is 84.5°. The analysis of the bond lengths has
shown that the formally single exocyclic C6-N6 bond is signifi-
cantly shorter than the double endocyclic C6—C5 bond
(1.319(2) A and 1.373(3) A, respectively). The C1 and C6
atoms are planar indicating their sp? hybridization. Such a dis-
tribution of electron density allows discussing the zwitter-ionic
form and considering the structure of 19a as superposition of
two resonance structures similar to 16a (Scheme 6).

Conclusion

In the described three-component reactions with aldehydes or
isatins and cyclic or acyclic CH acids the C> reaction centre in
the 2-amino-4-arylimidazoles possesses higher nucleophilicity
than both the exo- and endocyclic amino groups. Regarding the
short reaction times of novel Yonemitsu-type reactions that has

been achieved without application of any catalyst we assume
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C2s

Figure 7: Molecular structure of aminoimidazo[1,2-c]pyrrole 19a according to X-ray diffraction data. Thermal ellipsoids of atoms are shown at 50%

probability level.

NH»

Scheme 6: Resonance structures of 19a.

that 2-amino-4-arylimidazoles are more reactive substrates for
these syntheses leading to the stable Michael-type adducts with
aldehydes and Meldrum’s acid than the previously investigated
indole and imidazo[1,2-a]pyridine. Moreover, as it has been
shown that their further transformations may result in the for-
mation of both unexplored heterocyclic systems containing a
free amino group open for chemical modifications and the cor-
responding hetarylpropanoic acids providing useful templates

for the synthesis of some marine alkaloids or their analogues.

In domino reactions of the 2-amino-4-arylimidazoles with
isatins and aliphatic CH acids stable Michael adducts have not
been fixed. Cyclocondensation has readily led to the formation
of 6'-substituted 3',5'-diamino-1-alkyl-2-ox0-1'-aryl-
spiro[indolin-3,7'-pyrrolo[1,2-c]imidazoles], which can be

considered as the analogues of alkaloids with both pyrrolo[1,2-

c]imidazol and 3,3’-spiroxindole fragments in the core struc-

ture.

Experimental

Reagents and analytics: Starting materials were purchased
from commercial suppliers. Melting points were determined on
a Kofler apparatus and temperatures were not corrected. The IR
spectra were recorded in KBr on a Specord M-82 spectrometer.
The '"H NMR spectra were measured on a Varian Mercury
VX-200 (200 MHz) and Bruker AM-400 spectrometer
(400 MHz), !3C NMR spectra were measured on a Bruker
AM-400 (100 MHz) and Bruker Avance DRX 500 (125 MHz)
spectrometers in DMSO-dg, CDCl3 and trifluoroacetic acid
(TFA) using TMS as internal standard. The mass spectra were
recorded on a Varian 1200L GC-MS instrument, ionization by
EI at 70 eV. Fast atom bombardment (FAB) mass spectrometry
was performed on a VG 70-70EQ mass spectrometer, equipped
with an argon primary atom beam, and a m-nitrobenzyl alcohol
matrix was used. LC-MS experiments were performed on an
Applied Biosystems (Shimadzu 10-AV LC, Gilson-215 auto-
matic giving, mass spectrometer API 150EX, detectors UV (215
and 254 nm), and ELS, column Luna-C18, Phenomenex, 5 y,
100 Angstrom, 150 x 2 mm RP). Elemental analyses were made
on an elemental analyzer Euro AE-3000. The progress of reac-
tions and the purity of the obtained compounds were monitored
by TLC on Silufol UV-254 plates in EtOAc/CH,Cl, (1:4) and
visualized under UV light or iodine fume.
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General procedure for the synthesis of 5-((2-amino-4-aryl-
1H-imidazol-5-yl)(aryl)methyl)-6-hydroxy-2,2-dimethyl-4 H-
1,3-dioxin-4-ones: An equimolar mixture (1.0 mmol) of the
corresponding 2-amino-4-arylimidazole 1, aromatic aldehyde 2
and Meldrum’s acid 3 was refluxed in iPrOH (3 mL) for
3-5 min. After cooling, the solid products 4 were filtered off,
washed with iPrOH and dried on air. 4a: colourless solid, 77%;
mp 243-245 °C; IR (KBr, cm 1) v: 3404-2800 (NH,, NH, OH),
1684 (C=0); '"H NMR (200 MHz, DMSO-dg) 5 12.27 (br s, 2H,
NH, OH), 7.61-7.49 (m, 2H, Hyrom), 7.48-7.31 (m, 5SH, Harom),
7.27-1.01 (m, SH, NH»,  Harom), 5.48 (s, 1H, CH), 1.51 (s, 6H,
CHj3); 13C NMR (125 MHz, CDCl3) & 166.8 (C=0), 146.6
(C-OH), 144.0, 129.4, 128.9, 128.4, 128.3, 127.5, 127.4, 127.2,
125.9, 121.1, 100.6, 76.0 (C=COH), 35.1 (CH), 26.4 (CH3),
25.9 (CHy); MS (m/z) (%): 289 (76), (391 [M**] — 44 —58), 247
(53), 159 (36), 104 (19), 77 (8), 44 (39), 43 (100); anal. calcd
for CypH1N304 (391.5) C, 67.52; H, 5.37; N, 10.74; found: C,
68.77; H, 5.93; N, 10.79.

General procedure for the synthesis of 5-oxo-1,7-diaryl-6,7-
dihydro-5H-pyrrolo[1,2-c]imidazol-3-aminium 2,2,2-tri-
fluoroacetates: A mixture of the corresponding adduct 4
(0.1 mmol) and 0.08 mL (0.11 mmol) TFA was refluxed in
1 mL of toluene for 3 min. After cooling, 3 mL of iPrOH was
added to the reaction mixture and the solid product 9 was
filtered off, washed with iPrOH and dried on air. 9b: colourless
solid, 52%; mp 222-224 °C; IR (KBr, cm_l) v: 3432-3160
(NH3", COO"), 1782 (C=0); 'H NMR (400 MHz, DMSO-dj) &
8.54 (br s, 2H, NH3™"), 7.29-7.16 (m, 6H, Hyrom), 7.15-7.03 (m,
3H, Harom), 4.81 (d, J = 3.6 Hz, 1H, CHy), 3.81 (dd, Jgx =
9.3 HZ, JAB =18.6 HZ, lH, CHB), 291 (d, JAX =38 HZ, JAB =
18.7 Hz, 1H, CH,), 2.20 (s, 3H, CH3); 13C NMR (100 MHz,
DMSO-dg) 6 170.2 (C=0), 143.4, 137.7, 137.1, 129.9, 129.4,
129.2,128.7, 128.4, 127.9, 125.8, 125.5, 46.2, 36.9, 21.1 (CH3);
LC-MS: 304 (M — CF3CO0"), 305 M — CF;COO™ + H).

General procedure for the synthesis of 3-amino-1,7-
diphenyl-6,7-dihydro-5H-pyrrolo[1,2-c]imidazol-5-one
(10a): A mixture of the adduct 4a (0.1 mmol) and 0.08 mL
(0.11 mmol) of TFA was stirred in 2 mL of acetonitrile for 6 h,
then conc. aqueous solution of NH3 was added to pH = 8 and
the solid product was filtered off, dried on air and crystallized
from iPrOH. The title compound was obtained as a colourless
solid (0.20 g, 68%); mp 198-200 °C; IR (KBr, cm™!) v:
3486-3100 (NH,), 1784 (C=0); 'H NMR (200 MHz, DMSO-
dg) 6 7.43-6.99 (m, 10H, Harom), 6.36 (br s, 2H, NH»), 4.75 (d,
J=29Hz, 1H, CHy ), 3.83, (dd, Jgx = 9.2 Hz, Jog = 17.9 Hz,
IH, CHB), 2.87 (d, JAX =33 Hz, JAB =18.6 HZ, IH, CHA);
13C NMR (125 MHz, DMSO-dg) 8 169.6 (C=0), 143.9, 142.5,
133.8, 129.7, 129.4, 128.5, 127.8, 127.6, 127.5, 126.5, 125.4,
47.6, 36.9; MS (m/z) (%): 289 (76) [M**], 247 (53), 159 (38),
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104 (29), 77 (100), 44 (41), 43 (19); anal. calcd for C1gH5N30
(289.12) C, 74.74; H, 5.19; N, 14.53; found: C, 72.28; H, 6.79;
N, 13.11.

General procedure for the synthesis of 3-(2-amino-4-aryl-
1H-imidazol-5-yl)-3-arylpropanoic acids: A mixture of the
corresponding adduct 4 (0.1 mmol) and 0.08 mL (0.11 mmol)
of TFA was stirred in 2 mL of aqueous acetonitrile for 10-12 h.
After cooling, the solid products 11 were filtered off, washed
with iPrOH and dried on air. 11b: pale yellow solid, 55%;
mp 282-285 °C; 'H NMR (200 MHz, DMSO-dg) 8 7.38-7.23
(m, 4H, Harom), 7.22-6.98 (m, SH, Hyrom), 5.72 (br s, 2H, NH»),
4.50-4.37 (m, 1H, CHx), 3.04-2.71 (m, 2H, HaHp), 2.21 (s,
3H, CH3); '3C NMR (125 MHz, DMSO-dg) & 172.8 (COOH),
147.9, 136.6, 135.5, 134.5, 129.8, 129.4, 128.8, 128.1, 127.9,
127.8, 127.4, 36.7, 33.4, 21.0 (CH3); MS (m/z) (%): 321 (25)
[M**], 303 (25), 262 (100), 247 (15), 204 (10), 172 (11), 142
(20), 115 (22), 84 (22); anal. calcd for C;9H9N30, (321.15) C,
71.01; H, 5.96; N, 13.08; found: C, 70.98; H, 6.06; N, 13.85.

General procedure for the synthesis of S-amino-3-(arylide-
neamino)-1,7-diaryl-7H-pyrrolo[1,2-c]imidazole-6-carbo-
nitriles: A mixture of the corresponding 2-amino-4-arylimida-
zole 1 (1.0 mmol), aromatic aldehyde 2 (2.0 mmol) and
malononitrile 12 (1.0 mmol) in 2 mL of 2-propanol was re-
fluxed during 20-30 min. After cooling, the yellow solid prod-
ucts 14 were filtered off and crystallized from iPrOH. 14a:
yellow powder, 65%; mp 221-222 °C; 'H NMR (200 MHz,
DMSO-dg) 6 9.34 (s, 1H, CHgzomethine)> 8-18 (d, J = 7.3 Hz,
2H, Ar), 7.68-7.48 (m, 7H, Ar, C°NH, ), 7.31-7.10 (m, 8H,
Ar), 5.34 (s, 1H, C’H); 13C NMR (125 MHz, DMSO-dq) &
162.4 (C%), 149.5 (Cyromernine)s 143.8 (C7), 138.3, 135.3, 133.3,
133.0, 132.5, 132.1, 130.4, 129.5, 129.4, 128.8, 128.2, 128.1,
127.4,125.8, 117.9 (CN), 71.7 (C9%), 45.01 (C7); MS (m/z) (%):
429 (IM*°], 25), 285 (100), 194 (19), 104 (26), 77 (19), 43 (25);
anal. calcd for CogHp3N5 (429.53) C, 78.30; H, 5.40; N, 16.31;
found: C, 80.25; H, 5.70; N, 13.41.

General procedure for the synthesis of 5-amino-1,7-diaryl-3-
(arylideneamino)-7H-pyrrolo[1,2-c]imidazole-6-carboxyl-
ates. A mixture of the corresponding 2-amino-4-arylimidazole 1
(1.0 mmol), aromatic aldehyde 2 (2.0 mmol) and ethyl 2-cyano-
acetate 15 (1.0 mmol) in 2 mL of 2-propanol was refluxed
during 20-30 min. After cooling, the yellow solid products 16
were filtered off and crystallized from iPrOH. 16a: yellow
powder, 30%, mp 239-240 °C; 'H NMR (200 MHz, DMSO-dq)
8 9.32 (s, 1H, CHyzomethine)s 8-12 (d, J = 6.7 Hz, 2H, Ar),
7.67-7.45 (m, 5H, Ar), 7.27-7.04 (m, 10H, C°'NH,, Ar), 5.15
(s, J = 6.7 Hz, 1H, C’H), 4.05-3.84 (m, 2H, OCH,CHj3), 1.01
(s, J=17.0, 3H, OCH,CH3); 13C NMR (125 MHz, DMSO-dg) &
178.7 (CO), 134.5, 133.3, 130.2, 129.6, 128.7, 128.6, 128.3,
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127.8, 127.2, 127.0, 126.4, 125.8, 125.5, 116.7, 93.4, 58.9, 43 4,
14.7; MS (m/z) (%): 448 ([M™*], 100; anal. calcd. for
CrgHr4N4O5 (448.19) C, 74.98; H, 5.39; N, 12.49; found: C,
75.12; H, 4.89; N, 11.37.

General procedure for the synthesis of 3',5'-diamino-1-
alkyl-2-oxo-1'-arylspiro[indolin-3,7'-pyrrolo[1,2-c]imida-
zole]-6'-carbonitriles: The mixture of corresponding 2-amino-
4-arylimidazoles 1 (1.0 mmol), isatin 18 (1.0 mmol) and
malononitrile 12 (1.0 mmol) in 2 mL of 2-propanol was re-
fluxed during 50-60 min. After cooling, the solid products 19
were filtered off and crystallized from iPrOH. 19a: colourless
solid, 60%, mp 250-252 °C, 'H NMR (200 MHz, DMSO-d) &
7.77 (br s, 2H, C°'NH,), 7.37 (t, J = 7.9 Hz, 1H, Ar;s4in),
7.24-7.10 (m, 2H, Ar), 7.10-6.95 (m, 4H, Ar), 6.94-6.82 (m,
2H, Ar), 6.47 (br s, 2H, C3 NHajimidazole)> 3.21 (s, 3H, N/CHj);
13C NMR (125 MHz, DMSO-dg) & 176.3 (C?), 154.2 (C7),
146.4 (C?)), 145.7, 135.4, 133.0, 132.2, 130.7, 130.3, 129.0,
127.2, 126.6, 126.1, 126.0, 111.7, 69.8 (C?)), 55.8 (Cspiro)s 29.2
(NICH3); MS (m/z) (%): 369 [M + H]™ (100); anal. calcd for
C,1H NGO (368.14) C, 68.47; H, 4.38; N, 22.81; found: C,
69.43; H, 5.07; N, 22.64.

General procedure for the synthesis of 3',5'-diamino-1-
alkyl-2-oxo-1'-arylspiro[indoline-3,7'-pyrrolo[1,2-c]imida-
zole]-6'-carboxylates: The mixture of corresponding 2-amino-
4-arylimidazoles 1 (1.0 mmol), isatin 18 (1.0 mmol) and ethyl
2-cyanoacetate 15 (1.0 mmol) in 2 mL of 2-propanol was re-
fluxed during 50-60 min. After cooling, the solid products 20
were filtered off and crystallized from iPrOH. 20a: colourless
solid, 72%, mp 280282 °C; 'H NMR (200 MHz, DMSO-dg) &
7.63 (brs, 2H, C*'NH,), 7.29 (t, J = 7.5 Hz, 1H, Ar), 7.11-6.88
(m, 8H, Ar), 6.46 (br s, 2H, C3'NH,), 3.83-3.63 (m, 2H,
COCH,CHj3), 3.21 (s, 3H, N/CH3), 0.88-0.69 (m, 3H,
COCH,CH3); 13C NMR (125 MHz, DMSO-dg) § 175.0 (C?),
145.0 (C?), 143.7 (C3)), 133.6, 130.4, 130.2, 129.0, 128.5,
126.7, 125.3, 125.0, 123.5, 123.1, 108.6, 58.5 (C%), 52.7
(Cspiro)s 33.4 (COCH,CH3), 26.9 (N/CHj), 14.3 (COCH,CH3);
MS (m/z) (%): 416 [M + H]" (100); anal. calcd for Co3H»N50;3
(415.16) C, 66.49; H, 5.09; N, 16.86; found: C, 67.89; H, 5.64;
N, 11.70.

Experimental part of X-ray diffraction study

The crystals of 9i (Cy4HoN30*, C,F30,7) are triclinic. At
293 K a = 8.4770(6), b = 11.317(1), ¢ = 13.027(1) A, o =
69.101(9)°, b = 77.989(8)°, y = 87.527(7)°, V = 1141.3(2) A3,
M, = 479.45, Z = 2, space group Pl, dege = 1.395 g/em3,
w(Mo Ka) = 0.109 mm™!, F(000) = 496. Intensities of 8769
reflections (3910 independent, R;,; = 0.027) were measured on
the «Xcalibur-3» diffractometer (graphite monochromated
Mo Ka radiation, CCD detector, m-scaning, 2@ ,x = 50°).

Beilstein J. Org. Chem. 2019, 15, 1032—-1045.

The crystals of 11b (C;9H9N30,°H,0) are monoclinic. At
293 K a = 16.4288(9), b = 9.3556(4), c = 12.1174(8) A, B =
110.151(7)°, V' = 1748.5(2) A3, M, = 339.39, Z = 4, space group
P21/e, dggie = 1.289 g/em3, (Mo Ka) = 0.089 mm !, F(000) =
720. Intensities of 16955 reflections (5089 independent, R, =
0.060) were measured on the«Xcalibur-3» diffractometer
(graphite monochromated Mo Ka radiation, CCD detector,

w-scaning, 20,4 = 60°).

The crystals of 16a (CpgH,4N40,) are triclinic. At 293 K a
8.322(3) A, b =9.563(6) A, c = 16.053(5) A, 0. = 94.08(4)°, B
101.46(3)°, v = 109.97(4)°, ¥ = 1163.3(10) A3, M, = 448.53,
Z =2, space group Pl , degc = 1.2804 g/cm?, p(Mo Ka) =
0.083 mm™!, F(000) = 472. Intensities of 12048 reflections
(3968 independent, R, = 0.167) were measured on the «Xcal-

ibur-3» diffractometer (graphite monochromated Mo Ko radia-
tion, CCD detector, m-scaning, 2@,,,x = 50°).

The crystals of 19a (Cy4H,5N703) are triclinic. At 293 K a =
7.9380(5) A, b = 8.4953(5) A, ¢ = 17.6908(9) A, a =
98.891(4)°, B =101.017(5)°, y = 91.630(5)°, V= 1154.86(12)
A3, M, =459.51, Z =2, space group P1, dggc = 1.321 glem3,
(Mo Ka) = 0.091 mm™!, F(000) = 484. Intensities of 11884
reflections (6633 independent, R;,; = 0.0265) were measured on
the «Xcalibur-3» diffractometer (graphite monochromated
Mo Ka radiation, CCD detector, m-scaning, 2@ ,x = 50°).

The structures were solved by direct methods using the
SHELXTL package [41]. The position of the hydrogen atoms
were located from electron density difference maps and refined
by the “riding” model with Ujs, = nUgq of the carrier atom
(n = 1.5 for methyl and hydroxy groups and for water mole-
cules and n = 1.2 for other hydrogen atoms) in the structures
11b and 16a. The hydrogen atoms of the compounds 11b and
19a which take part in the formation of the hydrogen bonds
were refined using the isotropic approximation as well as all
hydrogen atoms in the structure 9i. Full-matrix least-squares
refinement of the structures against F2 in anisotropic approxi-
mation for non-hydrogen atoms using 3879 (9i), 5051 (11b),
3968 (16a) and 6633 (19a) reflections was converged to: WRy =
0.052 (R; =0.031 for 1903 reflections with F>4c(F), S = 0.964)
for structure 9i, wRy = 0.117 (R = 0.054 for 2480 reflections
with F>46(F), S = 0.992) for structure 11b, wR, = 0.107 (R} =
0.079 for 942 reflections with F>4o(F), S = 0.881) for structure
16a and wR) = 0.147 (R; = 0.065 for 3693 reflections with
F>40(F), S = 1.045) for structure 19a. The final atomic coordi-
nates, and crystallographic data for molecules 9i and 11b have
been deposited to with the Cambridge Crystallographic Data
Centre, 12 Union Road, CB2 1EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk) and are available on request
quoting the deposition numbers CCDC 1855490 for 9i, CCDC
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1855491 for 11b, CCDC 1895778 for 16a and CCDC 1895793
for 19a).

Supporting Information

Supporting Information File 1

Experimental and analytical data, X-ray diffraction studies
and NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-101-S1.pdf]
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A three-component reaction involving in situ generation of propargylureas and subsequent Zn(OTf),-mediated cyclocondensation

with a primary amine yielded trisubstituted 2-aminoimidazoles. These findings are in contrast to the previously reported base-

promoted unimolecular cyclization of propargylureas (leading to 2-imidazolones) and extend the range of Lewis acid-catalyzed

azole syntheses based on N-carbonyl propargylamines.

Introduction

The pioneering publications of Beller and co-workers
describing Zn(OTf),-catalyzed, microwave-promoted conver-
sion of a mixture of a secondary propargylamide and an amine
into a trisubstituted imidazole 1 [1,2] inspired us to explore
several variants of this methodology. Last year, we described
the synthesis of differently substituted imidazoles 2 from
tertiary propargylamides and ammonium chloride under
conventional heating [3]. More recently, we applied the Beller
protocol to the synthesis of 2-substituted 5-methyloxazoles 3
from secondary propargylamides [4]. Being curious to explore
more variants of N-carbonyl propargylamines, we turned our

attention to propargylureas 4. These have been previously con-

verted to the respective 2-imidazolones via base-promoted
intramolecular amination of the propargyl group [5,6]. Howev-
er, such transformations have not been studied under transition
metal or Lewis acid catalysis. Moreover, the possibility to in-
corporate of an external primary amine into the cyclization
process, which would lead to trisubstituted 2-aminoimidazoles 5
has not been explored (Figure 1). 2-Aminoimidazoles have a
remarkably broad utility in medicinal chemistry [7]. Moreover,
ureas 4 can, in principle, be generated in situ from the respec-
tive isocyanates and propargylamine (or propagyl isocyanate
and primary amines), thus could offer an opportunity to synthe-

size 2-aminoimidazoles 5 in a three-component format. Consid-
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ering these premises, we started to explore the Zn(OTf),-cata-
lyzed reaction of 4 with primary amines. Herein, we present the

preliminary results of these studies.

0 , , R
L R2NH, RYN
R NH |
N\/)_
\\ Zn(OTf),
X W 1
o) R?
NH,CI R!

2 4 N
RPN R N p
\ Zn(OTf), N
A A 2

o)
P Zn(OTf), RYO
R” “NH |
\ pwW Nf
X 3
o) R?
J R2NH, R1HNY,\j
RIHN">NH  ------- - |
/
Zn(OTf), Nf
4 A 5

Figure 1: Examples of imidazole (1 and 2) and oxazole (3) syntheses
from propargylamides previously reported and the reaction of propar-
gylureas 4 with primary amines studied in this work.

Results and Discussion
Urea 4a (prepared by reacting propargylamine with 4-(trifluo-
romethoxy)benzyl isocyanate) was reacted with an equivalent

Table 1: Catalyst screening results for the conversion of 4a to 5a.

Beilstein J. Org. Chem. 2019, 15, 1061-1064.

amount of benzylamine in refluxing toluene in the presence of
various Lewis acids. To our delight, the desired product 5a was
observed and isolated in all cases involving Zn(OTf), catalysis.
However, in contrast to previous reports on the preparation of
related compounds [1-4], the reaction required substantial
amounts (optimally, 50 mol %) of Zn(OTf), to achieve the best
yield (76%). Notably, neither Sc(OTf), nor Cu(OTf), em-
ployed as catalysts produced a trace of the desired product. To
rule out catalysis by adventitious TfOH, the reaction was per-
formed in the presence of an equimolar amount of triflic acid,
but no conversion could be detected (Table 1).

Considering that in situ preparation of ureas 4 could, in prin-
ciple, enable a three-component entry to imidazoles 5 (an attrac-
tive option from the standpoint of library array synthesis), we
compared the isolated yield of the above reaction (with the
ready-made urea 4a) with the yield obtained in the three-com-
ponent format. To our delight, the three-component format led
to only a slightly lower yield of 5a (62%). Viewing this as a
worthy toll for the convenience of multicomponent chemistry,
we proceeded investigating the scope of the newly established
synthesis of trisubstituted 2-aminoimidazoles 5 (Figure 2).

As it is evident from the data presented in Figure 2, the newly
developed approach to the synthesis of medicinally important
2-imidazolines allows for independent variation of two
periphery elements and provides generally good yields of the
target compounds. The reaction can be performed with both, ar-
omatic and aliphatic isocyanates. However, its scope is limited
to aliphatic amines as the reaction failed to work for anilines
(even electron-rich ones, such as p-anisidine). The tolerance of
acid-labile protecting groups such as Boc is particularly useful

as it offers an opportunity for further side-chain modifications.

o BnNH, NH o
)]\ catalyst )\ P
IR FiCO™ NN
toluene \:Q
FsCO 4a reflux, 12 h 5a

Catalyst

1 Zn(OTf), (5 mol %)
2 Zn(OTf), (25 mol %)
3 Zn(OTf), (50 mol %)
4 Sc(OTf)2 (25 mol %)
5 Cu(OTf), (25 mol %)
6 TfOH (100 mol %)
7 none
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1) toluene, rt, 2 h

2) R2NH,
Zn(OTf), ,
Vi (50 mol %) 1_“ N,R
R'NCO + R
H,N Uf
toluene, reflux N
6 h 5a—I
F4CO K@ @/
[ ] Ph
N
NN

-

5a, 62%

H
(-

5d, 72%

NHBoc

5§, 65%

Ty

s O

5b, 73% 5¢, 75%
F F
D
| |
N\/)_ Nf
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N Y N
N \r
|
E'/\/)* Nf
51, 75% 5k, 72%

Figure 2: Substrate scope for the three-component synthesis of 5.

From the mechanistic prospective, the reaction probably
proceeds via Zn(OTf),-catalyzed alkyne hydroamination fol-
lowed by cyclodehydration as depicted in Figure 3, in full
analogy with the previously proposed mechanism [2,3].

o R2NH,
I Zn(OTf),

NH

|

R'HN

N
4 X

Figure 3: Plausible mechanism for the formation of 5.

Conclusion

In summary, we have successfully employed propargylureas in
the synthesis of trisubstituted 2-aminoimidazoles. This is the
first example illustrating the utility of such ureas in the synthe-

o 2
I Ho R R2
NH —» RIHNJN RIHN_
x HNf —H,0 EI/J—
NHR2 5
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sis of imidazoles as previously reported syntheses only involved
base-promoted cyclization into 2-imidazolones. The reaction
can be conveniently conducted in a three-component format
which makes it a useful tool for library array synthesis. The in-
vestigation of other metal-catalyzed transformations of propar-
gylureas is underway in our laboratories and will be reported in
due course.
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Benzo-fused y-lactam rings such as isoindolin-2-ones and 2-oxindoles are part of the structure of many pharmaceutically active

molecules. They can be often synthesized by means of multicomponent approaches and recent contributions in this field are sum-

marized in this review. Clear advantages of these methods include the efficiency in saving raw materials and working time. Howev-

er, there is still a need of new catalytic systems to allow the enantioselective preparation of these heterocycles by multicomponent

reactions.

Introduction

Pyrrolidin-2-ones (I, Figure 1) are heterocycles that contain a
v-lactam ring that can be found in many biologically active
compounds with natural or synthetic origin [1]. When an aryl
group is fused to the 3- and 4-positions of the five-membered
heterocycle, isoindolinones (II, Figure 1) are generated, while if
such fusion takes place between the 4- and 5-positions of the
y-lactam ring, 2-oxindoles (also named as indolin-2-ones III,
Figure 1) are formed.

The isoindolinone structural motif is a part of the core of many
natural products [2]. To cite some examples, cichorine [3]

and zinnimidine [4] (Figure 2) are simple isoindolinone

2 0

32
i } N
S H

~ =

I: pyrrolidin-2-ones  Il: isoindolinones Il 2-oxindoles

Figure 1: y-Lactam-derived structures considered in this review.

alkaloids, for which total syntheses have been reported [5],
and nuevamine (Figure 2) is an isoindoloisoquinoline alkaloid
[6,7]. Moreover, in this last decade, new compounds such as
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impatien A [8] (Figure 2) or daldinans B and C [9] have been

discovered.
(6]
HO o N
NH =
NH
OMe OMe
cichorine zinnimidine
(0]
X
N
MeO
OMe
0 __ 0
nuevamine impatien A

Figure 2: Alkaloids containing an isoindolinone moiety.

Similarly, the 2-oxindole framework is prevalent in a wide
range of natural products [10]. For example, convolutamydines
[11] are alkaloids containing a dibromohydroxyoxindole
moiety, isolated from the Floridian bryozoan Amathia convu-
lata, while coerulescine [12] is an oxindole alkaloid isolated
from Phalaris coerulescens (Figure 3). Likewise, maremycins
[13] and spirotryprostatin B [14] have been isolated from
marine Streptomyces and from the fermentation broth of

Aspergillus fumigatus.

(+)-convolutamydine A: Y = CH,COMe
B:Y = CH,CH,CI
E:Y= CHQCHQOH

0
H»—NH

HN@SMe
O

Me

= -aQH
= —OH

spirotryprostatin B

maremycin A: R
B:R

Figure 3: Alkaloids containing the 2-oxindole ring system.

Among benzo-fused y-lactam chemical entities, natural and syn-
thetic isoindolinones are a prominent class of compounds. Mol-

ecules containing the isoindolinone moiety are of pharmaceuti-

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

cal interest as anxiolytic (pazinaclone [15], pagoclone [16], and
JM1232 [17]), anticancer (lenalidomide) [18], anti-inflammato-
ry (indoprofen) [19] and antibiotic agents (lactonamycin) [20]
(Figure 4). In addition, some isoindolinone derivatives show a
large variety of biological activities [21-23], such as COX-2
inhibition [24], glucokinase activation [25], sodium channel
blocking [26], antimycobacterial [27], antiproliferative [28] or
carbonic anhydrase inhibition [29], as well as antifungal and

antibacterial properties [30].

| A
Z
(e}
pazinaclone pagoclone

78 NH ?
CO,H
NH

2 ) )
lenalidomide

~

HO

N\> OO
@ o
N
\
H

indoprofen

JM1232 lactonamycin

Figure 4: Drugs and biological active compounds containing an iso-
indolinone moiety.

Isomeric 2-oxindoles are another family of aromatic-fused
heterocycles containing the y-lactam unit. These molecules are
often biologically active and therefore, they have found many
applications in medicinal chemistry. For example, ropinirole
[31] is used in the treatment of early Parkinson’s disease,
nintedanib is employed against pulmonary fibrosis [32], tenidap
[33] is a nonsteroidal anti-inflammatory drug (NSAID), while
indolidan [34] and adibendan [35] are potent long-acting
cardiotonic agents and SM-130686 is a GHSR agonist [36]
(Figure 5). Other kinase inhibitors such as sunitinib [37] and
toceranib [38] are also found in the market for the treatment of
several tumours (Figure 5) and some others are under develop-
ment or have been entered clinical trials [39]. There are also
natural spirooxindole-containing complex molecules that have

shown potential medicinal applications, such as NITD609, that
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o} N R=-NEt, sunitinib
NEt,-HCI

F
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EtO
HN-Y/ "
C o~ NH
| o}
Z N
H
NITD609

AY
OZS\Q\(
MeO o
satavaptan

Figure 5: Drugs and biologically active compounds bearing a 2-oxindole skeleton.

shows antimalarial activity [40] and satavaptan, a selective
V2-receptor antagonist that is useful for the treatment of
cirrhosis (Figure 5) [41,42]. Additionally, methisazone is a
2-oxindole derivative that has been used as antiviral drug, espe-
cially for the prophylactic treatment of small-pox since 1965
[43] and citrinadins A and B have shown activity against
murine leukaemia and human epidermoid carcinoma [44], while
PF1270 A, B and C act as histamine H3 receptor ligands and,
consequently, can be of therapeutic interest to treat diabetes,
obesity and central nervous system disorders [45]. Besides,
several hybrid molecules containing, inter alia the oxindole
moiety, have been discovered and they demonstrated diverse
therapeutic activities, for example, against breast [46] and colon
cancer cells [47] and drug-resistant bacteria [48].

Among the many excellent recent reviews on the preparation of

heterocycles by multicomponent reactions (MCRs) [49-55], the

synthesis of three- and four-membered heterocycles through
MCRs has been reviewed recently [56], and taking into account
the increasing amount of procedures developed in the last years
for the preparation of heterocycles [57,58] with interest in me-
dicinal chemistry [59], such as those devoted to the synthesis of
S-membered y-lactam heterocycles by means of multicompo-
nent protocols [60], we believe that this field also deserves an
in-depth revision that would benefit the researchers working in
the synthesis of heterocycles. Especially interesting are the ap-
plications of these MCRs [61-64] in combinatorial chemistry
[65] and diversity-oriented synthesis [66], where structurally
diverse compound libraries can be rapidly synthesized.

Therefore, this article reviews the procedures disclosed recently
for the multicomponent synthesis of isoindolinones II and
2-oxindoles III (Figure 1), where the setup of the y-lactam core
takes place during the key process.
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MCRs involve the simultaneous reaction between three or more
reactants to deliver products that include significant fragments
of all the substrates in their structure. Those starting materials
must be added all together in the reaction container and, there-
fore, other approaches [67-69] featuring sequential (domino,
tandem or cascade) [70,71] reactions, where one intermediate is
initially preformed before additional reagents are added, are not
included in this review.

Review

Isoindolinones
An extensive range of synthetic methods have been developed
for the preparation of isoindolinone derivatives [72-75], al-

though only a few make use of multicomponent approaches.

Most of the multicomponent syntheses of this type of hetero-
cycles employ a benzoic acid derivative as one of the substrates
of the reaction, together with an amine and a third reagent that
provides the carbon atom needed to complete the cyclic moiety.

Thus, Shi et al. [76] reacted benzoic acid derivatives 1, amides
2 and DMSO (3) in the presence of DDQ as oxidant and with-
out any metal catalyst. Through a tandem three-component
cross-dehydrogenative coupling (CDC), they prepared, in a
single step, more than thirty isoindolinone derivatives 4, includ-
ing those originated from sulfonamides and carboxamides
(Scheme 1). The scope of the reaction includes aromatic, some
aliphatic and one heteroaromatic derivative with yields ranging
from moderate to good. It is remarkable that no catalysts are
needed in this transformation. Unfortunately, other aromatic
acids bearing substituents different from three methoxy groups

did not produce any detectable amounts of isoindolinone.

Based on several additional experiments, the authors propose a
tentative mechanism based on a Pummerer-type rearrangement.
First, dimethyl sulfoxide (3) and carboxylic acid 1 combine to
render ester 5 that decomposes, giving a thionium derivative of
DMSO (6, Scheme 1). This electrophilic derivative would react
with the nucleophilic aromatic ring in a Friedel-Crafts alkyl-
ation process, thus incorporating the carbon atom in a formal
C(sp?)-H/C(sp3)-H cross-dehydrogenative coupling. Finally,
an oxidation of sulfide 7 to sulfoxide 8 and the subsequent
attack of amide 2 with cleavage of the C—S bond and formation
of 9, followed by an intramolecular cyclic amide formation,

would produce isoindolinone derivatives 4.

Employing benzoic acids 10 ortho-substituted with iodine along
with alkynylcarboxylic acids 11 and ammonium acetate (12), in
the presence of caesium carbonate and copper iodide as catalyst
(10%), a series of 3-methyleneisoindolin-1-ones 13 were ob-

tained (Scheme 2) [77]. Several aromatic and heteroaromatic

Beilstein J. Org. Chem. 2019, 15, 1065-1085.
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OMe 5
Ho@l ’ H,N-R!
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OMe 7
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48-85% yield
o)

0
| S8 ri= A

=

13 examples
47-70% vyield

R'=

2 examples
65-69% yield

Scheme 1: Three-component reaction of benzoic acid 1, amides 2 and
DMSO (3).

substituents can be introduced in the exocyclic methylene posi-
tion with high regioselectivity. It is noteworthy that arylalkynyl-
carboxilic acids 11 (R = Ar) can be obtained easily by the cou-
pling reaction of propiolic acid and aryl halides [78].

Furthermore, the authors have been able to carry out the reac-
tion in a sequential manner starting from propiolic acid and aryl
iodides in the presence of caesium carbonate and a palladium
catalyst. Next, addition of 2-iodobenzoic acid and ammonium
acetate leads to the formation of isoindolinone derivative 13 in

55-65% global yields, without isolating any intermediate.

Regarding the reaction mechanism, the authors have ruled out
that phthalide must be an intermediate of the reaction and they
proposed the two pathways illustrated in Scheme 3. In the first
one (path A), decarboxylative coupling to form intermediates

14 and 15, followed by a cyclization take place, while in the
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0O
R1
10% Cul N
m NH
C32003 =
120 °C 13 \

RZ

16 examples: 47-81% yield
2 examples: 62—-68% yield
70% yield

Scheme 2: Copper-catalysed three-component reaction of 2-iodobenzoic acids 10, alkynylcarboxylic acids 11 and ammonium acetate (12).

second path (B), the first step seems to be the formation of
amide 16.

co,H  NHiOAc o O';)
@[ . 12 10% Cul ©\)4NH3
| HO,C—=—Ar ©52C0s cu
10 11 path A "N
10% Cul 14 A
path B Cs,COs
o) o i
N, NH,
| Cu »
16 ! \Ar

NH
\

13 Ar

Scheme 3: Proposed mechanism for the formation of methylene iso-
indolinones 13.

Indeed, another multicomponent approach to isoindolinones
uses iodobenzamides 17 as starting materials (Scheme 4). In
this case, copper catalyst and alkynes are also used but, unlike

the above method, alkynes 18 are monosubstituted. The third
component is an indole or pyrrole derivative 19 and the result of
the reaction is a 3,3-disubstituted isoindolinone derivative 20,

which contains a newly formed quaternary centre [79].

The reaction takes places in water, even in the presence of air,
and with nanodomain cuprous oxide as an inexpensive and
reusable catalyst. The scope includes aryl, alkyl and carboxyl
groups at 2- and 3-positions of the lactam ring. Pyrrole reacts
across the 2-carbon while indole derivatives do it through the
carbon at 3-position. Although a quaternary stereocentre is
created in the process, no attempts to make this synthesis in a
stereoselective fashion were reported.

A tentative mechanism is proposed, based in a Sonogashira cou-
pling of iodobenzamide 17 and copper acetylide, in a similar
way to that described in Scheme 3. In this case, the coupled
alkyne moiety is again activated by Cu(I) and then base-
promoted cyclization occurs. A new copper complex formation
with the alkene analogue to 13 (see Scheme 3) facilitates the ar-
omatic nucleophilic substitution by indole or pyrrole, leading to

final lactams 20.

This mechanism is partially corroborated by the following
multicomponent synthesis where benzamide 21, ortho-functio-
nalized with a terminal alkyne group (Scheme 5), a secondary

O
R! — R2
N e 10% Cu,0 N-R'
| + Cs,CO3 { 7 e
17 RY... H,0,50°C  R3- ,~—NH
! ”\/\> s,
SN 20
19 H 12 examples
R'= Ph, p-MeOCgHy, RZ=Ph, p-MeOCgH,,  70-91% yield
p-FCgHy, cyclopropyl, p-FCgH4, COoMe, R3=H, 5-MeO,
CH(CO,;Me)CH,Ph cyclopropyl 5-NO,, 3-Me

Scheme 4: Copper-catalysed three-component reaction of 2-iodobenzamide 17, terminal alkyne 18 and pyrrole or indole derivatives 19.
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R2 R2
o N Pdl (2 mol %) 0

| N H/R i) KI (20 mol %) R
= * co CO (32 atm) R?
21 23 air (8 atm) 2 <N\R2

MeCN, 100 °C
o
R'=H R2 = -(CH,),NH(CHy),- 65% yield
R'=Bu R2 = -(CH,),NH(CH,),-, 4 examples: 81-96% yield

-(CH2)s-, -(CH2)4-, -Bu

R'=Bn, Ph R? = -(CH,),NH(CH_),-
R'=tBu RZ?=-(CHy),NH(CH,),-,
-(CH2)s-, -(CH2)4-

2 examples: 83-86% vyield
3 examples: 76-93% yield

Scheme 5: Palladium-catalysed three-component reaction of ethynylbenzamides 21, secondary amines 22 and CO (23).

amine 22 and carbon monoxide (23) react to produce 3-methyl-
eneisoindolinones 24 [80]. A palladium catalyst in acetonitrile,
and a high pressure of both, CO and air, are needed in order to

perform an oxidative carbonylation on 2-ethynylbenzamide 21.

Up to ten compounds were obtained with yields ranging from
65 to 96%. Butyl, phenyl, benzyl or absence of substitution on
the amide nitrogen produced, in most of the cases, the Z-isomer
as the sole or main product, while zerz-butyl derivatives gave
the E-isomer selectively. On the secondary amine side, morpho-
line, piperidine, pyrrolidine and dibutylamine all rendered the
reaction efficiently.

A plausible explanation for the mechanism of this transformat-
ion implies initial formation of an alkynylpalladium intermedi-
ate 25 followed by carbonylation to render acylpalladium 26
(Scheme 6). Reductive substitution of palladium by amine 22
furnishes diamide derivative 27 and Pd(0), which is reoxidized
to Pd(II) again by HI and oxygen. Then, intramolecular conju-
gate addition of benzamide nitrogen onto the 2-ynamide gener-
ates the final cyclization product 24 through allene intermedi-
ate 28. Taking into account that the reaction does not take place
with internal alkynes, the authors conclude that a terminal
alkyne is necessary for the formation of the first alkynylpalla-
dium complex 25 in the proposed pathway.

N o R' o
R,NH XN 2]
(/ H + Pdl; + 222 - | _ H + RoNHy |
X NV
A A
21 25 Npy) H
Col Ro,NH + HI
23

o) 0
_R! R,NH R
N 22 N
NN, PIOFHIT O pg
26
l 0 o
0 0
©5:<N—R1 N-R
c NR,
28 »\ 24 <
v TNRe o)

Scheme 6: Proposed mechanism for the formation of methyleneisoin-
dolinones 24.

1 6]

R
CO,Me H2N2
Cr
CHO —

Cu(OTH), (5 mol %)

_R!
Other benzoic acid derivatives such as those bearing a formyl , PhMe, 75°C N-R
substituent at the ortho position also take part in several multi- 29 18 R \
component cyclizations leading to isoindolinones. Thus, 30 \\

R2

2-formylbenzoate 29, primary amines 2 and terminal alkynes 18
react under copper catalysis to furnish several propargylisoin-
dolinones 30 with modest to good yields (Scheme 7) [81]. Al-
though aryl- and alkylacetylenes can be used in this method,
only aromatic amines 2 which are not ortho-substituted work

well under these reaction conditions.

R'= Ar,R2=Ph
R'=Ph, R? = Ar, alkyl

6 examples: 52-75% yield
10 examples: 20-60% yield

Scheme 7: Copper-catalysed three-component reaction of formyl
benzoate 29, amines 2 and alkynes 18.
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The reaction probably takes place through an addition of copper
acetylide, generated from terminal alkyne and copper, to the
imine formed by the reaction between the amine and the formyl
group. Then, the secondary propargylamine intermediate would
act as a nucleophile in a cyclization process to form the lactam
ring.

The same formylbenzoate 29 has also been used in another
three-component synthesis along with amines 2 and ketones 31
(Scheme 8) [82]. This Mannich/lactamization reaction achieves
good yields for a broad scope of 3-substituted isoindolinones
32, in either catalyst-free conditions or using p-toluenesulfonic
acid. Ortho- and meta-substituted anilines 2 did not produce
isoindolinones 32, and aliphatic amines only reacted when
p-toluenesulfonic acid was present. The reaction has also been
applied to 1,3-dicarbonyl compounds, however, only residual
amounts of isoindolinones 32 were detected and deamination
products became predominant.

CH,Cl,
R _COMe H,NT or R!
N 2 2 o, N
@ N o TSOH (20 mol %) N_R2
= rt
CHO 0
29 RY o
31 R R3 R4

32
R'=H, 5-F, 5-Cl, 5-Br, 5-OH, 5-OMe, 5-Ph, 5-NO,
R2= Ar, alkyl, Bn, EtOCH,CH,
R3=H, R*= Me, Et, R3R*= (CHy),

18 examples: 70-88% yield

Scheme 8: Copper-catalysed three-component reaction of formylben-
zoate 29, amines 2 and ketones 31.

Similarly to the above mentioned method, the first step in this
approach is probably the imine formation by reaction of amine
2 with the aldehyde functionality of benzoate 29. Next, addi-
tion of the enol form of ketone 31 onto the imine would provide
a Mannich intermediate amine, which can intramolecularly

attack the ester function, giving rise to lactam 32.

As pointed out above, unfortunately this methodology did not
work properly when it was first applied to 1,3-dicarbonyl com-
pounds. Nevertheless, more recently, two research groups have
disclosed, nearly simultaneously, the three-component cycliza-
tion of 2-formylbenzoic acids, primary amines and a 1,3-dicar-

bonyl compounds.

The first proposal uses 2-formylbenzoic acid 33 (R = H, condi-
tions A, Scheme 9), cyclic aliphatic and aromatic diketones 34
such as dimedone (R2R3 = -CH,CMe,CHj3-) as the 1,3-dicar-

bonyl partner and a variety of aromatic, heteroaromatic and ali-

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

phatic amines in ethanol, under microwave heating, and with-
out metal catalyst [83]. Very good yields of 35 are obtained in a

very simple and cost-effective manner.

1 conditions A 0]
R\\ COH  H,N. MW
Q o EtOH, 90 °C NR'
= 0) (@) ,90°
CHO
33 W R=H 0o
R® R HO—”
conditions B 4 35 .7
DTABO s R’ = heteroaryl
|-(|2ng;%| °/C0)) R®=OH 8 examples: 78-90% yield
20,
e} R1 =Ar
R\\ 11 examples: 82-94% yield
| N-R?
0 R" = alkyl, benzyl, propargyl
7 examples: 88-96% yield
36 R

R =R'=H, R?= Ar, heteroaryl
10 examples: 64-90% yield

R =H, Ar, R"=Me, Bn, Ar, R2= Ph, Me
8 examples: 70-89% yield

Scheme 9: Non-catalysed (A) and phase-transfer catalysed (B) three-
component reactions of formylbenzoic acids 33, amines 2 and 1,3-
dicarbonyl derivatives 34.

A rather similar approach was disclosed shortly later by Han
and co-workers [84], who used p-ketoacids (34 R? = OH, condi-
tions B, Scheme 9) instead of diketones and a quaternary am-
monium salt as catalyst in water. In this multicomponent
decarboxylative alkylation/cyclization process, they prepared

several lactam derivatives 36 with good yields.

While the first research group suggests that the reaction would
start with the formation of an imine intermediate between the
aldehyde function of 33 and the amine 2, followed by a nucleo-
philic attack by the diketone and a final intramolecular cycliza-
tion, the Han group proposes a different pathway, with an initial
deprotonation of ketoacid 34 (RZ = Me, Ar, R3 = OH) and a
subsequent addition of enolate 37 onto the aldehyde moiety in
33, with concomitant decarboxylation and cyclization to form a
phthalide intermediate 38 (Scheme 10). Then, the known
amine-substitution reaction would transform phthalide 38 into

isoindolinone 36.

A conceptually very similar procedure has been described
by Singh and co-workers [85], who used formylbenzoate
29 and preformed enol ethers instead of ketones in a
Mukaiyama—Mannich lactamization reaction catalysed by zinc

or copper under mild conditions. A large amount of diverse iso-
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Scheme 10: Proposed mechanism for the formation of isoindolinones
36.

indolinones 32 (thirty-four examples) can be built in this
manner, although, once again, ortho-substituted anilines 2 did
not render the cyclic product, as the final lactamization step is
probably impeded by sterical reasons. On the other hand, silyl
enol ethers of acetone, acetophenone, methyl acetate,
2-hydroxyfuran and cyclohexanone worked well, providing iso-
indolinone 32 with yields ranging from 64 to 85%.

A variation of the above approach that makes use of fluorinated
silyl ethers 39, has been applied to the synthesis of analogous
fluorinated isoindolinones 40 (Scheme 11) [86]. In this case,
formylbenzoic acid 33, a variety of aromatic, aliphatic and
heteroaromatic amines 2 and trimethylsilyl enol ethers 39 are
combined in a three-component Mannich/lactamization reac-
tion in the presence of an indium catalyst to yield twenty four
3-difluoroalkylisoindolinone derivatives 40.

o)
R1
CO.H H.N In(OTf);
(j: 21T (10 mol %) (\ N-R!
+ = _
ero b CH,Cly, 35 °C o
33 )ﬁ/oms F
F F 2
40 R

RZ

39
R"= Ar, ArCHj, 2-furylCH,, alkyl
R2=Ph, Ar

24 examples: 35-86% yield

Scheme 11: Three-component reaction of formylbenzoic acid 33,
amines 2 and fluorinated silyl ethers 39.

The starting 2-formylbenzoic acid 33 has been also employed in
Ugi-type multicomponent reactions with amines and

isocyanides by several research groups to make highly functio-

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

nalized lactams. After the pioneering works by Ley [87] and
Zhang [88], other contributions have been reported in the last
years. For example, Shaabani et al. [89] used diamines 41,
isocyanides 42 and two equivalents of 2-formylbenzoic acid
(33) in an Ugi three-component reaction with methanol as sol-
vent at room temperature to afford tetrahydrodiisoindoloquinox-
alinecarboxamides 43 (Scheme 12).

N
. R o)
33 N R C-R’
" a2 MeOH 7SN H
ot O
R25 o
ZSNH
“a 43
13 examples: 70-90% vyield
R'=alkyl, Bn

R2=H, Cl, COPh, benzo-fused

Scheme 12: Three-component Ugi reaction of 2-formylbenzoic acid
(33), diamines 41 and isocyanides 42.

More recently, Shafiee et al. [90] utilized propargylamine as the
cycle-nitrogen delivering component and then submitted the ob-
tained isoindolinones 44 (route A, Scheme 13) to an additional
cyclization to furnish a pyrazinoisoindoledione derivative.
Kajanus and co-workers [91] prepared eight isoindolinone de-
rivatives 45 by this method with yields ranging from 32 to 79%
(route B, Scheme 13).

They also made several analogues of these compounds by a
sequential Ugi/Diels—Alder approach and, in this context, they
were able to separate the enantiomers using chiral chromatogra-
phy. Some of these compounds showed good in vitro potency
blocking the cardiac ion channel Kv1.5 and, therefore, are
promising agents to treat atrial fibrillation. Nevertheless, the
most outstanding contribution is the first enantioselective Ugi
synthesis of isoindolinones 46 catalysed by a chiral phosphoric
acid, reported by D.-X. Wang, M.-X. Wang, J. Zhu and
co-workers (route C, Scheme 13) [92]. They obtained very good
yields and remarkable enantiomeric excesses, which result, ac-
cording to the authors, from a dynamic kinetic resolution of the
initially formed Ugi adduct.

Indeed, the plausible mechanism for the reaction implies the
condensation of amine 2 and aldehyde 33 to form iminium salt
intermediate 47 (Scheme 14). Next, addition of isocyanate 42
would supply the corresponding nitrilium intermediate 48,
which then can be trapped intramolecularly by the carboxylate
moiety, thus furnishing isocumarine 49. According to several

control experiments performed by the authors, the imine 49—en-
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2 O / \/\F
1 route A 1 R 1
N .2 | N
3
= \ MeOH, rt Z~cno T MeoH, rt Z~ 7 N
C~NH R2= 33 -C 42 R3=t-Bu /,C‘NH _||:_

|
3 0]

44 R \\ ro;te C chiral phosphoric 45

R'=H, OMe, R®=alkyl 6 examples 80% yield Re=Ar | acid (30-40 mol %)

R3=t-Bu | DCE,3AMS, 0°C

R'=H, Br 8 examples:
32-79% yield

R Qo R'=H, OMe
@%N—Ar 6 examples:
F T~ 86-97% yield
LC~NH 80-90% ee
O

Scheme 13: Non-catalysed (A, B) and chiral phosphoric acid promoted (C) three-component Ugi reactions of formylbenzoic acids 33, amines 2 and

isocyanides 42.

R 1
N COM | NRe Rl _CO:H CN-R® R -COH
U 2 | 42 m/ _NR?
CHO _
% ' 48 NHR?
47 NHR?
o)
R? R!? 2 l
| N-rRz2 — | )/A<OH
P o R
/}\NHR3 51 @NHR3 |\\ 0
=
NR3
46 0
R ’/// 49 NHR2
X0
|/ 7
NHR3
50 NHR2

Scheme 14: Proposed mechanism for the enantioselective formation of isoindolinones 46.

amine 50 tautomerization seems to happen faster than the
Mumm rearrangement that would lead to isoindolinone 46
through the bridged intermediate 51. Therefore, this mechanis-
tic path shows that the enantioselectivity of the reaction is a
consequence of a dynamic kinetic resolution of enamine 50.

Cyanide can also be used, instead of isocyanide, in an analo-
gous three-component reaction, to afford isoindolinones 53
substituted with nitrile or carboxamide groups (Scheme 15,
method A) [93]. Trimethylsilylcyanide (52), and benzyl-, alkyl-
and allylamines 2 were reacted with 2-formylbenzoic acid (33)
in the presence of OSU-6, a mesoporous silica performing as a

green Lewis acid catalyst for this transformation. At room tem-

perature, the product of this environmentally friendly Strecker
reaction is nitrile derivative 53 (R2 = CN, Scheme 15, method
A), while at reflux carboxamide 53 (RZ = CONH,, Scheme 15,
method A) is obtained. Notoriously, aromatic amines 2 did not
work under these conditions and, in place of isoindolinones 53,
isobenzofuranones were isolated. The method was extended to
the corresponding acetophenone derivative 54 and, in this case,
quaternary nitriles and carboxamides 55 were prepared in good
yields (Scheme 15, method B).

This Strecker approach has also been performed by using scan-

dium catalyst (Sc(OTf)3, 2.5 mol %) and starting from ester 29.
Under these conditions, not only benzyl or alkyl, but also a
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R"=Bn, alkyl, 55
allyl a:R2=CN (T =23 °C)
20 examples: b: R2= CONH, (T =78 °C)

76-95% yield

Scheme 15: Three-component reaction of benzoic acids 33 or 54,
amines 2 and TMSCN (52).

wide range or ortho-, meta- and para-arylamines 2 can be used
at room temperature to make 3-oxoisoindolinone-1-carbo-
nitriles 53a in very good yields (22 examples, 82-97% yields)
[94].

On the contrary, another Strecker multicomponent synthesis,
between 2-formylbenzoate 29, benzylamine and potassium
cyanide, carried out under mechanochemical conditions and
zinc catalysis, only produced a 31% yield of the corresponding
cyanoisoindolinone 53a (R! = Bn), along with 34% yield of
benzyl phthalimide, probably formed by air oxidation of 53a
[95].

2-Formylbenzoic acid (33) has also been used in another type of
three-component cyclization, along with amines 2 and isatoic
anhydrides 56, leading to isoindoloquinazolinone derivatives
57, a kind of heterocycle containing five- and six-membered
fused N-heterocyclic rings (Scheme 16), including the y-lactam
unit. The first synthesis of this class of compounds was re-
ported by Pal et al. [96] with the aid of montmorillonite K10 as
a recyclable catalyst in ethanol. With these environmentally
friendly conditions, they reported the preparation of twelve ana-
logues of 57 with good yields (72-95%, R! = H, R? = alkyl,
benzyl, aryl) (route A, Scheme 16). Some of these molecules
were able to inhibit tumour necrosis factor-alpha (TNF-a) in
vitro, therefore, showing potential medicinal applications.

A similar synthetic approach was applied by another research

group, using acetic acid instead of ethanol as a solvent and

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

route A
X 002H montmorillonite o
| K10 (5% wiw)
4
23 CHO 5 EtOH, 85 °C N
+ HZNZ‘ route B - ,
H AcOH, 110 °C RN N
0<_N R
%‘/ =z 0
o “ | route C
R B-CD, MW 57
56 © H20

Scheme 16: Several variations of the three-component reaction of
formylbenzoic acids 33, amines 2 and isatoic anhydrides 56.

without any other catalyst (route B, Scheme 16) [97]. By this
way, seventeen compounds of type 57 were obtained with
yields ranging from 80 to 92% (R! = H, R2 = H, alkyl, benzyl,
aryl). Another improvement on this multicomponent approach,
making use of B-cyclodextrine as promoter, water as a solvent,
and microwave heating (route C, Scheme 16) [98]. Under these
neutral conditions, they prepared up to nineteen compounds
(60-95%, R! = H, Cl, R? = alkyl, benzyl, aryl), including two
derivatives containing chlorine atoms in the portion coming

from isatoic anhydride 56.

In all cases, the most likely mechanism is initiated by a nucleo-
philic attack of amine 2 onto the anhydride carbonyl with
opening of the cycle to form carbamic acid derivative 58 and
loss of CO; to give the intermediate 2-aminobenzamide 59
(Scheme 17). Condensation with the aldehyde function in 33,
would originate imine intermediate 60, which then takes part in
an intramolecular double cyclization to furnish the final hetero-
cyclic substrate 57.

o H Hgﬂéo HzN
HN 2H
(e} — > H R
J R? 5 i 0
o\ﬁ“z R I co, 59
) *
33 CHO H,0
et
N v ©/VN
N 47
R2 H,O R2
57 o 60 (6]

Scheme 17: Proposed mechanism for the synthesis of isoindoloquina-
zolinones 57.

A variation of the previous procedure has been disclosed, where

2-formylbenzoic acid (33) is replaced by bromoisobenzofura-
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none 61, also leading to isoindoloquinazoline derivatives 57
(Scheme 18) [99]. After optimization of the reaction conditions,
a 4:1 combination of water and PEG-400 was chosen as the best
solvent and an array of nineteen isoindoloquinazolinones 57
with yields ranging from 66 to 92% was prepared. The mecha-
nism is presumably very similar to that of the above reaction
(Scheme 17), where isobenzofuranone 61 plays the role of

formylbenzoic acid 33.

(e}
o 0]
H,O:PEG400 N
61 Br N'Rz (4:1) = |
T 95°C N N
O N~ 2 RZY R
Y | 0
0 Nqs R'=H, Cl, Br 57
0 R2 = alkyl, Bn, Ar, propargyl
56 19 examples: 66-92% yield

Scheme 18: Three-component reaction of isobenzofuranone 61,
amines 2 and isatoic anhydrides 56.

Another multicomponent approach to isoindoloquinazolinones
57 is the palladium-catalysed reaction of 2-aminoamides 59,
2-bromobenzaldehydes 62 and carbon monoxide (23) at atmos-
pheric pressure, with the assistance of DABCO as base and
tri(tert-butyl)phosphonium tetrafluoroborate as ligand
(Scheme 19) [100].

R3
X Br
| P PdCl, (5 mol %)

CHO [(t-Bu)sPH]BF,

62 + co —_(15mol %)
23 DABCO |

H'I*ZN @ DMSO, 120 °C re NN SO
N o}

R2 7 NR1 R'=Me, OMe,Cl 57
R2=H, Bn, NH-Ph

R3 = Me, OMe, CF3, CI, F
20 examples: 60-85% yield

Scheme 19: Palladium-catalysed three-component reaction of
2-aminobenzamides 59, 2-bromobenzaldehydes 62 and CO (23).

A variety of substituents in the benzene rings (R!, R?) are com-
patible with the reaction conditions, but heteroaromatic ana-
logues of aldehyde 62, such as 2-bromonicotinaldehyde or
2-bromothiophene-3-carbaldehyde did not produce the desired
product. On the other hand, 2-aminoquinoline-3-carboxamide
also reacted under these conditions to produce the correspond-
ing isoindoloquinazolinone analogue of 57.

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

Some control experiments allowed the authors to propose the
mechanism as follows (Scheme 20). First, cyclocondensation of
2-aminobenzamide (59) with 2-bromobenzaldehyde (62) to
form intermediate 63 is followed by oxidative addition of Pd(0)
to provide palladium complex 64. Then, insertion of CO (23) in
the C—Pd bond furnishes an acylpalladium complex 65, which,
after elimination of hydrogen bromide and subsequent reduc-
tive elimination of palladium from intermediate 66, affords 57

with regeneration of Pd(0).

CHO +

base

Br

PdBr 23

base

Scheme 20: Proposed mechanism for the palladium-catalysed synthe-
sis of isoindoloquinazolinones 57.

2-Vinylbenzoic acids 67 are also appropriate substrates for the
preparation of isoindolinones 71 through a four-component
reaction with aryldiazonium tetrafluoroborates 68,
DABCO:(SO3); (69) and nitriles 70 under Ru(IV) photocataly-
sis with visible light and in the presence of a Lewis acid
(Scheme 21) [101].

Up to 24 isoindolinone derivatives were obtained, bearing a
wide variety of aryl moieties at the sulfonyl group, including a
thiophene derivative. With the aid of several dedicated experi-
ments, the researchers proposed a mechanism initiated by the
formation of an arylsulfonyl radical 72, which then would add
to the alkene moiety in 67 to produce a radical intermediate 73
(Scheme 22). The photocatalyst-assisted oxidation of this
radical would give rise to the corresponding cation 74, which
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Scheme 21: Four-component reaction of 2-vinylbenzoic acids 67, aryl-
dioazonium tetrafluoroborates 68, DABCO-(SO3), (69) and nitriles 70.

would add to the nucleophilic nitrile 70. Intramolecular nucleo-
philic attack of the carboxy group in 75 followed by rearrange-
ment of intermediate 76 delivered isoindolinone derivatives 71.

DABCO-(SO R
69 (SO2)2 < COOH
| 7 = R\\ COOH
Ar—NzBF4 . o\ L @(/\
68 A ” > S0,
72 DABCO &
R1 o) Rulv
|\\ _{o DABCO .
N n
- 2 R

Scheme 22: Plausible mechanism for the formation of isoindolinones
7.

Ortho-functionalized benzoic acids have also been prepared in
situ and used for a three-component transition-metal-free syn-
thesis of phthalimides 79 induced by fluoride (Scheme 23)
[102]. The reaction makes use of 2-(trimethylsilyl)aryl triflates
77, isocyanides 42 and CO; (78), and takes place in acetonitrile
as solvent and without the need of any transition metal. Differ-

ent symmetrically and unsymmetrically substituted aryne pre-

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

cursors 77 and alkyl and aryl isocyanides 42 produced thirteen

benzamide derivatives 79, with moderate to good yields.

™S o
C[ b
N X
oTf CsF | N-R?

MeCN, 30-60 °C F

R2

C//N 42 R'=H, Me, F, OCH,0
- R2=t-Bu, n-Bu, iPr, Cy, Ar
CO, 78 11 examples: 38—-76% yield

o) (6]

O ne (e

(0]
44% 0 38%

Scheme 23: Three-component reaction of trimethylsilylaryltriflates 77,
isocyanides 42 and CO> (78).

The plausible mechanism for this transformation (Scheme 24)
would start with the formation of the reactive aryne 80 which is
first trapped with the nucleophilic isocyanide to form 81 and
then with the electrophilic CO, (78), to furnish an intermediate
benzoic acid derivative 82. Intramolecular cyclization would
produce the corresponding isobenzofurane 83, which alterna-
tively, could also be formed by a concerted pathway. Then the
fluoride induced ring opening and subsequent cyclization of
intermediate 84 would generate phthalimide 79.

@ R2
CN-R? s N~
R~ TMS F© a2 O/
> — 2
Qioﬁ ©| Ac*‘
81 0’78
® R2
R \ (//N
&
g “
M e
O

R? ? 1 i 2

NN R/\/ N/R

| N-R? = | = 4
7 J _];
7 0 84 83 o]

Scheme 24: Plausible mechanism for the three-component synthesis
of phthalimides 79.

Although most multicomponent reactions leading to isoindo-
linones make use of benzoic acid derivatives as one of the
starting components, in a few contributions aromatic aldehyde,

imine or nitrile compounds have been used instead.
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For instance, 2-formylbenzonitriles 85 along with a variety of
arenes 86 and diaryliodonium salts 87, combined in a copper-
catalysed three-component cyclization produce 2,3-diarylisoin-
dolinones 88 [103] (Scheme 25).

1
b[CHO
S
a5 CON

* o R1 R3
N g2 Cu(OAc), (5 mol %) | N@
) DCE, 110 °C \
86
+
L

O/\O R'=H, F, Cl, Br, OPh, OMe, NO,

R2=H, Br, Me, Et, t-Bu, iPr, OMe, OCH,0
R3=H, F, Cl, Br, CF3, Me, OMe, Ph, NO,
30 examples: 41-99% yield

C%f} ﬁ@

68%

Scheme 25: Copper-catalysed three-component reaction of 2-formyl-
benzonitriles 85, arenes 86 and diaryliodonium salts 87.

The scope of the reaction is very wide, since the three compo-
nents have demonstrated the ability to be efficient sources of
diversity in this reaction. Indeed, 33 isoindolinones 88 were
prepared with yields ranging from moderate to very good. Even
when unsymmetrical diaryliodonium salts 87 were used, the
reaction was chemoselective, furnishing in good yields the
products resulting from the transfer of the less hindered arene.
However, this methodology exhibits two main limitations. First,
arenes 86 with electron-withdrawing groups did not react under
the optimized conditions and on the other hand, the atom
economy is quite low, since a half of the diaryliodonium salt 87
is lost in the process.

Replacing the arene substrate 86 by ketones, and keeping nearly

equal reaction conditions, the same authors have achieved an

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

efficient synthesis of 3-(2-oxopropyl)- or pentacyclic isoindo-
linones 90 or 92 (Scheme 26). Starting from several aryl and al-
iphatic ketones 89, more than thirty isoindolinones 90 were ob-
tained, with three points of diversity around the lactam core.
Overall, aryl ketones containing electron-donating and electron-
withdrawing functions and even a heteroaryl group delivered
better yields than dialkyl ones (Scheme 26, path A) [104].
When cyclopropyl ketones 91 were used as substrates, a ring
expansion and a new quaternary centre formation happened
through the multicomponent reaction to produce pentacyclic de-
rivatives 92 (Scheme 26, path B) [105].

1
b | cro CuOThz  RI=H,F, I, OPh, OMe
N (10mol%) gz= W, F, cI, Br, Me, CFa,
85 DCE, 110°C  OMe, NO, Ar
* R3=H, F, Cl, Br, CF3, Me,
OTf . Cu(OAc)
R ®© RS (10mol %) ., oM _
|\\ | 7R 35 examples: 51-99% yield
= P o
87 (0] R1
N — R3
R2 m v~
91 Z J
path B R2
o)
92
=H, Cl, Br, OMe
R2= Me, Ar

R®=H, F, Cl, Br, CF3, Me, OMe
20 examples: 51-83% yield

Scheme 26: Copper-catalysed three-component reaction of 2-formyl-
benzonitriles 85, diaryliodonium salts 87 and ketones 89 and 91.

These reactions, either with arenes 86 or ketones 89 and 91,
seem to happen through an N-aryl nitrilium cation intermediate
93, resulting from the reaction between formylbenzonitrile 85
and diaryliodonium salt 87 (Scheme 27). Intramolecular nucleo-
philic attack of the carbonyl group onto the nitrilium species
would furnish cyclic intermediate 94, that rearranges to afford
cationic isoindolinone moiety 95. Then, benzene derivative 86
would react by a Friedel-Crafts type reaction to form diaryl
y-lactam 88. When ketone 89 is used instead of arene 86, the
enol form would act as nucleophile and upon reaction with
carbocation 95, compounds 90 could be isolated. Finally, cyclo-

propyl ketone 91 would first rearrange by copper catalysis and
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Scheme 27: Proposed mechanism for the formation of 2,3-diarylisoindolinones 88, 89 and 92.

the so-obtained furane derivative 96 would add to the carbocat-
ion in 95, followed by Friedel-Crafts cyclization, thus gener-
ating the polycyclic isoindolinones 92 in a formal hetero [4 + 2]
cycloaddition process.

Another aromatic aldehyde, in this case derived from a quino-
line, can also be used as substrate for a multicomponent reac-
tion, appropriate for the preparation of 3-aminoisoindolinone
analogues 98 (Scheme 28) [106]. Indeed, the reaction of chloro-
quinolinecarbaldehydes 97 with isocyanides 42 and aromatic
amines 2, catalysed by Pd, produced a small collection (8 exam-
ples, 75-95% yield) of quinoline derivatives 98 containing a
y-lactam moiety with different substituents at the nitrogen of the
S-membered ring and in the y-position. Although the authors do
not suggest a mechanism, this probably starts with the forma-
tion of an imine by reaction of aromatic amine 2 with quino-
linecarbaldehyde 97.

Certainly this is a quite feasible hypothesis, since it has been re-
ported that ortho-iodo-substituted arylimines 100, analogues of
quinolinecarbaldehyde 97, also reacted, under Pd catalysis, with
CO (23) and imines 99 to furnish complex spirocyclic y-lactams
101 (Scheme 29) [107]. These products show a trans orienta-
tion of the benzene moiety in the isoindolinone and the substitu-

y N\ Cl o
s | _ N 4
L CHO  PAOA  NTNG
97 (5 mol %) S P
+ CSQCO3 R1
--/R2 A ° NH
-C/’N 42 1,4-dioxane, 50 °C 98 Ar”
+ R'=H, Cl, Me, OMe
Al 2=
H,N r2 R# = alkyl

8 examples: 75-95% yield

Scheme 28: Palladium-catalysed three-component reaction of chloro-
quinolinecarbaldehydes 97 with isocyanides 42 and aromatic amines
2,

ent in R2, according to NOE experiments and crystal structure
analysis.

The proposed mechanism involves an initial palladium-cata-
lysed carbonylation of iodoarylimine 100 to produce acid chlo-
ride 102 (Scheme 29). Intramolecular nucleophilic attack of the
imine onto the acyl chloride would furnish cyclic N-acyl-
iminium derivative 103, which can then undergo a second palla-
dium-catalysed carbonylation to form a stabilized ketene 104.

This is a good partner for a cycloaddition with an imine such as
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Scheme 29: Palladium-catalysed three-component reaction of imines
99 with CO (23) and ortho-iodoarylimines 100.

99 that would give rise to the spiro B- and y-lactam derivative
101 in a diastereoselective manner.

Indeed, a seminal contribution also made use of a similar
Pd-catalysed carbonylation followed by amide formation and
cyclization in a three-component reaction between aryl iodides,
incorporating a Michael acceptor 105, amines and amides 2 and
carbon monoxide (23) (Scheme 30) [108].

It is remarkable that not only aromatic but also aliphatic amines
and even amides and sulfonamides can be used as the nitrogen-
containing substrate. With chiral amines, very low diastereose-
lectivity was obtained, probably due to the harsh reaction condi-
tions employed. In addition to carbonyl and carboxyl deriva-
tives, pyridine was also used successfully as an electron-with-
drawing group (EWGQ) in the Michael acceptor 105. A simple
control experiment allowed the authors to propose that the first
stage of the reaction would be the insertion of carbon mon-
oxide into the Ar-I bond to produce aryl iodide 107, followed
by the reaction with the nitrogen nucleophile to form amide
intermediate 108. Finally, intramolecular Michael addition

would furnish lactam unit 106.

Oxindoles

The simplest protocol for the multicomponent assembly of
oxindole heterocycles is the palladium-catalysed reaction in-
volving carbon monoxide, in addition to terminal alkynes, aryl-

boronic acids and alkyl iodides, which has been applied to the

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

Pd(OAc), (10 mol %)
PPh3 (20 mol %)

R or 0
HoN Pd(PPhs),Cl, (2 mol %)
2 TFP (20 mol %) N-R
YR
Cs,CO03 (2 equiv)
' toluene, 90 °C 106 EWG
105 "o /
Pd cat\
cosy © N R 0 <
2 | X NH”
=
107 EWG 108 EWG

EWG = CO,Et, CN, COMe, COPh, CONR'R?, 2-pyridine

R = Ar, heteroaryl 9 examples: 65-90% yield
R = alkyl 12 examples: 52-96% yield
R = COMe, COCF3, SO,Ph 3 examples: 52-62% yield

Scheme 30: Palladium-catalysed three-component reaction of amines
2 with CO (23) and aryl iodide 105.

preparation of fluorinated 3-methyleneoxindole derivatives
(Scheme 31) [109]. In this three-component reaction, 2-ethynyl-
anilines 109 reacted with carbon monoxide (23) and perfluoro-
alkyl iodides 110, in the presence of Pd(II) and phenylboronic
acid (111), by means of an intramolecular amino-carbonylation
reaction. Although phenylboronic acid did not incorporate into
the final product structure, it was necessary for the reaction to
take place. Using this protocol five oxindole derivatives 112
were synthesized with moderate yields, including one substrate
containing a 13C_labelled carbon, suitable to be used as a meta-
bolic tracer.

Pd(PPh3).Cl,
(2.5 mol %)
HBPF4Pt-Bu,Me
(2.5 mol %)

PhB(OH), (111)
KoCOg3

CHCl,, 50 °C
R =H, Cl, Me
R¢= C4Fq, CeF13
5 examples: 45-72% yield

Scheme 31: Three-component reaction of 2-ethynylanilines 109, per-
fluoroalkyl iodides 110 and carbon monoxide (23).

Nevertheless, most of the known multicomponent methods for
the preparation of 2-oxindoles are based on the use of N-aryl

amides as the main partner of the reagent pool.
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Wu et al. reacted N-(2-iodoaryl)acrylamides 113,
DABCO:(S0,); (69, also known as DABSO) as a surrogate of
sulfur dioxide and hydrazine 114 in a photoinduced, catalyst-
free three-component reaction (Scheme 32) [110]. In this way, a
variety of (2-oxoindolin-3-yl)methanesulfonohydrazides 115
with diverse substituents in the aromatic ring and hydrazine
nitrogen, were prepared with moderate to good yields.

1
B! R H

| N-=N_ S//O
NN, R TS

113 | R!
uv A o
+ DABCO-(SO,),
R3 69 MeCN, rt Z N
N-NH 115 \
R2 2 R'=H, F, Me, CF5, OCF3, NO,
114 R?R%= ~(CH2)20(CHa),-
R?R?=-(CHy)s-
R?= Me, Et
R3=Ph

17 examples: 38-75% yield

Scheme 32: Ultraviolet-induced three-component reaction of N-(2-
iodoaryl)acrylamides 113, DABCO-(SO5), (69) and hydrazines 114.

This transformation may be explained by a radical process
promoted by UV irradiation, with an initial formation of aryl
radical 116 from the corresponding aryl iodide 113
(Scheme 33). This radical would cyclize in an intramolecular
5-exo mode to furnish cyclic radical 117 which, in turn, can be
caught by intermediate 118, formed by hydrazine 114 and sulfur
dioxide (Scheme 33). Rearrangement of the so-obtained inter-
mediate 119, through radical 120, would provide oxindole 115.

OCIeReees

113| ’ 116 | 117 \
o0 o
RS DABCO-(S0,), R® s-O
N-NH, ———— ON“NH, R
R? 114 R? 118 RZNNH,
.0-&_
Ry SN2
'N_N\S/’O R1\\
2 NI .-
R (o) O\S/O |
Z N
119\

Scheme 33: Proposed mechanism for the preparation of oxindoles
115.
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The same acrylamide 113 (R! = H) has been recently used in
another multicomponent synthesis along with CO (23) and
benzodiazepine derivative 121 under palladium catalysis to give
a 1:1 mixture of diastereoisomers of oxindole 122 with good
yield (Scheme 34) [111]. In this case, the process consists in a
palladium-catalysed cyclization followed by a carbonylation

and anion capture.

X

Pd(OAc), (10 mol %) :g\
113 PPh; (20 mol %)
co
* 23 K2CO3

toluene, 100 °C O
O

\
N o}
KNHQ N\

=N
122 78% yield
Ph

121

Scheme 34: Three-component reaction of acrylamide 113, CO (23)
and 1,4-benzodiazepine 121.

Several analogues of (2-oxoindolin-3-yl)methanesulfonohy-
drazides 115 have been prepared by another type of three-com-
ponent approach,
(Scheme 35) [112]. The partners of the reaction are N-(arylsul-
fonyl)acrylamides 123, aryldiazonium tetrafluoroborates 68 and
DABCO-(SO3), (69), as a source of sulfur dioxide. In this way,

sulfonated oxindoles 124 are prepared in moderate to good

in this case under copper catalysis

yields.

A wide scope of aryldiazonium reagents 68 bearing electron-do-
nating and electron-withdrawing groups worked well in the
reaction, but when a pyridyl heterocycle was employed, the
reaction failed. On the acrylamide side, activating and deacti-
vating groups worked similarly well and even a N-heteroaryl
analogue of 124 was obtained, although the yield was moderate
(42%).

The formation of compound 124 may be explained by a radical
process, starting with the addition of arylsulfonyl radical 72,
formed from 69 and aryldiazonium cation 68, onto the alkene
moiety of sulfonylacrylamide 123 (Scheme 36). Then, ipso-
cyclization of radical 125 to 126, departure of SO, and final ox-
idation of 127 by Cu(II) would provide oxindole 124. As a
consequence of this desulfonylative 1,4-aryl migration, the SO,
group initially present in the starting acrylamide is replaced by

another SO, moiety coming from the DABCO-(SO,), reagent.
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1 O‘ 0 o
R 'g” 0
NG | S\N)J\% Ar\S/:\
~ | R2 R1 R2 (6]
123 Cu(OAc), (10 mol %) |\\ o
+
Ar—N,BF, HOAc, N, 80 °C Z N
68 124 \
+ R'=H, F, Cl, Br, Me, t-Bu, NO,
DABCO:(SO,), R2= Me, Ph
69 Ar = Ph, p-MeCgHy, p-t-BuOCgHy,

p-MeOC6H4, p-EtOC 5H4,
p-ClC 6H4v p-BI’CsH4, m-C|CeH4‘
3,4-Me,CgHg, 3,5-Cl,CgH3

13 examples:  53-78% yield
ph\s,,o Ph. /O
\\O \\O

N
(L L
N Z N
\ \
59% yield 42% yield

Scheme 35: Multicomponent reaction of sulfonylacrylamides 123, aryl-
diazonium tetrafluoroborates 68 and DABCO-(SO;), (69).

123
o 0 a0
N b Cul) ¥
124 NS
\\l/
125 SOZAF
G cul NRs l
%
S< 0
N6 SO, o\\”—N/
L o
N o /©S€802Ar
127\ 126

Scheme 36: Proposed mechanism for the preparation of oxindoles
124.

Other analogues of acrylamides that are appropriate substrates
for oxindole preparation using multicomponent protocols are
N-arylpropiolamides. This approach has been reported by Seo
and co-workers in a series of papers that develop a three-com-
ponent transformation comprising three palladium-catalysed
reactions: Sonogashira, Heck and Suzuki—Miyaura (Scheme 37)
[113-115]. In this methodology, N-arylpropiolamides 128
reacted with aryl iodides 129 and aryl- or styrylboronic acids
130 under microwave activation to yield 3-(diaryl-

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

Pd(PPh3), (10 mol %)

PPhs (30 mol %) AR apt
Br cul(5 mol %) /
NaOAc, AgzPO4 X
N) el 0
| DMF, MW, 120 °C Z N
128 R = Ar2 131\
1__ —
Ar'—l + R-B(OH), 21 examples:
129 130 72-99% yield
Pd(PPh3)4 (10 mol %)
ligand, Cul (5 mol %), NaOAc,
Ag;P0O,4, DMF, MW, 150 °C
R= /\/Ar
Ar
= Ar'
/ 11 examples:
o 54-92% yield
N ligand = PPh3 (30 mol %), E isomer
132 \ ligand = t-BuXPhos (40 mol %), Z isomer

Scheme 37: Three-component reaction of N-arylpropiolamides 128,
aryl iodides 129 and boronic acids 130.

methylene)oxindoles 131 or 3-(1,3-diarylallylidene)oxindoles
132, respectively.

Initially [114,115], using arylboronic acids 130 (R = Ar?), a
variety of twenty-one diarylmethylene oxindoles 131 were ob-
tained with good yields. When aryl iodide and arylboronic acids
bearing different substituents are used, the expected stereo-
chemistry of the asymmetric products 131 is mainly obtained,
where the aromatic group coming from the boronic acid partner
settles far from the carbonyl group. Methoxy, nitro, chloro and
acetoxy groups of the aromatic moiety can be located at the
ortho, meta and para positions, although 2-nitro derivatives
gave low yields or no reaction in some cases. In addition to
above mentioned benzene derivatives, heteroaromatic boronic
acids also worked well under the reaction conditions and provi-
ded high yields of the corresponding oxindoles 131. Finally,
switching the N-substituent in the starting propiolamide 128 by
a H or a Bn group, did not affect the yield of the reaction, al-
though the stereoselectivities diminished.

Next [113], the authors applied the reaction conditions to the
use of styrylboronic acids 130 (R = CH=CHAr), and a collec-
tion of eleven 3-(1,3-diarylallylidene)oxindoles 132 were ob-
tained with good yields and controlled sterecochemistry
(Scheme 37). Indeed, they found that the PPhj ligand promoted
the formation of the E-isomer as the main compound while the
t-BuXPhos ligand induced the preferential formation of the
Z-isomer.

As already mentioned before, this transformation is the result of

a sequence of three palladium-catalysed reactions (Scheme 38).
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The first one is a Sonogashira coupling reaction between the
terminal alkyne of propiolamide 128 and aryl iodide 129, which
is preferred to the Suzuki-Miyaura reaction between aryl iodide
129 and boronic acid 130 present in the reaction mixture. Then,
an internal Heck cyclization reaction between the substituted
alkyne and aryl bromide in 133 takes place to form a cyclic
palladium intermediate 134 with E-configuration, resulting
from a syn-addition mechanism of this step. The addition of a
silver salt reduces the probability of isomerization of the double
bond, presumably by changing the anionic character of the
palladium complex to cationic in intermediate 135. Finally, the
Suzuki-Miyaura coupling of palladium salt 135 with boronic
acid derivative 130 would provide the final oxindoles 131 or
132.

Arl—|
Br| _ 129 Br|
Sonogashlra @ Heck

128 | 133 | 134 \
Ag@ l
Ar2 A
r
y/ Ar2
X
| o}
Z~N Suzukl M|yaura
131\ 135 \

Scheme 38: Proposed mechanism for the formation of diarylmeth-
ylene- and diarylallylideneoxindoles 131 and 132.

Finally, is worth mentioning an example of a multicomponent
synthesis where the benzene moiety is created from non-aro-
matic substrates. Certainly, this three-component protocol
includes an aromatization step in the course of the acid-cata-
lysed reaction of cyclohexa-1,3-dione (136), amines 2 and alkyl
acetylenedicarboxylates 137, to produce the final phenolic oxin-
doles 138 with good yields (Scheme 39) [116].

Up to twenty different oxindole derivatives were prepared with
any kind of substituents on the nitrogen atom, including aromat-
ic, benzyl, heteroarylmethyl and alkyl groups.

According to some control experiments, the authors propose a
plausible mechanism involving a sequential enamine formation-
Michael addition to produce intermediate 139, followed by
intramolecular cyclization to 141 and aromatization through
species 142 and 143 (Scheme 40). The cyclization step takes
place in a regioselective manner, leading to five-membered

heterocycle 141 rather than to the formation of six-membered

Beilstein J. Org. Chem. 2019, 15, 1065-1085.

(6] R2
1
HNT OH o
o 2 TFA
136 o toluene, reflux N ©
2 1
e =~ R 138 °
137
(6] OEt
OH
(0]
(0]
Ph N
89% Bn

R'= aIkyI, Ar, Bn, p-Me-CGH4CH2, p-CF3-C5H4CH2,
o-MeO-C6H4CH2, m-Br-CeH4CHQCH2,
thiophen-2-yICH,

R? = MeO, EtO

19 examples:  82-92% yield

Scheme 39: Three-component reaction of cyclohexa-1,3-dione (136),
amines 2 and alkyl acetylenedicarboxylates 137.

138 R’

143 R1

Scheme 40: Proposed mechanism for the formation of 2-oxindoles
138.

lactam 140. Then, tautomerization followed by aromatization

would provide oxindole 138.

Conclusion

Although the utilization of multicomponent reactions in synthe-
sis is not a new deal, in the last years there has been an in-
creased use of this strategy, particularly for the preparation of
heterocyclic compounds. This is mainly due to the need to find

new efficient methods in order to save raw materials and work
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time. Without doubt, multicomponent approaches in chemical
synthesis take the advantage of those two saving features. This
economical profit is especially interesting for the large-scale
synthesis in pharmaceutical laboratories and industry.

Nevertheless, among the multicomponent synthetic methods
available for the preparation of isoindolinones II and 2-oxin-
doles III, only one is enantioselective, even though many of the
reactions described in this review involve the generation of new
chiral centres. This drawback needs to be addressed so that new
ligands and organocatalysts can be discovered and applied to
the synthesis of enantiomerically pure y-lactams of this type
under smooth and environmentally more benign reaction condi-
tions.

Another area of improvement is the need to more methods for
the multicomponent building of the oxindole core, since the few
approaches now available depart from complex starting materi-
als. Therefore, it would be highly desirable to develop new
protocols in order to increase the structural diversity of oxin-
dole derivatives to be made using simple substrates and
reagents.
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Abstract

The multicomponent synthesis of prolyl pseudo-peptide catalysts using the Ugi reaction with furfurylamines or isocyanides is de-
scribed. The incorporation of such a polymerizable furan handle enabled the subsequent polymerization of the peptide catalyst with
furfuryl alcohol, thus rendering polyfurfuryl alcohol-supported catalysts for applications in heterogeneous enamine catalysis. The
utilization of the polymer-supported catalysts in both batch and continuous-flow organocatalytic procedures proved moderate cata-
Iytic efficacy and enantioselectivity, but excellent diastereoselectivity in the asymmetric Michael addition of n-butanal to B-nitro-
styrene that was used as a model reaction. This work supports the potential of multicomponent reactions towards the assembly of

catalysts and their simultaneous functionalization for immobilization.

Introduction
The immobilization of secondary amine-based catalysts onto  organocatalysis [1-3]. Asymmetric catalysis using polymer-sup-
organic polymers and silica gel has emerged as an effective  ported chiral organocatalysts usually provides a much greener

strategy that combines the power of heterogeneous and prospect for the synthesis of enantiomerically enriched building
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blocks [4-6]. Importantly, immobilized catalysts allow for both
recyclability of the catalyst and the implementation of continu-
ous-flow procedures, which usually encompass high reaction
yields and reduction of waste — aspects recognized as compati-
ble with the principles of green chemistry [1-5].:

However, almost all polymers used in the development of sup-
ported organocatalysts are made from non-renewable sources
and composed of non-biodegradable materials (e.g., poly-
styrene) [1-3]. When aiming at implementing large-scale cata-
lytic processes with supported organocatalysts, a relevant
“green” premise is the use of renewable and readily available
solid supports [1-5]. Accordingly, we envisioned the utilization
of the polymer polyfurfuryl alcohol (PFA) — derived from a
renewable resource like sugar cane biomass — for the incorpora-
tion of chiral pyrrolidine-based motifs capable to catalyze rele-
vant asymmetric reactions. The incorporation of an organocata-
lyst into a polymer support requires either conjugation to the
polymer or functionalization with a polymerizable handle suit-
able for subsequent copolymerization with a monomeric coun-
terpart. In this regard, multicomponent reactions (MCRs)
provide a great opportunity for the simultaneous assembly of
the catalyst along with the functionalization polymerizable
handle. Orru and co-workers were the first to employ a three-
component, diastereoselective variant of the Ugi reaction for the
synthesis of a prolyl pseudo-peptide catalyst, which proved
effective in an organocatalytic conjugate addition reaction [6].

Later, our groups developed an Ugi reaction-based multicompo-
nent approach enabling the structure diversification of prolyl
pseudo-peptide catalysts [7], which also proved great efficacy
in organocatalytic asymmetric Michael reactions. As extension
of this concept to the field of immobilized organocatalysts, we
reported the use of the multicomponent approach for the synthe-
sis of silica-grafted peptide catalysts for applications in continu-
ous-flow catalysis [8]. In an endeavor to develop a cheaper and
renewable polymer-supported organocatalyst, herein we
describe the multicomponent synthesis of furfuryl-containing
prolyl pseudo-peptide catalysts and their subsequent utilization
in the preparation of PFA-supported catalysts amenable for con-
tinuous-flow asymmetric enamine catalysis [9,10].

0
E/)_\OH
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The acid-catalyzed polymerization of furfuryl alcohol renders a
dark polymer featuring a complex cross-linked polyunsaturated
scaffold derived from polycondensation and Diels—Alder reac-
tions [11,12]. Worldwide, there is a well-established industry of
furfural production from corncobs and sugarcane pentoses,
making polymers derived from this material among the most
versatile and promising due to their renewable character and
easy exploitation of such biomasses [12,13]. As depicted in
Scheme 1, we envisioned the synthesis of prolyl pseudo-
peptides having a furan ring handle, which could be subse-
quently incorporated into PFA during the polymerization
process.

Results and Discussion

To this end, a solution-phase multicomponent procedure based
on the Ugi four-component reaction (Ugi-4CR) [14], was em-
ployed to incorporate proline [15] and the furan functionality
into pseudo-peptide catalysts. As shown in Scheme 2, Boc-L-
proline and acetone were employed as acid and oxo compo-
nents, respectively, in combination either with furfurylamine
and cyclohexyl isocyanide or with (S)-a-methylbenzylamine
and furfuryl isocyanide. We have previously proven the feasi-
bility of this multicomponent approach for the combinatorial
synthesis and rapid screening of pseudo-peptide catalysts [7]
and their silica gel-immobilized variants [8]. The choice of
using acetone and the S-configured a-methylbenzylamine was
made in agreement with our previous success with this class of
peptide catalyst [7]. In this sense, the corresponding (R)-a-
methylbenzylamine was not considered because of the good
results achieved with the S-configured amine, albeit it remains
unknown whether there is a match or mismatch between the
configuration of the amine and the enantio- and diastereoselec-
tivity of the catalytic process. In this case, furfuryl derivatives —
used either as amine or isocyanide component — were ligated
[16] to the peptide skeleton aimed at assessing whether the posi-
tion of the polymerizable handle was important for the organo-
catalytic performance. Peptides 1 and 2 were subjected to Boc
deprotection by treatment with 20% trifluoroacetic acid (TFA)
in CHCI;3 followed by TFA-catalyzed polymerization in the
presence of furfuryl alcohol (10 equiv) according to a literature
procedure described for PFA [17] (Scheme 2). The polymeriza-

4

AA H*

acid-catalyzed

~

O\«AA ° II;I:A\\
N \L/)" RN
H o}

polymerization

Scheme 1: Schematic synthesis of polyfurfulyl alcohol (PFA) incorporating a prolyl peptide catalyst. AA: Amino acid.
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Scheme 2: Utilization of the Ugi four-component reaction (Ugi-4CR) for the synthesis of prolyl pseudo-peptide catalysts and their subsequent poly-
merization with furfuryl alcohol leading to the organocatalytic polymers 3 and 4. TFA = trifluoroacetic acid; PFA = polyfurfuryl alcohol.

tion starts as a green solution that eventually turns brown and
then black. The polymer suspension was neutralized by washing
with a 1 M aqueous solution of NaOH and then precipitated
from petroleum ether. The resulting dark solid was ground until
the retained material on a 45 pm sieve was less than 10%, thus
rendering enough material of PFA-supported prolyl pseudo-
peptide catalysts 3 and 4.

The microanalyses of the polymeric catalysts 3 and 4 show a
catalyst loading of 0.64 mmol-g~! and 0.33 mmol-g™!, respec-
tively, calculated according to the content of nitrogen by CNHS
analysis. The FTIR spectra of polymers 3 and 4 were compared
with that of PFA, clearly showing the incorporation of the
peptidic moiety into the PFA matrix (see Supporting Informa-
tion File 1). In detail, the new bands appearing at around 3120
(N-H stretching), 1680 (C=O0 stretching), 1540 (N-H bending)
and 1200 cm™! (CN stretching) are attributed to the typical
amide vibrations and are not present in neat PFA. In addition,
the bands at around 800, 740 and 600 cm™! confirm the pres-
ence of a 2,5-disubstituted furan ring typical of the PFA poly-

meric matrix [18].

The thermo-oxidative degradation of polymeric catalysts 3 and
4 was also examined using TGA, and compared with that of
PFA (see Supporting Information File 1). This analysis showed
that both polymers 3 and 4 are quite stable up to 100 °C, but as
expected, decompose earlier than neat PFA. Thus, as main
difference a significant loss of mass is observed for 3 and 4 at
the range of 100-300 °C, whereas neat PFA is still stable at that
temperature. This first degradation can be attributed to the de-
composition of the peptidic skeleton, while at around 300 °C
the decomposition of the polymeric lattice matrix starts, also of

PFA. This analysis further demonstrates the incorporation of the

peptide moieties into the PFA matrix, while proving the good
stability of the PFA-supported catalysts under classic working
temperatures (i.e., up to 100 °C).

To assess the catalytic performance of the PFA-supported cata-
lysts, the model system consisting in organocatalytic conjugate
addition of n-butanal to trans-p-nitrostyrene was implemented.
During the initial screening, standard reaction conditions com-
prising the use of 10 mol % of catalyst, toluene as solvent and
room temperature were chosen. As shown in Table 1, PFA —
used as control — did not afford the Michael product (Table 1,
entry 1) due to the lack of the catalytic pyrrolidine moiety. On
the other hand, PFA-supported catalysts 3 and 4 gave moderate
to good yields depending on the solvent used. In general, poly-
meric catalyst 3 provided a better yield, enantio- and diastereo-
selectivity in the Michael adduct than 4 in all tested solvents

and conditions.

As PFA-supported catalyst 3 proved more effective than 4, a
comprehensive screening of solvents was carried out for the
asymmetric Michael addition catalyzed by 3. This study showed
that the yield can be increased up to 90% using isopropanol
(Table 1, entry 9), while the diastereoselectivity remains con-
stantly high in all solvents [19]. Unfortunately, the enantioselec-
tivity of the Michael additions remained moderate with both
catalysts in all tested solvents and conditions, only rising to
84% ee when using catalyst 3 in toluene. The reason of the
better catalytic performance of PFA-supported catalyst 3 com-
pared to 4 may be not only due to higher catalyst loading in the
polymer, but also because of the position of the furan ring.
During the implementation of the heterogeneous organocata-
lytic reaction in batch, some polymer features proved limiting

the efficiency. For example, the polymer powder showed to be
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Table 1: Screening of PFA-supported prolyl pseudo-peptide catalysts and the reaction conditions in a batch heterogeneous Michael addition.

O f Ph
cat (10 mol % NO
H)H o NOz ) 1\‘/@ 2
Et conditions Et 5
entry@ catalyst solvent yield of 5 dr ee
(%)P (synlanti)® (%)
1 PFA toluene - - -
2 3 toluene 58 95:5 84
3 4 toluene 52 94:6 29
4 3 THF 83 93:7 77
5 4 THF 62 96:4 53
6 3 acetonitrile 72 94:6 54
7 3 n-hexane 54 95:5 56
8¢ 3 n-hexane/iPrOH 70 96:4 68
9 3 iPrOH 90 97:3 61
10 3 ethanol 69 96:4 53
11 3 H,0 76 96:4 66

aAll reactions were conducted using 10 mol % of catalyst, 0.25 mmol of B-nitrostyrene and 3 equiv of n-butanal in 1 mL of solvent for 24 h. PYield of
isolated pure product. “Determined by "H NMR spectroscopy analysis of the crude product. 9Determined by chiral-stationary phase HPLC analysis on

the pure product. ©9:1 mixture of n-hexane/isopropanol.

of low density, thus making it difficult to recover the catalysts
by decantation. In addition, gravity filtration was employed,
however, the powder material mostly remained in the filter
paper. To overcome this problem, we turned to implement a
continuous-flow organocatalytic system by charging an HPLC
column with PFA-supported catalyst 3. Thus, polymer 3 was
packed into a stainless-steel column (@ = 0.21 cm (diameter),
1= 15 cm (length), particle size = 45 pm). The main features of
the resulting packed microreactor were determined by pycnom-
etry methodology [20,21], as reported in Table 2.

This method consists in filling the microreactor successively
with two distinct solvents (here noted as 1, ethanol and 2,
n-hexane) and then weighing the filled microreactor accurately.
The difference between the masses (w) of the filled reactor
divided by the differences of solvent densities (&) permits to
calculate the microreactor void volume (¥}, dead volume). This
feature is important because it provides an idea of the volume
not utilized in the microreactor. The catalyst’s loading was kept

Table 2: Main features of the catalytic microreactor.

loading of 3 amount Vo Vs
(mmol-g™")2 Wiot (Mg)P (WL)° (uL)
0.639 264 349 519

as determined by microanalysis, as previously described for
polymeric catalyst 3. The packing amount (wyy) was also deter-
mined by pycnometry. Porosity (gq) of 0.67 is an optimal value
for this material, which is according to the accepted values. One
of the most important features of a microreactor for continuous-
flow chemistry is the residence time (z) which is known as the
time in which a substrate passes through the microreactor with-
out interacting. In some cases, this residence time is measured
by the time a dye needs to pass through the reactor. In this
work, it was calculated by dividing Vy by the used flow rate (®)
of 2.5 pL/min.

The study of the Michael reaction under continuous-flow condi-
tions started with the optimization of the flow rate. Initially, a
solution of B-nitrostyrene (1 equiv, 0.25 M) and n-butanal
(3 equiv, 0.75 M) in toluene was pumped using a syringe-pump
at 2.5 uL-min~! (= 140 min, Figure 1, top). The concentration
was chosen by considering the retention profile of n-butanal and
B-nitrostyrene in the microreactor. After 22 h, a moderate

Vbed T Etot?
(bL)® (min)f
170 140 0.67

aDetermined by elemental analysis. Pwiot = Vo 8g + Wads + Whw. Vo = W1 — wo/dq — 8,. 9Geometric volume Vg = m-h-r2-103 (h = 15 cm, r = 0.105 cm).
©Vhed = VG - V0. 'Residence time calculated at flow rate ® = 2.5 pL-min~", 1 = Vp/®. 9Total porosity &0t = Vo/ V.
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conversion of the B-nitrostyrene in toluene was observed,
proving a poor efficiency of the process and a low value of
productivity. This clearly showed that the conversion of the
starting material is increasing until 24 h, and after that, the
reactor productivity decreases considerably (Figure 1, bottom).
We hypothesized that the higher residence time of B-nitro-
styrene in the reactor may lead to a lower yield or the catalyst
may acquire inactivation. Accordingly, all the substrates were
injected into the reactor coupled to a HPLC system and the
retention times of each substrate within the reactor were
measured by UV detection at a wavelength of 210 nm. A reten-
tion time of 70 min for B-nitrostyrene at a flow rate of
0.1 mL/min into the reactor was observed. Then, this preferen-
tial occupancy of the packing material by B-nitrostyrene
(50 times as residence time calculated) limits the formation of
the Michael product and, consequently, lowers the chemical
efficiency. Despite the good level of diastercocontrol in
Michael addition (dr 95:5 syn/anti), a little drop in the enantio-
selectivity was observed (i.e., 74% ee) compared to the batch
process with the same catalyst. Nonetheless, the enantioselec-
tivity remains constant during the whole time of experiment, as
shown in Figure 1. Finally, the overall yield of isolated Michael
adduct 5 was 42% after column chromatography, which is in
agreement with the conversion determined during the continu-
ous-flow study.

PFA-supported

Q catalyst 3
HJ\ (10 mol %) O Ph
NO
B —O— - H)H)\/ 2
+ Et
NO,
PR N 5, 42%
dr 95:5 (syn)
74% ee
1007
901
80
04 ® 000y o - ®-------- .
60 -e-ee%
e 507 . --4-- conversion %
-
40 A - X
- s -
30 ak — A
20 4
10
O T T T T T T T T T 1

Figure 1: Analysis of the continuous-flow catalytic system producing
y-nitroaldehyde 5 with PFA-supported catalyst 3 packed in a microre-
actor.

Beilstein J. Org. Chem. 2019, 15, 1210-1216.

Conclusion

In conclusion, we have implemented a multicomponent ap-
proach for the one-pot assembly of furfuryl-containing organo-
catalysts suitable for the incorporation into a polyfurfuryl
polymer. Two polymer-supported prolyl peptide catalysts were
produced by means of an initial Ugi reaction followed by an
acid-catalyzed polymerization. They catalytic polymers were
screened in the heterogeneous catalytic Michael addition in
batch, proving that catalyst 3 is more effective and provides
better stereoselectivity. A continuous-flow organocatalytic
system was also implemented using catalyst 3, enabling the
continuous production of a y-nitroaldehyde in moderate yield
and enantioselectivity, but with excellent diastereoselectivity.

Experimental

TH NMR and '3C NMR spectra were recorded at 400 MHz for
'H and 100 MHz for 13C, respectively. Chemical shifts (8) are
reported in parts per million relative to the residual solvent
signals, and coupling constants (J) are reported in hertz. Flash
column chromatography was carried out using silica gel 60
(230-400 mesh) and analytical thin-layer chromatography
(TLC) was performed using silica gel aluminum sheets. HPLC
chromatograms were obtained on a Shimadzu apparatus,
LC-10AT Pump, SPD-10A UV-vis detector, SCL-10A system
controller, using a Chiralpak AD-H (4.6 mm © x 250 mm
length, particle size 5 pm). Optical rotations were measured at
the indicated temperature using a Perkin-Elmer Polarimeter,
Mod. 241, (wavelength: 589 nm). Melting points were obtained
in a MQAPF-301 apparatus.

General procedure A. A suspension of the amine (1.0 mmol)
and acetone (1.0 mmol) in MeOH (5 mL) was stirred for 1 h at
room temperature. The carboxylic acid (1.0 mmol) and the
isocyanide (1.0 mmol) were then added and the reaction mix-
ture was stirred at room temperature for 24 h. The volatiles
were removed under reduced pressure and the resulting crude
product was dissolved in 100 mL of CH,Cl,. The organic phase
was washed sequentially with an aqueous saturated solution of
citric acid (50 mL), aqueous 10% NaHCO3 (50 mL), and brine
(50 mL), and then dried over anhydrous Na,SO4 and concen-
trated under reduced pressure.

General procedure B. The prolyl pseudo-peptides catalyst was
dissolved in 3 mL of CH,Cl, and treated with 1 mL of trifluoro-
acetic acid at 0 °C. The reaction mixture was allowed to reach
room temperature, stirred for 4 h and then concentrated to
dryness (the excess of TFA was removed by repetitive addition
and evaporation of further CH,Cly). The crude product was
re-dissolved in 10 mL of CHCIj for the polymerization step. To
a suspension of the salt pseudo-peptide catalysts (1.0 mmol,

1 equiv) and furfuryl alcohol (10 mmol, 10 equiv) in CHCl3

1214



(5 mL) was added TFA (0.5 mmol, 5 mol %) dropwise over
10 min, and stirred for 24 h at room temperature. The color of
the solution changed during the reaction from yellow-green to
brown then black. The neutralization of the polymerization
solution was carried out with a concentrated basic solution. The
use of a 1 M NaOH (5 mL) solution requires two washes of
10 min each but at the end of the reaction an emulsion may
appear. In order to avoid this problem an excess of 0.1 M NaOH
solution was used. Polymers were isolated by precipitation in
petroleum ether and dried in high vacuum. The resulting dark
solid was ground until the retained material on a 45 um sieve
was lower than 10%.

PFA: For comparison, PFA was prepared in a conventional way

according to a reported procedure [17].

General procedure C. The nitroolefin (0.25 mmol, 1.0 equiv)
and the aldehyde (0.75 mmol, 3.0 equiv) were added to a solu-
tion of the prolyl pseudo-peptide catalyst (0.025 mmol,
0.01 equiv) in the solvent of choice (1 mL). The reaction mix-
ture was stirred for 24 h and then concentrated under reduced
pressure. The resulting crude product was purified by flash
column chromatography on silica gel using n-hexane/EtOAc as
eluent. Enantiomeric excess (ee) was determined by chiral
HPLC analysis through comparison with the authentic racemic
material. Assignment of the stereoisomers was performed by

comparison with literature data.

Synthesis and characterization

Prolyl pseudo-peptide 1. Furfurylamine (177 pL, 2 mmol),
acetone (116 mg, 2 mmol), Boc-L-Pro-OH (431 mg, 2 mmol)
and cyclohexyl isocyanide (249 pL, 2 mmol) were reacted in
MeOH (5 mL) according to the general procedure A. Flash
column chromatography purification (EtOAc/hexane 1:1, v/v)
afforded the Boc-proline-based peptide 1 as colorless oil. A
mixture of conformers was observed by NMR (ratio 3:1).
Assigned signals belong to the mixture of conformers. Yield:
81%; R¢ 0.34 (EtOAc/hexane 1:1, v/v); [a]p2? — 19.9 (¢
0.0085 g-cm™3, MeOH); 'H NMR (400 MHz, CDCl3) §
0.99-1.19 (m, 3H), 1.29-1.39 (m, 2H), 1.43 (s, 3H), 1.45 (s,
9H), 1.48 (s, 3H), 1.58-2.01 (m, 9H), 2.10 (m, 1H), 3.39 (m,
1H), 3.53 (m, 1H), 3.65 (m, 1H); 4.50, 4.52 (2xd, J = 16.0 Hz,
1H), 4.60 (m, 1H), 4.77, 5.09 (2xd, J= 18.2 Hz, 1H), 5.70, 5.94
(2xd, J=17.2 Hz, NH, 1H), 6.39 (m, 1H), 7.40 (d, /= 7.8 Hz,
1H); 13C NMR (100 MHz, CDCls) § 23.1, 24.2, 24.4, 24.9,
25.1, 25.5, 28.6, 30.2, 32.7, 32.8, 41.5, 47.2, 48.4, 56.9, 63.3,
79.5,107.3, 110.8, 141.9, 152.2, 154.7, 173.7, 174.1.

Prolyl pseudo-peptide 2. (S)-(—)-a-Methylbenzylamine
(257 pL, 2 mmol), acetone (147 puL, 2 mmol), Boc-L-Pro-OH
(431 mg, 2 mmol) and furfuryl isocyanide (216 pL, 2 mmol)

Beilstein J. Org. Chem. 2019, 15, 1210-1216.

were reacted in MeOH (5 mL) according to the general proce-
dure A. Flash column chromatography purification (EtOAc/
hexane 1:1, v/v) afforded the proline-based peptide 2 as color-
less oil. Yield: 78%; Ry 0.30 (EtOAc/hexane 1:1, v/v); [a]pZ>
—6.26 (c 0.0047 g-cm ™3, MeOH); '"H NMR (400 MHz, CDCls)
8 1.40 (s, 9H), 1.41-1.75 (m, 9H), 1.94 (m, 3H), 3.26-3.37 (m,
2H), 4.08-4.11 (m, 2H), 4.59-4.65 (m, 1H), 6.23-6.29 (m, 2H),
7.26-7.40 (m, 4H), 7.53 (m, 2H); 13C NMR (100 MHz, CDCl5)
§19.2,24.2,24.4,26.7,28.9,37.2,47.7,51.9, 59.3, 64.8, 79.5,
106.4, 110.4, 127.4, 128.9, 141.3, 142.8, 152.9, 154.8, 175.4,
175.5.

PFA-supported catalyst 3. Compound 1 (476 mg, 1 mmol,
1.0 equiv), furfuryl alcohol (860 pL, 10 mmol, 10 equiv) and
TFA (38 pL, 0.5 mmol) were reacted in CHCI3 (5 mL) accord-
ing to the general procedure B. After precipitation in petroleum
ether, polymer 3 was obtained as a black amorphous solid. IR
(KBr, em™1): 3500, 3120, 2930, 2860, 1720, 1680, 1540, 1420,
1320, 1180, 1080, 790. 740, 600; microanalysis: N (2.68%), C
(58.29%), H (5.12%), S (0%); loading = 0.64 mmol-g™.

PFA-supported catalyst 4. Compound 2 (545 mg, 1 mmol,
1.0 equiv), furfuryl alcohol (860 pL, 10 mmol, 10 equiv) and
TFA (38 pL, 0.5 mmol) were reacted in CHCI3 (5 mL) accord-
ing to the general procedure B. After precipitation in petroleum
ether, polymer 4 was obtained as a black amorphous solid. IR
(KBr, cm™1): 3500, 3120, 2930, 1720, 1680, 1610, 1550, 1420,
1350, 1200, 1160, 1110, 1038, 780, 740, 600; microanalysis: N
(1.36%), C (50.52%), H (3.77%), S (0%); loading =

0.33 mmol-g™!.

PFA. Furfuryl alcohol (860 pL, 10 mmol) and TFA (38 puL,
0.5 mmol) were reacted in CHCI3 (5 mL) according to the
general procedure B. After precipitation in petroleum ether,
PFA was afforded as a black amorphous solid. IR (KBr, cm™!):
3480, 2930, 1718, 1420, 1150, 1100, 800, 690, 600; micro-
analysis: N (0 %), C (56.14%), H (4.10%), S (0%); loading of
catalyst = 0 mmol-g~!

(2R,35)-2-Ethyl-4-nitro-3-phenylbutanal (5). Prepared by reac-
tion of n-butanal with trans-B-nitrostyrene according to the
general procedure C. The compound was purified by flash
column chromatography (EtOAc/hexane 1:9, v/v). The spec-
troscopic data are in agreement with the published data [15].
The enantiomeric excess was determined by chiral-stationary
phase HPLC (Chiralpak OD-H, hexane/iPrOH 99:1, v/v, 25 °C)
at 1.00 mL/min, UV detection at 210 nm: fg: (syn, major) =
28.4 min, (anti, minor) = 20.9 min; Ry 0.26 (EtOAc/hexane 2:8,
viv); [alp2? +25.21 (¢ 0.0046 g-ecm™>, MeOH); 'H NMR
(400 MHz, CDCl3) 6 9.72, 9.49 (2xd, J = 2.6 Hz, 1H, CHO),
7.36—7.29 (m, 3H, Ph), 7.19-7.17 (m, 2H, Ph), 4.72 (dd, J =
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5.0 Hz, 12.7 Hz, 1H, CH,NO,), 4.63 (dd, J = 9.6 Hz, 12.7 Hz,
1H, CH,NO,), 3.79 (td, J = 5.0 Hz, 9.8 Hz, 1H, CHPh),
2.71-2.65 (m, 1H, CHCHO), 1.54-1.47 (m, 2H, CH,CH3), 0.83
(t, J = 0.83 Hz, 3H, CH3); '3C NMR (100 MHz, CDCl3) &
203.2, 136.8, 129.1, 128.1, 128.0, 78.5, 55.0, 42.7, 20.4, 10.7.

Preparation of microreactor column. PFA-supported catalyst
3 (500 mg, excess, suspended in 25 mL of ethanol) was packed
into a stainless-steel HPLC column (@ = 2.1 mm, 1 = 150 mm,
particle size <45 pm). The packing was performed under con-
stant pressure (2500 psi) using ethanol (250 mL) as the solvent
by using an air-driven liquid pump.

Supporting Information

Supporting Information File 1

'H and '3C NMR spectra of prolyl pseudo-peptide catalysts
and chiral-phase HPLC analysis of Michael adducts.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-118-S1.pdf]

Acknowledgements

This work was supported by CNPq (INCT-Catalise), CAPES
(CAPES-MES/Cuba Program) under Grant [number 14/50249-
8]; FAPESP under Grant [number 15/17141-13170003]. A.F. de
la Torre thanks to FONDECY T under Grant [number 3170003]
for financial support. D. G. Rivera thanks FAPESP for a
Visiting Professor Grant and O. Valdés thanks to FONDECYT
11170008.

ORCID® iDs

Alexander F. de la Torre - https://orcid.org/0000-0003-4767-5868
Oscar Valdés - https://orcid.org/0000-0003-1477-2549
Daniel G. Rivera - https://orcid.org/0000-0002-5538-1555

References

1. Puglisi, A.; Benaglia, M.; Chiroli, V. Green Chem. 2013, 15,
1790-1813. doi:10.1039/c3gc40195b

2. Tsubogo, T.; Ishiwata, T.; Kobayashi, S. Angew. Chem., Int. Ed. 2013,
52, 6590-6604. doi:10.1002/anie.201210066

3. Kristensen, T. E.; Hansen, T. Eur. J. Org. Chem. 2010, 3179-3204.
doi:10.1002/ejoc.201000319

4. Mak, X.Y.; Laurino, P.; Seeberger, P. H. Beilstein J. Org. Chem. 2009,
5, No. 19. doi:10.3762/bjoc.5.19

5. Frost, C. G.; Mutton, L. Green Chem. 2010, 12, 1687-1703.
doi:10.1039/c0gc00133¢c

6. Znabet, A.; Ruijter, E.; de Kanter, F. J. J.; Kéhler, V.; Helliwell, M.;
Turner, N. J.; Orru, R. V. A. Angew. Chem., Int. Ed. 2010, 49,
5289-5292. doi:10.1002/anie.201001592

7. dela Torre, A. F.; Rivera, D. G.; Ferreira, M. A. B.; Corréa, A. G,;
Paixdo, M. W. J. Org. Chem. 2013, 78, 10221-10232.
doi:10.1021/jo401609z

Beilstein J. Org. Chem. 2019, 15, 1210-1216.

8. Scatena, G. S.; de la Torre, A. F.; Cass, Q. B.; Rivera, D. G.;

Paixao, M. W. ChemCatChem 2014, 6, 3208-3214.
doi:10.1002/cctc.201402501

9. Arakawa, Y.; Wiesner, M.; Wennemers, H. Adv. Synth. Catal. 2011,
353, 1201-1206. doi:10.1002/adsc.201100118

10. Arakawa, Y.; Wennemers, H. ChemSusChem 2013, 6, 242-245.
doi:10.1002/cssc.201200740

11.Kim, T.; Assary, R. S.; Marshall, C. L.; Gosztola, D. J.; Curtiss, L. A,;
Stair, P. C. ChemCatChem 2011, 3, 1451-1458.
doi:10.1002/cctc.201100098

12. Gandini, A. Polym. Chem. 2010, 1, 245-251. doi:10.1039/b9py00233b

13. Gandini, A. Macromolecules 2008, 41, 9491-9504.
doi:10.1021/ma801735u

14.Ugi, |.; Meyr, R.; Fetzer, U.; Steinbriicker, C. Angew. Chem. 1959, 71,
386.

15.Rivera, D. G.; Ledn, F.; Concepcién, O.; Morales, F. E.;

Wessjohann, L. A. Chem. — Eur. J. 2013, 19, 6417—-6428.
doi:10.1002/chem.201201591

16.Reguera, L.; Méndez, Y.; Humpierre, A. R.; Valdés, O.; Rivera, D. G.
Acc. Chem. Res. 2018, 51, 1475-1486.
doi:10.1021/acs.accounts.8b00126

17.Principe, M.; Martinez, R.; Ortiz, P.; Rieumont, J. Polim.: Cienc. Tecnol.
2000, 70, 8-14. doi:10.1590/s0104-14282000000100004

18.Choura, M.; Belgacem, N. M.; Gandini, A. Macromolecules 1996, 29,
3839-3850. doi:10.1021/ma951522f

19.Fernandez de la Torre, A. Multicomponent Reactions in the Discovery
of Organocatalysts and the Diversification of Organocatalytic
Approaches. Ph.D. Thesis, Universidade Federal de Séo Carlos,
Brazil, 2015.

20. Bortolini, O.; Cavazzini, A.; Giovannini, P. P.; Greco, R.; Marchetti, N.;
Massi, A.; Pasti, L. Chem. — Eur. J. 2013, 19, 7802—7808.
doi:10.1002/chem.201300181

21.McCormick, R. M.; Karger, B. L. Anal. Chem. (Washington, DC, U. S.)
1980, 52, 2249-2257. doi:10.1021/ac50064a005

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.118

1216


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-118-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-118-S1.pdf
https://orcid.org/0000-0003-4767-5868
https://orcid.org/0000-0003-1477-2549
https://orcid.org/0000-0002-5538-1555
https://doi.org/10.1039%2Fc3gc40195b
https://doi.org/10.1002%2Fanie.201210066
https://doi.org/10.1002%2Fejoc.201000319
https://doi.org/10.3762%2Fbjoc.5.19
https://doi.org/10.1039%2Fc0gc00133c
https://doi.org/10.1002%2Fanie.201001592
https://doi.org/10.1021%2Fjo401609z
https://doi.org/10.1002%2Fcctc.201402501
https://doi.org/10.1002%2Fadsc.201100118
https://doi.org/10.1002%2Fcssc.201200740
https://doi.org/10.1002%2Fcctc.201100098
https://doi.org/10.1039%2Fb9py00233b
https://doi.org/10.1021%2Fma801735u
https://doi.org/10.1002%2Fchem.201201591
https://doi.org/10.1021%2Facs.accounts.8b00126
https://doi.org/10.1590%2Fs0104-14282000000100004
https://doi.org/10.1021%2Fma951522f
https://doi.org/10.1002%2Fchem.201300181
https://doi.org/10.1021%2Fac50064a005
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.118

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Steroid diversification by multicomponent reactions

Leslie Reguerat’, Cecilia I. Attorresi*2:3, Javier A. Ramirez 2:3 and Daniel G. Rivera’

Review

Address:

1Center for Natural Product Research, Faculty of Chemistry,
University of Havana, Zapata y G, Havana 10400, Cuba,
2Departamento de Quimica Organica, Facultad de Ciencias Exactas y
Naturales, Universidad de Buenos Aires. Ciudad Universitaria, Ciudad
Auténoma de Buenos Aires, C1428EGA, Argentina and 3CONICET —
Universidad de Buenos Aires. Unidad de Microanalisis y Métodos
Fisicos Aplicados a Quimica Organica (UMYMFOR). Ciudad
Universitaria, Ciudad Autonoma de Buenos Aires, C1428EGA,
Argentina

Email:

Javier A. Ramirez” - jar@gqo.fcen.uba.ar; Daniel G. Rivera” -
dgr@fq.uh.cu

* Corresponding author  f Equal contributors

Keywords:

conjugation; heterocycles; macrocycles; multicomponent reactions;
steroids

Abstract

Beilstein J. Org. Chem. 2019, 15, 1236-1256.
doi:10.3762/bjoc.15.121

Received: 30 January 2019

Accepted: 14 May 2019

Published: 06 June 2019

This article is part of the thematic issue "Multicomponent reactions Il1".

Guest Editor: T. J. J. Miller

© 2019 Reguera et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Reports on structural diversification of steroids by means of multicomponent reactions (MCRs) have significantly increased over

the last decade. This review covers the most relevant strategies dealing with the use of steroidal substrates in MCRs, including the

synthesis of steroidal heterocycles and macrocycles as well as the conjugation of steroids to amino acids, peptides and carbo-

hydrates. We demonstrate that steroids are available with almost all types of MCR reactive functionalities, e.g., carbonyl,

carboxylic acid, alkyne, amine, isocyanide, boronic acid, etc., and that steroids are suitable starting materials for relevant MCRs

such as those based on imine and isocyanide. The focus is mainly posed on proving the amenability of MCRs for the diversity-

oriented derivatization of naturally occurring steroids and the construction of complex steroid-based platforms for drug discovery,

chemical biology and supramolecular chemistry applications.

Review

1 Introduction

The utilization of multicomponent reactions (MCRs) [1] for the
derivatization of biomolecules has continuously grown over the
last years. These diversity-oriented and complexity-generating
processes [2,3] have proven success in peptide ligation [4] and

macrocyclization [5,6], protein glycoconjugation [7], lipidation

of peptides [8] and glycosides [9], and carbohydrate modifica-
tion [10]. A special class of lipidic biomolecules are the
steroids, which can be either totally lipophilic (e.g., cholesterol)
or amphipathic when possessing both polar and nonpolar groups

(e.g., cholic acid). As shown in Figure 1, members of this
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family can be found in both plant and animal kingdoms, where
they exert an amazing array of cellular functions such as struc-
tural and hormonal ones. All steroids are based on a common
skeleton containing three fused six-membered rings and one
five membered ring. This fused-ring system provides a readily
available source of rigidity and chirality, whose substituents can
be oriented either towards the a- or the B-face. Steroids feature
a polyprenyl nature, which is particularly evident in the side
chain, and have additional structural elements such as the
methyl groups at positions 10 and 13, always B-oriented. Other
positions of the steroidal nucleus of frequent natural functionali-
zation are C-3 (usually bearing a hydroxy group) and C-17, this
latter holding the aliphatic side chain but also often having
oxygenated functions [11]. Similarly, rings B and C can be
naturally functionalized with a varied set of groups including
hydroxy, carbonyl and olefins, which along with those present
in rings A and D and the side chain are the basis of steroid
biological functions. Such oxygenated and alkene groups
represent the entrance door for subsequent synthetic modifica-
tions, including the incorporation of MCR reactive functionali-

ties.

In the last two decades, MCRs have emerged as effective tools
for the rapid derivatization of steroidal skeletons in the pursuit
of medicinal and supramolecular chemistry applications.
Despite some review articles have described selected examples
of MCRs used to modify and to macrocyclize steroidal com-
pounds [12,13], to our knowledge there is no review exclusive-
ly dedicated to covering the applications of MCRs with steroids.
Herein, we provide a comprehensive review describing — to our
understanding — the most important inputs of the utilization of

A)

HO" “OH e-oriented
H

5p-series

cholic acid

B)

HO

B-oriented

diosgenin

Figure 1: Structures of natural steroids of A) animal and B) plant origin.
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MCRs in the structural diversification of steroids. The review is
divided in different aspects of steroid chemistry, such as modifi-
cation of the side chain and the steroidal nucleus, the assembly
of nitrogen-heterocycles fused to the steroid-ring system, the
steroid conjugation and macrocyclization, all relying on MCRs.

2 Modification of the steroidal nucleus and

the side chain

2.1 Isocyanide-based MCRs

2.1.1 Steroids as carbonyl component: One of the first steroid
derivatization methods using MCRs was reported by the Ugi
laboratory in 1995 (Scheme 1) [14]. The occurrence of pachys-
termin A, an unusual natural steroid isolated from the boxac-
eous plant Pachysandra terminalis and having a B-lactam
moiety in ring A, inspired these authors to obtain a steroidal
B-lactam, albeit functionalized in the side chain. The one-pot
synthesis of the B-lactam steroid was achieved via the Ugi
3-component-4-center reaction using the dehydrocholic alde-
hyde 1 as carbonyl component. This variation of the Ugi reac-
tion including a B-amino acid component allows the formation
of the 4-membered ring of the f-lactam moiety, which is diffi-
cult to obtain through other traditional methods like the cycliza-
tion of acyclic precursors because of both the Baeyer strain of
the newly formed ring and conformational effects [15]. Howev-
er, the readily formation of the 4-membered ring by this MCR is
due to the ring contraction of the 7-membered ring cyclic inter-
mediate by transannular acyl transfer, which leads to the
B-lactam derivative. Despite the chiral nature of the steroidal
substrate, no significant stereoselective induction was observed,
probably because the 7-membered ring intermediate was far
away from the chiral steroidal nucleus.

Me

0]

Sa-series

pachystermin A
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COzH

Ph” >Ph  BnO,C

2, 61%, dr 5:1

Scheme 1: Synthesis of a steroidal B-lactam by Ugi reaction of a cholanic aldehyde [14].

A better stereoselectivity was reported by Bruttomesso et al. in
their work on the Ugi four-component reaction (Ugi-4CR) with
a steroidal aldehyde, in which the carbonyl group was directly
linked at the steroidal framework [16]. As shown in Scheme 2,
the authors found a high diastereoselectivity in the Ugi-4CR
conducted with a carbonyl linked at C-17, a sterically crowed
position very close to the axial methyl group placed of C-13.
This step was implemented as part of the synthetic route toward
steroidal 2,5-diketopiperazine 6, based on a strategy previously
proposed by Marcaccini and co-workers [17]. Here, the route

0o

DHEA (3) 4

KOH, EtOH,
ultrasound, rt

©\/NH2 Me N2

" NH,
NH,

TBSO

R1

..OTMS
CICH,COOH,
R'-NH,, R2-NC

included the Ugi-4CR reaction of varied amines and
isocyanides with the androstanic aldehyde 4 and chloroacetic
acid followed by a post-cyclization reaction by treating the Ugi
products 5 with ethanolic KOH under ultrasonication. This
protocol provided a small library of steroidal 2,5-diketopiper-
azines 6 obtained as a single diastereomer, thus proving the
high diastereoselection of the initial Ugi-4CR with the steroidal
carbonyl substrate. In the 2,5-diketopiperazine ring, the config-
uration of the new asymmetric center C-3’ was S, a result con-

firmed by NOESY experiments.

o
SN
EtOJK/NC O/’S‘b NC

Scheme 2: Synthetic route to steroidal 2,5-diketopiperazines based on a diastereoselective Ugi-4CR with an androstanic aldehyde derived from

dehydroepiandrosterone (DHEA) [16].
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In comparison with the work described above, it can be sug-
gested that in the case of the 2,5-diketopiperazine synthesis, the
distance of the carbonyl moiety to the steroidal nucleus is deter-
minant for the diastereoselection of the Ugi-type reaction. Thus,
when the carbonyl is far away from the rigid chiral steroid, the
Ugi reaction shows no significant diastereoselectivity, while the
carbonyl component directly linked to the bulky steroidal
nucleus — especially in a-position of a stereocenter — provides a

very good diastereocontrol in the MCR.

Dar et al. [18] reported another example of a diastereoselective
MCR between a 6-ketosteroid, 2-aminopyridines and an
isocyanide, using propylphosphonic acid anhydride (TP3) as
catalyst to afford a steroidal derivative with an imidazole-pyri-
dine moiety attached to ring B. This moiety is present in several
compounds displaying biological activities such as antimicrobi-
al, antiviral and anti-inflammatory, among others. Scheme 3
exemplifies the reaction of cholestan-6-one 7 with 2-aminopyri-
dine and phenyl isocyanide to afford the heterocycle—steroid
hybrid 8 in good yield and diastereoselectivity, whereas differ-
ent ketosteroids could be used as starting materials, thus
proving the versatility of this reaction. Also, this group extend-
ed the reaction scope to different 2-aminopyridines with elec-
tron-donating groups in para and meta positions, and to benzyl
and other alkyl isocyanides. The proposed mechanism follows
the first step of the Ugi-4CR reaction, i.e., the formation of the
imine between the ketosteroid and the amine group of the
aminopyridine derivative. Then, the imine suffers the nucleo-
philic attack of the isocyanide generating a nitrilium intermedi-
ate. Differently from the Ugi-4CR, the final step is the cycliza-
tion between the pyridine N atom and the isocyanide. TP3 plays
the catalytic role by acidic activation of the ketone to favor the

imine formation.

2.1.2 Steroids as amine and carboxylic acid components:
Several groups have employed steroidal substrates as amino and

AcO

N +
O’ o)

TP3 2.5 equiv
DMSO, 70 °C
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carboxylic acid components of the Ugi-4CR, which is indeed
one of the MCRs of major incidence in the field of steroid
chemistry. Rivera and co-workers were the first to employ this
4CR for the conjugation of amino acids to steroids [19] as
part of a general program for the synthesis of peptido-
mimetic—steroid hybrids [20,21]. As shown in Scheme 4, the
authors developed methods for the functionalization of
spirostanic steroids and their further conjugation to amino acids
by means of the Ugi-4CR. Thus, seco-steroidal amine 10 —
derived from the steroidal sapogenin hecogenin (9) — was
ligated to Boc-protected serine in presence of paraformalde-
hyde and benzyl isocyanide to form hybrid 11 in good yield.
Similarly, the spirostanic lactone 12 was transformed into
spirostanic acid 13 and amine 14, which were next ligated to
alanine methyl ester and Boc-histidine leading to the amino
acid—steroid conjugates 15 and 16, respectively. This approach
was also employed for the ligation of amino acids to spirostanic
seco-steroids at ring B and for the simultaneous incorporation
of two amino acid residues [19].

Ramirez and co-workers have extended the application of the
Ugi-4CR to the diversity-oriented functionalization of
androstanic and preganinc steroids using a carboxylic acid
group at the side chain [22,23]. As shown in Scheme 5, the
implementation of the Ugi-4CR with a variety of amines and
isocyanides — keeping formaldehyde as the oxocomponent —
enabled the generation of azasteroid libraries based on
androstanic (18) and pregnanic (19) skeletons. These aza-
steroids, in which one or more nitrogen atoms are present in the
side chain, were designed as promising compounds since such
classes of antifungal steroids were known in the literature.

Some of the resulting azasteroids showed inhibitory effects on
the growth of fungi such Fusarium lateritium (causal agent of
chlorotic leaf distortion in sweet potato) and Fusarium virguli-
forme (causal agent of sudden death syndrome in soy bean),

Scheme 3: Multicomponent synthesis of a heterocycle—steroid hybrid using a ketosteroid as carbonyl component [18].
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Scheme 4: Synthesis of peptidomimetic—steroid hybrids using the Ugi-4CR with spirostanic amines and carboxylic acids [19].
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Scheme 5: Synthesis of azasteroids using the Ugi-4CR with androstanic and pregnanic carboxylic acids [22].

without exerting in vitro toxicity on mammalian cells. Another  ample, the pair of androstanic and pregnanic derivatives incor-
interesting result came out from the comparison of the biologi-  porating R! = Phe and R? = ¢-Bu showed significant activity

cal activity between homologous pairs 18 and 19 [22]. For ex- against both fungi tested, but the compounds derived from
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benzylamine (i.e., R! = Bn) did exhibit either a low or null bio-
logical activity for the fungi. This could indicate that the anti-
fungal properties of such azasteroids very much depend on the
phenyl moieties attached to the side chain. This type of biologi-
cal comparison could be established because of the versatility of
the synthetic strategy based on the MCR tool.

On the other hand, the family of compound class 18 was evalu-
ated for the inhibition of the viral multiplication and for their
implication in intracellular localization of viral glycoproteins
[23]. Two compounds showed antiviral effects against herpes
simplex virus 1 (HSV-1, KOS strain) and vesicular stomatitis
virus (VSV). The key structural characteristics of both com-
pounds are the presence of a phenyl moiety as R! and a #-Bu
group at the terminal amide. Thus, using the same synthetic
strategy as shown in Scheme 5, Davola et al. [23] synthetized a
family of new Ugi reaction-derived androstanic azasteroids with
a much more diverse substitution pattern at the phenyl moiety
(Figure 2A).

The small library of compounds enabled a better understanding
of the structural factors determining the antiviral activity versus
the cytotoxic one, with the major effect found for substituents at
the para-position [23]. Eventually, this work allowed the design
of new compounds with antiviral activity and reduced cyto-
toxic effects by changing the type and position of the substitu-

A) o o
A
N
HO 20, >75%
WO+
Cl

cl
gOOMe —%@
P 1

CF3
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ent. Such small structural changes could be implemented in a
rapid manner because of the easy setup of the MCR approach.

To get a deeper insight into the biological effect of Ugi-derived
steroids, additional libraries were synthesized by Ramirez,
Barquero and co-workers following the concept of varying the
amine component and using the steroid as carboxylic acid
[24,25]. For example, based on the structure of 4,4-dimethyl-
sterols — compounds that are involved in specific physiological
processes — this group used the Ugi-4CR chemistry [24] for the
subsequent diversification of the androstanic family of aza-
steroids, again focusing on the installation of substituted phenyl
groups (derived from the amine component) that gave such
good results in their previous work [22,23]. The library of
androstanic derivatives 21 (Figure 2B) and their reduced ana-
logues bearing the 3B-hydroxy group were biologically tested
showing antifungal activity against Fusarium virguliforme and
Fusarium solani. The generation of this compound library
suffered from the formation of the Passerini reaction byprod-
ucts — likely due to the poor reactivity of the substituted anilines
as amino components of the Ugi-4CR. Nonetheless, the
Passerini products were also evaluated and provided important
information of the structure—activity relationship [24]. An addi-
tional library was built by performing the Ugi-4CR at a
carboxylic acid placed at C-16 [25], a position never before

derivatized by MCRs as its substitution is less common in

Figure 2: Ugi-4CR-derived library of androstanic azasteroids with diverse substitution patterns at the phenyl ring (amine component) [23].
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natural steroids. The authors extended the studies of the C-16
Ugi-derivatized steroids as antiviral agents and found com-
pounds with inhibitory effects against HSV-1 spread (on the
wild type and on the acyclovir-resistant strains), as they inter-
fered with late steps in the viral replication cycle [25].

An interesting feature of the Ugi reactions shown with keto-
steroids having additional carboxylic and aldehyde groups (see
Scheme 1 and Figure 2B) is the lack of side reaction at the ke-
tone functionality. This can be explained by the higher reactivi-
ty of the aldehyde functionalities upon imine formation with
both aliphatic and aromatic amines. However, steroidal ketones
can also participate in Ugi reactions if no additional, more reac-
tive carbonyl components are present. As shown in Scheme 6,
this has been demonstrated by Alonso et. al. [26] with the de-
velopment of a multicomponent approach to obtain 4-aza-
steroids using an intramolecular Ugi-4CR between a bifunc-
tional steroidal ketoacid and different amines and isocyanides.
Because of the poor reactivity of the steroidal ketone, the Ugi-
4CR had to be conducted at reflux to obtain a good yield of
Ugi-derived steroids, albeit the procedure generated a pair of
diastereomers (epimeric at C-5) in almost equal amount. The
stereoselectivity of the intramolecular MCR increased when a
bulky isonitrile was used, e.g., diethyl phosphonate isocyanide.
The configuration of C-5 in each stereoisomer was established

using NOESY experiments and theoretical models.

The main limitation of this approach was the impossibility to in-
corporate both aromatic and sterically hindered amines (e.g.,

Beilstein J. Org. Chem. 2019, 15, 1236-1256.

tert-butylamine). Besides the reports of Rivera’s and Ramirez’s
groups on Ugi-4CRs with spirostanic, androstanic, pregnanic
and cholestanic carboxylic acids, later on Chowdhury and
co-workers published a similar strategy for the multicomponent
derivatization of cholestanes using microwave assisted Ugi-
4CR [27].

2.1.3 Steroids as the isocyanide component: To our know-
ledge, the first synthesis and application in MCRs of steroidal
isocyanides was reported by Wessjohann and co-workers [28]
during their work on multicomponent macrocyclizations with
steroidal building blocks. After that, this group focused on the
synthesis of steroidal podands using multiple MCRs for the
installation of peptidomimetic chains at different positions of
the steroidal skeleton, which enabled rigidifying the pendant
peptide chains [29]. Scheme 7 depicts two selected examples of
this work, showing the possibility of incorporating isocyanide
groups at furostanic and cholanic steroids and their subsequent
utilization in the Ugi-4CR with monoprotected amino acids
(used either as amino or carboxylic acid components) and form-
aldehyde as fixed oxo component. Amazingly, the Ugi-4CR of
steroidal triisocyanide 26 with three equivalents of Boc-trypto-
phan allowed the formation of twelve covalent bonds in one-
pot, leading to a remarkably complex amino acid—steroid hybrid
27 in very good yield [29].

After the pioneering work of Wessjohann and co-workers, other
groups relied on the functionalization of steroids with
isocyanide groups for their subsequent derivatization by

HOOC
R'-NH, RZ-NC
© 0
22 MeOH or EtOH R{1HN
reflux, 16 h \ | 23.46-78%
R

fv© Ao~ fw@

\/\EQ rej\/\/N?)
| N

G K

EtO
_OEt
f:é\/

Scheme 6: Synthesis of 4-azacholestanes by an intramolecular Ugi-4C-3R [26].
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OAc

Scheme 7: Synthesis of amino acid—steroid hybrid by multiple Ugi-4CR using steroidal isocyanides [29].

isocyanide-based MCRs. Thus, Lesma et al. [30] reported an
interesting example of generation of an Ugi product at ring B
using a steroidal isocyanide featuring an insect hormone
ecdysteroid structure. As shown in Scheme 8, a set of Ugi-4CR-
derived ecdysteroids 29 was produced by variation of the amine
and carboxylic acid components, keeping formaldehyde as oxo

component to obtain a single stereoisomer. The library was also

OH

NC ag. CH,O, MeOH, rt

R'-COOH, R2-NH,

integrated by the Ugi-4CR products derived from the
6B-ecdystereoidal amine (also used as precursor of isocyanide
28), while all compounds were evaluated as antiproliferative
agents against T-leukemia cell line.

A very recent example of a highly diastereoselective Ugi-type

MCR was reported by Rivera, Paix@o and co-workers using a

Ho PAC

29, 45-76%

Scheme 8: Synthesis of ecdysteroid derivatives by Ugi-4CR using a steroidal isocyanide [30].
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steroidal isocyanide [31]. As shown in Scheme 9, the procedure
comprised the organocatalytic asymmetric synthesis of the
chiral bifunctional substrate 30 bearing an masked aldehyde and
an enol functionality, which was subsequently reacted with
isocyanide 31 — derived from cholesterol — and 3,5-
dimethoxyaniline leading to the steroid—tetrahydropyridine
hybrid 32 in good yield and excellent diastereoselectivity. As
previously proven by the authors in their synthetic program on
organocatalytic multicomponent approaches [32] not only the
chiral steroidal isocyanide but also the bifunctional component
30, used in enantiomerically enriched form, plays a crucial role
in the high stereoselection.

The mechanistic insights of this class of MCR were disclosed in
the original publication [31]. In short, the organocatalytic conju-
gated addition of benzoylacetonitrile to cinnamaldehyde gener-
ates the hemiacetal 30, which next initiates the multicomponent
sequence upon condensation with the aniline and formation of
the imine, eventually occurring as a stable cyclic aminal. The
attack of the steroidal isocyanide 31 to the imine (or aminal)
leads to the stereoselective formation of the a-adduct intermedi-
ates, which rearranges to the final tetrahydropyridine ring 32.

Besides the use of steroids as oxo, amine, carboxylic acid and
isocyanide components, there is a very early report by Dumestre
et al. [33] describing the participation of a nitrosteroid and an
acylating agent in a novel isocyanide-based MCR. Thus, the
reaction of a nitrosteroid — derived from 16-dehydropregne-

Beilstein J. Org. Chem. 2019, 15, 1236-1256.

nalone — with acetic anhydride and fert-butyl isocyanide
furnished an acetyl a-oximinoamide moiety at the steroidal side
chain. Albeit this reaction did not find later synthetic applica-
tions, it encompasses a nice example of the diversity of MCRs
that can be applied to diversify steroidal skeletons.

2.2 Miscellaneous MCRs for steroid derivatization

Despite isocyanide-based MCRs have been the main classes of
multicomponent transformations used in steroid modification,
in the last years various MCRs have emerged as suitable proce-
dures for the diversification of this family of biomolecules. A
remarkable example is the report of Iglesias-Arteaga and
co-workers [34] on the application of the Pd(II)-catalyzed three-
component reaction (3CR) developed by Barluenga et al. [35] to
steroids. The original Barluenga’s 3CR comprises the reaction
of salicylaldehyde with an alkyl orthoformate and 4-pentyn-1-ol
to obtain a 4-alkylchroman spiroketal as a single diastercomer.
However, as shown in Scheme 10, the employment of alkynyl-
4,5-secocholestan-5-ol 33 in such a metal-catalyzed MCR led to
the steroidal chroman-ketal 34 as a mixture of epimers at the
center bearing the methoxy group, instead of the expected
chroman spiroketal. The authors proposed the initial formation
of a 6-membered enol ether, which may subsequently undergo
either a stepwise Pd(II)-catalyzed cascade process or a [4 + 2]
cycloaddition reaction, both providing the cis stereochemistry at
C-2 and C-3. When the reaction was carried out with the epimer
of substrate 33 (having the 5B-hydroxy group), the cis stereo-
chemistry was also achieved at the newly formed C-2 and C-3,

(&Ar OMe

N Ar Ph

H  oTwms Ne.

o
o 1omol% Ij\ HoN OMe
CN + Ph\N

Ph DBA, 20 mol % Ph™ "O" OH | {ouene/TFE

-20 °C, MW, toluene 70 °C, MW

30 (not isolated)

o) 32,61%, 96:4 dr
OMe

OMe

a-adduct

o
steroid

Scheme 9: Stereoselective multicomponent synthesis of a steroid—tetrahydropyridine hybrid using a chiral bifunctional substrate and a cholestanic

isocyanide. DBA: 3,5-dinitrobenzoic acid [31].
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34b, 4'0-OMe, 24%

Scheme 10: Pd(ll)-catalyzed three-component reaction with an alkynyl seco-cholestane [34].

but with the tetrahydropyrane ring having a orientation. A mix-
ture of epimers at position 4' was also obtained when using the
C-5 epimer of substrate 33.

Asif et al. [36] developed another 3CR for the synthesis of
steroidal thiazole derivatives. As shown in Scheme 11,
cholestanic ketone 7 was reacted with a thiosemicarbazide and
2-bromo-1-phenylethan-1-one under microwave irradiation to
form the steroid—thiazole hybrid 35 in very good yield. As pre-
viously mentioned, due to the poor reactivity of steroidal ke-
tones and their imine derivatives, most MCRs with ketosteroids
described in the literature required a high temperature set by

classic heating or microwave irradiation.

Using cholic acid as carboxylic acid component, Cui and
co-workers [37] developed a novel MCR resembling the Ugi-
4CR, but relying on the reactivity of ynamides as surrogates of

EtOH

AcO H MW, 60 °C
o) 35-40 min
7
.
o] H s
B HN T

the isocyanide component. Ynamides are alkynes with a car-
bon—carbon triple bond attached to a nitrogen atom that gives
them both nucleophilic and electrophilic properties. This dual
reactivity is similar to that shown by isocyanides, as they may
react with iminium ions and carboxylates as isocyanides do.
However, in comparison with the typical Ugi-4CR where the
isocyanide component acts as a one-carbon center, in this reac-
tion the ynamide compound has a two-carbon center role. As
shown in Scheme 12, the reaction of dehydrocholic acid (36),
an amine and an aldehyde with the key ynamide component
provided a new type of pseudo-peptidic steroid 37, obtained as
a 1:1 mixture of diastereomers. Besides steroids, the authors
proved that a wide variety of components participate in this
reaction, unfortunately always rendering mixtures of diastereo-
mers when pro-chiral aldehydes were employed [37]. Also dif-
ferently from the Ugi-4CR, this MCR requires the use of a
Lewis acid like BF3-Et,0 for a suitable activation of the imine.

35, 80%

Scheme 11: Multicomponent synthesis of steroid—thiazole hybrids from a steroidal ketone [36].
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Scheme 12: Synthesis of cholanic pseudo-peptide derivatives by novel MCRs based on the reactivity of ynamide [37,38].

Based on the same idea of exploiting the reactivity of ynamides,
Cui’s group developed a 3CR wherein an o-hydroxy-
benzhydryl alcohol was used in place of the aldehyde or imine
components upon reaction with ynamide and a carboxylic acid
[38]. Scheme 12 depicts the implementation of this 3CR with
dehydrocholic acid 36 to furnish steroid derivative 38 functio-
nalized at the side chain. This reaction incorporated an ester
group at the position where the analogous 4CR created a tertiary
amide, because of the similarities between the Passerini and Ugi

reactions.

3 Synthesis of steroid-fused heterocycles

The modification of the steroidal nucleus by attaching a hetero-
cycle to this hydrophobic scaffold has been traditionally used as
an effective way to modulate the biological activity of these
biomolecules. In this regard, pentacyclic steroids are a class of
pharmacologically relevant steroid derivatives in which the
steroid-ring system has a fused heterocyclic or carbocyclic ring.
The fifth ring is typically fused to the steroid on ring A, B or D
and some times more than one ring is fused, thus generating
hexacyclic or heptacyclic steroids. To our knowledge, there are
no reports of fused heterocyclic or carbocyclic rings on the ring
C of the steroid. In this section, we discuss different reports on
the synthesis of steroid-fused heterocycle using MCRs.

Wang et al. [39] developed a synthetic route based on the
Biginelli reaction for the preparation of steroidal derivatives
with a pyrimidine moiety fused to ring D. This heterocycle
moiety appears in different biologically active steroids fused to
ring D, and previous non-MCR methods had been reported for
the creation of libraries of such hybrid compounds [40]. The
Biginelli reaction reported in 1893 comprises the acid—cata-
lyzed condensation of ethyl acetoacetate, benzaldehyde and
urea to generate 3,4-dihydropyrimidin-2(1H)-one [41]. From
that time, the reaction was extended to Lewis-acid catalysis and
the use of other solvents such as methanol or aprotic solvents
such as THF, dioxane, acetonitrile, etc. Because the reaction
rate is slow at room temperature, it needs activation by heating

or other non-traditional methods such as ultrasound, micro-

wave, IR irradiation and photochemical irradiation, as it will be

exemplified below.

In terms of reactants, the reaction seems to work best using aro-
matic aldehydes with both electron-withdrawing and donating
substituents in ortho, meta and para-positions. In addition, not
only acetoacetates can be employed, but the reaction can be ex-
tended to ketones, thioesters, benzoylacetic esters, acetoac-
etamides, alkylic or cyclic B-diketones, etc. The urea compo-
nent has the main structural restrictions, since monosubstituted
alkyl ureas work well but thioureas have provided much lower
yields. Wang et al. produced a library of steroidal [17,16-
d]pyrimidine derivatives such as 40 employing a particular
extension of the Biginelli reaction based on the use of 17-keto-
steroids and chlorotrimethylsilane (TMSC]) as catalyst, which
enables the formation of the nucleophilic enolate that attacks
either benzaldehyde or its urea imine derivative [39]. Varied
ketosteroids were employed, including methylestrone 39, dehy-
droepiandrosterone acetate and epiandrosterone acetate, etc., all
providing excellent yields of steroidal pyrimidines after 12 h of
reaction at 90 °C (Scheme 13). The reaction sequence of this
multicomponent protocol comprises the initial formation of the
Biginelli product, followed by aromatization under air to
furnish the heterocyclic ring fused at positions 16 and 17.

In a recent report, Baji et al. [42] utilized a modified Biginelli-
3CR between ketosteroid 41, urea and different benzaldehyde
derivatives for the synthesis of steroid ring A-fused pyrimidi-
nones 42. In this case, the heterocyclic ring was produced by a
second step using the strong oxidizing Jones reagent, because
the oxidizing power of sulfuric acid was not enough to achieve
oxidation. Interestingly, the use of microwave irradiation
instead of classic heating allowed obtaining the Biginelli prod-
uct in only 10 min, instead of 12 h as required for the synthesis
of pyrimidines 40 (Scheme 13).

An alternative setup of Biginelli-3CR with steroids was re-

ported by Boruah and co-workers [43] using ultrasound assis-

tance instead of microwave irradiation or thermal heating. In
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Scheme 13: Synthesis of steroid-fused pyrimidines and pyrimidones using the Biginelli-3CR [39,42,43].

this case, the reaction between cholestanic ketone 43, an alkyl
or arylaldehyde, and urea or thiourea could be conducted under
ultrasound irradiation using sodium ethoxide as catalyst, thus
generating steroid ring A-fused 3,4-dihydropyrimidinones and
3.,4-dihydropyrimidinthiones 44 in very good yields.

Mohamed et al. [44] reported a 4CR for the synthesis of pyri-
dopyrimidines fused to ring D of androstanic steroids. Such
heterocyclic moieties are of interest because of their pharmaco-
logical activity, for example, as anti-inflammatory agents. Em-
ploying epiandrosterone and benzaldehyde as oxo components,
ammonium acetate and malononitrile as C-nucleophile, the
authors produced 2-amino-3-cyano-1,4-dihydropyridine 46
fused to the androstane at positions 16 and 17 (Scheme 14). The
MCR proceeds by the condensation of malononitrile with
benzaldehyde to form the benzylidene malononitrile adduct, and
of the ketosteroid with ammonium to form the steroidal en-
amine, which cyclizes with the benzylidene to furnish the 1,4-
dihydropyridine scaffold. As depicted in Scheme 14, com-
pound 46 was later subjected to a variety of post-MCR cycliza-

tions, including the reaction with carboxylic acids to form the
fused steroidal pyridopyrimidinones 47 and with carbon disul-
fide to form pyridopyrimidinedithione 48 in very good yields.
Overall, five different components are incorporated in the reac-
tion sequence, whereas acid chlorides, anhydrides, hydrazine,
etc., could also be employed in the post-MCR cyclization [44].
The library of steroidal heterocycles was tested against oxida-
tive stress and neuroinflammation due to cerebral injection of
lipopolysaccharide endotoxin, with some compounds showing
antioxidant and antineuroinflammatory activities. The same
group employed this 4CR with cholestan-3-one for the con-
struction of 2-amino-3-cyanodihydropyridine scaffold fused to
ring A of the cholestane system [45].

Also targeting steroid-fused pyrimidines, Boruah’s group de-
veloped a solid-phase MCR between 2-hydroxymethylene-3-
ketosteroids, aromatic aldehydes and ammonium acetate [46].
As shown in Scheme 15, the reaction was carried out with
steroid 49 and different aldehydes to furnish the set of com-
pounds 50 in good to excellent yields. The proposed mecha-
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Scheme 14: Synthesis of steroidal pyridopyrimidines by a reaction sequence comprising a 4CR followed by a post-MCR cyclization [44].
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Scheme 15: Synthesis of steroid-fused pyrimidines by MCR of 2-hydroxymethylene-3-ketosteroids [46].

nism begins with the formation of the f-aminoketoimine by
condensation of the steroid with two molecules of ammonia,
followed by the reaction with arylaldehyde and intramolecular
cyclization to a dihydropyrimidine skeleton, which suffers oxi-

dation to the aromatic heterocyclic ring

Boruah and co-workers extended the same approach to differ-
ent steroidal starting materials and varied the substituents in the
arylaldehyde component to investigate the steric and electronic
effects on the yields of the steroid-fused pyrimidine products
[43]. Thus, the yield increases when the substituent of the
arylaldehyde is in para-position, but decrease with the substitu-
ent in ortho-position, likely due to steric hindrance that limits
the cyclization process. In terms of electronic effect, electron-
withdrawing groups (e.g., F, Cl, Br, NO,) favor the heterocycli-
zation, but electron-donating groups like CH3 and OMe does
only partially. Both steric and electronic effects can be ex-

plained from the reactivity of the diimine intermediate. An elec-

tron-withdrawing group promotes the nucleophilic attack of the
ketoimine N by increasing the partially positive charge of the
imine C. In general, Boruah’s group has been very active in the
synthesis of nitrogen heterocycles such as pyrimidines, pyra-
zolopyrimidines and disubstituted pyridines fused to rings A
and D of steroids [47-49].

Thus far, most applications of MCRs in steroid derivatization
aimed at producing derivatives for screening their biological
and pharmacological properties. A different example is the
utilization of MCR-derived steroids as analytical patterns of
petroleum samples. Steroids are present as “biomarker” compo-
nents of petroleum, fused with asphaltenes, which are struc-
turally complex molecules with polycyclic aromatic or partially
aromatic hydrocarbons, heteroatoms, alkyl chains and polar
functions. As asphaltenes, such steroid-asphaltene derivatives
are constituents of the heaviest fractions of petroleum. Under-

standing the physical characteristics of these derivatives allows
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their removal from the heavy oil fractions; such compounds are
too complex for analysis at a molecular level, so it is important

to synthesize analytical standards for their study.

In this context, Schulze et al. optimized a multicomponent
cyclocondensation reaction [50,51] between Sa-cholestan-3-one
(43), aromatic aldehydes and 2-aminoanthracene (51) for the
generation of steroidal naphthoquinolines as synthetic asphal-
tene models for the study of their physical properties. As shown
in Scheme 16, the synthetic approach was based on
Kozlov—Wang MCR [52], in which an aromatic aldehyde,
2-aminoanthracene and tetrahydropyran-4-one react in the pres-
ence of [, as catalyst. The mechanism follows the initial forma-
tion of the imine compound between the aldehyde and the
arylamine, followed by an imino-Diels—Alder reaction with the
enolate generated from the ketosteroid. The reaction is highly
regioselective for the enolization of the ketone, thus giving the
ring A-fused pyridine at positions 2 and 3. This iodine-
promoted MCR tolerates both electron-donating and electron-
withdrawing groups on the aromatic aldehyde, thus leading to
varied, optically active asphaltene model compounds that could
serve as structural mimetics of known components of heavy

oils.

Besides the fusion of the steroidal nucleus to heterocycles by
MCREs, there is a whole field of research developed by Tietze
and co-workers in the 90’s dealing with the construction of
heterosteroids, D-homosteroids (steroids with all 6-membered
rings) and azasteroids (steroids with a nitrogen atom in their

o H THF/H,0
43 reflux 5 d
+
NH, +
HJ\Ar
51

|21 5 mol %

Beilstein J. Org. Chem. 2019, 15, 1236-1256.

nucleus) [53,54]. This strategy employs domino Knoevenagel/
hetero-Diels—Alder procedures for the assembly of such steroid
mimics. However, we have decided not to include it in this
review because several book chapters and reviews have already
covered this chemistry [55,56].

4 Conjugation of steroids to carbohydrates
and peptides

The conjugation of steroids to other biomolecules such as
carbohydrates and peptides represents a valuable strategy for
providing new properties to the hydrophobic steroid skeleton.
Naturally occurring steroid—sugar conjugates such as saponins
have shown to possess physicochemical and biological features
different from those of the two separate molecular entities
[57,58]. Despite nature does not provide examples of
steroid—peptide conjugates, chemists have produced such conju-
gates to be employed as protease-like artificial enzymes [59] as
mimics of the natural cationic peptide antibiotics [60] or as a
way to constrain peptide sequences in protein epitope confor-
mations [61]. In this regard, the groups of Rivera and Wessjo-
hann have pioneered the utilization of MCRs for the conjuga-
tion of oligosaccharides [62] and peptides [63,64] to steroids,
thus producing unique types of steroidal conjugates.

Scheme 17 depicts the strategy toward steroidal conjugates
using the Ugi-4CR, which allows accessing a high level of
diversity by varying the combinations of the carbohydrate,
peptide and steroidal functional groups reacting on the multi-
component conjugation [62,63]. Cytotoxic spirostan saponins

Scheme 16: Synthesis of steroid-fused naphthoquinolines by the Kozlov—\Wang MCR using ketosteroids [50,51].
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Scheme 17: Conjugation of steroids to carbohydrates and peptides by the Ugi-4CR [62,63].

were chosen as model compounds for the preparation of Ugi-
derived analogues, such as 55 and 56 suitable for biological
evaluation [62]. Besides the glucose unit, other trisaccharidic
moieties (e.g., B-chacotrioside) could also be conjugated to
functionalized spirostanic steroids by Ugi-type MCRs.

In addition, Rivera, Wessjohann and co-workers [63] extended
the concept of the Ugi conjugation strategy to a distinctive

family of peptide—steroid conjugate having the steroid skeleton

or the side chain attached to the peptide backbone as internal
N-substituent. As shown in Scheme 17, amino steroids could be
reacted in MeOH or MeOH/CH;Cl, at room temperature with
peptide carboxylic acids and isocyanopeptides to furnish
peptide—steroid conjugates such as 58 and 59. Interestingly, the
same solution-phase protocol proved to be equally effective for
the conjugation of two different steroidal scaffolds [65], but it
failed for the ligation of larger peptides to steroids due to the
poor solubility of the former ones.
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In this sense, Rivera’s group introduced a solid-phase multi-
component procedure enabling the conjugation of steroids and
lipids to peptides longer than 10 amino acid residues [64]. As
shown in Scheme 18, the procedure comprised the growth of
the antimicrobial peptide sequence 60 followed by the multi-
component incorporation of cholestanic steroids functionalized
as isocyanide component. Two related on-resin Ugi-4CRs were
employed, i.e., the Ugi-azide reaction based on hydrazoic acid
as acid component that furnished peptide-steroid 61 and the
classic one using acetic acid as carboxylic acid component,
which led to conjugate 62. These protocols enabled the intro-
duction not only of a steroidal moiety at the N-terminus but also
of lipid and affinity tags (e.g., biotin) [64]. Importantly, the
effective implementation of on-resin Ugi-4CRs paved the way

for the subsequent development of multicomponent macrocy-
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clizations permitting the introduction of PEGs, sugars and fluo-
rescent labels at resin-linked peptides [66,67].

More recently, Wessjohann and Rivera [68] increased the diver-
sity of MCRs that can be used to ligate peptides to steroids with
the development of a novel multicomponent conjugation
process based on the Petasis-3CR. The Petasis reaction [69] also
known as the borono-Mannich reaction, is a MCR comprising
the condensation of an aldehyde or ketone, an amine and an
aryl/vinylboronic acid or ester. As illustrated in Scheme 19, the
on-resin implementation of this reaction allowed, for the first
time, the ligation of oligopeptides to biologically relevant
steroids. Thus, resin-linked peptides 63 and 66 could be ligated
either by Lys side chains or by the N-terminus to the estrone-

derived boronic acid 64 using the on-resin Petasis-3CR in the

3. TFA/H,OITIS

NN 61, 75% purity

N\/N/)\ H
e g @ Ay o,
D

OMe

62, 77% purity

PR B,

Scheme 18: Solid-phase multicomponent conjugation of peptides to steroids by the Ugi-4CR [64].
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Scheme 19: Solid-phase multicomponent conjugation of peptides to steroids by the Petasis-3CR [68].
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presence of dihydroxyacetone [68]. Peptido-steroids 65 and 67
were obtained in good overall yields after released from the
resin using the cocktail TFA/H,O/triisopropylsilane (TIS),
albeit the conjugation at the N-terminus required microwave ir-
radiation due to the bulkier character of the amino component.
Besides steroids, the method worked well with varied boronic
acids, including those bearing fluorescent labels, lipids and PEG
chains, thus providing a new class of biomolecular conjugates
showing promise for the future development of peptide pharma-
ceuticals.

5 Multicomponent synthesis of steroidal

macrocycles and cages

Since the beginning of this century, the field of macrocycle syn-
thesis has witnessed the emergence of MCRs as effective ring
closing procedures, including the cyclization of large scaffolds
containing the rigid steroid skeleton. In this regard, Wessjo-
hann can be considered as the pioneer of the synthesis of
steroidal macrocycles using MCRs [12,13] including remark-
able examples of huge macrocycles formed by the condensa-
tion of up to twelve components. Whereas the reports up to
2008 have been included in previous reviews [12,13] this
section will cover those reports from 2009 on, with emphasis on
multicomponent macrocyclization approaches leading to
steroidal cages.

The first report of a MCR-derived steroidal macrocycles was
described by Wessjohann et al. in 2005 as part of a synthetic
program towards steroid-based supramolecular receptors [28].
There, steroidal diamines and diisocyanides derived from bile
acids were employed in a procedure known as MiBs, i.e.,
multiple multicomponent macrocyclization including bifunc-
tional building blocks. In a series of subsequent reports,
Wessjohann’s group exploited the MiBs strategy based on the
Ugi-4CR for the assembly of topologically diverse steroidal
macrocycles incorporating a variety of (seco)steroid skeletons
[70-72].

Probably the highest level of macrocycle complexity achieved
in one-pot can be found in the multicomponent synthesis of
steroidal cages multiple multicomponent macrocyclization [73].
As shown in Scheme 20, Rivera and Wessjohann expanded the
MiBs concept to the development of a threefold Ugi-4CR-based
macrocyclization between cholanic tricarboxlic acid 68 and an
aliphatic triisocyanide in the presence of three equivalents each
of paraformaldehyde and isoprolylamine to furnish steroidal
cage 69 in good yield. This multicomponent macrocyclization
approach was implemented by setting up pseudo-dilution condi-
tions [74], i.e., the simultaneous slow addition of two trifunc-
tional components with syringe pumps to a stirring solution of

the pre-formed imine (3 equiv), which avoids formation of
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higher oligomers. Remarkably, such procedure was undertaken
with formation of twelve covalent bonds and the incorporation
of eight components in one pot. A few years later, the same
authors described the implementation of a sequential MiBs
strategy for the construction on hybrid macromulticycles in-
cluding a steroidal skeleton as one of the tethers [75].
Scheme 20 illustrates one of the examples reported by Wessjo-
hann’s group, in which cholanic dicarboxylic acid 70 was sub-
jected to an initial macrocyclization based on two Ugi-4CRs
with a biaryl ether diisocyanide and two equivalents of para-
formaldehyde and a monoprotected diamine. After the initial
macrocyclization, steroidal macrocycle 71 was deprotected by
removal of the Cbz groups and subsequently submitted to a
second multicomponent macrocyclization protocol — in this case
serving as diamino component — to render macrobicycle 72 in
moderate yield over three steps. Despite the process was not
conducted in one pot, this simple synthetic setup was employed
to produce a set of very complex steroidal macrobicycles suit-
able for molecular and ion pair encapsulation [75].

Aiming at producing a more efficient and straightforward
method toward macrobicycles, Wessjohann and Rivera [76]
implemented a double Ugi-4CR-based macrocyclization com-
prising the one-pot assembly of three different bifunctional
building blocks, one of them of steroidal nature. Differently
from any other MiBs approach, this procedure focuses on con-
structing the macrobicycle connectivity by the bridgeheads
instead of the tethers, which are brought together by the two
Ugi-4CRs. As shown in Scheme 21, this method allows the
assembly of hybrid steroidal cages with the incorporation of
three bifunctional components. Thus, cholanic dicarboxylic
acids 73 and 74 were macrocyclized with a paraformaldehyde-
derived diimine and two different aryl diisocyanides to furnish
steroidal cages 75 and 76 in good yields considering the struc-
tural complexity created in a single synthetic operation. It is
worth mentioning that due to the rigid nature of the steroidal
and aryl components, a flexible diamine was required to facili-
tate the macrobicycle ring closure. As before, pseudo-dilution
conditions were employed by the simultaneous slow addition of
the three bifunctional components.

Conclusion

We have demonstrated that MCRs are powerful tools for the
derivatization of steroids, including the formation of steroidal
heterocycles and macrocycles and the conjugation to other bio-
molecular components. Various well-known MCRs such as the
Ugi, Passerini, Biginelli and Petasis reactions have proven
effective in the installation of skeletal diversity attached to the
steroid ring system, while many other modern methods have
also shown success using steroidal as one of their components.
In addition, we showed that the synthesis of steroid—peptide and
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Scheme 20: Synthesis of steroidal macrobicycles (cages) by multiple multicomponent macrocyclizations based on the Ugi-4CR [73,75].
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Scheme 21: One-pot synthesis of steroidal cages by double Ugi-4CR-based macrocyclizations [76].
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steroid—carbohydrate conjugates is feasible by means of both
solution and solid-phase multicomponent methodologies, which
opens a venue of possibilities for the production of more com-
plex biomolecular conjugates. Nonetheless, there are still many
MCRs that have not been implemented using steroidal sub-
strates, therefore, there is still much to be done for an effective
exploitation of the MCR potential in the rapid diversification of
steroidal products for screening of their pharmaceutical and bio-
logical properties. We expect this review serves as inspiration
for the MCR community to further explore the scope of steroids
in the development of new reactions and methods.
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Abstract

Substituted 1H-pyrazolo[3,4-b]pyridine-4- and 1H-pyrazolo[3,4-b]pyridine-6-carboxamides have been synthetized through a
Doebner—Ugi multicomponent reaction sequence in a convergent and versatile manner using diversity generation strategies: combi-
nation of two multicomponent reactions and conditions-based divergence strategy. The target products contain as pharmacophores
pyrazolopyridine and peptidomimetic moieties with four points of diversity introduced from readily available starting materials in-
cluding scaffold diversity. A small focused compound library of 23 Ugi products was created and screened for antibacterial activity.

Introduction
Modern medicinal chemistry is faced with the task of quick and  Therefore, in turn, organic chemistry has to solve an equally im-
effective screening a variety of organic molecules in order to  portant task of the rapid generating focused libraries of drug-

identify new active pharmaceutical ingredients among them. like compounds characterized by several important features,
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e.g., molecular complexity and diversity at different levels, high
variability and easy accessibility from relatively simple
reagents. These challenges can be overcome by using multi-
component reactions (MCRs) but also other strategies can be
applied in addition to MCRs for generating diversity, e.g.,
build/couple/pair- (BCP), single reactant replacement- (SRR),
modular reaction sequences- (MRS), conditions-based diver-
gence- (CBD) and combination of multicomponent reactions
(MCR?2) strategies (for more details and examples see [1-3] and
Scheme 1). A synergetic application of several diversity-
oriented synthesis (DOS) instruments allows an effective deco-
ration of the privileged scaffolds for creating collections of
unique, highly potent bioactive compounds [4,5].

The pyrazolopyridine scaffold can be regarded as a privileged
motif as it exhibits various biological actions: antiproliferative
[6-9], antimicrobial [10,11], anxiolytic [12], analgesic [13],
hypnotic [13], antiviral [13], anti-HIV [13] activities, etc.
Soural et al. [14] explored different data and showed the rele-
vance of compounds composed of two or more heterocyclic
rings for drug discovery. The target products containing a
heterocyclic core bound to a peptide-like chain also showed a

Beilstein J. Org. Chem. 2019, 15, 1281-1288.

broad spectrum of biological activity: f-secretase (BACE1)
inhibitory activity [15]; inducing apoptosis in colorectal cancer
cells [16]; antimalarial activity against a chloroquine (CQ) non-
resistant Plasmodium falciparum 3D7 strain [17]; antagonists of
p53-Mdm?2 interaction [18]; antiproliferative activity in the
human solid tumor cell lines A549 (lung), HBL-100 (breast),
HeLa (cervix), SW1573 (lung), T-47D (breast), and
WiDr(colon) [19]; cyclophilin A inhibitory activity for the treat-
ment of hepatitis C virus infections [20], etc.

Among the variety of heterocyclic acids used in Ugi-4CR [15-
19,21-42] only a few of them in addition to bearing a simple
pharmacophore core (group I, Scheme 1) are also characterized
by the complexity and diversity of the skeleton itself gained
through multi-step transformations (group II) [18,19,34-36] or
allow for generating additional diversity through post-cycliza-
tion reactions (group III) [18,35-42]. Meanwhile the complexi-
ty of the acid skeleton can be achieved by MCR. Several publi-
cations illustrated this principle: synthesis of heterocyclic acids
[26,43] or enols [44] in a first multicomponent step, followed
by subjecting them to a subsequent Ugi process, thus, applying
the MCR? approach (group IV, Scheme 1).
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A HOQC OHC-R' o HN">COOt-Bu R2  COR? N !
PR T NH 2 COyR°!
e X Ef coon M SO
[} \ I
o .. CH o)
i S NH, CN‘RZ /go O R'CHO C02R3 R3OZC i
l ¢ MCR WCR \ MCR !
| R2 R? o qoor -Bu R? !
: NH  COOH Hoac NH . 0-_N__grt R'=Ph; |
LT T x N =|= XN g COOH _ R? = Ph, Bn; |
| \ S \ 7 ) /KN o SRR strategy HO (;OOR?’R3 =Et :
i ~-- N group IV o 9y |
________________________________ Qo ITTom— o ________
L >
S . 2 MCR?* strategy
I I "
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Scheme 1: An overview of heterocyclic acids used in the Ugi reaction.
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Actually, there was no example for the combined application of
Doebner and Ugi-type MCRs although the former condensation
easily affords the azoloazine pharmacophore that is able to
participate as an acid component in the latter reaction. It should
be noted, that Cowen et al. [6] reported N-substituted-1H-pyra-
zolo[3,4-b]pyridine-4-carboxamides being SMYD?2 inhibitors
(an oncogenic methyltransferase that represses the functional
activity of the tumor suppressor proteins p5S3 and RB); the simi-
lar structures can be obtained using the methodology of sequen-
tial Doebner- and Ugi-type MCRs.

In the present work we combined several diversity-oriented syn-
thetic (DOS) approaches. First, by using CBD and MCR strate-
gies in a Doebner-type reaction we synthesized pyrazolopyri-
dine carboxylic acids which were subsequently applied in the
Ugi reaction, thus, combining two multicomponent procedures.

Results and Discussion

As mentioned above, the diversification of the privileged scaf-
fold using different DOS strategies allowed to significantly
increase the diversity of the final products. In our study pyra-
zolo[3,4-b]pyridine scaffold was chosen as a privileged one and
based on this, we combined two MCRs: the previously well-
studied three-component Doebner-type condensation of
aminopyrazoles, aldehydes and pyruvic acid [45,46] with the

isocyanide-based four-component Ugi reaction.

As we have shown before [47,48] the application of the CBD
strategy to multicomponent Doebner-type condensations in-
volving aminoazoles allowed the synthesis of several chemo-

Beilstein J. Org. Chem. 2019, 15, 1281-1288.

types of structurally complex products from a limited number of
relatively simple starting materials just by varying the reaction
conditions (temperature, solvent—catalyst system, activation
method, forced realization of one of the cascades of multicom-
ponent treatment). We decided to use this strategy and to
synthetize heteroaromatic carboxylic acids 4 and 7 starting from
the same reactants but using a multicomponent and a sequential
protocol. We chose these heterocyclic acids to be subjected to
the further Ugi transformation based on their higher stability
compared to other azoloazine carboxylic acids (e.g., tetrahydro-
[49,50] and dihydroazoloazines that may undergo oxidation
during the Ugi 4CR) and as they do not contain additional func-
tional groups that may influence the subsequent Ugi reaction
(e.g., hydroxy group in tetrahydro- [46,51], dihydro- [51] or ar-
omatic derivatives [51]).

Two different reaction pathways were applied based on known
synthetic procedures (Scheme 2): the three-component reaction
between pyruvic acid (1), aromatic aldehydes 2a,b and
5-amino-3-methylpyrazole (3) (HOAc, A, 30 min) [45] and a
two-component condensation of the preliminary synthetized
4-(4-methoxyphenyl)-2-oxobut-3-enoic acid (5b) [52,53] with
5-amino-3-methyl-N-phenylpyrazole (6) (HOAc, A, 5 h). As a
result, two different types of pyrazolo[3,4-b]pyridines contain-
ing the carboxylic group either at C4 position (compounds 4a,b)
or at the C6 position (compound 7b) were synthetized
(Scheme 2). We modified the earlier described methodology for
the synthesis of pyrazolo[3,4-b]pyridine-6-carboxylic acid (7b)
[45]: the solvent was changed from DMF to HOAc and the
reaction time was increased from 30 min to 5 hours. Despite of

L9 Yo HOAC, A, 30 min
Hs;C N N + N/ \ — =
\QH \ N NH
o -7 R? H 2 Doebner-type
- 3CR
I
1 Q < 2ab 3 R
z © 4a,b (41, 38%)
I [
Q Q
I R1
(@]
h HOAc, A, 5 h
_—
y o+ NG oNH,
, Doebner-type
Ph stage-by-stage
6 procedure

2a,b:aR'=H, b R' = CH;0;
4ab:aR'"=H, bR'"=CH30;
5b, 7b: b R' = CH30

Scheme 2: Synthesis of pyrazolopyridine carboxylic acids 4 [45] and 7 [45] in Doebner-type reaction.
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the longer reaction time the whole procedure became more effi-
cient due to the easier work-up stage as well as due to avoiding
the formation of impurities of the dihydropyrazolo[3,4-
b]pyridines.

Thus, starting from the same set of reactants two different types
of heterocyclic acids 4 and 7 containing two diversity points
were obtained. Afterwards compounds 4a,b were introduced
into the Ugi four-component reaction to create 3 additional
points of diversity. However, due to the low solubility of the
pyrazolopyridine acids 4a,b under the literature standard reac-
tion conditions for the Ugi transformation (stirring in methanol
at rt and similar procedures) the reaction did not take place.
Under these conditions, the pyrazolopyridine carboxylic acids
4a,b did not dissolve and remained unreacted even after
prolonged stirring and heating. Consequently, the solvent was
changed to DMF that allowed us to isolate the Ugi products 11
after long stirring (48-72 h) at rt. It must be noted, that in many
cases the pyrazolopyridine acids 4a,b did not fully dissolve in
DMEF at rt that resulted in considerably decreased yields.

In an attempt to increase the yield of the products the reaction
was repeated at different temperatures ranging from rt to 80 °C
and it was found that heating at 70 °C afforded the best results.
At this temperature not only the yields increased but also the
reaction time could be reduced to 48 hours. When applying a
solvent mixture of DMF and MeOH the yields further in-
creased, with the best results obtained using a ratio of 1:2. We
presume that methanol provides the optimal acidity to the reac-
tion medium needed for successful protonation of the intermedi-
ate azomethine, formed between the aromatic aldehyde 8 and
aniline 9, to the corresponding iminium cation and its further

transformation involving carboxylic acid 4 and isocyanide 10.

As a result, we developed an efficient procedure for the synthe-
sis of compounds 11a—q through reaction of aromatic alde-
hydes 8a—-d, amines 9a—f, fert-butylisocyanide (10) and
heteroaromatic carboxylic acids 4a,b in a 2:1 mixture of metha-
nol and DMF at 70 °C. Following this procedure, a small library
of seventeen Ugi products was obtained (Table 1).

Next, we applied pyrazolo[3,4-b]pyridine-6-carboxylic acid 7b
with another positional location of the substituents in compari-
son with compounds 4 in the Ugi reaction with the same
reagents 8, 9 and 10 using the optimized procedure (Table 1).
This expanded the library of Ugi products by adding com-
pounds 12a-f.

The purity and structures of the obtained heterocyclic products
were established by means of NMR spectroscopy, mass spec-

trometry, and elemental analysis. The final assignment of the
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structures 11 and 12 was made by X-ray analysis for the struc-
ture 11n (Figure 1).

N2

Figure 1: Molecular structure of N-(2-(tert-butylamino)-1-(4-chloro-
phenyl)-2-oxoethyl)-6-(4-methoxyphenyl)-3-methyl-N-p-tolyl-1H-pyra-
zolo[3,4-b]pyridine-4-carboxamide (11n) according to X-ray diffraction
data. Non-hydrogen atoms are presented as thermal ellipsoids with
50% probability.

Antibacterial activity

It is worth mentioning that the modification of the pyrazolo[3,4-
b]pyridine scaffold through Ugi reaction allowed not only to
introduce three additional diversity points but also to increase
significantly the solubility of the products 11 and 12 compared
to the starting acids 4 and 7. Compounds 11 are soluble in
MeOH, EtOH, iPrOH, acetone, EtOAc, CH3CN, DCM, CHClj
and compounds 12 are soluble in acetone, CH3CN, DCM,
CHCI;3 and partially soluble when heated in EtOAc, MeOH,
EtOH, showing the advantages of this protocol for investigat-
ing the activity of pyrazolo[3,4-b]pyridine moiety in biological
experiments. Particularly, the evaluation of the antibacterial ac-
tivity of the small library of new compounds 11 and 12 was
carried out.

We next screened some selected compounds for their antibacte-
rial activity (Table 2, Supporting Information File 1) against the
reference bacterial strains Bacillus subtilis (strain 1211),
Staphylococcus aureus (strain 2231) (gram-positive) and
Escherichia coli (strain 1257), Pseudomonas aeruginosa (strain
1111) (gram-negative).

Generally, the compounds were found to be less active than

nitroxoline being the reference substance. The results obtained
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Table 1: Synthesis of compounds 11 and 12 by combination of Doebner and Ugi-type MCRs.

RZ

DMF/CH3OH 1:2, N HZN@ DMF/CH3OH 1:2,
70 °C, 48 h — 70°C,72h
9a—f 12a—f
10
R2
Starting materials Products
Entry Acid R! 8 R2 9 R3 11,12 yield, %
1 4a H 8a H 9a H 11a 39
2 4a H 8a H 9b 4-CHs 11b 40
3 4a H 8a H 9c 4-Br 11c 30
4 4a H 8a H od 2-CH30 11d 28
5 4a H 8a H 9e 3-CH30 11e 30
6 4a H 8a H of 4-CH30 11f 42
7 4b CH30 8a H 9a H 11g 43
8 4b CH30 8a H 9b 4-CHs 11h 53
9 4b CH30 8a H 9c 4-Br 11i 37
10 4b CH30 8a H 9d 2-CH30 11j 37
11 4b CH30 8a H 9e 3-CH30 11k 35
12 4b CH30 8a H of 4-CH30 111 42
13 4b CH30 8b ] 9a H 11m 44
14 4b CH30 8b cl 9b 4-CHs 11n 49
15 4b CH30 8b cl 9c 4-Br 110 34
16 4b CH30 8b Cl of 4-CH30 11p 37
17 4b CH30 8c NO, 9a H 11q 20
18 7b CH30 8a H 9a H 12a 50
19 7b CH30 8a H 9b 4-CHs 12b 51
20 7b CH30 8b cl 9a H 12¢ 34
21 7b CH30 8b Cl 9b 4-CH3 12d 36
22 7b CH30 8d CH30 9a H 12e 46
23 7b CH30 8d CH30 9b 4-CHs 12f 25

indicate that some substances inhibited the growth of the test
microorganisms demonstrating weak antimicrobial effect
(Table 2). The growth of gram-positive bacteria (strains of
S. aureus and B. subtilis) was inhibited in a more effective way.
Particularly, compound 11b inhibited the growth of B. subtilis
at a concentration of 125 mg/L. A bacteriostatic activity against
S. aureus was observed only at the higher concentrations of 250

and 500 mg/L. The same situation was found for the tested E.

coli strain. The gram-negative bacterium P. aeruginosa showed
resistance to all compounds tested in the given concentration
range. The observed low level of antibacterial activity of
the synthesized heterocycles is a good prerequisite for
screening them for other types of activity, e.g., anticancer,
antidiabetic, etc., because in these cases a negative
influence on the microflora of the organism would be de-
creased [54].
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Table 2: Antibacterial activity results.

Beilstein J. Org. Chem. 2019, 15, 1281-1288.

Entry Compound MIC3/MBCP, Strains of test cultures
mg/L
Escherichia coli ~ Pseudomonas  Staphylococcus  Bacillus subtilis
aeruginosa aureus
1 11a MIC 250 ¢ 250 250
MBC - - -
2 11b MIC 500 - 500 125
MBC - - -
3 11f MIC - - -
MBC - - -
4 11g MIC 250 - - 250
MBC - - -
5 11 MIC - - -
MBC - - -
6 11m MIC 500 - 250 250
MBC - - -
7 nitroxoline MIC 15.6 62.5 31.25 1.9
MBC 15.6 62.5 31.25 1.9

a8MIC — minimum inhibitory concentration; PMBC — minimum bactericidal concentration; Sthe substance at concentration < 500 mg/L does not inhibit

culture growth.

Conclusion

In summary, two multicomponent reactions of Doebner and
Ugi-type were combined in a convergent and versatile manner
giving substituted 1H-pyrazolo[3,4-b]pyridine-4- and 1H-pyra-
zolo[3,4-b]pyridine-6-carboxamides. The use of a conditions-
based divergence strategy allowed introducing the scaffold
diversity and obtaining two types of structures with different
orientation of substituents (containing a carboxylic group either
at C4 or C6 position of the pyrazolopyridine core). The optimal
methodology for the synthesis of target products was elabo-
rated (mixture of methanol and DMF (2:1) and heating to
70 °C) and a small focused library of 23 Ugi products was
created. The target compounds containing two pharmacophore
pyrazolopyridine and peptidomimetic moieties were screened
for their antibacterial activity and demonstrated weak antibacte-
rial effect.
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A consecutive three-component activation—alkynylation—cyclization reaction of (hetero)aryl glyoxylic acids, oxalyl chloride, aryl-

acetylenes, and hydrazides efficiently forms 1,5-diacyl-5-hydroxypyrazolines in moderate to good yields. The structures were un-

ambiguously corroborated by comprehensive NMR spectroscopy and X-ray structure analyses of selected derivatives.

Introduction

Pyrazoles [1,2] and pyrazolines [3-5] are privileged 1,2-diazole
derivatives in a broad range of application, both in life and ma-
terials sciences. While the former are fully conjugated and can
be considered as heteroaromatic 6m-systems with interesting
properties as crop-protecting agents [6,7], as pharmaceutically
active ingredients [8-11], as ligands [12,13], and as chro-
mophores [14-16], the partially unsaturated 2H-pyrazolines
have particularly attracted attention for instance as antibacterial

[17], anti-inflammatory [18], antidiabetic [19], and antidepres-

sive [20] agents. Especially, 1-acylpyrazolines have shown
nanomolar in vitro activities against chloroquine-sensitive and
resistant strains of Plasmodium falciparum and can therefore be
considered for the treatment of malaria [21]. Furthermore, simi-
lar derivatives have shown micromolar and submicromolar ac-
tivity against 60 selected cancer cell lines, presumably by inhi-
bition of microtubuli formation in cancer cells [22]. More
specifically, a series of 60 1,3-diaryl-1-acylpyrazolines was

tested as xanthine oxygenase inhibitors that can be efficacious
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Figure 1: Selected anticancer active 3,5-diaryl-1-acylpyrazoline (left) and xanthine oxygenase inhibitors (center and right).

against articular gout, cancer, and inflammation, with ICsq
values of four derivatives in the range of 5.3-15.2 pM
(Figure 1) [23].

1-Acyl-5-hydroxypyrazolines have been shown to be anal-
gesics with a slightly improved pain-relieving efficacy than
Aspirin® [24,25], and 5-nitro-2-furyl-substituted derivatives are
active antibacterials against the strains S. aureus, A. aerogenes,
E. coli and B. subtilis (Figure 2) [26,27].

R2 R2 R?
HOZ \( HO>F\<
N’N F3C N’N aryl
@ .
=H, Me, aryl R' = H, Me, Et, Pr, iPr

R2 =H, Me
R3 = Me, CF3

R2=H, Bu, t-Bu, aryl

Figure 2: Selected 1-acyl-5-hydroxypyrazolines with analgesic (left,
center) and antibacterial activity (center and right).

In addition, 1-acyl-5-hydroxypyrazolines are bidentate ligands
for zinc complexes and by virtue of being ring tautomers of
B-enolhydrazones they can also act as tridentate ligands for
nickel [28] and tin [29,30] complexes. In contrast, dimethylzinc
forms dimeric complexes where the 1-acyl-5-hydroxypyrazo-
line acts as a bidentate ligand [31]. Upon treatment with
TMEDA mononuclear complexes with concomitant ring
opening to give a seven-membered bidentate chelate are gener-
ated.

Although numerous syntheses of pyrazolines [3-5] in general

and 1-acyl-5-hydroxypyrazolines [24-26] specifically have been

published employing a cyclizing addition of an acylhydrazone
to the carbonyl group as a ring-forming reaction [32-40], their
diversity-oriented one-pot synthesis in a multicomponent ap-
proach has remained unexplored to date. In the course of our
program directed to develop multicomponent syntheses of
heterocycles by transition-metal catalysis [41,42] we conceptu-
alized catalytic entries to alkynones and alkynediones as suit-
able intermediates in addition—cyclocondensation syntheses of
numerous heterocycles, which can indeed be prepared by
consecutive multicomponent reactions [43-47]. Particularly
interesting are alkynediones, because, as densely functionalized
trielectrophiles, the alkyne, ynone and dicarbonyl functionali-
ties can be selectively addressed. We have established two
complementary one-pot pathways to alkynediones, a glyoxyla-
tion—alkynylation (GA) [48] and an activation—alkynylation
(AA) [49] sequence, which both take advantage of a copper-cat-
alyzed alkynylation of the intermediary formed (hetero)arylgly-
oxyl chloride (Scheme 1). The alkynediones can be subse-
quently transformed, still in the same reaction vessel, to quinox-
alines [48,50-52], pyrimidines [48,49], and 5-acylpyrazoles
[48,49]. The latter 5-acylpyrazole arose after work-up from the
three-component AA—cyclocondensation synthesis employing
Boc-hydrazine as a binucleophilic hydrazide substrate. Based
on our attempts to isolate potential 1,5-diacylpyrazole precur-
sors we discovered that 1,5-diacyl-5-hydroxypyrazolines are the
intermediary products. Here, we report on the novel three-com-
ponent AA—condensation—cyclization synthesis of 1,5-diacyl-5-
hydroxypyrazolines.

Results and Discussion

In our initial study [49], the three-component AA—cycloconden-
sation synthesis, starting from phenylglyoxylic acid (1a),
phenylacetylene (2a), and Boc-hydrazide (4a) through the for-
mation of 1,4-diphenylbut-3-yne-1,2-dione (3a), with subse-
quent N-deacylation as the consequence of basic work-up
(Scheme 2), furnished 5-benzoyl-3-phenyl-1H-pyrazole (6a) in
41% isolated yield.
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glyoxylation—alkynylation (GA) sequence

(COCl), (1.0 equiv)

ether solvents
0-100 °C, 2-24 h

R'H
R' = n-nucleophile

21 examples by GA sequence
(33—77%, if isolated)

2
Q 5 mol % Cul @ R
1 cl 1 Z
R =—R? (1.0 equiv) R
o NEt; (3.0 equiv) 0]
rt,2 24h » 7 examples by AA sequence
0 R® = (hetero)aryl, Si(iPr)s (34-65%, if isolated)
LKH/OH (COCil), (1.0 equiv)
R‘l
0 1,4-dioxane
50°C,4h

R' = (hetero)aryl

activation—alkynylation (AA) sequence

Scheme 1: Glyoxylation—alkynylation (GA) and activation—alkynylation (AA) synthesis of alkynediones in a one-pot fashion.

o (COCI), (1.0 equiv)

1,4-dioxane, 50 °C, 4 h
Ph
OH' then: 5 mol % Cul

intermediate 5a
(not characterized)

K,COj3 (2.5 equiv) fN\

. AN"S—ph
MeOH, 50 °C, 2 h PhW

o ==—Ph 2a (1.0 equiv) o}
1a NEts, (3.0 equiv), rt, 24 h 6a (41%)
then: BocNH-NH; 4a (1.2 equiv)
~ MeOCH,CH,0H, 100 °C, 24 h -
BocNH-NH;
(cocl) aa)
Q =—Ph (2a) i
Ph% PhTH\
cl [Cul], NEts AS
0 O Ph
3a

Scheme 2: Consecutive three-component synthesis to give 5-benzoyl-3-phenyl-1H-pyrazole (6a) after alkaline deacylation of intermediate 5a.

In addition to spectroscopic assignment the structure of 6a has
now been corroborated by an X-ray structure analysis showing
infinite chains of molecules 6a formed by intermolecular hydro-
gen bonding between the pyrazole N1 and the carbonyl O1
(Figure 3) [53].

The first assumption was that the tentative intermediate Sa
could be a 1,5-diacylpyrazole. However, upon performing the
terminal cyclization step starting from 1,4-diphenylbut-3-yne-
1,2-dione (3a) and Boc-hydrazine (4a) under identical condi-
tions 1-Boc-5-benzoyl-5-hydroxypyrazoline was isolated in
83% yield (Scheme 3).

The molecular structure was additionally corroborated by
X-ray structure analysis showing that the assignment of inter-

mediate 5a was not a fully unsaturated pyrazole (Figure 4) [53].

Figure 3: ORTEP plot of 5-benzoyl-3-phenyl-1H-pyrazole (6a) (ther-
mal ellipsoids at 30% probability); the direction of intermolecular
N-H---O hydrogen bonding is indicated by dashed lines.
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Ot-Bu
Ph Q BocNH-NH; 4a (1.2 equiv) N-N
\
ﬂ)\ 1,4-dioxane, Ph Ph
o) Ph  MeOCH,CH,OH OH
3a 100 °C, 24 h ¢
5a (83%)

Scheme 3: Cyclization of 1,4-diphenylbut-3-yne-1,2-dione (3a) and
Boc-hydrazine (4a) to give intermediate 5a.

Figure 4: Ellipsoid plot of 1-Boc-5-benzoyl-5-hydroxypyrazoline 5a.

Therefore, we set out to optimize the one-pot synthesis of 1,5-
diacyl-5-hydroxypyrazolines by choosing the model reaction of
phenylglyoxylic acid (1a), phenylacetylene (2a), and benzoyl
hydrazide (4b) giving 1,5-diacyl-5-hydroxypyrazoline 5b,
where the reaction times ¢ and 7,, as well as the conditions of
the cyclization step needed to be optimized (Scheme 4).

A quick optimization screening of the activation—alkynylation
synthesis of 1,4-diphenylbut-3-yne-1,2-dione (3a) revealed that
the use of KOH dried triethylamine instead of the initial precon-

Beilstein J. Org. Chem. 2019, 15, 1360—1370.

ditioning (Na/benzophenone dried) led to a reduction of the
reaction time 7; from 24 to 15 h (see Supporting Information
File 1, Table S1). In addition, the concentration could be
doubled and the obtained yield of diphenylbut-3-yne-1,2-dione
(3a) increased from 63 to 76%.

The terminal cyclization step, consisting of a Michael addition
of benzoyl hydrazide (4b) to diphenylbut-3-yne-1,2-dione (3a)
followed by a cyclizing addition of the central hydrazide
nitrogen atom to the carbonyl group, was monitored by GC-MS
and optimized with respect to temperature 7, reaction time ?,,
and the alcohol additive (Table 1).

A ratio of 1.2 equiv of hydrazide 4b to 1.0 equiv of 3a turned to
be optimal for achieving full conversion (Table 1, entries 7-16)
and at a reaction temperature of 175 °C the reaction time of
5 min was identified to achieve full conversion with very good
to excellent yields of isolated 1,5-diacyl-5-hydroxypyrazoline
5b (Table 1, entries 12-16). Although ethylene glycol as a
cosolvent (Table 1, entry 13) gave slightly higher yields and
ethanol furnished slightly lower yields (Table 1, entry 14),
2-methoxyethanol not only gave high yields of Sb, but also
proved to be practical with respect to work-up. Upon compari-
son between dielectric and conductive heating the reaction in
the microwave cavity gave no detectable difference in reaction
time and yield. All these optimized conditions were therefore
directly employed in the consecutive one-pot sequence. Howev-
er, some adjustments in the final step were necessary because
an increase of pressure was detected under dielectric heating.
Therefore, the consecutive process was optimized with respect
to the terminal step (Table 2).

In the sequence dielectric heating gave considerably lower

yields (Table 2, entries 1-3) than in the separated process

Ph
o (COClI), (1.0 equiv)
Ph% 1,4-dioxane, 50 °C, 4 h 7NN
OH then: 5 mol % Cul Phw
o =—Ph 2a (1.0 equiv) OH
1a (0]

(COCI), | activation

o

Ph
\H)kCI

o)

NEts, (3.0 equiv), rt, t4

5b
then: PhCONH-NH; 4b (1.0 equiv)
ROH, T, t; n
L PhCONH-NH,
cyclization (4b)
o
Ikynylati
alkynylation Ph\ﬂ)\
= Ph(2a) o Npp,
[Cul], NEt; 3a

Scheme 4: Model reaction for optimizing the activation—alkynylation—cyclization synthesis of 1,5-diacyl-5-hydroxypyrazoline 5b.
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Table 1: Optimization of the cyclization step of 1,5-diacyl-5-hydroxypyrazoline 5b.2

entry

1c,d
2c,d
30.f
499
5d,h
Gd,i
7d,h
gd.h
gd,h
109h
119h
1240,
1340
1490
15K
16

acy(3a) = 0.17 M; 1,4-dioxane (1.0 mL). PIsolated yield (n.i. = not isolated). °c(4b) = 0.17 M. dDielectric heating in a microwave cavity (T is the set

Ph
X

ROH [mL]

2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (
2-methoxyethanol (0.2
2-methoxyethanol (0.2)
ethylene glycol (0.2)
ethanol (0.2)
2-methoxyethanol (0.2)
2-methoxyethanol (0.2)

0]

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

(0]

PhCONH-NH, 4b (1.0 equiv)

Ph

3a

2)
2)
2)
2)
2)
2)
2)
2)
2)
2)
)

1,4-dioxane, ROH, T, t,

T[°C]

100 60
150 60
150 60
150 60
150 60
150 60
150 30
150 15
150 5
100 10
125 10
175 5
175 5
175 5
175 5
175 5

t> [min]

Beilstein J. Org. Chem. 2019, 15, 1360—1370.

Ph

O%\N/N

S—Ph
Phw
OH
o)

5b

1,5-diacyl-5-hydroxypyrazoline 5b (%)°

incomplete conversion® (n.i.)
incomplete conversion® (n.i.)
complete conversion® (n.i.)
complete conversion® (n.i.)
complete conversion® (n.i.)
incomplete conversion® (n.i.)
complete conversion® (n.i.)
complete conversion® (n.i.)
incomplete conversion® (n.i.)
incomplete conversion® (n.i.)
incomplete conversion® (n.i.)
full conversion® (94)

full conversion® (96)

full conversion® (87)

full conversion® (90)

full conversion® (93)

temperature and t; is the hold time). ®As monitored by GC-MS. fco(4b) = 0.25 M. 9¢c((4b) = 0.21 M. Ncy(4b) = 0.20 M. icy(4b) = 0.18 M. IOn a
1.00 mmol scale (3a). kOn a 1.00 mmol scale (3a), cg(3a) = 0.34 M; co(4b) = 0.40 M. 1,4-Dioxane (1.0 mL). 'Conductive heating in an oil bath at

preheated temperature T.

Table 2: Optimization of the consecutive three-component synthesis of 1,5-diacyl-5-hydroxypyrazoline 5b.

entry
1b
ob

3b

4¢
5e,f
6e

7€

ge

ge

co(1a)

0.4 M
0.25M
0.25M
0.4 M
0.4 M
0.4 M
04M
04 M
0.4 M

1a

(COCl), (1.0 equiv)
1,4-dioxane, 50 °C, 4 h

then: 5 mol % Cul, 2a (1.0 equiv)
NEt3 (3.0 equiv), rt, 15 h
then: 4b (1.0 equiv), MeOCH,CH,0H, 175 °C, t,

5b

1,5-diacyl-5-hydroxypyrazoline 5b, yield [%]2

no product formationd

no product formationd

to [min]

5 37
5 32
10 35
10

5

10 64
20 69
30 78
45 79

ajsolated yield. PDielectric heating in a microwave cavity (T is set to 175 °C and t, is the hold time). ®Dielectric heating in a microwave cavity (T is set
to 150 °C and t, is the hold time). 9As monitored by GC-MS. €Conductive heating in an oil bath at preheated temperature T = 175 °C. f2.00 equiv of

NEt3 were added.
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(Table 1, entries 12—15). However, conductive heating, which
already gave comparable results in the terminal cyclization step
(Table 1, entry 16), is obviously better suited to achieve full
conversion and, ultimately, slightly longer heating also gives
rise to good yields (Table 2, entries 6-9).

Taking into account the combined yield of 71% for both indi-
vidually performed steps (ynedione formation with 76% and
cyclization with 94%) is slightly lower than that of the one-pot
sequence with 78% (Table 2, entry 8), the consecutive three-
component process clearly is superior. With four bond-forming
steps (activation, alkynylation, Michael addition, and cycliza-
tion) the average yield per bond-forming step accounts to 94%.

o (COCI), (1.0 equiv)

Beilstein J. Org. Chem. 2019, 15, 1360—1370.

With the optimized conditions of the consecutive three-compo-
nent synthesis in hand (hetero)arylglyoxylic acids 1, oxalyl
chloride, arylacetylenes 2, and hydrazides 4 were reacted in 1,4-
dioxane and in the presence of catalytic amounts of copper(I)
iodide in a one-pot activation—alkynylation—cyclization se-
quence to give 1,5-diacyl-5-hydroxypyrazoline 5 after flash
chromatography on silica gel in moderate to good yields
(Scheme 5, Table 3).

The structures of the 1,5-diacyl-5-hydroxypyrazolines 5 were
unambiguously assigned by 'H and 3C NMR spectroscopy, in
selected cases by NOESY, HSQC, and HMBC experiments, as
well as by EI mass spectrometry and the elemental composition

OZ\N’N

R 1,4-dioxane, 50 °C, 4 h
OH

22(1. i
o R 2 (1.0 equiv)

then:

5 mol % Cul, NEt3, (3.0 equiv), rt, 15 h
R3CONH-NH, 4 (1.2 equiv)
MeOCH,CH,0H, 175 °C, 30 min

1 then:

RWRZ
OH
(6]

5 (17 examples, 29-78%)

Scheme 5: One-pot activation—alkynylation—cyclization synthesis of 1,5-diacyl-5-hydroxypyrazolines 5.

Table 3: Consecutive three-component synthesis of 1,5-diacyl-5-hydroxypyrazolines 5.

entry gl1yoxy|ic acid alkyne
R'COCO5H 1 R2C=CH 2
1 R' = Ph (1a) R2 = Ph (2a)
22 1a 2a
3 1a 2a

hydrazide

1,5-diacyl-5-hydroxypyrazoline 5
R3CONHNH, 4 i

yield

)

h

R3 = Ph (4b)

R3 = p-MeCgHj (4c)

5¢ (55%)

R3 = p-BrCgH4 (4d)

'U
>
o
T
~
T
>

5d (41%)
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Table 3: Consecutive three-component synthesis of 1,5-diacyl-5-hydroxypyrazolines 5. (continued)

1a

1a

1a

1a

1a

1a

1a

1a

2a

2a

2a

2a

2a

2a

2a

R2 = p-MeOCgH4 (2b)

RS = 2-thienyl (4e)

R3 = 2-furyl (4f)

RS = PhCHo (49)

R3 = iPr (4h)

R3 = cyclopropy! (4i)

R3 = -Bu (4)

R3 = n-Pr (4k)

4b

5j (58%)
n-Pr

0~ ~n-N

(@) z
T \
7

51 (55%)

Beilstein J. Org. Chem. 2019, 15, 1360—1370.
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Table 3: Consecutive three-component synthesis of 1,5-diacyl-5-hydroxypyrazolines 5. (continued)

12 1a R2 = p-+-BuCgHj (2¢)
13 1a R2 = p-FCgH4 (2d)

14 1a R2 = p-NCCgH4 (2e)
15 R' = 2,4,6-Me3CgH> (1b) 2a

16 R' = 2-thienyl (1¢) 2a

17 1b 2b

@Reaction time to = 20 min.

was confirmed by combustion analyses. Additionally, the struc-
ture was corroborated by an X-ray structure analysis of com-
pound 5r showing dimers held together by inter- and intramo-

lecular hydrogen bonding (Figure 5) [53].

The three-component synthesis allows addressing three points
of diversity and especially for the hydrazide substrate 4 all dif-
ferent types of (hetero)aromatic, aliphatic, and alicyclic substit-
uents R? are well tolerated in the sequence (Table 3, entries

1-10). The alkynes 2 can bear electron-donating and electron-

" W

m (69%)

" W

5n (66%)

" W

50 (29%)
Ph

e
) QYV%

p (47%)

4b

4e

5r (38%)

withdrawing substituents RZ (Table 3, entries 1, 11-14), howev-
er, for the electron-poor cyano substituent a somewhat lower
yield of the title compound is obtained (Table 3, entry 14).
Finally, the substituents R! of the glyoxylic acids 1 can be aro-
matic, heteroaromatic and even sterically demanding (Table 3,
entries 1, 15-17).

All attempts to dehydrate 1,5-diacyl-5-hydroxypyrazoline 5b

under alkaline or Brgnsted acidic conditions were accompanied

by simultaneous deacylation of substituent R3 finally furnishing
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Figure 5: ORTEP plot and dimer of compound 5r (thermal ellipsoids at 30% probability).

5-(hetero)aroyl-3-(hetero)aryl-1H-pyrazole 6a (for attempted
dehydrative aromatization, see Supporting Information File 1,
Table S5), as already reported for alkaline deprotection—aroma-
tization [49]. However, compound 5b is stable against water
and weakly basic conditions. This indicates that 1,5-diacyl-5-
hydroxypyrazolines might act as acyl transferring agents under
certain conditions.

Conclusion

In summary we could elucidate that the consecutive three-com-
ponent activation—alkynylation—cyclization sequence of
(hetero)arylglyoxylic acids, oxalyl chloride, arylacetylenes, and
hydrazides does not form aromatic pyrazoles, but rather 1,5-
diacyl-5-hydroxypyrazolines, i.e., the aromatizing elimination
of water does not occur under these neutral conditions. This
novel one-pot synthesis of 1,5-diacyl-5-hydroxypyrazolines is
concise, highly efficient and diversity-oriented. The deacy-
lating aromatization of the title compounds under weakly alka-
line or acidic conditions indicates acyl-transfer ability. Further-
more, the peculiar reactivity of the ynedione intermediate calls
for more sophisticated cyclizing processes, eventually in a one-
pot fashion. Further studies exploring the dense electrophilic re-
activity of ynediones in consecutive multicomponent reactions
are still underway.

Experimental

Typical procedure for the three-component synthesis of
compound Sb: In an oven-dried Schlenk flask equipped with a
magnetic stirring bar and screw cap were placed glyoxylic acid
la (150 mg, 1.00 mmol) and dry 1,4-dioxane (2.5 mL) under
argon. Then, oxalyl chloride (0.09 mL, 1.00 mmol) was added
dropwise at room temperature (external water bath) and the

reaction mixture was stirred at 50 °C (preheated oil bath) for

4 h. After the mixture had cooled to room temperature, Cul
(10 mg, 0.05 mmol), phenylacetylene (2a, 0.11 mL,
1.00 mmol), and dry triethylamine (0.42 mL, 3.00 mmol) were
successively added. Stirring at room temperature (external
water bath) was continued for 15 h. Then, phenylhydrazide (3b,
163 mg, 1.20 mmol) and 2-methoxyethanol (1.0 mL) were
added and the reaction mixture was stirred at 175 °C (preheated
oil bath) for 30 min. After cooling to room temperature de-
ionized water (5 mL) was added and the mixture was extracted
with dichloromethane (4 x 5 mL). The combined organic
phases were dried with anhydrous sodium sulfate and the sol-
vents were removed in vacuo. The crude product was adsorbed
on celite® and purified by flash chromatography on silica gel
(petroleum ether 40-60 °C/ethyl acetate 5:1) to give analytical-
ly pure 1,5-dibenzoyl-5-hydroxy-3-phenylpyrazoline (5b,
291 mg, 78%) as colorless solid. Ry = 0.15 (petroleum ether/
ethyl acetate 5:1, detected with a hand-held UV lamp at 254 and
365 nm). Mp 152 °C; 'H NMR (CDCl3, 300 MHz) & 3.54 (d,
J =18.5 Hz, 1H), 3.76 (d, J = 18.5 Hz, 1H), 5.60-6.08 (br, 1H),
7.36-7.62 (m, 9H), 7.72-7.83 (m, 2H), 7.90-8.05 (m, 4H);
13C NMR (CDCl3, 75 MHz) & 45.6 (CH,), 92.2 (Cquar)> 126.9
(CH), 127.8 (CH), 128.9 (CH)*, 129.0 (CH), 130.2 (CH), 130.7
(Cquay)> 130.9 (CH), 131.7 (CH), 131.8 (Cgyar), 132.9 (Cquap),
133.9 (CH), 153.1 (Cquap)> 166.7 (Cguap), 193.4 (Cquar); *broad-
ened signal; EIMS (m/z): 352 (M — H,O]*, 2), 266 (11), 265
(IM — PhCO]*, 59), 248 ([M - PhCO - H,O]", 20), 105
(PhCO™, 100), 77 (C¢Hs", 34); IR (ATR), ¥ [cm™']: 3333 (w),
1697 (m), 1626 (m), 1612 (m), 1566 (w), 1450 (m), 1427 (m),
1339 (m), 1315 (w), 1254 (w), 1202 (m), 1180 (m), 1113 (m),
1057 (w), 1028 (w), 922 (w), 895 (w), 866 (m), 845 (w), 791
(w), 762 (m), 708 (s), 689 (s), 669 (m), 627 (w); anal. calcd for
Cy3H gN,03 (370.4): C, 74.58; H, 4.90; N, 7.56; found: C,
74.67; H, 5.07; N, 7.79.
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Supporting Information

For experimental details of the optimization studies on
intermediate 3a, on the cyclization step of 3a and 4b
(compound 5b), on the consecutive three-component
synthesis of compound Sb, experimental details of general
procedure of the consecutive three-component synthesis
and analytical data of 1,5-diacyl-5-hydroxypyrazolines 5,
experimental details on the attempted dehydrative
aromatization of compound 5b, and NMR spectra of the
compounds 5, and for summaries on the crystal structure
analyses of 5a, Sr, and 6a see Supporting Information
File 1.

Supporting Information File 1
Experimental details, copies of NMR spectra and
crystallographic data.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-136-S1.pdf]
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A synthesis efficiency algorithm, which must be based on concrete and reliable criteria, is essential for the evaluation and control of

complex chemical synthesis, notably multicomponent reactions (MCRs). An algorithm has been developed to precisely evaluate

even highly complex syntheses with regards to their synthesis efficiency Eff;y, as a tool for strict compliance with green chemistry

requirements, and for economic progress. The mathematical operations are highly suitable for electronic data processing (EDP).

This algorithm is also suitable as a basis for fair cost assessment of complex chemical syntheses.

Introduction

The ongoing upheavals in the sectors of information technolo-
gy, energy and electromobility, which are in some cases
extremely competitive, mean that ecological and economical
aspects of chemistry, as applicable to humans, are increasingly
being focused on during this socio-economic transformation.
Comprehensive efforts are being undertaken in this field, in-

cluding in large workshops, e.g., [1].

The efficiency of synthesis forms the core for the evaluation of
innovations within synthesis chemistry [2-6] and is the indis-
pensable requirement for a radical simplification of chemical
synthesis [3]. Concrete and reliable criteria must be available

for this purpose, criteria that can be easily determined and

measured, and which can also form the basis for an algorithm.
The standard evaluation of a chemical synthesis is traditionally
based on the overall yield y,,. This is the product of all sequen-
tial synthesis steps y,, (Equation 1).

N
Yoa = [V (n=1.2. ete) (1)

n=l1

An extreme example for the impact of the overall yield is the
tropinone synthesis by Willstétter (y,, = 0.75%) [7,8] com-
pared to the Robinson—Schopf synthesis (y,, = 90%) [9,10])
using a double Mannich reaction, a multicomponent reaction
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(MCR) [11-13]. The Mannich-3CR is therefore 120 times better
than the Willstitter synthesis.

Criterion overall yield yo4

This y,, directly influences the variable costs for the starting
and other materials in each synthesis, but not most other (fixed)
costs.

Criterion synthesis step number n

Such costs are significant and manifold, deriving from direct
costs such as fixed employee and laboratory costs, laboratory
rental and maintenance costs, operating costs, i.e., power, water,
(gas), inert gas and disposal costs. Standard laboratory activi-
ties that are repetitive, such as reactor configuration, filling,
reaction monitoring, draining, work-up, preparation of reaction
mixture and product isolation, product purification (distillation,
recrystallisation, chromatography) and product analysis apply to
all synthesis steps. All these costs are similar for each synthesis
step n and can be said to be constant in the first approximation
in cumulo. This provides a second concrete criterion, the syn-
thesis step n, which also encompasses and quantifies two
factors — “waste prevention” and “energy efficiency” — as

requirements for “green chemistry”.

The efficiency of a synthesis, Effy,, will be defined in
Equation 2. The synthesis step # in the context of this paper is a
practical unit of reactions with supplements that all are run in
one pot in one working process without intermediate isolation
and purification of the reaction participants. The synthesis step
therefore differs somewhat from the normal definition of a reac-
tion step.

Effsyn = Yoo ! N (N = overall number of synthesis steps) (2)

Table 1: Overall yields y,, and synthesis efficiency Effsy,,

Beilstein J. Org. Chem. 2019, 15, 1425—1433.

Time influences reactions via their kinetics and is therefore not
a primary factor but a soft criterion. This can usually be greatly
minimised during cost generation through clever time manage-
ment of the synthesis planning and can essentially be treated
here as a fixed cost.

Table 1 indicates the major impact the synthesis steps 7 have on
the efficiency Effsy,, of the synthesis. The range of profitable to
useful syntheses decreases drastically with increasing synthesis
steps n. The detrimental impact of a greater number of steps 7 is
shown in the above-mentioned tropinone synthesis by
Willstitter (yoq = 0.75%, N = 20, Eff;,, = 0.038% [7.,8]), com-
pared with the Robinson—-Schopf synthesis (y,, = 90%, N = 1,
Effsyn = 90% [9,10]). The latter MCR is therefore 2368 times (!)
more efficient than the original Willstitter synthesis. Further
examples, including the comprehensive synthesis of complex
natural substances, can be found in [2,3].

These figures may astound some people, but they are the clear
results of an impartial analysis. Limitations need to be deter-
mined in order to delineate the scope of a meaningful applica-

tion area.

Ignoring or omitting the number of steps as an essential crite-
rion is a serious issue, for example, if one simply assumes that
4 reactions with 97% yield each are better than a 4CR with 90%
yield. The fact that the outlay (fixed costs) during MCR drop by
a massive 75% — compared to the 4 separate reactions — is often
ignored. And those 4 separate reactions actually have an overall
yield of 88.5%. This behaviour is unfortunately very common,
culpably inefficient! The overall yield alone does not encom-
pass such facts and any mathematical treatment needs to bring

together all primary criteria.

Overall yields y,4 [%] Number Synthesis efficiency Effsyn [%]
geometric average yields y5, of steps geometric average yields y,,
n
95 90 80 70 60 95 90 80 70 60
95 90 80 70 60 1 95 90 80 70 60
90 81 64 49 36 2 45 40 32 25 18
86 73 51 34 22 3 29 24 17 11 7.3
81 66 41 24 13 4 20 17 10 6.0 3.0
77 59 33 17 7.8 5 15 12 6.6 34 1.6
74 53 26 12 4.7 6 12 8.8 4.3 2.0 0.78
70 48 21 8.2 2.8 7 10 6.9 3.0 1.2 0.40
66 43 17 5.8 1.7 8 8.3 5.4 21 0.73 0.21
63 39 13 4.0 1.0 9 7.0 4.3 1.8 44 0.11
60 35 11 2.8 0.6 10 6.0 3.5 1.1 0.28 0.06
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MCRs have a high material and energy efficiency, and their
atom balance is quite outstanding. Product purification is
usually simple. All this reduces waste to a minimum. Due to the
very weak negative reaction enthalpies, MCRs are also usually
safe processes. The shortening of the synthesis through drastic
reduction of the number of steps n leads to a strong waste
prevention, which can be quantitatively measured through the
synthesis efficiency in Equation 2 (Table 1).

Results and Discussion

In practice, there are problems with complete calculations of
overall yields for complex syntheses, particularly when several
precursors (2 or more) need to be included in the calculation,
which is almost always the case with MCRs. All such reactions
are parallel reactions and do not have any sequential character

with respect to each other, instead they are cumulative, whereby

Beilstein J. Org. Chem. 2019, 15, 1425—1433.

the parallel reaction groups have different numbers of indi-
vidual reactions n. The yields y, then need to be weighted with
these m values and the arithmetic mean y,,,, calculated as shown

in Equation 3.

J J
yam:Z(J’j*m/)/zm/ 3)
j=1 j=1

Algorithm

If you insert Equation 1 in Equation 3, and then insert this in
Equation 2, you will obtain the efficiency algorithm Equation 4.
This has already been described in a general manner in [2,3].
The weighting of the parallel reactions results in the precise

value yq,.

J(N K = number of main reaction steps
X Z Hy n B J = number of branches
el
Yoa = H S Jl N = number of synthesis steps 4)
k=1 z m; m = number of weightings
J=1 y weighted yields
AL
AM
AK Al
AN
| Al
Vv M
> D F
w L H4CR AH acr | R
E 3CR 0 ~ N g
- . P > Q U
A ! 1CR
> C G I — 0 T
B M A K - I
AA
X AB AC —»{ AF AG reactants A, B, etc.
Z, AA, AB, etc.
7 AE > ]
—» reactions
Y <1 AD MCR multicomponent
reaction

Scheme 1: Case study of a complex synthesis, parallel reactions. 10 possible synthesis STMs in green, other 12 STMs in light green, TM U in blue.
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The algorithm is broad in scope and can be used in many ways
as required through the introduction of constants in the vari-
ables cy, ¢, and invariable C. This permits the inclusion of soft
criteria, such as suitable resources, time (see discussion above)
and process control, in the cost analysis of complex syntheses
(Equation 5).

Synthesis costs =c; * N /cy *y,, +C 6))

An App based on this algorithm can offer an effective way to
obtain a rapid overview of the total or partial synthesis. It can
be used to evaluate and even control the synthesis from various
aspects, including how it is affected by soft criteria.

Case study

All listed and possible constellations of reactions and reaction
groups in a complex synthesis are shown in a flow diagram
(Scheme 1) and are presented in a detailed case study; the data
were inserted into the general efficiency algorithm [2,3]. Al-
though publications usually only show the synthesis path with
the most spectacular molecules, such as the target molecule
(TM), the total synthesis with all reactions is essential for pro-
duction. The quantity of potential start molecule (STM) sets
also rises strongly in complex syntheses. The example shows
5 STM sets (consisting of 10 STMs) with which the synthesis
can be started, as well as 12 other STMs.

To have a better overview in this study (Scheme 1), reactions
are ordered to a main reaction set including two MCRs (reac-
tants A-T, TM U), connected with 4 parallel reaction sets in-
cluding a 3CR (Scheme 2).

Beilstein J. Org. Chem. 2019, 15, 1425—1433.

Overall yield y,, and efficiency Effsy, calcula-
tion of J in case study

As a practical exercise, random numbers were added to the
part A-J with both parallel reactions V-D and X-G in
Scheme 3, and the overall yield y,, was then calculated
incrementally with the algorithm in Equation 4. Expediently, a
main reaction (set-1) to which the parallel reactions are linked
(set-2, set-3) is set up. The weighted arithmetical mean of the
yields for each reaction set is formed at the connection forms.
The overall yield y,, of the total synthesis is determined
through the sequential operation of the main reaction sets. The
latter can be determined using the following calculation
method.

Calculation method

Split the main reaction set-1 at the connection points with the
parallel reactions into set-1, set-2, set-3, then use I(Ily,); to
calculate the weighted mean yield values for the two branches
C, D and E, G. The latter values, together with the values from
H[X(Iy,,); 1k, deliver the overall yield y,, of the total synthesis

according to Equations 6-8.

Parallel reactions set-2 to main reaction position (C), operation
I(Iyy);

W(C,D)=1/2%[y(A-C)*1+ y(V — D) *1]
=1/2#[0.82%1+0.65%*1] (0)
=1/2*1.47=0.735

Parallel reactions set-3 to main reaction position (E), operation
E(Hyn)j

3CR 4CR N N N
A“CT‘E“T—H“J‘ ] NTP1C—RQ T—S = U
B D F || G I K||L||M (0] R T
A A A A
W > <{AC AG —> SeR—T—

AH||AI||A]
A% AB AF ]
L—AA AE*A <— AN
7 AD AM
. [PERY AL
—— main reaction set
parallel reaction sets X AK

Scheme 2: Ordered reactions of the above complex synthesis to a main reaction set and connected parallel reaction sets.
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2CR 2CR 3CR 2CR
82 76 90 83
A — C — Err—rHrr—J
Ned | B D FIlG |
: . A A
main reaction
set-1 W —| 65 59| AC
|V AB
n \
parallel reaction 73| < AA
set-2
reactants I‘ ya
—» reactions 1
00 random yields [%] 08 = Y
main reaction set X
== parallel reaction sets N=3
s branchings parallel reaction
set-3

Scheme 3: Section A—J case study of Scheme 2 with operations of yy, calculation.

W(E,G)=1/4%[y(C—E)*1+ (X —G)*3]
=1/4%[0.76%1+(0.68+0.73%0.59)*3]  (7)
=1/4%[0.76+0.87] = 0.41

Sequential main reactions set-1, operation IT[X(I1y,,);1x

WA=J)=)[C,D)*(E,G)*(E-J)]
=0.735%0.41%0.90 % 0.83 ®)
,, =0.23 (22.5%)

This synthesis consists of n = 8 synthesis steps, so the synthesis
efficiency is

Effsyn = Yoo ! N =0.23/8 =0.028 (2.8%)

Modification of the calculation execution

Most chemists look exclusively at the interesting target mole-
cule (TM) of a synthesis and only follow that path from STM to
TM, while blanking out everything else. The second method for
calculating y,, in complex syntheses is probably easier in this
case. Here, the yield y(A-J) of the sequential main reaction
set-1 is calculated (Equation 9) and added to the branches with

the parallel reaction modification factors mf. This is equivalent

to the quotients from the dividends C, D (from Equation 6) or
E, G (from Equation 7) and the divisors A—C or E-G (Equa-
tions 10 and 11). The result from Equation 9 is multiplied with
both modification factors mf to obtain the overall yield y,,
(Equation 12).

Y(A=J)=0.82%0.76%0.9%0.83 = 0.466 ©)
mf(C,D)=0.735/0.82 = 0.896 (10)
mf (E,G)=0.41/0.76 = 0.539 (11

Voa = 0.466%0.896%0.539 = 0.23 (22.5%)

Some useful strategic and practical applications demonstrate the
enormous influence of branching on the overall yield y,, and

synthesis efficiency Effsy;.

Fragment strategy: fragment linking in
peptides synthesis

In synthetic peptide chemistry, amino acids are sequentially

built up to form long oligo/polypeptides. For reasons of trans-
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Decapeptide

80%

[(H H]

80%)1
each

3 aal

[(HHHH]

I HHHHHH]

80%
each C

e

Scheme 4: Sequential synthesis and fragment linking of a decapeptide with comparison of results in Equations 13—15.

parency, we have assumed the same yield of 80% in each step
during the synthesis of a decapeptide in order to clearly indi-
cate the effect of the branching (Scheme 4).

Three cases are discussed here:

1. sequential linking of the 10 amino acids (Scheme 4a);

2. sequential synthesis of two pentapeptides and the subse-
quent linking to form a linear decapeptide (Scheme 4b);

3. sequential synthesis of two non-identical peptides
(1 heptapeptide and 1 tripeptide) and their linking to
form a linear decapeptide (Scheme 4c);

Calculation by means of the algorithm
a) y,, =0.8° =0.13 (13%) (13)

b) y,, =[(0.8% +0.8%)/2]%0.8 = 0.41%0.8 = 0.33 (33%) (14)

€) Yoy =[(0.8% 6+0.87 %2)/8]%0.8
=[(0.26%6+0.64+2)/8]%0.8
=[(1.56+1.28)/8]*0.8
=0.355%0.8 = 0.284 (28.4%)

15)

The results are impressive. A up to 2.5-fold yield can be
achieved depending on the configuration of the fragment
linking, and the algorithm delivers rapid results. The number of
steps is, however, only conditionally reduced (with identical
steps) and this must be taken into consideration when calcu-
lating the synthesis efficiency Eff;y,. The fragment strategy can
of course be applied without limitations to other syntheses of

this type.

MCR Strategy: Ugi-4CR in ecteinascidin-743

total synthesis
As described above, yields can be significantly increased by
using the fragment strategy. However, the fragment strategy is

limited to 2 components, while an MCR provides multiple
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components for linking, and also generates its own structure
which is capable of extensions like the domino reaction types

[5].

An Ugi reaction is used in the total synthesis of the extremely
potent antitumor agent ecteinascidin-743 (Et-743, 1) by
Fukuyama to form a large part of the skeleton 2 (Scheme 5). All
data for the U-4CR are available in the literature [14]. The pre-

OMOM
HO

OMe
Br

N .Ph MOMO\©/
NG
+/I/‘i q
o o™ o o0, l

Beilstein J. Org. Chem. 2019, 15, 1425—1433.

cursors of the Ugi reaction consist of 3 reaction chains of 6, 6

and 2 links, respectively.

Calculation by means of the algorithm

The calculation of the overall yield y,, of 2 is based on the
data basis for the total synthesis of ecteinascidin-743 found in
the literature [14], and the data for 4-methoxyphenylisocyanide

is provided from the author, referred to Equations 16-20.

double
step

9% 94% lu
72% OM
OMOM 98% ©
OMe ©
BnO
NH,
I 95%
90% CHO l
85% 93% OMe
91%
OMOM BnO
TfO %H NH-CHO
87%
BOC-HN—# l °
\,
© OTBDPS CO,Me OMe
97%$ 99%
OMe
0,
usgﬁ’ MeCHO
Ny,
OMOM ¢ \
BOC-HN—~# \
NH,
(@) CO,H
-0
OTBDPS

TBDPSO

HO

Scheme 5: U-4CR with 17 precursors in the total synthesis of Et-743 (1) [14].

1431



0.89%0.9%0.85%0.91%0.97%0.89 = 0.535 (16)
0.79%0.94%0.72%0.98%0.93%0.99 = 0482  (17)
0.95%0.87 =0.827 (18)

(0.535 *6+0.482%6+0.827 * 2)/14 =7.76/14=0.554 (19)

Y,y = 0.554%0.9 =0.499 (50%) (20)

An outstanding result is shown for U-4CR, including the N = 14
(from real 17; three are double steps) precursors forming 2 with
50% overall yield. Synthesis efficiency is Effsy, = 2.9%, due to
the high step number of 17 (real number of precursors). The
same synthesis in linear architecture does not exist. A fictive
comparison with the same dataset in a completely sequential
reaction sequence results in a fictive yield of 2 y,,(fictive) =
0.192 (19%). The significant difference is due to the MCR
itself and primarily the linked parallel reactions of the
3 precursors, as can be clearly seen in Scheme 5. These results
favour the use of the MCR strategy with the Ugi reaction and
provide an increase in yield by 2.6 times that of a linear solu-

tion.

MCR strategy: novel MCR as key step in total
synthesis of (+)-20S-camptothecin

Another typical example for the simplification of a complex
chemical synthesis [2,3] is the total synthesis of the extremely
potent antitumor agent (+)-20S-camptothecin (3), which has
been a highly effective agent for decades now. This total syn-
thesis by Tietze uses a 4CR, specifically generated for this reac-
tion from an aldehyde, meldrum’s acid, enol ether and metha-
nol, as a key step in the synthesis to 4 (Scheme 6) [15]. This
step-saving strategy for generating novel MCRs is a fast track
towards the ubiquitous use of MCRs in complex syntheses. This
algorithm (Equation 4) is an essential tool for the rational evalu-
ation and synthesis control of MCRs.

0 o
N-Cbz + T)/\o]? + — “OEt + HO-Me

N >

CHO

Beilstein J. Org. Chem. 2019, 15, 1425—1433.

Conclusion

The general efficiency algorithm [2,3], and the calculation
methods (Equations 3-20) developed from that algorithm, can
be used to precisely evaluate even highly complex syntheses
and quantitatively compare them with alternative syntheses with
regards to their synthesis efficiency Eff;,,. The mathematical
operations are highly suitable for electronic data processing
(EDP), as is the algorithm itself. Due to the concrete criteria,
this algorithm is also suitable as a basis for fair cost assessment
of complex chemical syntheses. Fragment linking reactions, and
an ecteinascidin-743 total syntheses including an Ugi reaction,
as well as a 20S-camptothecin total synthesis based on a 4CR
specifically generated for this purpose, were discussed. This
demonstrates the high efficiency of the MCR application and its

intrinsic suitability for green chemistry.
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A new multicomponent reaction has been developed between isocyanides, sulfur and alcohols or thiols under mild reaction condi-

tions to afford O-thiocarbamates and dithiocarbamates in moderate to good yields. The one-pot reaction cascade involves the for-

mation of an isothiocyanate intermediate, thus a catalyst-free synthesis of isothiocyanates, as valuable building blocks from

isocyanides and sulfur is proposed, as well. The synthetic procedure suits the demand of a modern organic chemist, as it tolerates a

wide range of functional groups, it is atom economic and easily scalable.

Introduction

O-Thiocarbamates belong to a class of important biologically
active molecules, used mainly as fungicides [1-3] in agricul-
tural and pharmaceutical fields. In particular, recently anti-
tumor [4], anesthetic [5] and enzyme inhibitory effects were
discovered, including HIV-1 reverse transcriptase inhibition ac-
tivity [6-11]. Moreover, their utilization as highly regio- and
stereoselective organocatalysts in specific types of chemical
tranformations [12-17] was introduced, as well. More recently,
O-thiocarbamates have been used as H,S donors in biological
systems [18] and as intermediates in pharmaceutically signifi-

cant organic syntheses [19,20]. The dithiocarbamate structural

moiety can be found in biologically active molecules widely
applied as fungicides, herbicides, pesticides [21-25] and in
some cases as enzyme inhibitors [26] or antitumor agents [27].
These species are also used as valuable synthetic intermediates

[28] and chemosensors for mercury and silver [29,30].

The general methods for the synthesis of O-thiocarbamates and
dithiocarbamates traditionally rely on substitution reactions of
the corresponding halogenated precursors, including thiophos-
gene [31-33], thiocarbamoyl chlorides [34-37], chlorothionofor-

mates or chlorodithioformates [38-41] providing the appro-
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priate thiocarbamate analogues in good yields (Scheme 1).
However, these methods suffer from the formation of toxic,
malodorous and/or extremely corrosive byproducts generated
by the elimination of the halogen atoms. One should note that
the application of these halogenated thiocarbonic acid deriva-
tives might be dangerous and require thorough precaution.
Considering dithiocarbamates, a number of methods are based
on the reaction of amines and the readily available, but toxic
and volatile carbon disulfide [42-45]. Greener methods for the
synthesis of thiocarbamates and dithiocarbamates have been de-
veloped such as the addition of the amine component to potas-
sium thiocyanate [46,47] or isothiocyanate [48-52] showing
better atom economy. Nonetheless, only a few examples can be
found in the literature starting from thiocyanates, and regarding
the isothiocyanates the preparation of the reagent is required as

an additional reaction step before.

The synthesis of isothiocyanates generally relies on the reac-
tion between thiophosgene and amines, thus involves the use of
a highly toxic reagent with narrow functional group compati-
bility [53-56]. Various thiocarbonyl transfer reagents have been
developed in the last decades to overcome these drawbacks,
such as thiocarbonyl-diimidazole or di-2-pyridyl thionocar-
bonate [57,58]. Decomposition of dithiocarbamate salts or thio-
carbamates with various reagents offers a good alternative [59-
62] as well, however, this approach first requires the synthesis
of the appropriate precursor. Nitrile oxides react with thiourea
to afford isothiocyanate and harmless urea [63-65], but one
should note that the instability of the nitrile oxides leads to
many byproducts, turning this approach less attractive. The syn-
thesis of isothiocyanates starting from isonitriles involves
sulfur-containing reagents such as thallium thiocarboxylates or
thiols in the presence of radical initiators [66-68]. All the previ-
ously reported methods for the synthesis of O-thiocarbamates,
dithiocarbamates and isothiocyanates start from toxic and/or
unstable reagents, generate halogen waste or have narrow func-
tional group tolerance. The bench-stable, environmentally
benign, cheap and nontoxic elemental sulfur offers an alterna-
tive starting material to integrate sulfur into the product [69].
For a single molecule, Tan and co-workers showed isothio-
cyanate might be formed from an isocyanide by elemental
sulfur in the presence of a base in low yield [70]. In certain
cases, sulfur can be trapped by in situ generated carbenes to
afford O-thiocarbamates [71,72]. Thioureas and S-thiocarba-
mates are also accessible through multicomponent reactions
starting from isocyanides and sulfur [73-75]. The cumbersome
synthesis of isothiocyanates from isocyanides and sulfur [76]
can be enhanced using various catalysts such as selenium,
molybdenum, copper, rhodium [77-82] or tellurium [83] provid-
ing the isothiocyanates in excellent yields. These approaches on

the other hand suffer from the use of heavy metals, toxic chal-
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Scheme 1: Synthetic routes to O-thiocarbamates and dithiocarba-
mates.

cogens and/or long reaction times. More recently, a novel three-
component method has been published starting from readily
available amines and sodium bromodifluoracetate [84], but this
synthetic route provides halogenated waste, as well. As a
continuation of our interest in the development of multicompo-
nent reactions [85-87] and reactions involving sulfur [88],
herein, we describe a novel synthesis of O-thiocarbamates and
dithiocarbamates via a three-component reaction of elemental
sulfur, isocyanides and alcohols or thiols (Scheme 1). More-
over, during the investigation of the reaction mechanism, we
have identified and improved a catalyst-free method for the

preparation of isothiocyanates.
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Results and Discussion

The model reaction of 2,6-dimethylphenyl isocyanide (1a),
elemental sulfur (Sg) and methanol (2a) was employed to screen
for the optimal reaction conditions (Table 1). The reactions
were followed by TLC and HPLC-MS. Based on preliminary
experiments in our laboratory, the reaction was performed in
tetrahydrofuran (THF) at 40 °C for 1 h using a 1.5 equiv excess
of sodium hydride as the base, Sg and the alcohol component
(Table 1, entry 1) resulting in the desired thiocarbamate 3a in
58% yield. During the purification procedure, the change of the
stationary phase for the column chromatography from alumini-
um oxide to silica, resulted in an increased yield of 72%
(Table 1, entry 2). After the optimization of the purification
process, the excess of the reagents and the role of the base were
studied. Increasing the molar excess of all reagents to 2 equiv
provided 3a in 91% yield (Table 1, entry 3), however, the yield
was decreased by the use of a larger excess (Table 1, entry 4).
Reducing the amount of the reagents was not helpful (Table 1,

Beilstein J. Org. Chem. 2019, 15, 1523—1533.

entry 5), and one can see that 2.5 equiv of sulfur and methanol
did not increase the yields either (Table 1, entry 6). A longer
reaction time (2 h), however, enhanced the product yield from
72% (Table 1, entry 2) to 84% (Table 1, entry 7). Thus we have
combined this reaction time with the elevated molar excess of
the reagents resulting in thiocarbamate 3a in 94% yield
(Table 1, entry 8). The advantageous effect of heating was sup-
ported by the decreased yield (72%) obtained when performing
the reaction at ambient temperature (Table 1, entry 9). Next, the
effect of different solvents was investigated, showing that
acetonitrile (MeCN) and 2-methyltetrahydrofuran (MeTHF)
proved to be suitable alternatives to THF (Table 1, entries 13
and 15) that might be advantageous considering the wide appli-
cation of these solvents in industrial production [89,90]. On the
contrary, the use of dioxane, methyl fert-butyl ether (MTBE),
toluene or dichloromethane (DCM) was unfavorable, providing
the thiocarbamate in 67%, 29%, 12% and 30% yields, respec-
tively (Table 1, entries 10, 11, 12, and 14). Notably, in the lack

Table 1: Optimization of the reaction conditions for the synthesis of O-thiocarbamates.

H
NC + Sg + MeOH base, solvent N\”/OMe
40 °C, time S
2a
1a 3a
Entry Solvent Base Time [h] Molar excess Yield [%]2:P
2a/Sg/base
1 NaH THF 1 1.5:1.5:1.5 58¢
2 NaH THF 1 1.5:1.5:15 72
3 NaH THF 1 2:2:2 91
4 NaH THF 1 2.5:25:25 80d
5 NaH THF 1 1.5:1.5:2 61
6 NaH THF 1 2.5:2.5:2 88
7 NaH THF 2 1.5:1.5:1.5 84
8 NaH THF 2 2:2:2 94d
9 NaH THF 2 2:2:2 72¢
10 NaH dioxane 2 2:2:2 67
11 NaH MTBE 2 2:2:2 29
12 NaH toluene 2 2:2:2 12d
13 NaH MeCN 2 2:2:2 92d
14 NaH DCM 2 2:2:2 30
15 NaH MeTHF 2 2:2:2 g7d
16 NaH THF 2 2:2:2 72
17 Cs>CO3 THF 2 2:2:2 0 (26)9
18 DIPEA THF 2 2:2:2 0 (30)9
19 DBU THF 2 2:2:2 39
20 NaOEt THF 2 2:2:2 0 (53)9
21 - THF 2 2:2:2 n.r.

aReaction conditions: 1a (1 mmol), Sg, 2a, base, solvent (3 mL), time, under argon atmosphere at 40 °C. Plsolated yields. °Flash column chromatog-
raphy performed on aluminium oxide as stationary phase. 9Average of two runs. ®Room temperature. fLack of inert atmosphere. 9Yield of isothio-

cyanate intermediate. n.r. = no reaction.
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of inert atmosphere, the yield decreased to 72%, and unidenti-
fied byproducts were detected that might be explained with the
decomposition or side reactions of the isocyanide component
under air. In the case of using other bases, such as caesium
carbonate (CsyCO3), diisopropylethylamine (DIPEA) or sodi-
um ethoxide (NaOEt), only the isothiocyanate intermediate of
the reaction was isolated (Table 1, entries 17, 18, and 20). How-
ever, using diazabicycloundecene (DBU) as the base allowed
the formation of the desired product, but only in 39% yield
(Table 1, entry 19). Without any basic additive, no reaction
occurred (Table 1, entry 21) and the starting compounds were
recovered.

With the optimized reaction conditions in hand, the generality
and substrate scope of the reaction using different isocyanides
were investigated (Scheme 2). Considering the yield of various
aromatic isonitriles, no significant difference was noticed be-
tween electron-withdrawing and electron-donating substituents
(3c and 3d, respectively). The ortho-iodo-substituted 3b was
obtained in an excellent yield (94%) demonstrating that no
steric hindrance occurs during the reaction. Taking into account
aliphatic derivatives, O-methyl cyclohexylcarbamothioate (3e)
was formed in good yield (82%), however, O-methyl tert-butyl-
carbamothioate (3f), partly due to the volatile nature of the
isocyanide and the thiocarbamate as well, was obtained only in
54% yield.

In order to further explore the scope of the reaction, different
alcohols were tested (Scheme 3). Regarding the compounds

3g—i it can be noticed that the yield drops from the primary
alcohol towards the tertiary one (85%, 52% and 45%, respec-

R-NC + Sg + MeOH
1 2a

3b, 94%

3e, 82%

Beilstein J. Org. Chem. 2019, 15, 1523—1533.

tively) that might be attributed either to steric hindrance or the
growing instability of the conjugate base of the secondary and
tertiary alcohol, respectively. The present method provided the
allylic derivative 3j in 72% yield, however, applying ethylene
glycol resulted in 3k in 34% yield only. In the latter case no
dimeric product but several unidentified side products were
detected by TLC and HPLC-MS. Although the full conversion
of the isocyanide to the isothiocyanate intermediate was ob-
served by TLC and HPLC-MS, phenol proved to be unreactive
under the standard reaction conditions. Consequently, we have
turned our attention to different benzylic alcohols that could be
utilized to further examine the functional group tolerance of the
reaction. Notably, chlorine, bromine and iodine substituents
were compatible with the transformation, providing 3m, 3n, 3r
and 3s in 81-89% yield. The nitrile derivative 3p was obtained
successfully in 62% yield, showing the reactivity difference be-
tween the cyano and the isocyano groups. Interestingly, me-
thoxy-substituted thiocarbamates 30 and 3t were obtained in
lower 53% and 56% yield, respectively, that decreased further
to 34% in the case of the trimethoxy-substituted product 3u. As
the methoxy group is inert under the standard reaction condi-
tions, one might assume that the electron-donating ability
reduces the stability of the in situ-generated anion, just as in the
case of the secondary and tertiary alcohols. The nitro derivative
3q was isolated in 30% yield along with multiple byproducts
detected that may be due to possible reductive side-reactions
caused by sulfur [91]. To the best of our knowledge, out of the
21 synthesized O-thiocarbamate derivatives (Scheme 2 and
Scheme 3), 18 compounds are new, and only 3d, 3e and 3f are
known in the literature [92-94]. The new derivatives have been
characterized by I NMR, !3C NMR, HRMS and melting

NaH, THF R ome
40°C.2h i
S

3b—f

H

\”/OMe /@NTOMG
s
MeO
3d, 63%

<~—NH
%OMe
S

3f, 54%

Scheme 2: Substrate scope of isocyanides. 2Reaction conditions: 1 (1 mmol), Sg (2 mmol), 2a (2mmol), NaH (2 mmol), THF (3 mL), 2 h, under argon

atmosphere at 40 °C. Yields refer to isolated yields.
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Scheme 3: Substrate scope of alcohols. Reaction conditions: 1a (1 mmol), Sg (2 mmol), 2 (2mmol), NaH (2 mmol), THF (3 mL), 2 h, under argon at-

mosphere at 40 °C. Yields refer to isolated yields.

point. However, the thiocarbamate 3¢ happened to be unstable
and started to decompose after work-up. Therefore, an
HPLC-MS spectrum of the reaction mixture after completion of
the reaction and an HRMS of the crude product are attached in

Supporting Information File 1.

Several experiments were performed to discover the reaction
conditions that enable the synthesis of O-aryl thiocarbamates.
Initially, DBU was used in refluxing dioxane, as this base was

shown to provide the appropriate aliphatic O-thiocarbamate.

However, in this case only the isothiocyanate intermediate was
obtained. Then, trimethylamine was applied in refluxing MeCN
[95] or sodium hydroxide in dimethyl sulfoxide (DMSO) at
70 °C. In both cases only the isothiocyanate intermediate and
phenol were observed by HPLC-MS but no formation of the
desired product.

Then we turned to the synthesis of dithiocarbamate 5a under the

standard reaction conditions, but only the isothiocyanate inter-

mediate was obtained (Table 2, entry 1). Thus a new optimiza-
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Table 2: Optimization of the reaction conditions for the synthesis of dithiocarbamates.

~
NC Ss  + (j/\SH base, solvent H\”/S\ S |
| P = temperature, 3 h s
1a 4a 5a
Entry Solvent Base Temp. [°C] Molar excess Yield [%]2P
4a/Sg/base

1 NaH THF 40 2:2:2 o¢
2 NaOH DMSO 40 2:2:2 22
3 NaOH DMSO 70 2:2:2 38
4 NaOH DMSO 100 2:2:2 34
5 NaOH DMSO 70 3:3:3 23
6 NaH DMSO 70 2:2:2 36
7 CsxCO3 DMSO 70 2:2:2 14
8 NaOH DMF 70 2:2:2 43
9 NaOH DMA 70 2:2:2 45
10 NaOH NMP 70 2:2:2 34
11 NaOH DMA 70 2:1.2:2 59

aReaction conditions: 1a (1 mmol), Sg, 4a, base, solvent (3 mL), temperature, 3 h under argon atmosphere. Plsolated yield, unless noted otherwise.

CIsothiocyanate intermediate detected by HPLC-MS.

tion of the reaction conditions became necessary. Similarly to
the previous methodology, the base, the solvent, the tempera-
ture and the molar excess of the reagents were changed using
the model reaction of 2,6-dimethylphenyl isocyanide (1a),
sulfur and benzyl mercaptan (4a, Table 2). Initially, NaOH was
used in DMSO as shown in entry 2 (Table 2), providing the
desired dithiocarbamate 5a in only 22% yield [96]. In order to
improve the yield, firstly the temperature was elevated to 70 °C
and 100 °C to afford 5a in 38% and 34% yield, respectively
(Table 2, entries 3 and 4). Larger excesses of the reagents and
the base cut back the yield to 23% (Table 2, entry 5). Using
NaH instead of NaOH did not improve the yield of the reaction
(Table 2, entry 6), nor did the use of Cs,CO3 (Table 2, entry 7).

NC + Sg + R-SH
4
N s N s
A A NN
Y T
Pz S S
5b, 3 h, 65% 5¢c,7h,51%

NaOH DMA
70 °C, time

However, using N,N-dimethylformamide (DMF) or N,N-
dimethylacetamide (DMA) as the solvent provided 5a in 43%
and 45% yield, respectively (Table 2, entries 8 and 9), while on
the other hand, N-methyl-2-pyrrolidone (NMP) was disadvanta-
geous for the reaction (Table 2, entry 10). It is well-known that
at elevated temperatures sulfur may act as an oxidant, which in
this case may have compromised the reaction [97-99]. There-
fore, the molar excess of sulfur was decreased, providing a pos-

itive effect on the reaction affording 5a in 59% yield.
With the optimized reaction conditions in hand, a number of

dithiocarbamate derivatives were synthetized (Scheme 4). One
might notice the same trend as in the case of thiocarbamates

s

5b—e

O

5d, 12 h, 47%

sen

5e,3 h, 22%

Scheme 4: Substrate scope of thiols. Reaction conditions: 1a (1 mmol), Sg (1.2 mmol), 4 (2 mmol), NaOH (2 mmol), DMAc (3 mL), time, under argon

atmosphere at 70 °C. Yields refer to isolated yields.
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3g—i, in particular, the primary mercaptans gave the highest
yields (5a and 5b), while in the case of secondary (5c¢ and 5d)
and tertiary thiols (5e) the products were isolated in lower
yields. Although a full conversion of the isocyanide to the iso-
thiocyanate intermediate was observed by TLC and HPLC-MS,
thiophenol, likewise to phenol was unreactive under the stan-
dard reaction conditions. The generally lower yields, harsher
reaction conditions and stronger negative effect of electron-do-
nating groups might be explained with the softer nucleophilici-
ty of the thiols compared to the alcohols [100]. All five dithio-
carbamate derivatives synthesized are new and were character-
ized by '"H NMR, 13C NMR, HRMS and melting point.

After the successful application of various nucleophiles, it was
our intention to investigate the scalability of the procedure.
Thus, a twenty-fold scale-up of the reaction between the
isocyanide 1a, sulfur and methanol (2a) was performed
(Scheme 5). In this case, the experimental conditions were nec-
essarily slightly different, as in larger quantities the reaction be-
tween the alcohol and NaH needs to be kept under control.
Therefore, the mixture of 1a, methanol and THF was added
dropwise to a mixture of NaH and sulfur in THF under ice-cool-
ing. After the work-up, no chromatography was necessary and
the crude product was purified by recrystallization from hexane/
ethyl acetate. The three collected crops of crystals provided the
thiocarbamate 3a in a total of 74% yield.

NC
+ Sg + MeOH
1a 2a
20 mmol 40 mmol 40 mmol
2.62g 1289 1.62 mL

Scheme 5: Scaled-up synthesis for 3a.

Beilstein J. Org. Chem. 2019, 15, 1523—1533.

We have envisaged that our multicomponent reaction could be
compatible with subsequent one-pot transformations. In order to
demonstrate this capability, we performed the multicomponent
domino annulation between isocyanide 1a, sulfur and methyl
anthranilate (6) in DMSO in the presence of NaOH at 85 °C
that provided 3-(2,6-dimethylphenyl)-2-thioxo-2,3-dihydro-
quinazolin-4(1H)-one (7), a new quinazolinone derivative in
40% yield (Scheme 6). Notably, these heterocycles are known
for their use as antitumor [101], anticonvulsant [102] or
epidermal growth factor receptor tyrosine kinase inhibitory
agents [103], JNK inhibitors [104] or 5-HT3 antagonists [105].
Earlier, a one-pot synthesis of an analogous compound was
accomplished by Sayahi et al. starting from isothiocyanates in
the presence of CuBr [106].

As aforementioned, in some cases only isothiocyanate 8 was
detected and/or isolated. Thus, in order to gain mechanistic
insights on the generation of 3a, we performed a series of ex-
periments (Scheme 7). As shown in Table 1, isocyanide 1a and
sulfur did not react in the absence of a base (Table 1, entry 21).
Therefore, the reaction was performed in the presence of NaH
under the standard reaction conditions, providing 8 in 85%
yield (Scheme 7, reaction 1). Notably, the analogous reaction
reported by Tan and co-workers using potassium ferz-butylate
in --BuOH/dioxane at 55 °C for 6 h resulted in the desired iso-
thiocyanate in only 34% yield [69]. In the next step, we investi-

H
NaH, THF (60 mL) N\ITOMe
40°C,2h s
74%
3a
2.89¢g

NaOH, DMSO

e
MeOOC

1a 6

Scheme 6: Multicomponent domino synthesis of quinazolinone 7.

85°C,1,5h

S
o
s N

Y
\[ NaOH

7,40%

COOMe
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NC NaH, THF No
+ Sg _ > \C\\
(1 40°C,2h S
1a 8, 85%
N< .
@ | ~ \C\\S + MeOH THF no reaction
_ 2a 40°C,2h
8
NC + Na,S + MeOH THF traces of 3a
®) 40°C, 2 h
9 2a
1a
MeCN
40°Cor70°C,2h N
4 NG Sg + NaOEt or SCe
“) 30% EtOH/THF S
40°C,2h
1a 8, detected by HPLC-MS

Scheme 7: Control experiments.

gated the acylation of the alcohol component by the isothio-
cyanate (Scheme 7, reaction 2). In the absence of a base, no
reaction occurred, and consequenctly the base was necessary for
both steps of the thiocarbamate formation. This also explains
why two equivalents of base were required. Sodium sulfide as
the base provided only traces of 3a suggesting that the activa-
tion of sulfur by NaH produces rather a polysulfide anion
instead of sodium sulfide [74,107,108] (Scheme 7, reaction 3).
It caught our attention that only isothiocyanate was generated in
the presence of NaOEt (Table 1, entry 20). We suspected that
THF might not be the best solvent for this base, hence the reac-

tion was performed in MeCN providing exclusively 8 both at

KCN@

NaH ]LS‘ Na*

Sg _—

S™Na*

n-1

NuH = ROH or RSH HS[

Scheme 8: Proposed mechanism.

40 °C and 70 °C, and the same result was obtained when
a solvent mixture of ethanol and THF was used (Scheme 7,
reaction 4).

Based on the above experimental results and previous reports
[74,107,108], a possible reaction mechanism has been pro-
posed (Scheme 8). Initially, the reaction of elemental sulfur and
NaH generates a polysulfide anion that is able to attack the
carbenoid carbon atom of isocyanide 1a yielding the isothio-
cyanate intermediate 8. Then, the present nucleophile (NuH,
alcohol or thiol) undergoes a nucleophilic addition on 8 provid-

ing thiocarbamate 3a.

NuH H N
u
=Cc=N 2 b
S
8 3a
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Conclusion

In summary, we have developed an efficient, convenient and
scalable multicomponent method for the synthesis of O-thiocar-
bamates and dithiocarbamates under mild reaction conditions.
This approach includes an improved catalyst-free synthesis of
isothiocyanates from elemental sulfur and isocyanides, and
shows good functional group tolerance to halogen, olefin and
nitrile groups among others. Moreover, this multicomponent
reaction is suitable for a one-pot cascade annulation providing a
thioxo dihydroquinazolinone derivative in a metal-free ap-
proach. Compared to other reported syntheses of thiocarba-
mates, this method is highlighted by its simplicity, atom eco-
nomical nature and green operational method. Out of the
29 synthesized compounds, 18 new O-thiocarbamates, 5 new
dithiocarbamates and 1 new thioxodihydroquinazolinone were

characterized.
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