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( A Metal-Free Three-Component Reaction for the Regioselective
\"" Synthesis of 1,4,5-Trisubstituted 1,2,3-Triazoles**

Joice Thomas, Jubi John, Nikita Parekh, and Wim Dehaen*

Abstract: A metal-free three-component reaction to synthesize
1,4,5-trisubstituted 1,2,3-triazoles from readily available build-
ing blocks, such as aldehydes, nitroalkanes, and organic azides,
is described. The process is enabled by an organocatalyzed
Knoevenagel condensation of the formyl group with the nitro
compound, which is followed by the 1,3-dipolar cycloaddition
of the azide to the activated alkene. The reaction features an
excellent substrate scope, and the products are obtained with
high yield and regioselectivity. This method can be utilized for
the synthesis of fused triazole heterocycles and materials with
several triazole moieties.

Substituted 1,2,3-triazoles are among the most important
heterocyclic compounds and have found a broad spectrum of
applications in areas ranging from medicinal chemistry to
material science.! The amide-triazole bioequivalence of
these heterocycles has been utilized for the development of
many privileged medicinal scaffolds that exhibit, for instance,
anti-HIV, anticancer, and antibacterial activities.”) Because of
their reliability, regioselective triazole-forming reactions have
gained much attention, particularly those that are based on
copper(I)- and ruthenium(IT)-mediated azide-alkyne cyclo-
additions reactions.”*! However, these methods are mostly
restricted to terminal alkynes, and the toxicity of the heavy
metals makes these strategies not ideal for some biological
applications.’! Therefore, the development of new efficient
methods that are devoid of these deficiencies would be of
great importance.

Recently, organocatalytic triazole formation has been
used as a powerful, albeit less developed, alternative to metal-
catalyzed click reactions (Figure 1).° The first example was
reported by Ramachary et al., who investigated the synthesis
of functionalized NH-1,2,3-triazoles from y-activated enones
and organic azides under proline catalysis.®*" Recently, the
groups of Wang and Bressy independently developed a regio-
selective approach for the synthesis of 1,4,5-trisubstituted
1,2,3-triazoles through enamide-azide cycloadditions of
B-keto esters or nitriles to azides in the presence of a catalytic
amount of a secondary amine.**¢ However, major limi-
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Figure 1. Organocatalytic routes to substituted 1,2,3-triazoles.

tations of these approaches are the narrow substrate scope
and the restriction to ketone or cyclic enone substrates.

Despite these advances in organocatalytic triazole syn-
thesis, some challenging issues still remain: 1) A regioselec-
tive synthesis of 1,4,5-trisubstitued 1,2,3-triazoles with con-
siderable molecular complexity and diversity to enable
structure—activity relationship studies of drug-like com-
pounds and 2) an economically viable procedure to synthesize
densely functionalized triazoles from inexpensive commer-
cially available building blocks have not been developed.
Perhaps the most promising and powerful method to reach
these goals is to rely on new multicomponent reactions
(MCRs).[" Tdeally, MCRs should be versatile so that any
combination of functional groups can be integrated into the
final products. In view of realizing such transformations, we
were prompted to consider a three-component reaction
(3CR) to construct fully functionalized triazole scaffolds
from readily available building blocks, such as aldehydes,
nitroalkanes, and organic azides (Figure 1). We hypothesized
that nitroalkene dipolarophiles prepared in situ by a Knoeve-
nagel condensation of the corresponding aldehydes and
substituted nitroalkanes may undergo a regioselective inter-
molecular Huisgen cycloaddition reaction with organic azides
to form 1,4,5-trisubstituted 1,2,3-triazoles after aromatization
by spontaneous loss of HNO, in an atom-economic
approach.®

The reaction conditions were optimized with benzalde-
hyde (1a), ethyl nitroacetate (2a), and benzyl azide (3a) as
the model substrates.”’ Therefore, the optimized reaction
conditions of the one-pot 3CR were found to entail the use of
1a,2a, and 3a in a molar ratio of 1.3:1:1, morpholinium para-
toluenesulfonate (Morph/TsOH, 5 mol % ) as the catalyst, and
2,6-di-tert-butyl-4-methylphenol (BHT; 5 mol %) as an addi-
tive over 4 A molecular sieves in toluene (2m) at 100°C in
a sealed tube under argon atmosphere. The desired product
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4a was isolated in 83 % yield with a regioselectivity of > 99 %
[Eq. (D]

cHo N3 Morph/TsOH (5 mol%) § N
N °N
BHT (5 mol%
+ O,N” " COOEt + o mEmen = o
4AM.S., Toluene COOEt
T 2a 3a 100°C, 48 h 4a (83%)

NO,
CHO Morph/TsOH (5 mol%) s s )COOEt
~ BHT (5 mol%) o
+ O,N” “COOEt TAANS. Tomems + @
4A M.S., Toluene O,N COOEt
100°C, 1h
1a 2a COOEt
NO,
6 (20%)

To get insight into the mechanism of the reaction, several
experiments were done. When 1a and 2a were reacted in the
presence of the Morph/TsOH cata-

by further Michael addition reactions with nitroalkenes to
generate the undesired dinitroglutaric ester 6.1 We presume
that this species is in equilibrium with the Knoevenagel
product 5, and that the formation of triazole 4 can displace
this equilibrium, so that this transformation is an example of
thermodynamically controlled dynamic covalent chemistry.!*?
Thus, the yield of the 3CR is superior to that of the 2CR
Knoevenagel condensation itself, and isolation of the nitro-
alkene prior to the cycloaddition®® is not needed, and even
disadvantageous for the overall yield. The high regioselectiv-
ity of this reaction is clearly due to the presence of a strongly
electron-withdrawing nitro group on the dipolarophile 5,
which lowers the energy of the lowest unoccupied molecular
orbital (LUMO) and causes the 3 carbon atom to be the most
electrophilic.”! Thus, dipolar reaction partners are expected
to attack the partially positively charged { position of the
nitroalkene dipolarophile in a Huisgen cycloaddition to form
a cyclic triazoline intermediate, which would then eliminate
nitrous acid to regioselectively yield a triazole with the
carboxy and the phenyl group at the C4 and the CS position,
respectively.l

With the optimized reaction conditions in hand, we first
studied the scope and limitations of this transformation with

lyst (5mol%) for a period of one Table 1: Substrate scope of the triazole synthesis.”!

hour, nitroalkene 5 was obtained in

Morph/TsOH (5 mol%) RL. N

45% vyield, together with the WCHO + o, o RS % Ny
expected Michael adduct, 1,3-dini- Tozuoznoec“%'\:s R® R?
troalkane 6, in 20 % yield [Eq. (2)]. 4
Then, two separate experiments
were conducted with the isolated
dipolarophile 5§ and benzyl azide 3a N
both in the absence and in the N"°N
presence of the catalyst over R’ COOEt O COOEt  /=( COOEt Et00C COOEt nBu COOE
a period o.f 48 hours. Interestlggly, 42 (83%), R = Ph 41 e% N 4j (56%) ok (76%) A1 (50%)
both reactions led to the desired 4b (67%)®, R = p-OMe-CgH,
product 4a in 84% and 86% yield, 4c (80%), R = 0-OMe-CgH, O
tivel d exhibited th 4d (61%), R = 0-Me-CgH,
respectively, and exhibited the same a0\ "2 = o F oy, Ry Moy
regioselectivity as a reaction under  4f (66%), R = p-Br-CgH, N,N\\N _
the optimized conditions. This 49 (78%), R = p-CHO-CgH, — COOE
observation convincingly demon- (85%). R = p-COOMe-CeHy EtOOC N‘EH
strated that the organocatalyst °© °
. .. 4p (46%) 4ab (78%), R = p-OMe-CgHy
p?ays no role in .determmmg .the 4ac (42%), R = p-COOEt-CqH
high regioselectivity of the final Nen 4ad (60%), R = Ph
cycloaddition step. Based on these 4ae (80%), R = n-pentyl
studies, the probable catalytic path- 4af (78%), R = CHCOMe
way of this MCR involves the initial N,
formation of an activated iminium (77%), R = COPh 4r (64%) [[e]] R=Br meooc” N N
. . o, 0/ \[€
intermediate from benzaldehyde 4“ (64%), R = SO,Ph 4s (62%) ", R = Me COOEt
. [10] 40 (43%), R=CONHMe  4t(59%)“, R=H
(lz?) 'and the. mo'rphohne salt. 4q (26%), R = PO(OE),  4u (49%)°, R = Ph “
This intermediate is then attacked 4v (43%)®, R = CHy-2-thienyl
by ethyl nitroacetate (2a) to afford :W(f;;/")f]]-; =(2:2-)0824-&-0Me O
. . X (37%)°, R = 5),CO,Me
nitroalkene §, together with the 4y (35%)®, R = (CH,),CHj 4ag (66%)

regeneration of the catalyst. A con-
densation reaction catalyzed by

4z (37%)®, R = (CH,)3CH3
4aa (41%)°, R = (CH,);0H

para-toluenesulfonic acid could

[a] Reaction conditions: 1 (1.3 equiv), 2 (1.0 equiv), 3 (1.0 equiv), Morph/TsOH (5 mol %), BHT

constitute another reaction path- (5 mol %), 4 AM.S. (50 mg), toluene (0.2 mL), 100°C, 48 h. Yields of isolated products are given. [b] 4%
way. However, some of these Knoe-  of the other regioisomer was observed. [c] BHT (30 mol %). [d] Thiophene-2-carbaldehyde (2.0 equiv).

venagel adducts will be consumed [e] 2 (2.6 equiv), 72 h. M.S.

=molecular sieves.
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a wide range of aromatic and aliphatic aldehydes (Table 1).
Both electron-donating functional groups, such as methoxy
(4b and 4c¢) and methyl (4d) substituents, and electron-
withdrawing groups, such as halogens (4e and 4f), aldehyde
(4g), and ester (4h) moieties, on the aromatic rings were
compatible with this transformation, and the corresponding
products were obtained in good to excellent yields. The use of
electron-poor aldehydes led to the formation of a single
regioisomer, whereas the use of electron-rich aldehydes
resulted in a small, but noticeable amount (4%) of the
other regioisomer, which bears the ester group derived from
ethyl nitroacetate on the CS position of the triazole ring.
These observations revealed that electron-donating groups
reduce the electrophilicity at the [} carbon atom of the
corresponding dipolarophile, leading to a small amount of
the other regioisomer. Fortunately, this minor regioisomer is
effectively removed by column chromatography. The reaction
was also not affected by the steric hindrance impaired by
methoxy (4¢) or methyl (4d) groups at the ortho position of
the aromatic aldehydes. Notably, a readily available fluores-
cent material, pyrene-1-carboxaldehyde, performed well in
this transformation, affording the triazole 4iin 76 % yield, but
a larger amount of BHT (30 mol%) had to be employed.
Otherwise, the reaction afforded desired product 4i in only
43% yield. The reaction of the heterocyclic substrate
thiophene-2-carbaldehyde also proceeded with reduced effi-
ciency under the optimized conditions. Fortunately, when the
reaction was repeated with two equivalents of thiophene-2-
carbaldehyde, the yield of the corresponding bis(heteroaryl)
product 4j improved to 56 %. Furthermore, ethyl glyoxalate
was also found to be a suitable coupling partner, which led to
the expected compound 4k in 77 % yield. The reaction with
an aliphatic aldehyde afforded compound 41in 50 % yield. An
expected obstacle with the aliphatic aldehyde was the
undesired aldol condensation, which also proceeded under
the reaction conditions.

We then examined the scope of this MCR with respect to
the nitroalkane coupling partner. Differently functionalized
nitroalkanes, such as benzoylnitromethane, phenylsulfonylni-
tromethane, and nitroacetamide, were compatible with these
conditions and afforded the expected compounds once again
with excellent regioselectivity. To extend the applicability of
this transformation and to demonstrate its broad scope, we
synthesized 1,2,3-triazolyl-4-phosphonate 4q using this strat-
egy. To the best of our knowledge, a metal-free synthesis of
1,2,3-triazolyl phosphonates has not yet been described." We
believe that the lower yield of this reaction is due to the
hydrolysis of the phosphonate group under the present
reaction circumstances. We next studied the use of non-
activated nitroalkanes (4r—4aa) in this transformation, and
after some optimization, we found that this multicomponent
reaction proceeded more effectively with an excess amount of
the nitro compound (2.6 equiv) and required a reaction time
of 72 hours. Several aliphatic and aromatic groups were
introduced at the C4 position of the triazole heterocycle. To
our delight, the reaction with bromonitromethane furnished
1,5-disubstituted 4-bromotriazole 4r in 64 % yield, showing
that HNQO, is eliminated rather than HBr, which would be
equally plausible.™! Generally, copper- or iridium-catalyzed
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cycloaddition reactions of azides and bromoalkynes have
been employed to synthesize 1,5-disubstituted 4-bromotria-
zoles, but the lack of structural diversity in the alkynyl
building blocks has limited the application of this method.!""!
The reaction with nitromethane constitutes an additional
example of a metal-free multicomponent reaction for the
regioselective synthesis of 1,5-disubstituted 1,2,3-triazoles."”!
Furthermore, the reactivity of several azides was evaluated.
For aromatic azides, an electron-donating para-methoxy
group resulted in the isolation of the desired cycloadduct
4ab in good yield; however, azides with an electron-with-
drawing ester group or a phenyl substituent provided the
corresponding products in diminished yields in comparison
with benzyl azide (4ac and 4ad). This may partially be
explained by the lower thermal stability of aryl azides. Not
surprisingly, aliphatic azides were converted into the corre-
sponding products with higher efficiency than the aromatic
azides (4ae-4ag).

Interestingly, the reaction with ethyl glyoxalate (7),
benzoylnitromethane (8), and 2-azidoethanol (9) under
optimized conditions led to the formation of the novel
heterocycle-fused 1,2,3-triazole 10, which entails a six-mem-
bered lactone fused to the 1- and 5-positions of the triazole
ring system [Eq. (3)].

o)
CHO ON N
CoOEt * Morph/TSOH (5 mol%) (N' N
BHT (5 mol% _
7 8 ( b) Y "
+ Toluene, 4A M.S. b <
N3 100 °C, 48 h
HoT 10 (41%)

9

In a preliminary investigation, we have established that
this three-component reaction is also applicable to acetal-
protected aldehydes, thus giving access to triazole hetero-
cycles that cannot be synthesized by other methods. For
example, under the standard conditions, diethyl chloroacetal
11 yielded the desired product 12 in 52% yield with good
regioselectivity [Eq. (4)].

BHT (5 mol%) . @)
Toluene, 4A M.S. COOEt
100 °C, 48 h
Cl' 12 (52%)

+ +

OEt
Cl OEt N3
1 Morph/TsOH (5 mol%) N
% NN

0,N" >COOEt
2a 3a

Bifunctional building blocks with the same functional
groups gave bis(triazole) derivatives after multiple MCRs
(Figure 2). Our initial experiments focused on the bifunc-
tional substrate terephthaldehyde, which gave the novel
bis(triazole) compound 13 in acceptable yield (40%) on
treatment with 2a and 3a (2 equiv each) under the optimized
reaction conditions. Furthermore, two diazide building
blocks, 1,2-bis(azidomethyl)benzene and 1,4-bis(azidome-
thyl)benzene, were treated with an excess of 1a and 2a to
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Figure 2. Multicomponent synthesis of bis(triazole) derivatives.

furnish the desired products 14 and 15 in 69 % and 75 % yield,
respectively.

The versatility of these multiple MCRs was further
exemplified by synthesizing compound 17, a metal-free
tetraarylporphyrin functionalized with four fully substituted
1,2,3-triazole groups [Eq. (5)]. In earlier work, we had seen

EtOOC

/N
Morph/TsOH (5 mol%)
BHT (5 mol%)
1a + 2a +
Toluene, 4A M.S.
100°C,72h

n-N

that unless the porphyrin is metalated (with Zn) prior to the
copper-catalyzed click reaction, we obtained a Cu" metalated
porphyrinate.l" Close inspection of the "H NMR data of the
crude reaction mixture revealed the presence of 4% of the
other regioisomer. Ultimately, 17 was isolated as a single
regioisomer in good yield by column chromatography fol-
lowed by precipitation of the isolated compound in an excess
of heptane.

Inspired by the success of the above reactions, our efforts
were focused on the reaction of salicylaldehyde (18), ethyl
nitroacetate (2a), and organic azides to generate coumarin-
fused triazole derivatives [Eq. (6)].”) Surprisingly, the prod-
ucts arising from these transformations, heterobicycles 20 and

CHO o

PN =N
2N" "COOEt  Morph/TSOH (5 mol%) N=N R
OH 2a N—
BHT (5 mol%) X
+ + (6)
A~ Toluene, 4A M.S. oo

N3 N
100°C, 48 h 20, R = Ph (77%)

18 3a, R=Ph
19, R = COOMe 21, R = COOMe (67%)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

21, could be shown to be the other regioisomer (with the
carbonyl group of the lactone ring connected to the 5-position
of the triazole) with respect to the preceding examples. Initial
evidence was obtained from the 'H NMR spectra of these
compounds and the unusual downfield shifts of the peaks
corresponding to the methylene groups that originate from
the organic azides compared to other trisubstituted 1,2,3-
triazoles. To obtain concrete evidence for the regiochemistry
of this product, we synthesized the regioisomer of 20, triazole
22 (with the carbonyl group of the lactone ring connected to
the 4-position of the triazole), by BBr; mediated cleavage of
the ether moiety of triazole derivative 4¢ followed by
lactonization [Eq. (7)]. An upfield shift of the peaks corre-

N, N
o NN P N-N
== BBr3, CH,Cl, N
_ T T 7
COOBt  4°C, 24 h, H,0 Y
OMe 0" Yo
4c 22 (82%)

sponding to the benzylic hydrogen
atoms in the 'H NMR spectrum of 22
relative to those of 20 confirmed the
regiochemistry of the coumarin-fused
triazole derivatives. We speculate that
with the dipolarophile 3-nitrocou-
marin, steric effects surpass electronic
preferences, to give exclusively the

5y opposite regioisomer."’!
In conclusion, we have developed
a versatile organocatalytic three-com-
ponent reaction that generates fully
substituted 1,2,3-triazoles decorated
W, with useful functional groups, which
can be used for further manipulation
and diversification. This method fea-
tures metal-free conditions and high
regioselectivity, and it provides an easy
access to diversely functionalized 1,2,3-triazoles that are
inaccessible by other means. Many functional groups, such as
aldehydes, ketones, esters, sulfones, halides, amides, and
phosphonates, are well tolerated under these reaction circum-
stances. A rapid search for the products reported herein
showed that less than 20% of them have been previously
described. Furthermore, most of the reported syntheses have
the disadvantage of requiring heavy metals and less available
unsymmetric internal alkynes; therefore, our method is very
convenient. Further elaboration of this chemistry to other
new reactions and the development of applications of these
transformations in the medicinal as well as the supramolec-
ular sciences are currently actively pursued within our group.
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