
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
:2

9:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Solvent-free synt
aDepartment of Chemistry and Biochem

Sherbrooke O., Montréal, QC, Canada H4B
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hesis of 3,5-isoxazoles via 1,3-
dipolar cycloaddition of terminal alkynes and
hydroxyimidoyl chlorides over Cu/Al2O3 surface
under ball-milling conditions†

Rafael A. Hernandez R., a Kelly Burchell-Reyes,a Arthur P. C. A. Braga,a

Jennifer Keough Lopeza and Pat Forgione *ab

Scalable, solvent-free synthesis of 3,5-isoxazoles under ball-milling conditions has been developed. The

proposed methodology allows the synthesis of 3,5-isoxazoles in moderate to excellent yields from

terminal alkynes and hydroxyimidoyl chlorides, using a recyclable Cu/Al2O3 nanocomposite catalyst.

Furthermore, the proposed conditions are reproducible to a 1.0-gram scale without further milling time

variations.
The addition of oxygen or nitrogen-containing heterocycles in
drug candidates has become a common feature of the recently
approved drugs by the FDA.1,2 In particular, isoxazoles are
common molecular scaffolds employed in medicinal chemistry
due to the non-covalent interactions such as hydrogen bonding
(through the N) and p–p stacking (by the unsaturated 5-
membered ring).3–6 Within the isoxazole family, 3,5-isoxazoles
(1) are regularly utilized as pharmacophores in medicinal
chemistry.2,5,6 Selected examples including muscimol (GABAa

agonist), isocarboxazib (antidepressant), isoxicam (anti-
inammatory), berzosertib (ATR kinase inhibitor), and sulfa-
methoxazole (antibiotic) are highlighted in Fig. 1.7–10

Various methodologies to synthesize 3,5-isoxazoles have
been developed over the years.7,9,11–13 Specically, 1,3-dipolar
cycloaddition between terminal alkynes (2) and nitrile oxides (4)
formed in situ by deprotonation of hydroxyimidoyl chlorides (3)
is a standard route to access 3,5-isoxazoles (1) (Fig. 2).7,9,14

Recent reports have sought to mitigate the environmental
impact of this reaction by performing 1,3-dipolar cycloaddition
under solvent-free conditions, using green solvents such as
water or ionic liquids, under metal-free conditions, or using
mild oxidants.14–28 However, these methodologies have a low
atom economy, have a higher hazardous waste production, and
are less energy efficient. Therefore, developing a greener
methodology that enables rapid and efficient access to these
scaffolds is highly desirable.
istry, Concordia University, 7141 rue
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02
Mechanochemistry has been recognized as an environmen-
tally friendly technique as reactions can be performed under
solvent-free conditions. Additionally, in some instances, work-
up and purication are simplied or absent from procedures,
and the process consumes less energy than other solution-
based techniques.29–33 The use of mechanochemical tech-
niques to synthesize isoxazoles is limited. Sherin et al. reported
a synthesis of 3,5-isoxazoles (7) by grinding in a mortar and
pestle curcumin derivatives (5), hydroxylamine (6), and sub-
stoichiometric amounts of acetic acid to form the 3,5-iso-
xazole (7) in short times and excellent yields (Fig. 3a).34 Like-
wise, Xu et al. studied the synthesis of trisubstituted isoxazoles
(10) via 1,3-dipolar cycloaddition of N-hydroxybenzimidoyl
chlorides (8) and N-substituted b-enamino carbonyl (9)
Fig. 1 Examples of isoxazoles with pharmacological activity.
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Fig. 2 1,3-Dipolar cycloaddition of terminal alkynes and nitrile oxides.

Fig. 3 Previously reported synthesis of isoxazoles.

Table 1 Optimization of reaction conditionsa

Entry Changes from optimized conditions Yieldb (%) of 1a

1 None 72
2 Milling for 10 min, 7 SS balls 59
3 Milling for 15 min 7 SS balls 64
4 Milling for 30 min 58
5 Milling for 40 min 60
6 Using 1.0 equiv. of 3a 65
7 Using 2.0 equiv. of 3a 57
8 Using K2CO3 71
9 Using Cs2CO3 71
10 Using CaCO3 44
11 Using Ag2CO3 18
12 Using NEt3 N.R.

a Reaction Conditions: 0.166 mmol of 2a, 0.250mmol of 3a, 0.332 mmol
of Na2CO3, SS beaker (50 mL capacity), 8 � SS milling balls (10 mm
diameter), 20 min milling, 60 Hz. b 1H-NMR yields were measured
using 1,3,5-trimethoxybenzene as an internal standard.
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compounds by ball-milling (Fig. 3b) in high yields, short reac-
tion times, in the absence of catalyst and liquid additives.35 To
our knowledge, mechanochemical synthesis of 3,5-isoxazoles
(1) from terminal alkynes (2) and hydroxyimidoyl chloride (3)
has not been reported (Fig. 3c). The proposed methodology
employs a planetary ball-milling technique that provides a route
to access in large scale, short reaction times, and high atom
economy the corresponding 3,5-isoxazoles (1). Additionally, it
utilizes synthetically accessible or commercially available
motifs such as terminal alkynes (2) and hydroxyimidoyl chlo-
rides (3) that are recurrent or easily installed in many
substrates. Herein, we report a mechanochemical 1,3-dipolar
cycloaddition using the planetary ball-mill to synthesize a wide
range 3,5-isoxazoles from a broad library of alkynes and (E,Z)-N-
hydroxy-4-nitrobenzimidoyl chloride (3a), ethyl (E,Z)-2-chloro-2-
(hydroxyimino)acetate (3b), hydroxycarbonimidic dibromide
(3c), or (E,Z)-N-hydroxy-4-methoxybenzimidoyl chloride (3d) in
moderate to excellent yields, in short reaction time, and with
less waste production than in solution based reactions (Fig. 3c).

We began our investigation by performing an optimisation
of the 1,3-dipolar cycloaddition reaction between alkyne 2a and
hydroxyimidoyl chlorides 3a by milling the selected substrates
in a stainless-steel (SS) jar in the planetary ball-mill to obtain
© 2022 The Author(s). Published by the Royal Society of Chemistry
3,5-isoxazole 1a (Table 1). During the optimization, the effect of
milling time, amount of milling media, base, and equivalents of
hydroxyimidoyl chlorides were studied to obtain the highest
yield of 3,5-isoxazole 1a (Table 1). Optimization revealed the
combination of 1.0 equivalent of alkyne 2a, 1.5 equivalents of
hydroxyimidoyl chlorides 3a, and 2.0 equivalents of Na2CO3

while milling for 20 minutes with 8 SS balls provided the most
effective conditions (Table 1, entry 1). Our rst control experi-
ments focused on optimizing the milling time (Table 1, entries
2–5). Milling the reagents for less than 20 minutes affords lower
product yields (Table 1, entries 2 and 3). Conversely, milling the
reagents longer than 20 minutes leads to a decrease in yield to
about 60% (Table 1, entries 4 and 5). The strong abrasion of the
SS milling media for extended periods could lead to a ring-
opening by a reduction of the N–O to yield b-keto-enamine.36,37

Having optimized the milling time, we next attempted to
improve the yield by varying the equivalents of hydroxyimidoyl
chlorides 3a since reaction stoichiometry has been shown to
impact the product formed during mechanochemical reac-
tions.38,39 3,5-isoxazole 1a was obtained in lower yields when
using equimolar amounts alkyne 2a to hydroxyimidoyl chlo-
rides 3a (entry 6, Table 1). Because nitrile oxides rapidly
dimerize to form furoxans by a competing 1,3-dipolar cycload-
dition.40–45 Likewise, increasing the equivalents of 18a from 1.0
to 2.0 equivalents lowered the yield of the reaction (entry 7,
Table 1). We obtained the highest yield with 1.5 equivalents of
the hydroxyimidoyl chlorides of 3a, and these conditions were
used for further experiments (entry 1, Table 1). We next studied
the effect of diverse carbonated bases in the reaction. We
observed that changing the base did not improve the yield of the
reaction, and Ag2CO3 was most detrimental to the reaction as it
RSC Adv., 2022, 12, 6396–6402 | 6397
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Fig. 4 Catalyst-free mechanochemical synthesis of 3,5-isoxazoles.

Table 2 Effect of copper(II) in the synthesis of 3,5-isoxazolesac

Entry Cu(II) Equivalents Time (min) Yieldb (%) 19e

1 Cu/Al2O3 0.14 of Cu(II) 10 73
20 76
30 79
40 64
50 56

2 Cu(NO3)2$2.5H2O 0.1 30 78
3 Cu(NO3)2$2.5H2O 1.0 30 84
4 Cu(OAc)2$H2O 1.0 30 88
5 Cu(OTf)2 1.0 30 76
6 CuCl2$H2O 1.0 30 76
7 Cu2CO3(OH)2 2.0 30 36

a Reaction conditions: 0.220 mmol of 2d, 0.330 mmol of 3b, 0.220 mmol
of Na2CO3, 0.440 mmol (14 mol%) of Cu/Al2O3, SS beaker (50 mL
capacity), 8 � SS milling balls (10 mm diameter), 60 Hz. b 1H NMR
yields were measured using 1,3,5-trimethoxybenzene as an internal
standard. c See ESI for solid-state characterization by FT-IR and
MALDI-TOF-MS of reaction crude 1e.

Fig. 5 (a) Filtration of the Cu/Al2O3 catalyst after the first run. (b)
Colour change of the Cu/Al2O3 catalyst after recycling. From left to
right. (left) Fresh catalyst: blue. (middle) First recycle: green. (right)
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promoted furoxan formation (entries 8–11, Table 1).46,47 Using
triethylamine (NEt3) proved impractical as the addition of NEt3
to hydroxyimidoyl chlorides was highly exothermic in the
absence of solvent (entry 12, Table 1).

During the screening, we observed that milling time inu-
ences the reaction yield.35,48 Therefore, a milling time optimi-
zation for other alkyne and hydroxyimidoyl chloride
combinations revealed that the most optimal milling time was
determined to be between 10 and 30 minutes (see ESI† for
milling time optimizations).

As shown in Fig. 4, stannanyl isoxazole 1a and 1b, silyl iso-
xazole 1c, and phenyl isoxazole 1d were synthesized with
satisfactory yields under the proposed conditions. To explain
these results, we suggest an electronic argument. The electron-
withdrawing character of the metal substituents, stannyl or silyl
of alkyne 2a and 2b, respectively, accelerates the reaction by
deactivating the alkyne moiety.49–51 It is observed that alkyne 2a
bearing the alkylstannane substituent has a more pronounced
effect than the alkyne with the silyl substituent (2b). Therefore,
alkyne 2a was the most reactive as it reacted with hydrox-
yimidoyl chlorides 3a and 3b to synthesize 3,5-isoxazole 1a and
1b respectively, in short times and excellent yields (Fig. 4). On
the other hand, ethynyltrimethylsilane (2b) was less reactive as
it could only react with a more labile hydroxyimidoyl chlorides
3b to form 3,5-isoxazole 1c (Fig. 4). Comparably, we suggest that
the phenyl substituent of alkyne 1c increases the polarizability
of the molecule, resulting in deactivating the alkyne moiety. As
a result, phenylacetylene (1c) reacted in excellent yields with
hydroxyimidoyl chlorides 1b.42 In addition, we observed that the
electronic nature of the hydroxyimidoyl chloride substituent
affects the reactivity of the nitrile oxide dipole. Hydroxyimidoyl
6398 | RSC Adv., 2022, 12, 6396–6402
chlorides 3a containing an aromatic substituent with strong
electron-withdrawing groups decreased the reactivity of the
nitrile oxide.52,53 Consequently, the nitrile oxide synthesized in
situ from hydroxyimidoyl chlorides 3a could only react with
tributyl(ethynyl)stannane (2a). On the other hand, hydrox-
yimidoyl chlorides 3b was the most reactive due to the bearing
of a weaker electron-withdrawing group such as the ester
functional group.43,52 Unfortunately, other alkynes containing
substituents such as esters, pyridines, or substituted arenes
were not tolerated under these conditions. Previous reports
demonstrated the effect of copper catalyst or copper additives to
accelerate the reaction and obtain the 3,5-isoxazoles in a regio-
selective manner.15,53–59 Therefore, we aimed to investigate the
effect of copper additives or catalysts on this reaction.

Although the mechanochemical synthesis of 3,5-isoxazoles
using copper(II) catalyst is unprecedented, 1,2,3-triazoles have
been synthesized in this way with copper(II) salts and copper(II)
Second recycle: brown.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ions in alumina nanocomposites (Cu/Al2O3).60,61 We investi-
gated the effect of Cu/Al2O3 (see ESI† for XPS spectrum) and
copper salts using methyl propiolate (2d) and (E,Z)-2-chloro-2-
(hydroxyimino)acetate (3b) as model substrates (Table 2).

We observed a signicant increase in yield and regioselective
control when using sub-stoichiometric amounts of copper (0.14
equivalents or 14 mol%) of Cu/Al2O3 or 10 mol% of Cu(NO3)2-
$2.5H2O while milling the reagents for 30 minutes (entries 1
and 2, Table 2). Irreproducible yields were obtained by
decreasing the catalytic loading to 7 mol% of Cu/Al2O3. In
contrast, when the equivalents of Cu(NO3)2$2.5H2O were
increased to 1.0 equivalent, we observed no signicant increase
in yield (entry 3, Table 2). Additionally, when investigating the
effect of the counter anion on the copper(II), it was observed that
Cu(OAc)2$H2O performs similarly to Cu(NO3)2$2.5H2O (entry 4,
Table 2), while Cu(OTf)2 and CuCl2$H2O produced lower yields
(entries 5 and 6, Table 2). Substituting Na2CO3 with
Fig. 6 Mechanochemical synthesis of 3,5-isoxazoles reaction scope. a

scale.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Cu2CO3(OH)2 lowered the yield drastically (entry 7, Table 2).
Interestingly, the addition of copper salts did not lead to
homocoupling of the alkyne moiety by the Glaser reaction.62–64

We decided to continue our investigations using Cu/Al2O3 as
the catalyst can be ltered and washed with solvent, thereby
facilitating catalyst recovery and recycling (Fig. 5).60

The Cu/Al2O3 catalyst effect was not exclusively benecial for
the cycloaddition with methyl propiolate (2d) (3,5-isoxazole 1e,
Fig. 6). This system improves the reactivity of hydroxyimidoyl
chlorides 3a, 3b, 3c, and 3d and other alkynes inaccessible
under copper-free conditions, thus allowing access to a broader
library of 3,5-isoxazoles (Fig. 6). Moreover, the presence of Cu/
Al2O3 nanocomposite as part of the reaction conditions is not
impaired by the presence of labile substituents such as silanes
(1c, f–h), alkyl halides (1i–j), and boronic esters (1n) (Fig. 6).
However, the presence of alkyl stannane substituents in the
dipolarophile (2a) was not tolerated with Cu/Al2O3 catalyst, and
All shown yields are isolated yields. bReaction performed in 1.0-gram

RSC Adv., 2022, 12, 6396–6402 | 6399
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no product was observed. Furthermore, Cu/Al2O3 enhances the
reactivity of dipolarophiles bearing arenes with electron-
donating substituents (EDG) (1o–q) and electron-withdrawing
groups (EWG) (1n, 1r-2) when coupled with hydroxyimidoyl
chlorides 3a and 3b. Additionally, pyridine substituents were
more reactive towards the more reactive hydroxyimidoyl chlo-
rides (3b) (3,5-isoxazole 1s, Fig. 6). Ethynyltrimethylsilane (1c)
reacted efficiently with hydroxyimidoyl chlorides bearing EWG
(3a, 3b, and 3c) to form the respective isoxazoles 1c,1f, and 1h,
where silyl isoxazole 1c is obtained in higher yields compared to
copper-free conditions (1c, Fig. 4). Hydroxyimidoil chloride
bearing EDG (3d); resulted incompatible with terminal alkyne
2b and silyl isoxazole 1g was obtained in lower yields than with
EWG in the hydroxyimidoyl chloride. However, terminal
alkynes having an aliphatic substituent (2e and 2f) showed
greater reactivity towards hydroxyimidoil chloride (3d) bearing
EDG; consequently, aliphatic isoxazole 1j was obtained in
higher yields than 1i. Then, we evaluated the impact of our
conditions in the synthesis of 3,5-isoxazole 1f on a 1.0-gram
scale (10.18 mmol). We were pleased to observe that the opti-
mized Cu/Al2O3 conditions can be translated with excellent
reproducibility from a 100 mg scale to a 1.0-gram scale without
extending the milling time of the reagents (Fig. 6).

The practicality of the proposed methodology allows the
recovery of Cu/Al2O3 nanocomposite catalyst directly aer the
milling of the reagents. In addition, the catalyst recovery
allowed investigating the reusability of the recovered catalyst.
The Cu/Al2O3 was reused on four occasions, and it was observed
that 3,5-isoxazole 1f was obtained successfully with only
a minimal drop in yield with each subsequent use for the rst
two recycling cycles (Fig. 7). The decrease in yield is explained by
the decrease in the concentration of active Cu species in the Cu/
Al2O3 nanocomposite (see ESI†). ICP-MS analysis demonstrates
that the Cu concentration of the rst recycling represents
a decrease of 1.24-fold (with respect to the fresh catalyst); thus,
similar yields are obtained compared to the fresh catalyst
(Fig. 7). However, the decrease in Cu concentration becomes
more substantial for the second and third reuse with a decrease
of 2.42 and 6.48-fold, respectively. Therefore, a considerable
decrease in the yield of isoxazole 1f is observed. Furthermore,
Fig. 7 Cu/Al2O3 efficiency study in the synthesis of 3,5-isoxazole 1f.

6400 | RSC Adv., 2022, 12, 6396–6402
a change in the oxidation state and the bonding of the sup-
ported Cu(II) ions. X-ray Photoelectron Spectroscopy (XPS)
analysis of the rst and second recycled catalyst reveals that the
characteristic satellite signals of Cu(II) found at about 942.8 eV
are weak while the satellite signal at 963.2 eV is absent. Addi-
tionally, the 2p3/2 signal at about 933–934 eV is wider than in the
fresh sample (see ESI for XPS spectra of the fresh, Fig. S3 for rst
recycling and Fig. S4† for second recycling). These observations
suggest that the supported Cu(II) is reduced to Cu(0) and CuO is
formed with each subsequent recycling.65–67

Lastly, we evaluated the sustainability of the proposed
mechanochemical 1,3-dipolar cycloaddition conditions by
comparing E-factor for the synthesis of 3,5 isoxazoles 1d and 1f
to previously reported solution-based conditions (Fig. 8).54,68

Using E-factor, the values calculated for the planetary ball
milling conditions (pathway a and c, Fig. 8) demonstrate the
sustainability of this methodology compared to solution-based
reactions (pathway b and d) (see ESI† for calculations). With our
conditions, the absence of organic solvent is the most signi-
cant factor contributing to lowering the E-factor.69 Time differ-
ences were also another factor of comparison with previously
reported solution-based conditions. Our mechanochemical
conditions did not surpass 60 minutes, contrary to the reported
Fig. 8 Comparative green metrics of the proposed methodology to
previously reported solution-based methodologies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution-based conditions that require at least two hours to
synthesize the desired 3,5-isoxazoles. Furthermore, our condi-
tions did not show any sensitivity to oxygen or moisture present
in the air as all reactions were performed in an open
atmosphere.
Conclusions

In conclusion, we have developed a scalable, solvent-free, and
efficient mechanochemical synthesis of 3,5-isoxazoles via 1,3-
dipolar cycloaddition from terminal alkynes and hydrox-
yimidoyl chlorides. We presented twomethodologies; a catalyst-
free methodology which scopes extended to dipolarophiles
bearing alkyl stannane substituent. Under catalyst-free condi-
tions, ethynyltrimethylsilane (2c) and phenylacetylene (2d)
reacted satisfactorily with (E,Z)-2-chloro-2-(hydroxyimino)
acetate (3b). Additionally, a Cu/Al2O3 mediated methodology
allowed to react a broader range of dipolarophiles bearing
electron-donating or electron-withdrawing substituents with
any hydroxyimidoyl chloride. The reported methodology was
scalable to a 1.0-gram scale without additional milling time
variations. The Cu/Al2O3 catalyst was demonstrated to easily be
recycled and reused three times with only a slight reduction in
yield. The reported conditions require shorter reaction times,
they had a lower E-factor, and no prevention was taken to air or
moisture, making these methodologies less environmentally
harmful and more practical than previously reported solution-
based methodologies.
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