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ABSTRACT: A selective [3+2]-cycloaddition reaction of nitrile oxides and 1,3-diketones, B-ketoesters,
or B-ketoamides in water without the need of a metal catalyst is described. The selectivity of the reaction
can be controlled by the polarity of solvents in the presence of an appropriate base. The optimized
reaction condition circumvents other reactions, such as O-imidoylation or hetero [3+2]-cycloaddition.
The reaction happens fast in water to provide an environment friendly access to 3,4,5-trisubstituted
isoxazoles, specifically acyl-substituted, ester-substituted, or amide-substituted isoxazoles, which are
important structures found in numerous bioactive natural products and pharmaceuticals.
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Figure 1. Routes to isoxazoles

high degree of substitution on non-terminal
alkynes to activate them for a decent yield, thus



limiting the scope of the substrates of this route.
The cycloaddition of alkynes and nitrile oxides
can be carried out without catalysts in high
temperature conditions; however, the
regioselectivity on the products is very poor.'”'®
Copper catalysts can help bring the reaction
condition to room temperature and improve both
the regioselectivity and yields; however, they
only worked for the reaction with terminal
alkynes to produce 3,5-disubstituted
isoxazoles.””?®  The synthesis of  3,4,5-
trisubstituted isoxazole from highly substituted
non-terminal alkynes remain challenging for
copper catalysts. Ruthenium (II) catalysts have
been shown to help the reaction proceed
smoothly at room temperature, producing high

yields and regioselectivity for both 3,5-
disubstituted and 3,4,5-trisubstituted
isoxazoles.’?* In a similar fashion, Palladium

used for an electrophilic
intramolecular cyclization of alkynes and
aldoximes to produce 3,4,5-trisubstituted
isoxazole, but the scope of the substrates of the
method was limited as substituted 2-alkyne-1-

catalysts were

one O-methyl oximes needed to be synthesized
independently.”® In addition, the use of expensive
and environmentally unfriendly metal catalysts is
generally discouraged.

Dehalogenation of hydroximoyl chloride in
the presence of a strong base to generate nitrile
oxides and a follow-up cycloaddition with 1,3-
diketones, p-ketoesters or p-ketoamides are a
commonly used 2-step route to 3,4,5-
trisubstituted isoxazoles.***® Xiao Zhou et al.
recently reported a direct access to 3,4,5-
trisubstituted isoxazoles via an enolate-mediated
1,3-dipolar cycloaddition of B-functionalized
ketones with nitrile oxides using
organocatalyst.?*?”  This  enolate-mediated
cycloaddition, however, requires long reaction
time in organic solvents at high temperature.

More importantly, recently, a water-assisted
cycloaddition of nitrile oxides and alkenes or
alkynes under mild acidic conditions was
reported.* This reaction was carried out in 0.1 M
phosphate buffer at pH 4.0, room temperature for
15-24 h and generated 3,5-disubstituted
isoxazolines and 3,4,5-trisubstituted isoxazoles in
good vyields without using any metal catalysts.
Development of organic reactions in water not
only is environmentally friendly, but also finds
significant applications in biological systems
(e.g., click reactions, bio-conjugation, and bio-
orthogonal chemistry). For example, due to its
high aqueous tolerance and easy preparation
under mild basic condition, a facile, copper-free,
[3+2] biorthogonal cycloaddition between nitrile
oxide and strained alkenes has become popular in
ligation chemistry;?® however, the alkenes need
to be highly strained in order to this reaction to
happen without the need for an additional metal
catalyst.

As part of our lab’s effort to find new
environmentally friendly accesses to
heterocycles, herein we report a synthesis of
3,4,5-trisubstituted isoxazoles in water via a
[3+2]-cycloaddition of nitrile oxides and 1,3-
diketones without the need of a metal catalyst
(Figure 1). We also show that the cycloaddition
reaction in aqueous media proceeds though keto
tautomer, whereas in organic solvents, the side
reaction proceeds through enol tautomer. The
equilibriums of keto-enol tautomerization of f-
diketones, PB-ketoesters, and P-ketoamides were
observed to follow Meyer’s rule,”® where the
tautomeric equilibrium shifted towards the keto
tautomer with increasing solvent polarity. In
addition, electron withdrawing substituents such
as trifluoromethyl group on B-diketones favored
enol tautomer. In aqueous medium, B-diketones
and their derivatives mostly remained in keto
forms, which are more polar than their enol
counterparts and more stable in polar solvents.
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Table 1. Optimization of reaction conditions to synthesize isoxazoles 3°

N\‘OH 6 0 reaction O
Q)\CI . ©)K)K conditions 0 : 0
E rt S @)\A
1 2

Entry Base Solvents Yield (%)

3 4
1 DBU 95% methanol, 5% water 18 - -
2 S-Proline 95% methanol, 5% water 18 - -
3° NaHCO; 2% methanol, 98% water 3 14 55
4° Na,CO; 2% methanol, 98% water 3 52 33
5 TEA 2% methanol, 98% water 2 54 22
6 TEA 95 % methanol, 5% water 2 68 19
7 TEA CH,Cl, 2 50 28
8 TEA Isopropanol 2 57 30
9 DIPEA CHCI; 1 43 52
10 DIPEA CH,Cl, 1 17 81
11 DIPEA 95 % methanol, 5% water 1 89 -
12 DIPEA 5% methanol, 95% water 1 98 -
13¢ DIPEA 98 % methanol, 2% water 5 95 -
14 DIPEA (10 mol %) 5% methanol, 95% water 2 - 70
15 - 95 % methanol, 5% water 2 - 95
16 DIPEA (10 mol %) Phosphate buffer (pH 7.4), 2 7 76

5% methanol

# Unless otherwise noted, the reactions were performed with 0.5 mmol of 1, 0.5 mmol of 2 and 3 equivalents of DIPEA in 15
mL indicated solvents at room temperature for indicated time. Yields are calculated from NMR spectra of the crude product
using acetonitrile as internal standard. ® Four equivalents of NaHCO3 and Na,COs. © Two equivalent of DIPEA and 45 mL of
the solvent mixture. ® 10 mol% of DIPEA. TEA = Triethylamine, DIPEA= N,N-Diisopropylethylamine, DBU= 1,8-
Diazabicyclo(5.4.0)undec-7-ene



Results and Discussion

Planning of the reaction to proceed in water
at room temperature presented us
challenges. Foremost, the nitrile oxides, often
generated by dehalogenation of hydroximoyl
chloride in situ in a basic condition or
dehydration of nitroalkanes,”' are highly reactive
and readily dimerize (Figure 2, path A).
Therefore, we have to find a good condition to
stabilize the nitrile oxides for a certain amount
time to undergo [3+2]-dipolar cycloaddition with
1,3-diketones. Hetero atomic [3+2] cyclization is
also a possibility’' (Figure 2, path B). In
addition, there is a native competition between
O-trapping and C-trapping products of the nitrile
oxides (Figure 2, paths C and D), which need to
be controlled carefully to form the C-trapping
isoxazole products that we wanted.

several

We chose compounds 1 and 2 as the starting
substrates and water-methanol mixture as the
aqueous medium, and carried out the reactions at
room temperature. A series of organic and
inorganic bases were screened in various
combinations of water-methanol mixtures and
other solvents. The results are summarized in

Table 1.

In our first attempt, DBU or S-proline in 5%
water, 95% methanol yielded a complex mixture
of compounds that were not easy to distinguish
(Table 1, entries 1 and 2). Inorganic bases
NaHCO; and Na,CO; in 98% water, 2%
methanol produced only 14% and 52% of
isoxazoles 3, respectively, and 55% and 33% of
compound 4, respectively, after 3 hours (Table 1,
entries 3 and 4). Trimethylamine (TEA) in 98%
water, 2% methanol afforded 54% of 3 and 22%
of 4 after 2 hours (Table 1, entry 5). However,
TEA with decreased water content from 98% to
5% improved both the yield (68%) and selectivity
(3.6 times) of 3 (Table 1, entry 6). Similar yields
and selectivity of 3 were obtained when TEA was
used in either dichloromethane (50%; 1.8 times)

or isopropanol (57%; 1.9 times) as solvents
(Table 1, entries 7 and 8). Diisopropylethylamine
(DIPEA) in chloroform neither improved the
yield (43%) nor selectivity (0.8 times) of 3
(Table 1, entry 9). In dichloromethane, DIPEA
furnished even lower yield (17%) and selectivity
(0.2 times) of 3 (Table 1, entry 10). Interestingly,
in 95% methanol, 5% water, DIPEA gave 3 in
89% yield in 1 hour, while in 95% water, 5%
methanol, DIPEA gave 3 in 98% yield in 1 hour,
the highest yield of our screening in the shortest
reaction time (Table 1, entries 11 and 12). The
reaction furnished a similar yield (95%) with
reduced equivalence of DIPEA and reactant
concentration (2 and 0.001M,
respectively); however, this condition required
longer reaction time (5 hour) to complete (Table
1, entry 13). We observed high selectivity of
compound 4 when we reduced the amount of
DIPEA to 10 mol% in 95% water, 5% methanol
(Table 1, entry 14) or with no DIPEA in 95%
methanol, 5% water (Table 1, entry 15) in
excellent yields (70% and 95%, respectively).
Compound 4 was also formed almost exclusively
in phosphate buffer (pH 7.4), 5% methanol with
10 mol% of DIPEA (Table 1, entry 16).

equivalent

With the optimized reaction condition for the
formation of isoxazoles 3 (DIPEA, 95% water,
5% methanol, room temperature), we explored
the scope of substrates for both the oximes and -
ketones. First, we carried out the reactions
between various phenyl hydroximoyl chlorides
and 1,3-diketones (Figure 3). To ensure
completion, all reactions were run for 2 hours
regardless of the electron withdrawing or electron
donating substituents on the benzene rings.
Overall, electron donating substituents on phenyl
hydroximoyl chloride or on phenyl 1,3-diketones
produced comparatively lower yields than those
of electron withdrawing groups. For example, the
reaction afforded from 70% to 74% yield when
one of the reactants contained a para-substituted
methoxy group (compounds 7-10 and 13),



whereas the reaction afforded from 82% to 95%
yield when one of the reactants contained a para-
substituted Br, F, or CF5 group, or contained a
thiophene ring (compounds 5, 6, 11, 12, 14, and
15).

We also carried out the reactions between various
phenyl hydroximoyl chlorides and B-ketoesters or
B-ketoamides with the optimized
condition. Phenyl, benzyl, and ethyl B-ketoesters

reaction

or B-ketoamides reacted smoothly with phenyl
hydroximoyl chloride and gave the corresponding
isoxazoles 3b in excellent yields (Figure 4).
These yields of B-ketoesters and B-ketoamides
were observed compatible those of 1,3-diketones,
suggesting P-ketoesters and [B-ketoamides also
favor the keto form more than the enol form in
the keto-enol tautomerization, thus pushing the
reaction toward the C-trapping path of the
cycloaddition (Figure 2, path D).
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Unless otherwise noted, the reactions were performed with 0.5 mmol of 1a, 0.5 mmol of 2a, and 3 equivalents of DIPEA in
15 mL of 95% water, 5% methanol at room temperature for 2 hours. The yields were calculated after isolation and

purification of products.

Figure 3. Reactions between various phenyl hydroximoyl chlorides and 1,3-diketones
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Figure 4. Reactions between various phenyl hydroximoyl chlorides and B-ketoesters or p-ketoamides
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Figure 5. Reactions between 4-fluorophenyl hydroximoyl
chloride and diethyl malonate or dibenzyl malonate did not
proceed.

We also carried out the reactions between the
phenyl hydroximoyl chloride that gave the best
yield, 4-fluorophenyl hydroximoyl chloride, and
diethyl malonate or dibenzyl malonate under the
optimized reaction condition; however, the
reactions did not proceed (Figure 5). We
suspected the increased electron donating effect
on both sides of the 1,3-diketones in diethyl
malonate or dibenzyl malonate made the
methylene group less acidic, thus DIPEA was not
able to deprotonate the methylene for the

nucleophilic addition and successive cyclization
to happen.

The scope of substrates was further explored
with a strong electron withdrawing group, such
as trifluoromethyl, instead of methyl, in the 1,3-
diketones (Table 2). The reaction between 4-
fluorophenyl hydroximoyl chloride and 4,4,4-
trifluoro-1-phenyl-1,3-butanedione under the
optimized reaction condition gave a complex
mixture of products with only a trace amount of
the expected product 27 being detected (Table 2,
entry 1). Meanwhile, some of 4,4,4-trifluoro-1-
phenyl-1,3-butanedione starting material
remained unreacted. We suspected the lower
solubility of 4,4, 4-trifluoro-1-phenyl-1,3-
butanedione in water was responsible for the low
yield of the reaction. Since trifluoromethyl-
substituted isoxazoles are particularly desirable in
drug discovery, we decided to optimize the



reaction  conditions to  synthesize  the
trifluoromethyl-substituted isoxazole 27. We
varied the solvent mixtures and the bases, but
keep the reaction temperature at room
temperature and reaction time at 2 hours, as these
are the highlights of our synthetic method. The
results are shown in Table 2. First, we varied the
percentage of methanol in the solvent mixture
with water to increase the solubility of 4,4,4-
trifluoro-1-phenyl-1,3-butanedione. =~ As  the
percentage of methanol increased from 5% to
50%, 75%, and 95%, the yield of 27, with DIPEA
as the base, increased from trace amount to 40%
(Table 2, entries 1-4). With dichloromethane as
the solvent, DIPEA also gave 27 in 40% yield
(Table 2, entry 5). When TEA was used as the
base, isopropanol resulted in 27 in 40% yield
(Table 2, entry 9); meanwhile, dichloromethane,
benzene, and 5% water, 95% methanol mixture
gave much lower yields (Table 2, entries 6-8).

We also carried out other reactions between
various phenyl hydroximoyl chlorides and
trifluoromethyl 1,3-diketones with DIPEA in 5%
water, 95% methanol (Figure 6). The reactions
proceeded smoothly and produced the expected
products; however, the yields were also just 35—
40%. Overall, even though the low solubility
issue of trifluoromethyl 1,3-diketone in water
was solved with the increased percentage of
methanol, or with the use of dichloromethane or
isopropanol, the reactions to synthesize
trifluoromethyl-substituted isoxazoles produced
lower yields than those of methyl-substituted
isoxazoles. The low yields may be due to the
electron withdrawing effect of the trifluoromethyl
group, which shifts the keto-enol equilibrium
towards the enol form, thus hindering the
reaction progress toward the C-trapping path of
the cycloaddition (Figure 2, path D).

Table 2. Optimization of reaction conditions to synthesize trifluoromethyl-substituted isoxazole 272

base

solvents, rt, 2 h

Entry Base Solvents Yield of 27 (%)
1 DIPEA  95% water, 5% methanol Trace

2 DIPEA  50% water, 50% methanol Trace

3 DIPEA  25% water, 75% methanol 30

4 DIPEA 5% water, 95% methanol 40

5 DIPEA  dichloromethane 40

6 TEA 5% water, 95% methanol 22

7 TEA dichloromethane 20

8 TEA benzene 5

9 TEA isopropanol 40

& Unless otherwise noted, the reactions were performed with 0.5 mmol of 4-fluorophenyl hydroximoyl chloride, 0.5 mmol of
4.,4,4-trifluoro-1-phenyl-1,3-butanedione, and 3 equivalents of bases in 15 mL of the indicated solvents at room temperature

for 2 hours
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These  results  about  electronegative
substituents and solvent polarity matched with
previous observations.***® The electronegative
substituents would increase the degree of
enolization,®** and solvents polarity would have
little effect to the keto-enol tautomerization of the
1,3-diketones that contain an  electron
withdrawing group.®* We observed the effect of
solvent polarity on the keto-enol equilibrium of
1,3-diketones and their base-mediated [3+2]
cycloaddition reactions via nuclear magnetic
resonance (NMR) spectroscopy. *H NMR spectra
of 1-phenyl-1,3-butanedione in CDCI; and in
methanol-d, indicated that the enol tautomer was
predominant in CDCI; while the keto tautomer
was predominant in methanol-d4, which is a more
polar solvent (Figure 7). These observations
helped explain why with DIPEA, 4 was formed
predominantly in nonpolar solvents like in
chloroform and dichloromethane (Table 1,
entries 9-10), but 3 was formed exclusively in
polar solvents like in water and methanol (Table
1, entries 11-13). A plausible mechanism for the
formation of 3 (C-trapping product) vs. the
formation of 4 (O-trapping product) is shown in
Figure 8. In the presence of DIPEA and a
nonpolar solvent like dichloromethane, the 1,3-
diketone mostly formed an enolate ion 11, which
added to the carbocation of nitrile oxide or
underwent a  substitution reaction  with
hydroximoyl chloride to form the O-trapping
product 4 (Figure 8). Meanwhile, in the presence

of DIPEA and a polar solvent like water, the 1,3-
diketone was likely to be deprotonated to form a
stable carbanion predominantly, which added to
the carbocation of nitrile oxide and gave the C-
trapping intermediate V, followed by cyclization
and dehydration to form compound 3 (Figure 8).
In the small presence of DIPEA (10 mol%) or no
presence of DIPEA, even in polar solvents like
water and methanol, 1,3-diketone was not able to
be deprotonated to form the carbanion, thus the
O-trapping product 4 was formed either
exclusively or predominantly due to the possible
substitution reaction between the enol form and
hydroximoyl chloride (Table 1, entries 14-16).
To see whether compound 4 can be transformed
into 3 in a basic condition, we stirred compound
4 in the presence of DIPEA in a water-methanol
mixture overnight. However, no changes of 4
were observed.
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Figure 7. 'H NMR spectra of 1-phenyl-1,3-butanedione in
methanol-d, (top) in CDCl; (bottom)

Conclusion

We have developed a fast, water-assisted
synthesis of 3,4,5-trisubstituted isoxazoles at
room temperature via a [3+2] cycloaddition
between 1,3-diketones and nitrile oxides. This
efficient reaction method can be equally
applicable for B-ketoesters and B-ketoamides. We
also optimized the reaction conditions for the
selectivity of C-trapping or O-trapping products



+ —
DIPEAHO O

DIPEA w

o o O'H‘P
W CH,Cl, @)\/K
1

1

H,0

o

C-traping

\

o O o O
DIPEA Lo
N DIPEA
‘ ©)\/K+
DIPEAH

+
i

(ol
P4 :
;

O-traping ! (@]
-DIPEA OH N
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and proposed a plausible mechanism for their
formation and selectivity. We also optimized the
reaction  conditions  for  trifluoromethyl-
substituted This method is
environmentally friendly and produces high
yields in fast reaction time. One limitation of this
method is that it can only produce acyl-
substituted, ester-substituted, or amide-
substituted isoxazoles (with 1,3-diketones, [-
ketoesters, or [-ketoamides as the starting
materials, respectively). However, if those
specific isoxazoles are the synthetically targeted
ones, this method would be ideal comparing to
the current methods with alkynes as the starting
materials since the corresponding ketone-
alkynes, ester-alkynes, or amide-alkynes need to
be made independently via many challenging

1soxazoles.

steps.”  Acyl-substituted, ester-substituted, or
amide-substituted isoxazoles are important
structures found in numerous bioactive natural
products and pharmaceuticals. For example, the
antibiotic drugs oxacillin, cloxacilllin, and
flucloxacillin are amide-substituted isoxazoles
and share similar 3,4,5-trisubstituted isoxazole

structures to the compounds synthesized in this
report.
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