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Ulrik S. Sgrensen and Povl Krogsgaard-Larsen”

NeuroScience PharmaBiotec Research Center, Department of Medicinal Chemistry
The Rovyal Danish School of Pharmacy, DK-2100 Copenhagen, DENMARK

INTRODUCTION

3-Hydroxyisoxazoles (3-isoxazolols) are planar five-membered aromatic heterocycles existing
in two tautomeric forms, the 3-hydroxyisoxazole (1) and the isoxazolin-3-one (2) form. The former
tautomeric form is the predominant one as determined from ultraviolet and infrared spectral data,'?

and supported by theoretical calculations.’ Unlike oxazoles, isoxazoles contain a weak N-O bond

R . OH R o]
4
W,
I:(f‘l' —_— /\l—(NH
R™ s 0 R o’
|
1 2
Fig. 1

making the ring susceptible to ring-cleaving reactions. An important property of the 3-isoxazolols is
the relatively high acidity of the 3-hydroxy group, a property which has made this heterocyclic unit a
widely used carboxy! group bioisoster in medicinal chemistry.* The pK, of the simplest compound in
this class, 3-isoxazolol (3), has been determined by '"C-NMR titration to be 5.85, compared to 7.54
for the sulfur analog 3-isothiazolol (4).! This difference in acidity is likely to be one of the major

factors determining the different biological actions observed for these two structurally related hetero-

cycles.*
OH OH
[/ /\ N / /\N
(o} S
3 4
Fig. 2

The discovery in the mid-nineteen sixties of the naturally occurring 3-isoxazolols muscimol
(5) and ibotenic acid (6) (Fig. 3) possessing unique biological activities greatly accelerated the interest

in 3-isoxazolols and their use in medicinal chemistry, and consequently the search for versatile
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methods for their preparation. The 3-isoxazolol unit is typically incorporated into chemical structures
using readily available building blocks containing suitable functional groups in the 4- or 5-positions of
this heterocyclic moiety. In this review, we will, however, not focus on the chemistry and reactivity of
the various 3-isoxazolo! derivatives, but rather focus on the formation of this core heterocycle and,
furthermore, on synthetic methods for the introduction of appropriate substituents in the 4- and 5-posi-
tions. A number of reactions leading to 3-isoxazolols have been developed, of which the most exten-
sively explored and used are outlined in Scheme 1. These reactions include cyclization of B-keto esters

and a number of derivatives thereof, as well as the cleavage of 3-alkoxyisoxazoles.

o o RO OR O Br O
R, Ry Br
R. _R
o BriCl O OR O N O
Rz

NH,OH
R;  BrCI R, OR R,  OH
ROH H*
Y = R LS T
R N R N N
1 (o} 1 o R1 o’

Scheme 1

Although some handbooks on heterocyclic chemistry have briefly dealt with the subject, the
formation of monocyclic™® 3-isoxazolols as well as the annulated analogs™ has, to our knowledge,
not previously been reviewed. Therefore, our goal is to give an exhaustive coverage of this subject,
although we have chosen not to cover the patent literature. In the field of medicinal chemistry, 3-isox-
azolols have been quite extensively used, and have been incorporated into a range of more or less
complex structures, notably in the design and synthesis of compounds acting at subsets of neurotrans-
mitter receptors in the central nervous system (CNS). Since the discovery of the naturally occurring
neuroactive 3-isoxazolols muscimol (5) and ibotenic acid (6),* a wide variety of compounds has been
developed using these structures as leads. Thus, muscimo! (5), which is a nonselective 4-aminobutyric
acid (GABA) receptor agonist,” has been used as lead for the synthesis of 4,5,6,7-tetrahydroisoxa-
zolo[5.4-c]pyridin-3-ol (THIP, 7), a specific'’ and clinically active'' GABA, receptor agonist, and
4,5,6,7-tetrahydroisoxazolo[4,5-¢]pyridin-3-ol (THPO, 8), a specific inhibitor of GABA uptake (Fig.
3)."> Whereas ibotenic acid (6) interacts nonselectively with all types of (S)-glutamate receptors in the
CNS,"? the structural analog (S)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid [(S)-
AMPA, 91" acts selectively at the AMPA subtype of ionotropic receptors. Compound 9 has also been
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an important lead compound, resulting in e.g. (§)-2-amino-4-(3-hydroxy-5-methyl-4-
isoxazolylbutyric acid [(S)-homo-AMPA, 10]," a specific metabotropic glutamate receptor ligand,
and (8)-2-amino-3~(5-tert-butyl-3-hydroxy-4-isoxazolyl)propionic acid [(S)-ATPA, 11]''® which is a
systemically active'>? compound with selectivity for the kainic acid receptor GluRS5. Examples of
neuroactive compounds belonging to other structural classes, but still containing a 3-oxygenated isox-
azole moiety, are compounds 12-14. The decahydroisoquinoline 12 is an AMPA receptor antagonist,!
13 is a functionally selective M, muscarinic receptor agonist,” and the 1,2-benzisoxazole 14 displays
activity as an acetylcholinesterase inhibitor.”

3-Isoxazolols actually have been incorporated as core structures of compounds in almost all
fields of the medicinal chemistry, including the search for novel antibiotics,*** antianaphylactics,"
anthelmintics,*® plasma glucose-lowering agents,” compounds affecting platelet aggregation,** ¥’

) S\,ost
OH 9" ot
)
! &
o o
15
16

Fig. 4

compounds with antihypertensive effect,® HIV protease inhibitors,* antimalarial agents,*** antiviral

42-44

agents,”* cholecystokinin antagonists,* and compounds for the treatment of asthma.***’ An area in

which there has been a substantial interest in 3-isoxazolols and other 3-oxygenated isoxazoles is agro-
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chemicals.*** Examples of two compounds which have been developed into commercial products are
5-methyl-3-isoxazolol (Tachigaren®, 15)°** and the phosphorothioate isoxathion (Karphos®, 16),° a
soil fungicide and a broadspectrum insecticide, respectively. From a synthetic point of view, an inter-
esting use of the 3-isoxazolol ring is presented by Ueda et al., who developed the peptide coupling
activating agent 17 from 1,2-benzisoxazol-3-ol and diphenyl phosphorochloridate (Scheme 2).%4>*
Compound 17 activates carboxylic acids efficiently by forming a reactive carboxylic-phosphoric

anhydride intermediate in the synthesis of amide and ester bonds.

i
cn—n—o—@ e
OH 6 0—P—0OPh
o LG g %
\ \
N @ N
o

benzene (o)
0°C 17

Scheme 2

The lability of 3-isoxazolols towards catalytic hydrogenation was utilized by Nakamura ef al.
for the formation of a hydroxy! protecting group (Scheme 3). The 3-oxygenated isoxazole moiety was

incorporated in 18 via a Mitsunobu reaction inverting the stereochemistry, and after deprotection and

OH
HO, OR {/ \
N oV (>—o, OR Ho, /—OR
H oTr —_— o\N [ e [
18 a) H OTr b) H OTr
OH = OR
i/ \ N OR /0.
N / \<— o - O-nN R o}
[¢] O-N 3 N fl
- . W oTr —_ H  0—P—(CHz):N'Me;
a) 19 o
a) PPhs, dimethyl azodicarboxylate b) Hy, 10% Pd-C, EtOH.

Scheme 3

reintroduction of the isoxazole unit, compound 19 possessing the desired stereochemistry was
obtained.”” These particular properties of isoxazoles were utilized by Stork et al. in a different way in

3657 Thus, isoxazole 20 constituted one of the rings used to generate 21,

the synthesis of tetracyclines.
which was cyclized to give the pentacyclic structure 22 (Scheme 4). Subsequent hydrogenolysis and
debenzylation of the isoxazole part of the molecule then unmasked the B-keto amide function of (x)-

12a-deoxytetracycline 23.%
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Scheme 4

1. SYNTHESIS OF 3-ISOXAZOLOLS
1. Cyclization of 3-Keto Esters

In analogy to the formation of isoxazoles from 1,3-diketones, as first described by Claisen at

the end of the nineteenth century, ™

isoxazoles containing a 3-hydroxy group can be synthesized by
cyclization of B-keto esters with hydroxylamine (Scheme 5).7%-%7 Appropriate substitution of the -

keto ester makes it possible to introduce substituents in the 4-position and/or the 5-position of the ring.

o o R, OH
NH:OH /I_\(
A oR -H0 Ry N
R, 2 o
Scheme 5

The synthesis of 3-isoxazolols from P-keto esters is the most important and widely used route,
although it has one major disadvantage. Thus, due to the several possible ways of attack by hydroxy-
lamine on the B-keto ester this cyclization reaction, in addition to generating the 3-isoxazolol 24, leads
to the formation of substantial amounts of an undesired by-product, the 5-isoxazolone 25 (Scheme 6),
existing predominantly in this tautomeric form.*® Furthermore, the distinction between the two
isomeric cyclization products has in some cases caused problems, which is reflected in some of the
carly literature. Since the first reports of cyclization of this type, leading almost exclusively to 5-isoxa-
zolones,*” great efforts have been made to improve the yields of the 3-isoxazolol isomer. This has

been accomplished mainly by varying the reaction conditions or by modifying the structure of the
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reacting (3-keto ester in a way that directs the attack of hydroxylamine thereby favoring the desired
product. The reaction is typically carried out in two consecutive steps. Initial formation of the hydrox-
amic acid under basic conditions followed by acidification to bring about cyclization and dehydration.
The mechanism of the formation of these cyclization products has been studied by '*C NMR,"’
contirming that a B-ketohydroxamic acid 26 (Scheme 6) is most likely the intermediate leading to the

Ho.W o o o 0 o
| NH,O0H NH,OH
R, OR — Ry OR Ry NHOH
Rz R2 RZ
26
lNHgOH l
R o
H,NO OH O :
R,
R, OR — O,NH
Ro HO l
R, Ry Rz Ry R, OH R, (o}
a0 = . N = T
[e) o/ [e) \o/ R1 o/ R1 o/
25 24
Scheme 6

3-isoxazolol. Such hydroxamic acids have in fact been isolated and characterized. This has been the
case for the cyclic intermediate 427 (see Scheme 14) and the hydroxamic acid 27 which, quite surpris-
ingly, did not cyclize during the treatment with concentrated hydrochloric acid (Scheme 7).”! Further-
more, the following section describes how P-keto esters have been ketalized and subsequently

converted into their hydroxamic acids which, after isolation, were cyclized to the 3-isoxazolols.

o o 1. NH,OH, NaOH o o H,S0,/ Hs0 OH
0°C15h 75°C L h i
FaC OEt FaC NHOH "
2. conc HCI 49% Fi€C ™ g~
5°C 16 h 27
61%

Scheme 7

A contribution to the understanding of the mechanism was provided by Jacobsen ef al. who
studied the influence of pH in the first step of the reaction.®® Thus, when the pH was kept at 9-10
before the acidification, the highest yields of 3-isoxazolols were obtained. Moreover, cyclization of
methy! acetoacetate at pH 9-10 gave 5-methyl-3-isoxazolol (15) in 70% yield (see Scheme 15),
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whereas the yields decreased to below 40% and 50% at pH 8 and pH 11, respectively. The authors
argued that a pH of 9-10 predominantly generates hydroxylamine in its neutral form, in which the
nitrogen atom preferentially attacks the ester carbonyl leading to the B-ketohydroxamic acid. The
hydroxy group of hydroxylamine has a pK,, of 13.7,” and increasing pH above 10 gradually increases
the portion of the more nucleophilic oxide, and, consequently, the amount of product formed by reac-
tion of this oxygen species on e.g. the ester carbonyl. The influence of reaction temperature was
studied by Sato er al. who found that good yields of 3-isoxazolols could be obtained when the hydrox-
amic acid formation was carried out at low temperature.” They greatly improved the outcome of the
reaction of e.g. ethyl acetoacetate with hydroxylamine from only trace amounts of 5-methyl-3-isoxa-
zolol (15) to 72% by lowering the temperature from 0°C to -30°C. A more recent paper, nevertheless,
reports a 24% yield of 15 from ethyl acetoacetate, when this step is carried out at 0°C.”* However, the
versatility of the method using low temperature in the initial step was confirmed on a series of substi-
tuted P-keto esters, and this report,’! as well as a very recent study,*® showed that this procedure can
also be used to obtain good yields of 3-isoxazolols with alkylthio substituents at the 4-position
(Scheme 8). Interestingly, an attempt to cyclize the furyl keto ester 29 using the method® based on

0 o . NH,OH, -30°C 1.5 h (ref 50)
)J\HL or -10°C 2 h (ref 51, RS OH
R OEt
2. cone HC I\
S\ R Vd
R (o]

Ref 50: R and R’ = alkyl (32-72%). R = Me; R' = MeOCH,CH, (42%), HC=CCH, (33%),
or 2,4-Cl,C¢H;CH> (23%). Ref 51: R = Me; R’ = alkyl (yield 39-68%) or Ph (17%).

Scheme 8

constant pH gave the 5-isoxazolone 30 exclusively, whereas the procedure keeping the reaction
mixture at —-30°C before acidification afforded the desired product 28 in good yield (Scheme 9).”* A

o ©
a) b)
— OMe
71% h 68%
\_0
29

a) 1. NH,OH. NaOH, MeOH/H,0, -30°C 3 h and 5°C 30 min 2. conc HCl, 5°C 20 h.
b) 1. NH,OH. ag NaOH, pH 10 0.2, rt 2 h 2. conc HCl, 5°C 20 h.

Scheme 9

similar observation was made in the cyclization of ethyl 2-benzoylacetate into 5-phenyl-3-isoxazolol,
as the latter method gave an 80% yield of the desired 3-isoxazolol,*' as compared to 47% obtained at
constant pH (see Table I).™
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o o R’ OH
Table 1 Ruon" — . !\
R' (o)

R ) R R" Yield (%) Ref
Me  pheny! R s &
phenyl H Me 49 66
phenyl H Et 80, 47° 51,75
phenyl Me Et 88,5 51,62
2-MeO-phenyl Me Me 57 78
3-MeO-phenyl Me Me 57 78
4-MeO-phenyl Me Me 41 78
2-furyl Me Me 68 74

a)r 80% 5-iso§azlrzioilone.w b) Iﬁ éérligr rt;pdns only tflé 5-isox;iolone (ref 62 an(i 56).

The most important factor determining the outcome of the reaction appears to be the procedure
used for the subsequent acidification and ring closure. It thus seems to be crucial, in order to maxi-
mize the yield of 3-isoxazolol, that theF reaction mixture is quenched by rapid addition to strong acid
rather than a slower acidification. An illustration of this point is the isolation of a 70% yield of 5-
methyl-3-isoxazolol (15) from methy! acetoacetate and hydroxylamine, by rapid pouring of the reac-
tion mixture into concentrated hydrochloric acid in contrast to only 1% yield after dropwise addition
of acid.®® It has been argued that the hydroxamic acid intermediate, which leads to 3-isoxazolol, can
otherwise be converted into the corresponding 5-isoxazolone. Two mechanisms for such a conversion
have been suggested (Scheme 10).67 One route (A) involves the hydrolysis of the hydroxamic acid
31 to the B-keto acid and subsequent attack by hydroxylamine to form oxime 32, which cyclizes to 5-
isoxazolone 25.% An altemnative proposal (route B) suggests that the cyclic intermediate 33, present
before acidification, is hydrolyzed to the B-ketohydroxamic acid 31, and subsequently attacked by
another molecule of hydroxylamine to form a hydroxamic acid oxime, which then cyclizes to 25.%7
The former proposed mechanism is supported by the observation that hydroxamic acids can be
hydrolyzed under acidic conditions,’”” whereas the latter theory was supported by *C NMR spectral
evidence of some of the intermediates.*’

o o o o N O
NH,OH |
R NHOH — o R OH R OH
R R' R
31 32
Y Dnule}{]mwﬂ \
pH>3
HO
R 0 8 ° Noo A R
wo © R 0
33 25
Scheme 10
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As mentioned earlier, cyclization of §-keto esters remains the most important method leading
to 3-isoxazolols and has been widely used to synthesize compounds with various substituents at the 4-
position and/or the 5-position of the ring. However, in the reaction of B-keto esters containing
aromatic substituents at the 3-position, the control of regioselectivity has been particularly difficult,
and the formation of 3-isoxazolols containing aromatic substituents directly connected to the ring
continues to be a major challenge. As can be seen from Table I, analogs containing mainly phenyl
groups have so far been synthesized albeit often with limited success. A number of compounds of this
type have, however, been prepared by direct cyclization of 2,3-dibromo esters as described in section
7. In a recent report, Bang-Andersen et al. avoid the use of direct cyclization of B-keto esters and
instead describe the synthesis of a considerable number of isoxazoles 35 containing five-membered
heterocyclic S-substituents by modifying the carboxylic function of the common building block 34
(Scheme 11).7° The isoxazolols 35 were subsequently converted into a series of pharmacologically

OEt OEt OEt
vo_ // /\N HN_ [ N j_,\(n OEt
o () NC™ ™o . /z__\(
)
34 L _ R o

o]
—R: N N N N 35
N [s\>_ N [N\>_ N [ \>— NI\ \>— N
PN F Ho N7 NN oo
N\N\>— Me/N\N/>— N"N>7 Me “\N}-— Me/"LN/
Me H he

Scheme 11

important analogs of the neurcactive amino acid AMPA (9) by a standard multi-step sequence. The
formation of bicyclic 3-isoxazolols starting from cyclic 8-keto esters has been attempted but, so far,
success has been limited (Scheme 12). Thus, 2-(ethoxycarbonyl)cyclopentanone 36 does not give any
detectable amounts of cyclization product and only cyclopentanone oxime was isolated.*® An early

o oH 0
OFt ;g Q—\( N Q—i Ref 66
o N
(o) H
36
o OH o
OEt
- I Y * 3\/ .0
s N
o i H
9 0% 85%: Ref 62
o 20 Ref 66
" Qf
OEt — . )y \N + / o
v N
o 0 H
38 5% 80% Refl 62
Scheme 12

wn
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paper by Jacquier et al. indicated that neither 2-(ethoxycarbonyl)cyclohexanone 37 nor 2-(ethoxycar-
bonyl)cycloheptanone 38 could be transformed into the respective bicyclic 3-isoxazolols,®* but the use
of an improved procedure, keeping pH at 10, 37 gave a 2:1 ratio of 3-isoxazolol to 5-isoxazolone.*®
However, the same method could not be used starting from a six-membered heterocyclic B-keto ester
giving a 76% yield of the S-isoxazolone 39 and only trace amounts of the desired 3-isoxazolol
(Scheme 13).% An illustration of the often unpredictable outcome of these cyclization reactions is the

fact that under identical reaction conditions, a mixture of two similar seven-membered B-keto esters

0 0
MeO N
OFt g Q—ﬁ Ref 66
MeO_ _N p o N
o 76% H
o 39
o MeOOC_ N Me0OC,
N N OH
OEt OBt _
+ 31% I Yy  Ref80
N~ ° o
MeQOC
40
Scheme 13

gave the expected four products, of which 3-isoxazolol 40 was isolated in 31% yield.** A rather
unusual route was followed to synthesize a related bicyclic compound 43 from B-keto ester 41
(Scheme 14). In this case, the hydroxamic acid 42 was isolated and the bicyclic ring system was
formed by treating 42 with thionyl chloride at —70°C, a procedure originally developed for the forma-
tion of 1,2-benzisoxazolols from salicylic hydroxamic acids (see Section 10).*' In contrast to the
synthetic problems discussed above, Waly er al. report the synthesis of benzazepine 45 in 76% yield,
by simply refluxing the B-keto ester analog 44 with hydroxylamine.?2 Finally, it is interesting to note

1. EtONa B 0 1. pyr/THF
o 0C Py Boc
Boc NH,OH i SOCk I on
N ot 2-AcOH NHOH 2. TEA CI_(
\
o 2% o - 70°C /O/N Ref 70
u o 28% "
o © o OH
OEt NH,0H, HCI N
\ AcONa \ o
OH - Ref 82
N reflux 18 h /N ¢
5’02 o MeOH S0, O
76%
44 45
Scheme 14
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that the reaction of ethyl thiolacetoacetate (46) with hydroxylamine gave only 15% of 5-methyl-3-
isoxazolol (13) together with 40% of the 5-isoxazolone (Scheme 15).*° This represents, to our knowl-
edge, the only example of the use of a B-keto thiol ester as starting material for the synthesis of 3-isox-
azolols. For comparison, the same authors obtained a 70% and 61% yield of 3-isoxazolol products
under identical conditions for the cyclization of methy] acetoacetate and ethyl acetoacetate, respec-

tively.®
o © I. NH,OH, 0°C 30 min, pH 10 OH
/[U]\ 2. conc HCI, rt overnight R —
R /N + o o/NH
(o]
15
R =SEL. 46 15% 40%
R =OMe 70% -
R = OEt 61% -

Scheme 15

2. Cyclization of B-Ketalized Keto Esters

One solution to the problem of controlling regioselectivity of the reaction between [-keto
esters and hydroxylamine has been to protect the B-keto functionality as a ketal, thereby directing
attack by hydroxylamine to the ester moiety. 83} 3-Isoxazolol synthesis from these ketalized B-keto
esters are carried out in two steps, often involving the isolation and characterization of the corre-
sponding hydroxamic acids; these can be subsequently cyclized by heating in strong acid. This
strategy involving ketalization was originally developed for the synthesis of muscimol (S) as shown in
Scheme 16.3* Interestingly enough, when Konda e al. later repeated this sequence, only 24% of the
chloromethylisoxazolol 47 was obtained when the cyclization step was performed at 60-80°C for 30

NH,OH / McOH MeO OMe O AcOH / HCI
c|”‘°° OMe O 30°C 96 h o 20°C 16 h
OEt 70% NHOH 80%
OH OH
conc aq NH;,
/% 90°C 16 h "
0~ o’
c HoN
47 s
Scheme 16

hours,” as compared to the 80% yield originally isolated under much less drastic conditions (20°C for
16 hours).  Jacquier et al. extended the use of ketalization to a series of B-keto esters ketalized with
ethylene glycol and containing various substituents at the B-carbon (alkyl, cycloalkyl, or phenyl) and
the o-carbon (hydrogen, methyl, or ethyl).¥ The cyclizations were carried out using concentrated
hydrochloric acid or either methanol or acetic acid saturated with HCI gas, affording in all cases the 3-
isoxazolols in good yield (80-95%). Although the authors failed in their attempts to cyclize hydrox-
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amic acid 49 (Scheme 17), the reaction was successful in the conversion of the six-membered analog
48" to the corresponding bicyclic 3-isoxazolol in more than 80% yield.** Later, our group took advan-

tage of this procedure in the synthesis of some bicyclic structures,*$>%2 such as compounds 50 and 51

MeOH /o
d 50 HO® (HzC)n\Q_( o o0
NHOH /; é)J\NHOH
49 Ref 85
48
= E[H(z)%H conc HCI
o o HO OH (o} ¢ONa /™ 80°C
\/ o_ .0 rt2days 0. 0O o 0min 8 OH
OEt / \
7% 85% NHOH )4, N
s s o
50 Ref92
)\ NH,OH ‘HCl R
oo KOHMeOH 4 4 0 “loec OOC\N’(CHz)n
OF 8°C 6-18 days S mi OH
t 3 min
NHOH w
n- (CHan 46-63% - (CHan 48-94% o’
I
|
COOR n=1or2 COOR 51 Ref 86

Scheme 17

as intermediates for the synthesis of muscarinic acetylcholine receptor agonists®® and bicyclic analogs
of GABA, respectively.® In a recent report, 3-isoxazolol 53, containing a 4-difluoromethylthio
substituent, could not be synthesized by direct cyclization of the respective f-keto ester, but was
successfully prepared from the dimethy! acetal 52 (Scheme 18).%°

MeO OMe O F F

|. NH,OH
M HC(OMe)3 M -30°C1.5h \S( OH
64% [} 2. conc HCI I—\(
\r \r 90°C 45 min O/N
F F 45% 53

Scheme 18

Despite the great advantage of minimizing or avoiding formation of the 5-isoxazolone isomer,
the strategy based on ketalization of the B-keto ester has, so far, not been widely exploited. It has been
argued that difficulties in forming ketals of B-keto esters substituted at the o-carbon make the method
inapplicable to the synthesis of certain 4-substituted 3-isoxazolols.’'® This obstacle is, however, not
obvious from the original study by Jacquier ef al., who achieved equally good yields from the 4-
substituted as well as the unsubstituted -keto esters.*> On the other hand, this study reported gener-
ally much lower yields for the o-substituted analogs in the step following ketalization, namely the
hydroxamic acid formation (10-20% as compared to 20-65% when unsubstituted), perhaps an indica-
tion of instability of ketals of this particular type of f-keto esters,
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3. Cyclization of B-Enol and f-Enamine Esters

Transformation of the B-keto functionality into enol ethers or enamines with the goal of suppressing
formation of the 5-isoxazolone isomer has been attempted, but, so far, only a few examples have been
reported with limited success. Enol ethers 54 and 55 have been treated with hydroxylamine, leading to
mixtures of 3-isoxazolol and 5-isoxazolone products (Scheme 19). Thus, 29% of this latter undesired
by-product was obtained from 55.% whereas in the case of 54 the 5-isoxazolone isomer was detected

1. NH,OH
OEt O MeONa
it overnight Et0OC, OH Etooc
= OFEt VZ/_K i . R
2. cone HCI o™ 07 g-NH
07 TOEt
54 57%
Ot O i. NH,OH Et00C OH Et00C
-5°C 15 min
N OEt / \ + — Ref 64
2. cone HC N 07NN
[e} OEt ° °
55 o 49% 29%
OEt O /Lk f >
HN” “NHOH
2 Et0 MeONa / \ )
“ N NH, N Ref 96
OFt 15% o Y o’
56 57 © 15
Scheme 19

but not isolated.”® Upon cyclization of 56 with N-hydroxyurea, the isolated product turned out to be
isoxazoline 57 in poor yield.*® Elimination of the 5-ethoxy group by treatment of 57 with strong base
gave the 3-isoxazole 15 (yield not reporied for this step). In analogy with the reaction of enol ethers,
the 2-methylthiochromone 58 (Scheme 20) reacted with various amines by replacement of the
mercapto group.”” With bidentate reagents such as hydrazine and hydroxylamine, tricyclic compounds

o o NH,O0H, HCl 8] Ph
aq Na;CO;

‘ Ph reflux 45 min = 0
0~ “sMe H,O/EtOH o =N
58 % 59

Scheme 20

were formed, and in the latter case the product was the 3-oxygenated isoxazole derivative §9. Bowden
et al. in an early study introduced the use of imine protection of the keto group into the field of B-keto
ester based 3-isoxazolol synthesis.™ Upon reaction of B-keto esters with benzylamine, they claimed
the isolation of the imines 60 and the ring closure of these intermediates via 61 to give 3-isoxazolols
(Scheme 21). It was, however, later shown that the intermediate product was in fact the enamine 62,
which when treated with hydroxylamine did not give the hydroxamic acid but the oxime 63 instead.®
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Ph Ph
o o kN 0 kNH 0
PhCH,NH, |
R OR" R OR" =—= R “oR"
R R' R'
60 62
[NH;OH 1NHZOH
Ph "o
R OH ~ R R
kN o
I % — | ! T
R Ngr R NHOH R OR' 0= g
A R
61 63
Scheme 21

Consequently, acidification afforded exclusively the 5-isoxazolone and not the 3-isoxazolol as
claimed earlier. Some interesting information regarding the reactivity of the B-amino-o.,B-unsatu-
rated esters can be deduced from a study by Kashima et al., who described the reaction between
hydroxylamine and a series of cinnamic esters containing 3-enamino groups derived from nitrogen-
containing heterocycles (Scheme 22).7” The use of the weak base, triethylamine, led in all cases to the
formation of 5-isoxazolone 64 exclusively, the highest yields being obtained from substrate 65
containing the electron-donating 1-pyrrolidinyl group. With the use of a large excess of sodium

N
6
AN

6% OMe 60%
OH
TEA 66 MeONa j
NH,0H NH,0H N
\ reflux 3h reflux 3h o
N MeOH MeOH
oo \ O “
64 89% N o )/
X OEt
[
Scheme 22

methoxide, hydroxylamine is deprotonated generating a strong oxygen nucleophile. Under these
conditions, enamino ester 66, containing the electron-withdrawing 1-imidazolyl group, gave 3-isoxa-
zolol 67 as the only product. In contrast, when 65 was treated under identical conditions, only 5-isoxa-
zolone 64 was isolated, albeit in very low yield (3%). Additionally, when the above method was
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applied to the synthesis of the soil fungicide 5-methyl-3-isoxazolol (15) from methyl 3-(1-imida-
zolyl)crotonate, only a modest 19% yield of the desired compound was obtained.”? Finally, there is an
example of cyclic enamines 69 being transformed into 3-isoxazolols 70 containing an amino group as
the 4-substituent (Scheme 23).*” Enamines 69 were initially identified as one of two products
following the alkylation of ethyl acetoacetate. The other product was the acyclic compound 68, and to
complete the ring closure into 69, the product mixture was refluxed in toluene with 4-toluenesulfonic

acid. However, the subsequent conversions into isoxazolols 70 were quite unsatisfactory and gave

only poor yields.
R = Hor M o 0 /\('ﬁ' OEt NaH, Nal
=H or Me [} .
+
/U\/”\oex R \L( it — 80-100°C
(o] (¢} ’/Z A 1. NH,OH H
NaOH OH
OEt PTSA Et0 N 5°C 8 days EIOTN
H . o R UV
N OEt toluene 2. conc HCI N
\ﬂ/ reflux COOEt . rtlh °
8201 70
o 20h 69 12-14%

(66% for R = H)
Scheme 23

4. Cyclization of N,O-Protected Hydroxamic Acids

To address the problem of regioselectivity described above, it would be desirable to form an
N,O-diprotected B-ketohydroxamic acid, which by deprotection and cyclization would lead exclu-
sively to the formation of the desired 5-substituted 3-isoxazolol. The synthesis of N-methyl and N-
phenyl B-ketohydroxamic acids 73 from the reaction of diketene (72) or acylated Meldrum’s acid
(2,2-dimethyl-1,3-dioxane-4,6-dione)*** 71 with N-alkylhydroxylamine have been described, as well
as their transformation into N-alkyl isoxazolin-3-ones 74 (Scheme 24).'%'9* However, due to the

0 MeNHOH
HO o >< or
R _ o @-—NHOH ° ° 0
A Iy
_ 'R
| R N—OH LR L
o R
=<>:o 73 R'=Me or Ph 74
72
Scheme 24

stability of the C-N bond, such heterocyclic products 74 cannot be converted easily into the unpro-
tected 3-isoxazolols. To the best of our knowledge, the only synthesis of a 3-isoxazolo} from a N,O-
diprotected hydroxamic acid is, until recently, the synthesis of 5-methyl-3-isoxazolol (15) by cycliza-
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tion of 75 (Scheme 25).'™ In this simple and successful sequence, diketene (72) was reacted with N,O-
bis(trimethylsilyDhydroxylamine to give the N,O-diprotected hydroxamic acid 75 which gave 15

HN-OTMS o o HCI (g) OH
MeOH
=(>:° ™S /U\/“\N—oms /[,\\l/ﬂ Ref 104
0 néh tus 1t 45 min o
72 85% 25 83% 15
1. 20% Pd-C, H,

’ HN—O0Bn 0 o0

benzene /U\)J\
N—-OBn
H

reflux 1 h

2. HCI/AcOH, 1t 16 h 1 Ref 105

71%

73% 76

Scheme 25

when treated with methanolic HCI. The similar reaction of 72 with O-benzylhydroxylamine gave
hydroxamic acid 76, which after a debenzylation step was cyclized to the 3-isoxazolol.'" These
methods are, however, not generally useful since the lack of analogs of diketene (72) has limited it to
the synthesis of 3-isoxazolol 15. Furthermore, it is worth noting that it is not superior to the direct
cyclization of 72 with hydroxylamine. Thus, although the 5-isoxazolone was first reported to be the
product of this reaction,'®1% Jacobsen et al. in fact succeeded in preparing 15 from diketene (72) in
T % yield.% Sato er al. used acylketene 78, formed by heating 2,2-dimethyl-2H,4H-1,3-dioxin-4-ones
71, to acylate O-benzylhydroxylamine thereby obtaining the O-benzy! protected hydroxamic acids 79
(Scheme 26).'7 After catalytic hydrogenolysis of the benzyl group, the free hydroxamic acids 80 were
converted into the 3-isoxazolols by treatment with hydrogen chloride in acetic acid. We recently
presented another approach to the diprotected hydroxamic acids in which the 3-keto ester 81 was first

a ° NH,0Bn o o
P~ boiling xylene 1 h
B = L n/u\/u\nuoan
o 61%, R=Et
R [0}
7

57%, R=Bn 79
78
t atm H, / Pd-C o o HCi/ AcOH OH
nt3Sh /U\/U\ rt overnight /4_\(
72%, R=Et R NHOH 54%, R=Et R o N
66%, R=Bn 80 76%, R=Bn
Scheme 26

converted into the B-ketocarboxylic acid 82 by hydrolysis in aqueous NaOH (Scheme 27).'" Forma-
tion of the corresponding acid chloride using SOCL, and subsequent in situ reaction with N,0-diBoc
hydroxylamine'® gave B-ketohydroxamic acid 83. Treatment of 83 with concentrated hydrochloric
acid afforded the expected 3-isoxazolol 84 as the only product in 82% yield. Attempts to generalize
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NaOH
ome  DOH OH
rt16h
81 3% 82
OH
soC! Hrll—OBoc © aq conc HCI Y
2 Boc N—OBoc 50°C1h o/N
rtl4h  CH,Cl/TEA Boc 82%
rt 16 h, 56%
83 84
Scheme 27

this procedure were, however, not successful due to very rapid decarboxylation of the p-keto
carboxylic acid, in contrast to 82 which underwent decarboxylation only slowly after several days.
Using another strategy, we exploited the high reactivity of acyl Meldrum’s acids towards nucleophilic
attack. Acyl Meldrum’s acids 71 are known to react with alcohols and thereby forming f-keto
esters.”®9%!10-112 Similarly, aminolyses with N,0-diBoc hydroxylamine resulted in good yields of the
corresponding B-ketohydroxamic acids 85 (Scheme 28), and subsequent treatment with either 4 M or

concentrated hydrochloric acid cleaved both Boc protecting groups and cyclized the hydroxamic acid

HN OBoc OH
(o} (o} conc HCI / )
loluene or 4 M aq HCI
>< RMN—OBoc R NN
65°C 4-16 h éoc 76-99%
5391% 85

R =alkyl, cycloalkyl, benzyl, or phenyl.
Scheme 28

10 give 5-substituted-3-isoxazolols in high yields.'"® Although acyl Meldrum’s acids are easily acces-

100.10.11L13-117 3 problem in relation to

sible from Meldrum’s acid with well-known acylation reagents,
the synthesis of 3-isoxazolols is the fact that they are not easily prepared from aromatic carboxylic
acids, of which only few examples exist.!™!!!!8 Finally, this novel method, so far, does not allow for

the introduction of substituents in the 4-position of the 3-isoxazolol ring.

5. Cyclization of Malonic Acid Esters

In the case of the reaction of hydroxylamine with malonic acid esters, the problem of regiose-
lectivity is absent, as symmetrical malonates lead only to the 4-substituted 3,5-dihydroxyisoxa-
zoles.""%'> These compounds have been prepared and studied in detail by Zvilichovsky’s group who
found them to be very strong organic acids.'”! As an example, 4-(4-nitrophenyl)-3,5-dihydroxyisoxa-
zole (87) (Scheme 29), formed by the condensation of hydroxylamine with diethyl 2-(4-
nitrophenyl)malonate (86), is reported to have a very low pK, value (-0.1)."*! Hartke et al. studied the
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o o
O,N
NH,OH
EtO OEt MeOH
148 h OH
90% o\
N
HO o/
NO,
86 87
Scheme 29

reaction of diethyl dithiomalonate (88) with amines and bidentate nitrogen nucleophiles.!** Compound
88 reacted readily with hydroxylamine to give 89 (Scheme 30), from which 3,5-diethoxyisoxazole
(90) was prepared in a ring closure reaction expedited by the addition of an equimolar amount of
trifluoroacetic anhydride.

(CF3C0),0
CH,Ci 0
O 2Chy
s s HI:SIZEI?O HO. . N-OH A15°C - nt B ~

124 h [ | 3-4h ~ N

o 4

EtOMOEt Eto)\)\ Ot 9% o

91% b
88 89 %0

Scheme 30

6. Cyclization of Acetylenic Esters

Acetylenic esters are known to be good substrates for 3-isoxazolol synthesis. Hydroxylamine
initially attacks these unsaturated esters, and the hydroxamic acid formed subsequently adds to the
triple bond leading to ring formation. The reaction is typically carried out using excess sodium
hydroxide in alcohol at room temperature followed by acidification with concentrated hydrochloric
acid and extraction or precipitation of the product. A recent example of this procedure is the synthesis
of compound 91, an intermediate synthesized in the search for novel antiviral compounds against
common cold (Scheme 31).*} This reaction has been applied to acetylenes having both aliphatic and
aromatic substituents at the triple bond (Table 2). The latter group is exemplified by a number of
phenyl analogs, but since other aromatic and heteroaromatic substrates have not yet been included, it
remains to be seen whether the use of such acetylene esters can replace the unsuccessful cyclization of
the corresponding [-keto esters. Some information about the reactivity of aliphatic acetylenic esters
towards hydroxylamine is, however, available. The group of Nakamura showed that it is possible to
control the formation of hydroxamic acids and 3-isoxazolols by varying the reaction tempera-
wre.'2 28 Thys, treatment of 92 with hydroxylamine under basic conditions overnight at 30°C gave 3-
isoxazolol 93, whereas reaction under the same conditions at 5-10°C unexpectedly resulted in the
isolation of the hydroxamic acids 94 (Scheme 32).'*® It was therefore concluded, that under
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NHOH 66% N-©

i. NH,OH/NaOH
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>—:‘ (CH2)30 \
EtO

85% nN-© 70%

T cHaso ®
N-o

N-O
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OH
1. NH,OH/NaOH
EtQ 30°C overnight eo_  // \
»—=—cooet 2. AcOH oM
EtO e
92 87% 93
1. NHOH/NaOH , ,
10-15°C ovemigh / é ) /l\ 00(/(), &q NaOH
2. AcOH . Ac
65% B0 77%
o >%CONHOH
EtO
9%
Scheme 32

basic conditions hydroxylamine addition to the triple bond is less favorable than hydroxamic acid
formation. McCarty et al. reported that isolation of the hydroxamic acid depends on the pH of the
reaction mixture.'>” After treatment of ethyl 4-chlorotetrolate with hydroxylamine in basic methanol
for 15 min at -35°C, quenching with 6M hydrochloric acid led to the corresponding hydroxamic acid
whereas adjustment of the pH to 8.5-9 and stirring at room temperature for 10 hours gave the 3-isoxa-
zolol in 41% yield (see Table 2). They further studied the pH dependence of the cyclization of this
particular hydroxamic acid, and found the optimal yield of the 3-isoxazolol occurs at pH 8.5 to 9 and
no product formation at a pH above 10.5 or below 6.5."7 Ten years earlier, a report had actually
argued that formation of 3-isoxazolol (3) from ethyl propiolate is favored at high pH (> 11), whereas a

lower pH yields the corresponding 5-isoxazolone.'"
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(o} OH
Table 2 F./J\OR' —_— R /4/:/\(,4

R R 7 Yield (%)  Ref

H Et 59 125

Me Me 92 125

cyclopropyl Et 70 126

CICH, Et 41 127

(E0),CH Et 87 128
phenyl Et 87,88 125,129

2-Cl-phenyl Me 83 129

4-Cl-phenyl Et 52 125

2,6-diCl-pheny] Et 85 129

4-MeO-phenyl Et 48 125

4-NO,-phenyl Et 77 125

Another way to cyclize acetylenic hydroxamic acids was reported by Zborovskii er al., who
accomplished the cyclization of compound 95 in the presence of bromine.?*' Under these conditions,
bromine was introduced into the 4-position to give 4-bromo-3-phenyl-3-isoxazolol (96) rather than the
otherwise expected cyclization product (Scheme 33). An alternative to the use of hydroxylamine is N-
hydroxyurea which in contrast to the former reagent apparently reacts exclusively at the hydroxy

Br OH
BI‘2
@%CONHOH / \N
Dioxane 0~
95 37%
96
Scheme 33

group. It can thus be considered as an N-protected hydroxylamine derivative and has as such been
utilized in the synthesis of 3-isoxazolols from acetylenic esters.!">1* Dimethyl acetylenedicarboxylate
(99) has been reacted with either reagent, yielding the isoxazolols 98 (51-55%)'*!*7 and 100 (60-
72%)"*>1% upon treatment with hydroxylamine (two equivalents) and hydroxyurea, respectively
(Scheme 34). A comparable yield of 98 (56%) was obtained when the chlorofumardihydroxamic acid

97 was cyclized under basic reaction conditions.'”” Jager ef al. considered the hydroxamic acid 98 a
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o OH
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HOHN —/ “NHOH MeOOC —=——COOMe MeO _N
99 ) o
o 9 © 100
d) /
I b) \ d
H
OH o OH, NH;3
\ \
HOHN / N - HzN\/[_jJ - /!
1o} [o) e) H2N /N
o b 5 °
98 ©

a) aq NaOH, rt overnight (56%. ref 137). b) NHOH/NaOH, rt overnight (51-55%, ref 134, 137).

¢) N-hydroxyurea, 5 eq TEA, 1t 1h (60%, ref 135) / N-hydroxyurea, 1.1 eq DBU (72% refl 136).

d) conc NHj 2h (quantitative yield, ref 135). ¢) 8.6 eq borane-dimethylsulfide, reflux 8h (51%, ref 135).
f) 8.6 eq borane-dimethylsulfide, reflux 22h (32%, ref 134).

Scheme 34

potential precursor for muscimol (5) by reduction of the hydroxamic acid group to amine, but were
unable to reproduce the previously reported synthesis of 98 from dimethyl acetylenedicarboxylate
(99) and hydroxylamine. Instead, they succeeded in synthesizing 5 from the ester 100 by reaction with
ammonia and subsequent reduction of the amide upon treatment with borane dimethylsulfide
complex.'* Subsequently, Welch ef al. reported that it was indeed possible to reduce 98 using borane
dimethyl sulfide complex, and obtained muscimol (5) in an overall 17% yield from dimethyl
acetylenedicarboxylate (99).'* The synthesis of 100 was improved to 72% by replacing triethylamine
with the stronger base 1,8-diazabicyclo[5.4.0Jundecene-7 (DBU).'*® Furthermore, these authors
treated 100 with either methylamine, isopropylamine, pyrrolidine, or morpholine to give the respec-
tive muscimol (5) analogs.'* Finally, it should be noted that a brief communication has described the
cyclization of an olefinic hydroxamic acid by treatment with lithium chloropalladite and triethylamine
(Scheme 35)."* In contrast to the direct cyclization product, which would be the partially saturated

isoxazoline, 5-substituted 3-isoxazolols were isolated.

o o \ OH
- \ ¢ Pd o N
/\)J\ Pd Pd.. ] ‘ -PdH Y
R N—OH s NH — H. R o’
H rtl2h R / N _NH 32%, R = Me
HO r’ o 28%.R =H
35%. R = Ph
Scheme 35

7. Cyclization of 3-Halo-o,3-unsaturated Esters and 2,3-Dibromo Esters

In a synthesis of the naturally occurring neuroactive compound ibotenic acid (6), intermediate
102 was formed by cyclization of diethyl 3-chloroglutaconate 101 (Scheme 36).'* The cis- and frans-

isomers of 101 were reacted separately with hydroxylamine in the presence of excess sodium
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o o o PCls Etooc—>—/cooa EtOOC—>—\
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cl Ci COOEt

(43%) 101 (4%)

OH OH
NH,0H
NaOH H>S04/EtOH I\ - . WN )Y

. o’ - o’
-35°C > rt reflux 24 h E100C HOOC
102 6
Scheme 36

hydroxide to form the isoxazole ring. Subsequent esterification with ethanol gave 102 in overall yields
of 60% and 53%, respectively. In a similar fashion, dimethyl 2-bromofumarate (103) provided isoxa-
zole 105 upon treatment with N-hydroxyurea (Scheme 37).'* In all reactions between N-hydroxyurea
and either dimethyl acetylenedicarboxylate (99), 2,3-dibromosuccinate (106), or dimethyl 2-bromofu-
marate (103), the acyclic product 104 was isolated. Although other possible cyclization products were

MeOOC il
__ Meoocj)\coom MeOOC—————COOMe
Br cOoOoMe Br 99
103 106
Me0OC o~ L /
— o MeQOC
o
\ o
HN\[rNH o CooMe
I NH
°=< OH
0 NH: /4—(
104 /1
HN meooc— N
0=( — 0
HN-O  COOMe 105
Scheme 37

suggested from this common intermediate, isoxazole 105 was nevertheless the only cyclic product
detected.? A recent example of the use of a 2,3-dibromo ester as starting material is the synthesis of
analogs of the GABA, receptor agonist 5-(4-piperidyl)-3-isoxazolol (4-PIOL) such as 110 (Scheme
38).10 For 3-isoxazolols bearing heteroaromatic 5-substituents, cyclization of -keto esters has proven
particularly troublesome, and attempts to prepare isoxazole 109 directly using that methodology failed
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NaOH
MeOH /B
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Scheme 38

and yielded only the 5-isoxazolone isomer. Instead, 109 was successfully synthesized from the
dibromo ester 107 in good yield." Furthermore, when the reaction mixture was neutralized with
concentrated hydrogen bromide after keeping it at 0°C, the intermediate hydroxamic acid 108 could
be isolated and characterized, indicating that under basic conditions, the reaction proceeds via an
initial dehydrobromination. Intermediate 108 was subsequently cyclized to give 109 in 86% yield. It is
evident that dibromo esters represent a suitable alternative to B-keto esters as substrates for 3-isoxa-
zolols. This has been particularly useful when aromatic 5-substituents are desired, as can be seen from
Table 3. The only major disadvantage of this methodology is the requirement of many synthetic steps,
and also that it has not provided a method for the introduction of 4-substituents into the isoxazole ring.

8. 3-Isoxazolols from 3-Alkoxyisoxazoles

3-Alkoxyisoxazoles have been reported to provide 3-isoxazolols by acid cleavage of the
alkoxy groups in numerous cases. Such alkoxy derivatives are synthesized primarily from 3-halo
substituted isoxazoles or by alkylating the hydroxy group of 3-isoxazolols. Since the preparation of 3-
isoxazolols from 3-alkoxyisoxazols has been of great importance, the following sections will, in addi-
tion to this subject, address the formation of 3-alkoxyisoxazoles from 3-haloisoxazoles as well as the
synthesis of this latter group of compounds.

a} Hydrolysis of 3-Alkoxyisoxazoles

Although 3-alkoxyisoxazoles continues to be an important source of 3-isoxazolols, very few
methods for their cleavage have been developed. Hydrolysis using strong acids has been neatly the
exclusive method of choice, and the generally harsh reaction conditions require great stability of the
functional groups present. Aqueous hydrochloric acid has been used in a number of
cases,' V7995140144135 by the reagent most frequently applied is hydrogen bromide. Depending on the
substrate, slightly different procedures have been used, and a few examples of these are given in
Scheme 39. There are, however, alternatives to cleavage by strong acids. Thus, it was discovered that
hydrolysis took place under mild basic conditions in a mixture of ammonia and tin(IV)chloride
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R R Br \

Table 3 Won- — >—S{on' — I\

Br R o

o X (o} v

Entry R R X Y Ref

i Yield(%) __Yield (%)
I —+en Et 28 57 141°

N
2 My Me 91 63 740
3 " jﬁ’“ Me 87 56 740
4 | :i Me 90 72 140¢
N
5 ok Me 94 58 740
N
6 CO ome 94 43 74
7 @Lt Me 91 75 142
PSS
8 Q! Me 68 49 142¢
2,

9 e Me 84 7 142¢
10 O Me 95¢ 61 142/

a) 1. Br, /AcOH, rt 18h. 2. Hydroxyurea/NaOH, rt — reflux. 3. conc HCI. b) 1. HBr/Br, /AcOH,
60°C 4h — rt overnight. 2. NH,OH/NaOH, 0°C 1h - reflux 2h. 3. conc HCL. c) 1. HBr/Br, /AcOH,
1t 30 min — 60°C 3h. 2. NH,OH/NaOH, 0°C 1h — reflux 2h. 3. conc HCL. d) 1. Br, /CCl,, it
overnight. 2, NH,OH/NaOH, (°C 1h — reflux 6h. 3. 4M HCI, 0°C 30 min. ¢) Br2 , CHCI,, 1t
overnight (ref 143). f) 1. Hydroxyurea/NaOH, rt 6h — reflux 20h. 2. conc HCI.

(Scheme 40).'% An example is compound 111 which could not be obtained from 5-hydroxymethyl-3-
methoxyisoxazole using hydrogen bromide in glacial acetic acid, whereas it was isolated in 36% yield
after heating at 105°C for 2-3 days in aqueous ammonia and SnCl,. In contrast, the final step in the
synthesis of 4-methyl ibotenic acid (112) from the corresponding O-methyl derivative was far more
effectively accomplished using acid deprotection rather than aqueous ammonia and SnCl,.'** It should
be noted that O-benzyl groups have been cleaved by use of catalytic hydrogenation'"'*? or, alterna-
tively, hydrogen bromide'>* or hydrogen chloride'**'*in different solvents.
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Me0OOC
Me00C 33% HBI/AcOH MeOOC
MeOOC OMe 1120 h e OH
MeOCHN N MeOCHN \
] \N 93% / N Ref 146
o o
33% HBr/AcOH Br OH
Br OMe rt overnight NH,
HoN /A .
I, 68% HOOC N Ref147
HoOC o’ °
HOOC
Et00C 48% aq HBr oH
Et00C OMe reflux 15 min HN
MeOCHN 2
Y 64% ! N Rerias
o (0]
Br Br
48% aq HBr
reflux 3 h
62%
Scheme 39
OMe OH OMe
36%
”°v4—\( L N N
N _N N
o o o)
HBr 111 NH40H
AcOH SnCly
OMe OH OMe
HOOC /i /\N 709, Hooc / /\N 12% HOOC /i /\N
o} o o
NHz NH2 NHZ
112
Scheme 40

b) Synthesis of 3-Alkoxyisoxazoles

3-Alkoxyisoxazoles are quite readily formed from 3-haloisoxazoles by substitution of the
halogen atom with the desired alkoxy group upon treatment with the appropriate alcohol under
strongly basic conditions. As exemplified by the synthesis of the 2,5-diisoxazolyltetrahydrofuran 114
from 3-bromoisoxazole 113 (Scheme 41),' this transformation is typically carried out upon refluxing
the isoxazole with the required alcohol in aqueous KOH. Several compounds containing various func-
tional groups including base-stable protecting groups such as THPO and Boc group have been synthe-
sized using this methodology (Table 4). To prepare monocyclic alkoxyisoxazoles, the corresponding

bromo derivatives are most frequently chosen. However, for the synthesis of bicyclic benzisoxazoles
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R! x ROH R OR
Table 4
. / \N KOH, reflux / \N
R o/ R" o/

Entry X R' R" R Reaction Yield (%) Ref
. Timey
I Br  Me CH,OH Me 12 58 162
2 Br CHOH Me Me 12 89 163,162
3 Br COOH Me Me 9% 61 164
4 Br H Me Me 24 574 64
5 Br H Ph Me 4 95 165
6 Br H Ph Et 4 90 165
7 Br H COOH Me 4 79 21
g8 C1 H COOH Me 4 82 64
9 Br H CH,NH, Me 48 66-68 166,167
10 Br H COOH Bn 2 45 153

o}
11 Br H (roews Me 2 60 28
Q
2 Br H (Or-oew  (CH,),0H 4 45 28
Me Ney
13 Br H Hzc_ﬁ@—«“.nm Me* 6 81 )
Me

a) Calculated yield of crude product. b) 80°C. c¢) Substitution using ethanol and n-propanol was
also reported.

OH
LOH
\\\/\)\ LN KHCO,
A /k

OH Br Br 95%

DEAD By B MeOH H;CO
PPh; A ’ aq KOH ? OCHs

\ q )
0% Ny ° /O/N 80°C S h N\o\ N

50% °
113 114
Scheme 41

the 3-chloro compounds have been treated with sodium alkoxides in aprotic solvents such as
DMSO and DMF (Scheme 42).*1%157 This is exemplified for compound 115, which was found to be
a suitable bioisoster for the benzoyl functionality in a particular class of acetylcholinesterase
inhibitors.”* In this connection, it should be noted that 3-halobenzisoxazoles have not only been
reacted with alcohols to form 3-alkoxyisoxazoles, but also with other nucleophiles such as amines,

azide, and hydroxide to provide the respective substitution products.?!3-16!
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ci opn  PhONa  © . EIONa  Ci oFt
g DMSO { DMSO {
I 160°C 3 h / Y 140°C10h [ N Refi156
() 56% o’ 17% o
a) 1.05 eq NaH
DMF 0°C — \/OB“
NBoc o
Ho\/o " g \ Ref 23
(< PN
Y I N
0o 0
115°C 16 h 115
56%
Scheme 42

Alternative procedures for the preparation of 3-alkoxyisoxazoles have been described. Thus,
the use of alkoxynitrile oxides in cycloaddition reactions with either olefins or acetylenes has been
reported to yield 3-atkoxyisoxazolines and 3-alkoxyisoxazoles, respectively.'*® Alkoxynitrile oxides
118 are dipolar compounds formed by chlorination of alkyl formhydroximates 116 with N-chlorosuc-
cinimide (NCS) followed by dehydrochlorination of the chlorinated oxime 117 in the presence of base
as for example potassium bicarbonate or triethylamine (Scheme 43).'® A one-pot reaction was devel-
oped in which formhydroximate 116, NCS, base, and the acetylenic substrate were heated in ethyl

_oH  KHCO;

H
N-° NCS No N or TEA .
)1\ H+OR _— )l\ RO—=N-0O
H OR cl Cl OR 118
116 117
OR R OR
R'=SnB " = phenyl
ﬂ nBus l ] R’ = pheny f \N
BusSn™ g7 89%, R = Bn (119) 90%, R = Bn (120) Ph™ g~
78%, R = isopropyl H 21%, R = ethyl
65%, R = isopropyl
Scheme 43

acetate at 48°C for 34-48 hours (Scheme 43). Monosubstituted substrates gave the 5-substituted isoxa-
zoles predominantly, but in other cases mixtures of regioisomers were obtained. Of particular interest
in the context of 3-isoxazolols are the two compounds 119 and 120, having a 3-benzyloxy substituent,
since compounds of this type are generally easy to debenzylate to give the free 3-isoxazolols. In
analogy to the formation of 5-amino-3-isoxazolols from cyanoketene acetals (Section 9),
benzoylketene acetal has been reported by Stache! to afford 3-ethoxy-5-phenylisoxazole (121) upon
treatment with hydroxylamine (Scheme 44).1%
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0 Ot 1. NH,OH/EtOH OFt
2. con¢ HCI A\
@M o
0
121
Scheme 44

¢) Synthesis of 3-Haloisoxazoles

The initial approach to 3-bromoisoxazoles and 3-chloroisoxazoles proceeded via cyclization of
B-nitroketones 122 by heating in hydrobromic acid or hydrochloric acid, respectively (Scheme 45).!™

HO
HBr or HCI N O \
) X R 20-45% o

R =Me, Et,or Ph; X=BrorCl
Scheme 45

The yields obtained using this methodology are generally low,*217™172 and it has therefore not been
recognized as a general synthetic route. In contrast, the most important and widely used procedure for
the synthesis of 3-haloisoxazoles is based on 1,3-dipolar cycloaddition of a halonitrile oxide 125 with
acetylenes in a reaction analogous to that described for the synthesis of isoxazolidines from alkenes.
In the first reports, acetylenic Grignard reagents were the substrates,>'*> generating exclusively 4-
unsubstituted 3-haloisoxazoles, but its extensive use on terminal as well as disubstituted alkynes has

_OH OH
N or N base +
)I\ )l\ X—=N—-0"
o el Br” “Br X=BrorCl 125
123 124
Scheme 46

demonstrated its value as a general method to the formation of 3-haloisoxazoles. The reactive species,
a halonitrile oxide 125, typically is formed in situ from the dihaloformoxime by reaction with a weak
base. Both dichloroformoxime 123 and dibromoformoxime 124 are used to generate the nitrile oxide,
yielding 3-chloroisoxazoles®*'™* and 3-bromoisoxazoles,?*155:162164.167.174-182 regpectively. Chloroni-
troacety! chloride has also been suggested as a source of chloronitrile oxide when treated with sodium
bicarbonate in dichloromethane.'®* Nevertheless, dibromoformoxime 124 is the most commonly used
reagent, one reason being the higher toxicity of dichloroform oxime. As illustrated in Scheme 47, the
reaction is compatible with a number of functional groups, and may be carried out in mixed organic-
aqueous solvent systems as well as under anhydrous conditions. The limitation of this method is that it
is not as useful for nonactivated disubstituted alkynes. A method has, however, been described in
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which potassium fluoride dihydrate is used as a hydrohalide scavenger keeping the reaction mixture
acidic thereby improving the reactivity of the formed nitrile oxide according to the authors.'®> The
yields achieved are moderate to good, but when the acetylene used is unsymmetrical a mixture of the
two possible regioisomers is typically obtained. However, terminal acetylenes react with the nitrile
oxides in high regioselectivity, practically generating only the 5-substituted 3-haloisoxazoles.'™ An

alternative to the reaction on acetylenes is the use of olefins containing substituents on the double

124, KF 2H»0 R Br
_ reflux 8 h \
RH,C —==—CH,R e I\ Ref 162
Meo” ¢ o o
60%. R = OH
31%. R =Cl
124, KHCO;
EtOAc/H,0 Br
- I8 h HO o
HOH,C—=—=—H ( I N + A Ref 174
88% 0/ 93:7 O/N
HO
Br
CF; 124. KHCO; F€ [\
MeOOC‘—)%H EtOAc/H;0 N
A Me0QOC 0 Ref 177
41% NH
BnO—\< Bn0/<
o )
124, KHCO, Br
H,O, rt
RH,C—==—H Y Ref 178
51%, R = NH, o
80%, R = OH R
0
124, NaHCO; Br Br
CH}CI:. 1t 0 / \
>—}H _N + 7\ Ref 175
0 61% ° 87:13 o
\ 124, NaHCO; Br
n-N EiOAc, rt 72 h i
P 0— (CHz)s—==—H [\  Ref42
N QN 92% R"(CHz)g o’
0 H
=
HN 124, NaHCO,
o l E(OAc/H,0
(o] N ni6h i
\ , R = 4-Me(CeHy)CO
OR OR

Scheme 47
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bond which can be easily eliminated, thereby yielding the isoxazole and not the otherwise expected
isoxazoline. As shown in Scheme 48, the chloro substituted olefin 126 led to 3-chloro-5-
chloromethylisoxazole (127) by 1,3-dipolar cycloaddition with bromonitrile oxide followed by dehy-
drochlorination. Compound 127 was reacted with ammonia to give 128, which after refluxing 24
hours in methanolic potassium hydroxide and ireatment of the intermediate 3-methoxyisoxazole with
hydrobromic acid led to muscimol (5) in an overall yield of 30% (Scheme 48).'% An identical
cycloaddition and elimination mechanism was used for the synthesis of 3-bromo-5-chloroisoxazole

OH KHCO; Br  30% NH,OH
N EtOAc/H,O \ dioxane
g R CNG Y
ci - 90%

Br~ “Br 8t % o
124 126 127
Br KOH OCHs 310, 1By OH
MeOH/H,0
HN_ Y e H’"\/m AOH H’N\/[—(N
(¥ 66% o’ 62% o~
128 5
Scheme 48

(130) from 1,1-dichloroethylene (129).'** In a recent report, the tolylsulfinyl group of 131 gave
enhanced dipolarophile reactivity as well as high regioselectivity. The isoxazoline intermediate could

Br Br
TEA \
. /“\ 01>[_\( . "
Br—=N-0 + C Cl ct O/N 60% (o] o’
129 130
Scheme 49

not be detected and compound 132 was isolated in 70% yield (Scheme 50). In two cases, enamines
have been substrate in dipolar cycloaddition reactions which after elimination of the amino moieties

N
o o Br—=N-0" OFEt o
+ KHCO, Br Br
/@/s 7o ELOAC/H,0 Et0 - RO /
+ \
EtO
OEt 70% RO 0/N 4:1 o/N
OEt 0 Et0
131 132 R =t-butyl
Scheme 50

gave isoxazoles 133 and 134 (Scheme 51).%'% Finally, bromonitrile oxide was reacted with naphtho-
quinones to give the corresponding naphthoisoxazoles 135 as mixtures of the two possible regio-
isomers or, when symmetrically substituted naphtoquinones were used, as single products
(Scheme 52).'8
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~N" o n-OH T o o M
)\/U\ + /t EtO + OEt Ret 64
OEt c” el 1t 3 days I\
123 g
133 (33%)
o
L) OH EtOA¢/H,0 Br
N © Nl/ KHCO; MeQ R
" N Ref 180
MeONOMe Br/J\Br n3h MeO o’
OMe 124 60% MeO
134
Scheme 51
R o] R' 0
N,°” KHCO, o
EtOAc/H,0
- : : o
Br” “Br 80-95% y
I 124 135 S b

Scheme 52

N-Methyl-4-isoxazolin-3-ones have been used as starting materials for the synthesis of 3-
chioroisoxazoles.'331% Thus, it was found that heating of 136 with phosphorus oxychloride converted
these compounds into the corresponding 3-chloroisoxazoles (Scheme 53) by an unknown mecha-
nism.'** Acceptable yields of 3-chloroisoxazoles were obtained, except for a bicyclic and a 5-ethoxy-

carbonylmethyl substituted analog, for which yields of only 18% and 5%, respectively were isolated.

R (o] POCI; R Cl
90°C 6 h
/ N . / \N
R Ng ™ 54-86% R N7
125
R =H, Me, COOE¢; R' = Me, COOMe, (CH»),COOMe, CH=CHCOOMe.
Scheme 53

The transformation into 3-chloroisoxazoles has relevance in light of the difficulties related to the
introduction of protection groups at the 3-hydroxy group of 3-isoxazolols. Thus, alkylation or acyla-
tion of this hydroxy function result in mixtures of 3-O- (137) and 2-N-alkylated (138) or, analogously,
acylated compounds (Scheme 54).”%°! As the 2-N-alkylated isoxazoles are inherently difficult to

R OH CH;3;N; or R OMe R o]

\ CH;l/ K,CO;4 \
R //N R //N * - // “Me
o] o] o]
137 138
Scheme 54

547



20: 23 26 January 2011

Downl oaded At:

S@ORENSEN AND KROGSGAARD-LARSEN

deprotect, the conversion into 3-chloroisoxazoles represent a potential use of these often useless by-
products. A procedure for the direct synthesis of 3-chloroisoxazole by chlorination and oxidation of
isoxazoline by refluxing with CuCl, in DMSQ has been described, but no yield for the transformation
was given."”’ Finally, if desired, it is possible to proceed in the opposite direction from 3-hydroxyisox-
azole to 3-haloisoxazole,'¥-1°%188:1%0 a5 demonstrated by Béshagen, who converted a series of 1,2-
benzisoxazoles 139 into the corresponding 3-chloroisoxazoles 140 by heating in a mixture of phos-
phorous oxychloride and triethylamine (Scheme 55).% A later study demonstrated an increase of the

- OH POCIy/TEA i cl
{ 140-150°C 18 h \
X A\ AN
R o 60-80% R o
139 140
R =Cl, I, NO,, MeO, Me, MeSO,, MeCOO.
Scheme 55

yield of 3-chloraisoxazole by using pyridine hydrochloride and phosphoric acid.'® Furthermore, a
mixture of phosphorus pentaoxide and phosphorus chloride was used for the conversion of isoxa-
zolopyrimidine 141 into 142 in 92% yield (Scheme 56)./ To complete the discussion of 3-haloisoxa-
zoles, there is a single report on the synthesis of a 3-iodoisoxazole, 3-iodo-5-phenylisoxazole (144),

POCl,
1.1 eq PCls
N OH reflux 4h _N cl
AN 92% LG A
o ()}
141 142
Scheme 56

by diazotization of the 3-amino derivative 143,'> and subsequent treatment with potassium iodide
(Scheme 57).%2

[. ag NaNO,

NH,0OH NH, aq HCI
aq NaOH i\ 10 min
@——:—cn N
50% (] 2.aq Kl
ri 20 h
143

Scheme 57

9. Synthesis of 5-Amine-3-isoxazolols

In an early study, Middleton et al. focused on the reaction of dicyanoketene acetals with
amines, and found that upon reaction with bases such as hydrazine, amidines, and hydroxylamine,
they gave pyrazoles, pyrimidines, and 3-alkoxyisoxazoles, respectively (Scheme 58).'°'! Thus, the
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NC  OEt NH,OH NC  OEt NC OEt

— — % /
NC OEt H0 NG NHOH 3% H,N o/N

145 146

OH OH
NC O NH,OH NG 07 NC, 0
= ] H,0 = ' /Z—\{‘

NC o 2 NC  NHOH HoN P

147 °

148
Scheme 58

diethy] acetal 145 gave an exothermic reaction with hydroxylamine, and 5-amino-4-cyano-3-isoxazole

(146) was reported to be the main product. Similarly, the ethylene acetal 147 gave the 3-(2-hydrox-

yethoxy)isoxazole 148 (yield not given). More recently, the same methodology was applied to the

substituted cyanoketene ethylene acetal 149 (Scheme 59). The 1,2,4-oxadiazole nucleus of 149 is

formed in the first step in which the nitrile oxide attacks the cyano group of dicyanoketene ethylene

acetal, leaving the acetal group intact until the reaction with hydroxylamine to afford good overall
NC._ _CN N<g

R/
R/ BF3-Me,0 N
N o |+ L CH/T"
0 0
149 \__/

— o o 1 16-20 h

reflux 2-3 h
79-91% Hyl

N
CH;ONa R/ 0
NH,OH <:\>—</ é}_(o/\/ou
=/ N
Y
N
N Ng
150
R = H, 4-Cl, 4-OCH3, 3-NO»
Scheme 59

yields of the 5-amino 3-isoxazolols 150. Similar results were obtained by Neidlein et al. from the
reaction of compound 151 (Scheme 60).'? However, when using the tert-butyl ester 152 as substrate,
they obtained a mixture of two products; the formation of 153 was explained to be the result of reac-
tion of hydroxylamine with the cyano group.

o NH,OH o
CN MeOH o/\/o“
MeO MeO
| l‘CﬂUX 2-3h / \
0" o 63% H,N N
/ 2 o
151
N
o] i 7 A (o]
RO 2 |, NH0H —— RO
o / \ 13% o o B 33% / \
H
\/\o O/N \ / HN O/N
153 152 R = r-butyl
Scheme 60
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When treated with hydroxylamine under basic reaction conditions, o-cyanoacetates give the

corresponding 5-amino-3-isoxazolols as exemplified in Scheme 61.4"19%!% Finally, there have been

[o}
NH,0H/EtONa OH
EtOH
OR

25°C 15-18 h
CN =
68% HoN

o NH,OH/MeONa OH
McOH
<OD/%OA ¢ L / { Ref 41
o cN 25°C 18 h " AN

94%

j N Ref 194
_N
o

Scheme 61

two reports describing the synthesis of the 4-substituted 5-amino-3-isoxazolol 155 from o-
cyanophenylhydrazones (Scheme 62).'71% Cyclization of 156 with either neutral hydroxylamine or
hydroxylamine hydrochioride in the presence of sodium acetate was reported to give the 3-isoxazolol
155 and the S-isoxazolone 157, respectively.'”” The same group also suggested isoxazolol 155 as the
product of refluxing 154 and equimolar amounts of hydroxylamine hydrochloride and sodium

carbonate.'®® It should, however, be noted that none of the products were unambiguously character-

ized.
Ph Ph Ph
PP ONH,OH HOL HN NH,OHHC 'y
NH Na,CO, I NH,OH ! NaOAc |
/N'K EtOH N OH EtOH N P EtOH No  NHe
v / { \
NCTON  reflx3h I\ nah  \d Neww,  t4h oj\—/i‘
154 80% 2N~ o 75% 156 o
155 157
Scheme 62

10. Synthesis of 1,2-Benzisoxazol-3-ols

In an early report by Freiser et al. on the synthesis of 1,2-benzisoxazol-3-ols,' salicylamide
was subjected to bromination and the product isolated was characterized as the dibromobenzisoxazol-
3-ol 158 (Scheme 63). Later, Boshagen described the cyclization of salicylhydroxamic acids.®’ Thus,
upon treatment of 159 with neat thionyl chloride a crystalline product was isolated. The structure of
this product was determined to be 160, which upon heating in organic solvent released sulfur dioxide

to give the rearranged product 161 (Scheme 63). However, when compounds 160 were treated with
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OH
Bry/AcOH
NH> )\ Ref 199
35°C 1h o’N
OH Bi
158 o
it
o o-5.
NH.OH SOCl, L
| x oR' ] X NHOH N Ref 81
rt
/< > on /Z om S
R R 1se R oH
160
TEA OH
X0 A dioxane
| » =0 — 160 Y
R N R 0’
164 162
Scheme 63

triethylamine at room temperature, they cyclized to 1,2-benzisoxazol-3-ols 162 exclusively. This reac-
tion was developed into a one-pot procedure, which provided a series of variably substituted 1,2-
benzisoxazol-3-ols in 70-90% yields.*! Although modifications have later been made to this general

702001 which has also been

methodology, it remains an important route to 1,2-benzisoxazol-3-ols,
utilized for the cyclization of a pyridine hydroxamic acid to afford the isoxazolopyridine-3-ol 163

(Scheme 64).”° An alternative route for cyclization of salicylhydroxamic acids was developed by

o o TEA/SOCI, N OH
N NH,OH N THF -
X OMe X NHOH NN / \N
_ rt overnight | _ -78°C > rt o
OH 34% OH S8%: 163
Scheme 64

Friary and Sunday, who replaced thionyl chloride with carbonyldiimizazole and obtained efficient

conversion into the corresponding benzisoxazol-3-ols (Scheme 65).7%* Interestingly, the analog

2 eq carbonyl-
o diimidazole R
R THF. reflux 1 h OH
NHOH

68%. R =Cl /N
OH 95%. R = MeCO o
42%. R = MeO

Scheme 65

containing an acetyl substituent in the S-position could not be prepared by use of thionyl chloride,
whereas replacing this reagent with carbonyldiimidazole led to the desired product in 95% yield. This

procedure was later used to synthesize analogs of the serotonergic anxiolytic buspirone (166) (Scheme
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66).1>1% Thus, Urban et al. prepared 1,2-benxisoxazol-3-ol in 76% yield,'® and this compound was
treated with phosphorous oxychloride to give 164, a precursor for the synthesis of the optically active

buspirone analog 165.

Cl

({ 7 {
/ N
o
@ﬁ 164 POﬁ
HO N NH — HO N
_/

N ——
Nz/ o —_
/ 5 steps
o o
Ilbe- N_
N <—_h><\N Mo Nf\—N N—<\:/>
N/ / N
o o
165 166

Scheme 66

It is possible to obtain intramolecular cyclization of 2-halo substituted hydroxamic acids,
provided that the 2-position is sufficiently activated for aromatic nucleophilic substitution. An early
report described the conversion of the N-oxide 167 into hydroxamic acid 168 and subsequent ring

closure to the corresponding 3-isoxazolol in aqueous sodium hydroxide (Scheme 67).% In this case,

o 1. POCI3/PCl5 o
2. MeOH OH
| A OH 3. NH,OH | S NHOH aq NaOH = B

- . S

ﬁ/ 25% N/ cl reflux 30 min N O/N

o 168

167
Scheme 67

the ring formation via an addition-elimination mechanism is facilitated by the relatively high reac-
tivity of 2-chloropyridines towards nucleophilic substitution. In a similar manner, tetrafluorobenzisox-
azol-3-o0l (170) was isolated upon treatment of 169 with base, though in poor yield and with concomi-
tant formation of the substituted benzoic acid and aniline side-products (Scheme 68).°”* Attempts to
avoid hydrolysis of hydroxamic acid 169 by carrying out the reaction in anhydrous DMF, DMSO, or

pyridine only gave trace amounts of 170.

F O F
F
F OH
NHOH  ag K,CO; F OH F NH,
F / + *

F F reflux 10 h o/N F F F F

F F F

169 170 (11%) 5% 1%
Scheme 68
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New procedures for the preparation of 3-isoxazolols fused with six-membered heterocycles
have recently been reported (Scheme 69). One such reaction is the synthesis of isoxazolopyrimidine

173 from the carboxylic ester 171. The best yield was obtained when acetoxime (172) was used as

EtOK
(e} Cu-Cul
@\/N o DmE
= OEt + | N OH
A P PN 140°C 10 h =
Br 172 55% Ne I N
171 0~
173
Scheme 69

nitrogen-oxygen source reacting on the ester, as compared to a route via the corresponding hydrox-
amic acid.'™ In another report, the hypervalent iodine reagent phenyliodine(Ill) bis(trifluoroacetate)
reacted with 3-carboxamide-2-oxopyridines 174 to provide 3-isoxazolols 176 via a mechanism
suggested to involve an intramolecular cyclization of intermediate 175 (Scheme 70).** Finally, 5-
amino-3-isoxazolol 177 gave, upon condensation with acetylacetone, the isoxazolopyridine 178
(Scheme 71).2%

Ph(CF,CO0)! Cococr, Cococr,
CF; © DMF/H-0 I g
pyridine CF; Oy Ph CF3 OU\Ph
AN NH, -—
I t4h Z ™" "NH, 2 | NH

R ON o 4

H R R \N OH

174
69-80%
176
R = Me, Et, Ph. 4-10lyl, 4-CI-Ph.
Scheme 70
I1. CONCLUSIONS

The naturally occurring neuroactive amino acid ibotenic acid (6) and its decarboxylated
product muscimol (5) contain the 3-isoxazolol unit as a carboxyl group bioisoster. This discovery
prompted the synthesis of a large number of 3-isoxazolol containing zwitterionic compounds, which

piperidine/H>O

OH 9 OH reflux 15 min
[( r AN 610
N
H2N o/
177
Scheme 71
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have played a major role in the pharmacological characterization of the central glutamate and GABA
receptors. Parallel with these medicinal chemistry approaches, the 3-isoxazolol unit and other 3-
oxygenated isoxazole groups have been incorporated into a variety of compounds of pharmacological
interest,

The synthesis of 3-isoxazolols and the chemical transformation of these compounds are
frequently complicated by problems related to regioselectivity of reactions. In general, a number of
synthetic problems in the 3-isoxazolol field remain to be solved, although several selective and effec-
tive synthetic methods and chemical reactions have been reported in recent years.

REFERENCES
*  Author to whom correspondence should be sent. E-mail: sp@dfh.dk. Fax: (+45) 35306040.
1. A.J. Boulton, A. R. Katritzky, A. M. Hamid and S. @ksne, Tetrahedron, 20, 2835 (1964).
2. P.Bravo, G. Gaudiano, A. Quilico and A. Ricca, Gazz. Chim. Ital., 91, 47 (1961).

3. S. Woodcock, D. V. S. Green, M. A. Vincent, . H. Hillier, M. F. Guest and P. Sherwood, J.
Chem. Soc. Perkin Trans. 2, 2151 (1992).

4. K. Frydenvang, L. Matzen, P.-O. Norrby, F. A. Slgk, T. Liljefors, P. Krogsgaard-Larsen and J.
W. Jaroszewski, J. Chem. Soc. Perkin Trans. 2, 1783 (1997).

5. a)S. A Lang, Jrand Y.-i Lin, "Isoxazoles and their Benzo Derivatives” in Comprehensive Hete-
rocyclic Chemistry, Vol 6, A. R. Katritzky and C. W. Rees Eds, Pergamon Press, Oxford (1984).
b) M. Sutharchanadevi and R. Murugan, "Isoxazoles” in Comprehensive Heterocyclic Chem-
istry, Vol 3, A. R. Katritzky, C. W. Rees and E. F. V. Scriven Eds, Pergamon Press, Oxford
(1996).

6.  P. Griinanger and P. Vita-Finzi, "Isoxazoles, Part One” in The Chemistry of Heterocyclic
Compounds, Vol 49, E. C. Taylor Ed, Wiley, New York (1991).

7. F. Gualtieri and M. Giannella, "Isoxazoles, Part Two” in The Chemistry of Heterocyclic
Compounds, Vol 49, E. C. Taylor and P. Wipf Eds, Wiley, New York (1999).

8. C.H. Eugster, Fortschr. Chem. Org. Naturst., 27, 261 (1969).

9. P.Krogsgaard-Larsen, H. Hjeds, D. R. Curtis, D. Lodge and G. A. R. Johnston, J. Neurochem.,
32, 1717 (1979).

10. P. Krogsgaard-Larsen, G. A. R, Johnston, D. Lodge and D. R. Curtis, Nature (London), 268, 53
(1977).

11.  P. Krogsgaard-Larsen, E. Falch and A. V. Christensen, Drugs Fut., 9, 597 (1984).

12.  P. Krogsgaard-Larsen and G. A. R. Johnston, J. Neurochem., 25, 797 (1975).

554



20: 23 26 January 2011

Downl oaded At:

13.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

SYNTHESIS AND SYNTHETIC UTILITY OF 3-ISOXAZOLOLS

P. Krogsgaard-Larsen, B. Ebert, T. M. Lund, H. Briuner-Osborne, F. A. Sigk, T. N. Johansen,
L. Brehm and U. Madsen, Eur. J. Med. Chem., 31, 515 (1996).

P. Krogsgaard-Larsen, T. Honoré, J. I. Hansen, D. R. Curtis and D. Lodge, Nature (London),
284, 64 (1980).

H. Ahmadian, B. Nielsen, H. Briiuner-Osborne, T. N. Johansen, T. B. Stensbgl, F. A. Slgk, N.
Sekiyama, S. Nakanishi, P. Krogsgaard-Larsen and U. Madsen, J. Med. Chem., 40, 3700 (1997).

J. Lauridsen, T. Honoré and P. Krogsgaard-Larsen, J. Med. Chem., 28, 668 (1985).

T. N. Johansen, C. R. Hawes, G. J. Ellis, B. Ebert, T. B. Stensbgl, D. da G. Thrige and P. Krogs-
gaard-Larsen, J. Labelled Cpd. Radiopharm., 42, 937 (1999).

T. B. Stensbgl, L. Borre, T. N. Johansen, J. Egebjerg, U. Madsen, B. Ebert and P. Krogsgaard-
Larsen, Eur. J. Pharmacol., 380, 153 (1999).

L. Turski, P. Jacobsen, T. Honoré and D. N. Stephens, J. Pharmacol. Exp. Ther., 260, 742
(1992).

J. Amt, C. Sanchez, S. M. Lenz, U. Madsen and P. Krogsgaard-Larsen, Eur. J. Pharmacol., 285,
289 (1995).

P. L. Omstein, M. B. Arnold, N. K. Allen, T. Bleisch, P. S. Borromeo, C. W, Lugar, J. D.
Leander, D. Lodge and D. D. Schoepp, J. Med. Chem., 39, 2232 (1996).

C. Dallanoce, P. Conti, M. De Amici, C. De Micheli, E. Barocelli, M. Chiavarini, V. Ballabeni,
S. Bertoni and M. Impicciatore, Bioorg. Med. Chem., 7, 1539 (1999).

A. Villalobos, J. F. Blake, C. K. Biggers, T. W. Butler, D. S. Chapin, Y. L. Chen, J. L. Ives, S.
B. Jones, D. R. Liston, A. A. Nagel, D. M. Nason, J. A. Nielsen, L. A. Shalaby and W. F. White,
J. Med. Chem., 37,2721 (1994).

A.N.Pae, H Y. Kim, H. J. Joo, B. H. Kim, Y. S. Cho, K. L. Choi, J. H. Choi and H. Y. Koh,
Bioorg. Med. Chem. Lett., 9, 2679 (1999),

Y. S.Cho, Y.J. Ha, J. S. Kwon, A. N. Pae, K. I. Choi, H. Y. Koh, M. H. Chang, C.-M. Yoon
and G. S. Lee, Arch. Pharm. Pharm. Med, Chem., 332, 7 (1999).

K. I. Choi, J. H. Cha, A. N. Pae, Y. S. Cho, Y. Kim, M. H. Chang, S. H. Park, S. Y. Park, D.
Kim, D. Y. Jeong, Y. H. Kim, J. Y. Kong and H. Y. Koh, J. Antibiot., 51, 1122 (1998).

K. 1. Choi, J. H. Cha, A. N. Pae, Y. S. Cho, M. H. Chang and H. Y. Koh, J. Antibiot., 51, 1117
(1998).

N. J. P. Broom, J. S. Elder, P. C. T. Hannan, J. E. Pons, P. J. O’Hanlon, G. Walker, J. Wilson
and P. Woodall, J. Antibiot., 48, 1336 (1995).

555



20: 23 26 January 2011

Downl oaded At:

SORENSEN AND KROGSGAARD-LARSEN

29,

30.

31.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

M. Miyauchi, K. Sasahara, K. Fujimoto, 1. Kawamoto, J. Ide and H. Nakao, Chem. Pharm.
Bull., 37, 2369 (1989).

S. G. Gilbreath, C. M. Harris and T. M. Harris, J. Am. Chem. Soc., 110, 6172 (1988).
D. Chiarino, G. Grancini, V. Frigeni, I. Biasini and A. Carenzi, J. Med. Chem., 34, 600 (1991).
J. B, Carr, H. G. Durham and D. K. Hass, J. Med. Chem., 20, 934 (1977).

K. L. Kees, T. J. Caggiano, K. E. Steiner, J. J. Fitzgerald Jr., M. J. Kates, T. E. Christos, J. M.
Kulishoff Ir., R. D. Moore and M. L. McCaleb, J. Med. Chem., 38, 617 (1995).

C.-B. Xue, J. Roderick, S. Mousa, R. E. Olson and W. F. DeGrado, Bioorg. Med. Chem. Lett., 8,
3499 (1998).

M. Sugano, A. Sato, K. Saito, §. Takaishi, Y. Matsushita and Y. [ijima, J. Med. Chem., 39, 5281
(1996).

T. Tsuri, T. Matsui, N. Haga, S. Kamata, S. Hagishita, K. Takahashi, H. Kakushi, K. Uchida, H.
Hatakeyama and A. Kurosawa, Chem. Pharm. Bull., 40, 85 (1992).

N. Nakamura, H. Miyazaki, N. Ohkawa, T. Oshima and H. Koike, Tetrahedron Lett., 31, 699
(1990).

A. Carenzi, D. Chiarino, M. Napoletano, A. Reggiani, A. Sala and R. Sala, Arzneim. Forsch.,
39, 642 (1989).

D. J. Kempf, H. L. Sham, K. C. Marsh, C. A. Flentge, D. Betebenner, B. E. Green, E.
McDonald, S. Vasavanonda, A. Saldivar, N. E. Wideburg, W. M. Kati, L. Ruiz, C. Zhao, L.
Fino, J. Patterson, A. Molla, J. J. Plattner and D. W. Norbeck, J. Med. Chem., 41, 602 (1998).

B. Venugopalan, P. J. Kamnik, C. P. Bapat, D. K. Chatterjee, N. Iyer and D. Lepcha, Eur. J. Med.
Chem., 30, 697 (1995).

S. G. Boots and C. C. Cheng, J. Heterocycl. Chem., 4, 272 (1967).

G. D. Diana, D. Cutcliffe, D. L. Volkots, J. P. Mallamo, T. R. Bailey, N. Vescio, R. C. Ogiesby,
T. J. Nitz, J. Wetzel, V. Giranda, D. C. Pevear and F. J. Dutko, J. Med. Chem., 36, 3240 (1993).

G. D. Diana, P. Rudewicz, D. C. Pevear, T. J. Nitz, S. C. Aldous, D. J. Aldous, D. T. Robinson,
T. Draper, F. J. Dutko, C. Aldi, G. Gendron, R. C. Oglesby, D. L. Volkots, M. Reuman, T. R.
Bailey, R. Czemiak, T. Block, R. Roland and J. Oppermann, J. Med. Chem., 38, 1355 (1995).

P. Wigerinck, R. Snoeck, P. Claes, E. De Clercq and P. Herdewijn, J. Med. Chem., 34, 1767
(1991).

M. J. Drysdale, M. C. Pritchard and D. C. Horwell, J. Med. Chem., 35, 2573 (1992).

556



20: 23 26 January 2011

Downl oaded At:

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

65.

SYNTHESIS AND SYNTHETIC UTILITY OF 3-ISOXAZOLOLS

T. Kolasa, D. E. Gunn, P. Bhatia, K. W. Woods, T. Gane, A. O. Stewart, J. B. Bouska, R. R.
Harris, K. I. Hulkower, P. E. Malo, R. L. Bell, G. W. Carter and C. D. W. Brooks, J. Med.
Chem., 43, 690 (2000).

D. Chiarino, M. Fantucci, A. Carenzi, D. D. Bella, V. Frigeni and R. Sala, Farmaco. Ed. Sci.,
41, 440 (1986).

D. M. Malenko, L. A. Repina, L. I. Nesterova, S. N. Luk’yanenko and A. D. Sinitsa, Russ. J.
Gen. Chem., 69, 39 (1999).

N. Jacobsen, L.-E. K. Pedersen and A. Wengel, Pestic. Sci., 29, 95 (1990).

N. Kudo, T. Yoneda, K. Sato, T. Honma and S. Sugai, Chem. Pharm. Bull., 48, 509 (2000).

K. Sato, S. Sugai and K. Tomita, Agric. Biol. Chem., 50, 1831 (1986).

a) K. Tomita, Y. Takahi, R. Ishizuka, S. Kamimura, M. Nakagawa, M. Ando, T. Nakanishi, T.
Nakamura and H. Okudaira, Ann. Rep. Sankyo Res. Lab., 25, 1 (1973). b) K. Ando, K. Tomita,
H. Tsuji, T. Asawa, M. Nakagawa, M. Ando, T. Nakamura, H. Okudaira and M. Ishida, Ann.
Rep. Sankyo Res. Lab., 29, 1 (1977).

K. Tomita, H. Oka, T. Murakami, H. Tsuji and K. Matsumoto, Ann. Rep. Sankyo Res. Lab., 30,
193 (1978).

M. Ueda and H. Oikawa, J. Org. Chem., 50, 760 (1985).
M. Ueda, N. Kawaharasaki and Y. Imai, Synthesis, 933 (1982).

G. Stork, J. J. La Clair, P. Spargo, R. P. Nargund and N. Totah, J. Am. Chem. Soc., 118, 5304
(1996).

G. Stork and A. A. Hagedorn 11, J. Am. Chem. Soc., 100, 3609 (1978).

L. Claisen and O. Lowman, Ber., 21, 784 (1888).

L. Claisen, Ber., 24, 3900 (1891).

A. R. Katritzky and S. @ksne, Proc. Chem. Soc., 387 (1961).

R. Jacquier, C. Petrus, F. Petrus and J. Verducci, Bull. Soc. Chim. Fr., 3003 (1967).
R. Jacquier, C. Petrus, F. Petrus and J. Verducci, Bull. Soc. Chim. Fr., 2685 (1970).
R. Jacquier, F. Petrus, J. Verducci and Y. Vidal, Bull. Soc. Chim. Fr., 3664 (1971).
K. Bowden, G. Crank and W. J. Ross, J. Chem. Soc. C, 172 (1968).

P. Krogsgaard-Larsen, S. B. Christensen and H. Hjeds, Acta Chem. Scand., 27, 2802 (1973).

557



20: 23 26 January 2011

Downl oaded At:

SORENSEN AND KROGSGAARD-LARSEN

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

N. Jacobsen, H. Kolind-Andersen and J. Christensen, Can. J. Chem., 62, 1940 (1984).

A. R. Katritzky, P. Barczynski, D. L. Ostercamp and T. L. Yousaf, J. Org. Chem., 51, 4037
(1986).

A.J. Boulton and A. R. Katritzky, Tetrahedron, 12, 41 (1961).

A. Quilico, "Isoxazoles and Related Compounds” in The Chemistry of Heterocyclic Compounds,
Vol 17, A. Weissberger Ed, Wiley, New York (1962).

J. Drummond, G. Johnson, D. G. Nickell, D. F. Ortwine, R. F. Bruns and B. Welbaum, J. Med.
Chem., 32,2116 (1989).

U. Madsen, B. Ebert, P. Krogsgaard-Larsen and E. H. F. Wong, Eur. J. Med. Chem., 27,479
(1992).

C. Kashima, Y. Konno, N. Yoshiwara and T. Tajima, J. Heterocycl. Chem., 19, 1535 (1982).
M. Moreno-Manas, M. Pérez and R. Pleixats, Tetrahedron, 50, 515 (1994).

E. Falch, L. Brehm, I. Mikkelsen, T. N. Johansen, N. Skjerbak, B. Nielsen, T. B. Stensbgl, B.
Ebert and P. Krogsgaard-Larsen, J. Med. Chem., 41, 2513 (1998).

1. T. Christensen, A. Reinhardt, B. Nielsen, B. Ebert, U. Madsen, E. @. Nielsen, L. Brehm and P.
Krogsgaard-Larsen, Drug Des. Delivery, §, 57 (1989).

L. Bauer and O. Exner, Angew. Chem., 86, 419 (1974).
D. C. Berndt and J. K. Sharp, J. Org. Chem., 38, 396 (1973).

U. S. Sgrensen, E. Falch, T. B. Stensbgl, . W. Jaroszewski, U. Madsen and P. Krogsgaard-
Larsen, Arch. Pharm. Pharm. Med. Chem., 334, 62 (2001).

B. Bang-Andersen, S. M. Lenz, N. Skjzrbzk, K. K. Sgby, H. O. Hansen, B. Ebert, K. P. Bggesg
and P. Krogsgaard-Larsen, J. Med. Chem., 40, 2831 (1997).

H. Briuner-Osborne, B. Ebert, M. R. Brann, E. Falch and P. Krogsgaard-Larsen, J. Med. Chem.,
38, 2188 (1995).

H. Boshagen, Chem. Ber., 100, 954 (1967).

M. A. Waly, M. M. Mashaly, M. N. Khodeir and A. Omar, Boll. Chim. Farm., 133, 698 (1994).
A. R. Gagneux, F. Hifliger, C. H. Eugster and R. Good, Tetrahedron Lett., 2077 (1965).

H. Goth, A. R. Gagneux, C. H. Eugster and H. Schmid, Helv. Chim. Acta, 50, 137 (1967).

R. Jacquier, C. Petrus, F. Petrus and J. Verducci, Bull. Soc. Chim. Fr., 1978 (1970).

558



20: 23 26 January 2011

Downl oaded At:

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100

101

102

103

104

105

106

107

108

SYNTHESIS AND SYNTHETIC UTILITY OF 3-ISOXAZOLOLS

P. Krogsgaard-Larsen and H. Hjeds, Acta Chem. Scand., B28, 533 (1974).

H. Hjeds and P. Krogsgaard-Larsen, Acta Chem. Scand., B30, 567 (1976).

P. Krogsgaard-Larsen, L. Natova and S. B. Christensen, Acta Chem. Scand., B31, 577 (1977).
P. Krogsgaard-Larsen, Acta Chem. Scand., B31, 584 (1977).

P. Krogsgaard-Larsen, A. L. N. Larsen and K. Thyssen, Acta Chem. Scand., B32, 469 (1978).
Y. Konda, H. Takahashi and M. Onda, Chem. Pharm. Bull., 33, 1083 (1985).

P. Sauerberg, E. Falch, E. Meier, H. L. Lembgl and P. Krogsgaard-Larsen, J. Med. Chem., 31,
1312 (1988).

B. Ruhland and G. Leclerc, J. Heterocycl. Chem., 26, 469 (1989).
F. Winternitz and C. Wlotzka, Bull. Soc. Chim. Fr., 509 (1960).

U. Madsen, B. Frglund, T. M. Lund, B. Ebert and P. Krogsgaard-Larsen, Eur. J. Med. Chem.,
28,791 (1993).

R. Jacquier, C. Lassalvy, F. Petrus and C. Petrus, Bull. Soc. Chim. Fr., 595 (1986).
F. Eiden and G. Rademacher, Arch. Pharm. (Weinheim Ger.), 316, 34 (1983).
B.-C. Chen, Heterocycles, 32, 529 (1991).
H. McNab, Chem. Soc. Rev., 7, 345 (1978).
. K. Mohri, Y. Oikawa, K.-1. Hirao and O. Yonemitsu, Chem. Pharm. Bull., 30, 3097 (1982).
. K. Mohri, Y. Oikawa, K.-I. Hirao and O. Yonemitsu, Heterocycles, 19, 515 (1982).
. K. Mohri, Y. Oikawa, K.-I. Hirao and O. Yonemitsu, Heterocycles, 19, 521 (1982).
. S. Sugai, K. Sato, T. Ueda, K. Katacka and K. Tomita, Heterocycles, 20, 1123 (1983).
. T. A. Oster and T. M. Harris, J. Org. Chem., 48, 4307 (1983).
. T. Kato, N. Katagiri and N. Minami, Chem. Pharm. Bull., 20, 1368 (1972).
. M. Fujimoto and M. Sakai, Chem. Pharm. Bull., 13, 248 (1965).
. M. Sato, H. Ogasawara, S. Komatsu and T. Kato, Chem. Pharm. Bull., 32, 3848 (1984).

. U. S. Sgrensen, E. Falch and P. Krogsgaard-Larsen, J. Org. Chem., 65, 1003 (2000).

559



20: 23 26 January 2011

Downl oaded At:

SORENSEN AND KROGSGAARD-LARSEN

109

110

I

112

113.

114.

115.

116.

H7.

118.

119.

120.

121.

122.

123.

124.

128.

129.

130.

. M. A. Staszak and C. W. Doecke, Tetrahedron Lett., 34, 7043 (1993).
. Y. Oikawa, K. Sugano and O. Yonemitsu, J. Org. Chem., 43, 2087 (1978).
. L. Shinkai, T. Liu, R. A. Reamer and M. Sletzinger, Tetrahedron Lett., 23, 4899 (1982).

. L. Lermer, E. G. Neeland, J. P. Ounsworth, R. J. Sims, S. A. Tischler and L. Weiler, Can. J.
Chem., 70, 1427 (1992).

R. P. Houghton and D. J. Lapham, Synthesis, 451 (1982).

A. Rosowsky, R. Forsch, J. Uren, M. Wick, A. A. Kumar and J. H. Freisheim, J. Med. Chem.,
26, 1719 (1983).

D. Alker, S. F. Campbell, P. E. Cross, R. A. Burges, A. J. Carter and D. G. Gardiner, J. Med.
Chem., 32,2381 (1989).

J. Maibaum and D. H. Rich, J. Med. Chem., 32, 1571 (1989).

Y. Hamada, Y. Kondo, M. Shibata and T. Shioiri, J. Am. Chem. Soc., 111, 669 (1989).

C.F. Bernasconi, R. J. Ketner, X. Chen and Z. Rappoport, J. Am. Chem. Soc., 120, 7461 (1998).
G. Zvilichovsky, Israel J. Chem., 9, 659 (1971).

G. Zvilichovsky and U. Fotadar, J. Org. Chem., 38, 1782 (1973).

G. Zvilichovsky, Tetrahedron, 31, 1861 (1975).

G. Zvilichovsky, J. Heterocycl. Chem., 24, 465 (1987).

R. H. Prager and J. A. Smith, J. Chem. Soc. Chem. Commun., 1805 (1994).

K. Hartke and H.-G. Miiller, Arch. Pharm. (Weinheim Ger.), 321, 863 (1988).

. I. Iwai and N. Nakamura, Chem. Pharm. Bull., 14, 1277 (1966).

. N. Skjerbak, B. Ebert, E. Falch, L. Brehm and P. Krogsgaard-Larsen, J. Chem. Soc. Perkin
Trans. 1,221 (1995).

. B. E. McCarry and M. Savard, Tetrahedron Lett., 22, 5153 (1981).

Y. Kishida, T. Hiraoka, J. Ide, A. Terada and N. Nakamura, Chem. Pharm. Bull., 15, 1025
(1967).

R. G. Micetich and C. G. Chin, Can. J. Chem., 48, 1371 (1970).

F. De Sarlo, G. Dini and P. Lacrimini, J. Chem. Soc. C, 86 (1971).

560



20: 23 26 January 2011

Downl oaded At:

131

132

133

134

135

136

137

138

139

140

141.

142.

143.

145.

146.

147.

148.

149,

150.

151.

SYNTHESIS AND SYNTHETIC UTILITY OF 3-ISOXAZOLOLS

. Y. L. Zborovskii, V. F. Levon and V. I. Staninets, Russ. J. Gen. Chem., 66, 1798 (1996).
. C. Bennouna, F. Petrus and J. Verducci, Bull. Soc. Chim. Fr., 478 (1980).

. C. Lassalvy, C. Petrus and F. Petrus, Can. J. Chem., 59, 175 (1981).

. W.M. Welch, Synth. Commun., 12, 1089 (1982).

. V. Jdger and M. Frey, Liebigs Ann. Chem., 817 (1982).

. M. Frey and V. Jager, Synthesis, 1100 (1985).

. J. W. Hines, Jr. and C. H. Stammer, J. Med. Chem., 20, 965 (1977).

. A. Kasahara and T. lzumi, Chem. Ind., 318 (1979).

. N. Nakamura, Chem. Pharm. Bull., 19, 46 (1971).

. B. Frelund, U. Kristiansen, L. Brehm, A. B. Hansen, P. Krogsgaard-Larsen and E. Falch, J.
Med. Chem., 38, 3287 (1995).

F. A. Slgk, B. Ebert, Y. Lang, P. Krogsgaard-Larsen, S. M. Lenz and U. Madsen, Eur. J. Med.
Chem., 32, 329 (1997).

N. Skjerbak, L. Brehm, T. N. Johansen, L. M. Hansen, B. Nielsen, B. Ebert, K. K. Sgby, T. B.
Stensbgl, E. Falch and P. Krogsgaard-Larsen, Bioorg. Med. Chem., 6, 119 (1998).

W. Quaglia, M. Pigini, S. K. Tayebati, A. Piergentili, M. Giannella, G. Marucci and C.
Melchiorre, J. Med. Chem., 36, 1520 (1993).

. T.N. Johansen, K. Frydenvang, B. Ebert, P. Krogsgaard-Larsen and U. Madsen, J. Med. Chem.,
37,3252 (1994).

H. Brauner-Osborne, F. A. Slgk, N. Skjerbak, B. Ebert, N. Sekiyama, S. Nakanishi and P.
Krogsgaard-Larsen, J. Med. Chem., 39, 3188 (1996).

P. Krogsgaard-Larsen, J. W. Ferkany, E. @. Nielsen, U. Madsen, B. Ebert. J. S. Johansen, N. H.
Diemer, T. Bruhn, D. T. Beattie and D. R. Curtis, J. Med. Chem., 34, 123 (1991).

H. Pajouhesh and K. Curry, Tetrahedron Asymmetry, 9, 2757 (1998).

P. Krogsgaard-Larsen, L. Brehm, J. S. Johansen, P. Vinzentz and J. Lauridsen, J. Med. Chem.,
28, 673 (1985).

J. J. Hansen and P. Krogsgaard-Larsen, J. Chem. Soc. Perkin Trans. 1, 1826 (1980).
U. Madsen, L.. Brehm and P. Krogsgaard-Larsen, J. Chem. Soc. Perkin Trans. 1, 359 (1988).

R. Riess, M. Schon, S. Laschat and V. Jiger, Eur. J. Org. Chem., 473 (1998).

561



20: 23 26 January 2011

Downl oaded At:

SORENSEN AND KROGSGAARD-LARSEN

152

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

. U. Madsen, E. @. Nielsen, D. R. Curtis, D. T. Beattie and P. Krogsgaard-Larsen, Acta Chem.
Scand., 44, 96 (1990).

. A.R. Gagneux, F, Hifliger, R. Meier and C. H. Eugster, Tetrahedron Lett., 2081 (1965).

. U. Madsen, K. Frydenvang, B. Ebert, T. N. Johansen, L. Brehm and P. Krogsgaard-Larsen, J.
Med. Chem., 39, 183 (1996).

. D. Chiarino and M. Fantucci, J. Heterocycl. Chem., 28, 1705 (1991).
. H. Boshagen, Chem. Ber., 100, 3326 (1967).

. T. Vitali, Farmaco. Ed. Sci., 23, 1081 (1968).

. J. Wrubel, Z. Chem., 19, 452 (1979).

. J.P. Yevich, J. S. New, D. W. Smith, W. G. Lobeck, J. D. Catt, J. L. Minielli, M. S. Eison, D. P.
Taylor, L. A. Riblet and D. L. Temple, Ir., J. Med. Chem., 29, 359 (1986).

. A. Nuhrich, M. Varache-Lembege, P. Renard, G. Devaux, Eur. J. Med. Chem. Chim. Ther., 29,
75 (1994).

. F.J. Urban, J. Heterocycl. Chem., 32, 857 (1995).

. P. Pevarello, R. Amici, M. Colombo and M. Varasi, J. Chem. Soc. Perkin Trans. 1,2151 (1993).
. R. Amici, P. Pevarello, M. Colombo and M. Varasi, Synthesis, 1177 (1996).

. R.N. Hanson and F. A. Mohamed, J. Heterocycl. Chem., 34, 345 (1997).

. S. Cabiddu and V. Solinas, Gazz. Chim. Ital., 99, 1107 (1969).

. P. Pevarello and M. Varasi, Synth. Commun., 22, 1939 (1992).

. D. Chiarino, M. Napoletano and A. Sala, Tetrahedron Lett., 27, 3181 (1986).

. H.R. El-Seedi, H. M. Iensen, N. Kure, I. Thomsen and K. B. G. Torssell, Acta Chem. Scand.,
47, 1004 (1993).

. H.-D. Stachel, Chem. Ber., 96, 1088 (1963).

. R. Fusco and S. Rossi, Chem. Ind. (London), 1650 (1957).

. K. Sirakawa, O. Aki, S. Tsushima, K. Konishi, Chem. Pharm. Bull., 14, 89 (1966).
. P. Lugosi, J. Schawartz and G. Doleschall, Tetrahedron, 37, 3061 (1981).

. D. Chiarino, M. Napoletano and A. Sala, Synth. Commun., 18, 1171 (1988).

562



20: 23 26 January 2011

Downl oaded At:

174

175

176

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192

193.

194.

195.

SYNTHESIS AND SYNTHETIC UTILITY OF 3-ISOXAZOLOLS

. D. Chiarino, M. Napoletano and A. Sala, J. Heterocycl. Chem., 24, 43 (1987).
. M. De Amici, C. De Micheli, G. Carrea and S. Spezia, J. Org. Chem., 54, 2646 (1989).

. M. De Amici, C. De Micheli, E. Grana, R. Rodi, F. Zonta and M. G. Santagostino-Barbone, Eur.
J. Med. Chem., 24, 171 (1989).

N. Sewald and K. Burger, Liebigs Ann. Chem., 947 (1992).
J. C. Rohloff, J. Robinson Il and J. O. Gardner, Tetrahedron Lett., 33, 3113 (1992).
M. Mancera, I. Roffé and J. A. Galbis, Tetrahedron, 51, 6349 (1995).

F. Farina, M. T. Fraile, M. R. Martin, M. V. Martin, A. M. de Guerenu, Heterocycles, 40, 285
(1995).

F. Farina, M. V. Martin, M. Munoz, M. C. Paredes and R. Rodriguez, Heterocycles, 40, 413
(1995).

E. Lukevics, V. Dimens, A. Kemme and J. Popelis, J. Organomet. Chem., 521, 235 (1996).

S. V. Kovalenko, V. L. Gorin and 1. V. Martynov, Bull. Acad. Sci. USSR Div. Chem. Sci. (Engl.
Transl.), 38, 1335 (1989).

R. V. Stevens and K. F. Albizati, Tetrahedron Lett., 25, 4587 (1984).

G. Schlewer and P. Krogsgaard-Larsen, Acta Chem. Scand., B38, 815 (1984).

P. Sauerberg, J.-I. Larsen, E. Falch and P. Krogsgaard-Larsen, J. Med. Chem., 29, 1004 (1986).
A. S. Sahasrabhuddhe and B. J. Ghiya, Ind. J. Chem. Sect. B, 29, 61 (1990).

F. 1. Urban, R. Breitenbach, C. W. Murtiashaw and B. C. Vanderplas, Tetrahedron Asymmetry,
6, 321 (1995).

K. Andersen and M. Begtrup, Acta Chem. Scand., 46, 1130 (1992).

E. Wagner and L. Becan, Pol. J. Chem., 69, 70 (1995).

W. J. Middleton and V. A. Engelhardt, J. Am. Chem. Soc., 80, 2829 (1958).

R. Neidlein, D. Kikelj and W. Kramer, J. Heterocycl. Chem., 26, 1335 (1989).

W._ Barbieri, L. Bernardi, S. Coda, V. Colo and G. Palamidessi, Tetrahedron, 23, 4395 (1967).
L. Bauer and C. N. V. Nambury, J. Org. Chem., 26,4917 (1961).

C. L. Bell, C. N. V. Nambury and L.. Bauer, J. Org. Chem., 26, 4923 (1961).

563



20: 23 26 January 2011

Downl oaded At:

SORENSEN AND KROGSGAARD-LARSEN

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

L. Bauer, C. N. V. Nambury and C. L. Bell, Tetrahedron, 20, 165 (1964).

E. M. Kandeel, K. U. Sadek and M. H. Elnagdi, Z. Naturforsch. B Anorg. Chem. Org. Chem.,
35, 91 (1980).

E. A. A. Hafez, M. A. E. Khalifa, S. K. A. Guda and M. H. Elnagdi, Z. Naturforsch. B Anorg.
Chem. Org. Chem., 35, 485 (1980).

H. Freiser and J. L. Walter, J. Org. Chem., 18, 256 (1953).

U. R. Kalkote and D. D. Goswami, Aust. J. Chem., 30, 1847 (1977).

M. Ueda, H. Oikawa, N. Kawaharasaki and Y. Imai, Bull. Chem. Soc. Jpn., 56, 2485 (1983).
R. Friary and B. R. Sunday, J. Heterocycl. Chem., 16, 1277 (1979).

Y. Inukai, Y. Oono, T. Sonoda and H. Kobayashi, Bull. Chem. Soc. Jpn., 54, 3447 (1981).
A. C. S, Reddy, B. Narsaiah and R. V. Venkataratnam, Synth. Commun., 27, 2217 (1997).

M. A. Khan and F. K. Rafla, J. Chem. Soc. Perkin Trans. 1, 693 (1975).

(Received March 15, 2001; in final form August 14, 2001)

564



