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ABSTRACT: The different behavior of 4-amino-vs4-hydroxypyridinones7 and8, respectively, towards
hydroxylamine is rationalized with the aid of semi-empirical PM3 molecular orbital calculations including
solvent effects. Four different mechanisms leading to either isoxazolo[4,3-c]pyridinones 9 or
isoxazolo[4,5-c]pyridinones 10 are considered. Based on computed activation energies reaction of
hydroxylamine via its oxygen atom as nucleophile is highly disfavored. For compound7 a b-carbon
addition of NH2OH at C-4 of the pyridinone accompanied by amine exchange and ring closure to9 is by
far the most feasible pathway. In contrast to7, according to both NMR spectroscopy and molecular orbital
[semi-empirical PM3 and hybrid density functional/Hartree–Fock (B3LYP/6–31G*)] calculations,8 exists
as a mixture of tautomers8A (ca 20%) and (Z)-8B (ca 80%). Both tautomers of8 are predicted to react
with hydroxylamine at the hydroxyethylidene carbon atom [(Z)-8B] or acyl functionality (8A) to give
hydroxyaminoethylidene compound38 (oxime 23). Subsequent cyclization of either of these
intermediates leads to compound10. Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: Isomeric isoxazolo heterocycles; substituent effect; semi-empirical PM3 molecular orbital
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INTRODUCTION

Fused oxazolo and isoxazolo heterocycles show a wide
variety of biological activity, ranging from antitumor to
herbicidal properties.1,2 Specifically, isoxazolo[4,5-
c]pyridinones1 (Scheme 1), available by reaction of 5-
methylisoxazole-4-carboxamides,3 exhibit hypolipi-
demic activity and are useful synthons for the preparation
of hypnotics, muscle relaxants and tranquillizers.3 An
isomeric isoxazolo[4,3-c]pyridinone 2 has been synthe-
sized by thermolysis of a 3-acetyl-4-azido-2(1H)-pyridi-
none.4 Similarly, benzo-fused derivatives—important as
precursors for herbicide analogues—have been obtained
from 3-acyl-4-azido-2-quinolones.5 3-Acyl-4-hydroxy-
quinolones 3 can be aminated at the 3-acyl keto
functionality by reaction with amines.5a It was expected
that oxime 4 formed in the analogous reaction with
hydroxylamine 11 could be cyclized to the isomeric

isoxazolo[4,5-c]quinolones5. However, under the reac-
tion conditions, by thermal Beckmann rearrangement, the
corresponding oxazolo[5,4-c]quinolones 6 were ob-
tained.6 Recently, we have described a synthesis of both
isomers of fused isoxazole derivatives with an interesting
dependence of the preferred cyclization mode on the 4-
substituent of the 3-acyl lactams7 and 8: 4-amino-
substituted derivatives7 preferentially yield isoxazo-
lo[4,3-c]pyridinones9; in contrast, 4-hydroxy derivatives
8 lead to the formation of isoxazolo[4,5-c]pyridinones
10.7 Finally, it is worth mentioning that isoxazoles have
proved as key intermediates in the synthesis of
biologically active oxygen heterocyclic triones.8

Given the importance of this class of compounds and
the general significance of reactions between electro-
philic and nucleophilic centers for the synthesis of
heterocycles,9 we found it worthwhile to investigate this
interesting influence of the substituent in position 4 of the
heterocycle on the direction of the cyclization in more
detail. In continuation of our previous work on
computational studies on the reaction of carbonyl
compounds with nucleophiles,10 in this paper the results
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of semi-empiricalmolecularorbital calculationson the
reactionsof 7 and8 with hydroxylamine11 to giveeither
9 or 10 arepresented.

CALCULATIONAL DETAILS

From previousexperience10 for reactionsof this type, a
complex behavior was expected.Hence it was not

consideredfeasibleto performsufficiently sophisticated
ab initio or density functional calculations(seebelow,
however,for B3LYP/6–31G*calculationson the tauto-
mersof 7 and8) for thesystemsunderinvestigationand,
especially, their complete reaction pathways.On the
otherhand,despitesomeshortcomingsof semi-empirical
methods,e.g. overestimationof the stability of tetra-
hedralintermediates,thesemethodshaveprovedto give
reasonableresultsfor reactionsof carbonylcompounds
with nucleophiles.In particular,mechanisticdetailssuch
as the identificationof the rate-determiningstepor the
influence of substituentson the kinetics could be
successfullycalculated10 by the semi-empiricalAM1 or
PM3 method.Therefore,in the presentinvestigationall
calculations were performed by the semi-empirical
PM311 methodusingthe VAMP program.12 Geometries
werecompletelyoptimized(keywordPRECISE)by the
eigenvectorfollowing routine.13 Transition stateswere
approximatelylocated by reaction coordinatecalcula-
tions,refinedby gradientnormminimizationandcharac-
terizedby forceconstantcalculations.In addition,down-
hill optimizationsalong both directionsof the normal
modecorrespondingto theimaginaryfrequency(intrinsic
reactioncoordinatecalculations,IRC) weredone.

Solvent effects (H2O) were treated by the self-
consistentreactionfield approximation(basedonTomasi
and co-workers’ treatmentof the reaction field14a) as
implementedin the VAMP package.14b A vdW-shaped
cavity with van der Waals radii scaled by 1.2 was
employed.15 The tautomersof compounds7 and8 (see
Scheme2) were also computedat the hybrid density
functional/Hartree–Fock level of theory (B3LYP/6–
31G*)16 using the Gaussian94 programsuite.17 Zero-
point energies(ZPE) are unscaled.Bulk solventeffects
(aqueoussolution," = 78.5) wereestimatedby the self-
consistentisodensitycontinuummodel(SCIPCM)18 with
an isodensitysurfacecut-off of 0.0004au.

Scheme 1

Scheme 2
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RESULTS AND DISCUSSION

Before discussing the reactions of 7 and 8 with
hydroxylamine,it is appropriateto addressthepossibility
of a tautomeric equilibrium of both compounds[see
Scheme2 for thetautomerismof compound8 asinferred
from NMR spectroscopy;7 since 3-acyltetronicand 3-
acyltetramic acids and their six-memberedanalogues
areknown to be fully enolized8,19 in the following only
enol tautomers(A–C) areconsideredin detail]. Accord-
ing to NMR7 spectroscopyfor 8 the predominant(ca

80%) tautomericform is the 3-hydroxyethylideneform
(Z)-8B with an intramolecularhydrogenbond to the
lactamoxygenatom.The4-hydroxyform 8A seemsto be
in a rapidequilibriumwith theE-conformation(E)-8B of
thehydroxyethylidenetautomer(ca20%).Apparentlyno
2-hydroxyform 8C is discerniblein theNMR spectrum.
In contrast,for 7 only onetautomericspecies,the3-acyl-
4-methylaminoform, is observable.7 Resultsof B3LYP/
6–31G*–SCIPCMandPM3–SCRFcalculationsfor these
tautomericequilibria aresummarizedin Table1.

In completeagreementwith the experimentalfind-
ings7,8andcalculationsonfive-memberedanalogues,19 for
7 the 3-acyl tautomer is predictedto be largely favored,
especially at the B3LYP/6–31G* level of theory. In
contrast,in the caseof the 4-hydroxy compound 8 the
hydroxyethylidene forms, especiallythat with an intra-
molecularhydrogenbondto the lactamcarbonyl oxygen,
shouldbethedominantspecies.However,in contrastto 7,
for compound8 thepreferencefor asingletautomeris less
pronounced,alsoin agreementwith the NMR results.7

Eachof the two possibleisoxazoles9 and10 canbe
obtainedfrom eitherreactant7 or 8 (independentlyof the
respective tautomeric form) via two different paths
(Scheme3; in all following schemescompoundnumbers
in parenthesesrefer to thosewith R = OH). Amine (or
OH) exchangeby additionof thehydroxylaminenitrogen
(path A) at C-4 of 7 [8A; formation of oxime 35 (see
Scheme5) by additionto the C-4 carbonylgroupin the
caseof tautomer8B] or, alternatively, reactionof the
hydroxylamineoxygenat the acyl (hydroxyethylidene)
carbon(pathD) leadsto compound9. Isoxazole10might
be obtainedby attack of the hydroxylaminenitrogen
atomat the acyl (hydroxyethylidene)group[via oximes
20 and23 or hydroxyaminoethylidenederivative38 (see
Scheme7), respectively;path B] or its oxygen at C-4
(pathC). In the following, resultsof the semi-empirical
PM3 calculationson thesefour possiblereactionpath-
waysfor bothpyridinones7 and8 will bepresented.For
compound8, reactionsof both tautomers8A and(Z)-8B
areconsidered.Energiesof the varioustransitionstates,
intermediates,and products relative to the separated
reactants7� 11 [8A� 11, (Z)-8B� 11; additionalwater
or H3O

� moleculesinvolved in (de)protonationstepsasScheme 3

Table 1. B3LYP/6±31G* ±SCIPCM (including ZPE corrections, gas-phase values in parentheses) and PM3±SCRF computed
energies (in kJ molÿ1) of tautomers A, (E)-B, (Z)-B and C for compounds 7 and 8a

7 8

Tautomer B3LYP/6–31G* PM3 B3LYP/6–31G* PM3

A 0.0 (0.0) 0.0 0.0 (0.0) 0.0
(E)-B 34.5(25.2) 9.9 ÿ1.2 (ÿ2.4) ÿ4.8
(Z)-B —b(41.1) 8.6 ÿ6.9 (ÿ7.8) ÿ9.2
C 59.1(47.4) 17.7 ÿ5.3 (ÿ2.4) ÿ2.8

a Total B3LYP/6–31G*–SCIPCMenergiesincludingZPEcorrections(in au)areÿ650.438330(7A) andÿ631.037062(8A). PM3–SCRFenergies
(kJ molÿ1) areÿ364.2(7A) andÿ561.4(8A).
b Not converged.
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well aseliminatedMeNH2(H2O) (seeSchemes4–11)are
includedasrequired]for thesereactionsaresummarized
in Table2.

Path A

The reaction sequencecomputedby the PM3–SCRF
methodfor theadditionof thenitrogenatomof 11 to C-4

of 7 (8A) is outlinedin Scheme4. For7, additionof 11 to
C-4 (TS1), proton transfer to the methylaminogroup
(TS2) andremovalof theleavinggroup(MeNH2, TS3) to
14 occurs in three distinct steps with well defined
intermediates12 and13. In contrast,replacementof the
4-hydroxygroupin 8A by NH2OH to 14� H2O appears
to be an almostconcertedprocess,sinceelimination of
H2O from the proton transferred intermediate 18
proceedsnearlybarrierless(TS9).

Table 2. PM3 computed relative energies Erel (in kJ molÿ1) for the four paths A±D for compounds 7 and 8a

Path 7 Erel 8A Erel (Z)-8B Erel

Path A 7� 11 0.0 8A� 11 0.0 8B� 11 0.0
TS1 91.8 TS8 219.9 TS31 211.0
12 69.4 18 157.3 34 8.2

TS2 203.9 TS9 157.8 TS32 241.8
13 71.3 14 8.5 35 13.6

TS3 95.3 TS4 106.9 TS33 170.5
14 18.5 15 30.2 36 131.8

TS4 116.9 TS5 140.6 TS34 284.8
15 40.2 16 9.5 9 42.1

TS5 150.6 TS6 59.8
16 19.5 17 1.8

TS6 69.8 TS7 35.9
17 11.8 9 32.9

TS7 45.9
9b ÿ128.2

Path B TS10 168.4 TS14 161.6 TS35 45.7
19 9.2 22 ÿ0.7 37 25.3

TS11 239.3 TS15 203.0 TS36 205.1
20 11.3 23 19.1 38 13.4

TS12 184.0 TS16 171.3 TS37 111.4
21 148.0 24 135.6 39 37.3

TS13 253.5 TS17 286.6 TS38 157.9
10 50.7 10 40.7 40 20.0

TS39 59.4
29 10.0

Path C TS18 265.3 TS24 278.7 TS40 242.9
25 102.3 26 53.6 41 19.1

TS19 146.1 TS20 233.1 TS41 94.7
26 63.6 27 23.1 42 82.8

TS20 243.1 TS21 31.6 TS42 264.2
27 33.1 28 15.9 40 3.4

TS21 41.6 TS22 24.6
28 25.9 29 0.8

TS22 34.6 TS23 49.0
29 10.8 10 40.5

TS23 59.0
10b ÿ120.5

Path D TS25 212.2 TS28 261.7 TS43 279.7
30 20.2 32 21.8 43 158.4

TS26 123.3 TS29 103.8 TS44 164.2
31 102.3 33 96.1 44 55.4

TS27 211.2 TS30 255.8 TS45 230.0
16 19.6 16 9.5 45 219.9

TS46 255.3
46 36.0

TS47 86.4
17 11.0

a Erel is given relativeto theseparatedreactants7 (8)� 11; in thedeterminationof Erel additionalmolecules(H2O, H3O
�, MeNH2, MeNH3

�) are
includedasrequired.PM3–SCRFheatsof formation(kJ molÿ1) of theseparatedreactantsareÿ364.2(7), ÿ561.4(8A), ÿ570.6[(Z)-8B], ÿ231.2
(H2O), 389.9(H3O

�), ÿ58.0(11), ÿ24.0(MeNH2), 425.9MeNH3
�).

b Protonation of MeNH2 by H3O
� → MeNH3

� � H2O included.
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The 4-hydroxyaminoderivative 14, obtained either
from 7 or 8A, then cyclizes (TS4 and TS5) to inter-
mediate16, which subsequently,by dehydration(TS6)
and deprotonation(TS7), yields the final product 9.
Althoughboth7 and8A leadto thesamecommoninter-
mediate14, therelativeenergeticsof thesubsequentreac-
tion steps(seeTable2) aredifferentsincetheenergiesof
theeliminated moleculesMeNH2 andH2O, respectively,
haveto be takeninto account. The rate-determiningstep
in this reactionsequence is for both7 and8A theaddition
of 11 to C-4 and, specifically, proton transfer to the
substituent R (i.e. TS2 and TS8, respectively). All
subsequentsteps are computed to have significantly
lower activation energies. Furthermore,7 is predicted to
be more reactive than the hydroxy derivative 8A
[activationenergyof 204(TS2) vs. 220kJ molÿ1 (TS8)].

Structural featuresof some representativetransition
states (TS1 for addition/elimination, TS2 for proton
transfer,TS5 for cyclization,TS6 andTS7 for dehydra-
tion anddeprotonation,respectively)arepresentedin Fig.
1. Theapproachof thenucleophileto 7 (8A) is facilitated
by a hydrogenbondbetweenthehydroxylamineOH and
the3-acylgroupof 7 (8A). Developmentof theC-4—N-
31 bond in TS1 is accompaniedby substantialpyrami-
dalizationat C-4. The heightof this atomabovethe C-
3—C-5—N-13planein TS1 (Dq = 24.5pm) is approxi-
matelymidway betweenthe sp2-hybridizedC-4 of 7 (D
q = 3 pm) andthetetrahedralintermediate12 (D q = 43.1
pm). The rate-determiningstep,protontransferbetween
the two nitrogen atoms of the hydroxylamine and
methylaminofunctionality (TS2), is characterizedby a
four-memberedcyclic arrayof atomsperpendicularto the
pyridinonemoiety. The changein bondingdistancesin
TS2 appearsto occur in an almostcompletelysynchro-
nousmanner.In contrast,cyclizationto 16proceedsin an
asynchronous,in fact two-step,fashion.Protontransfer
from the 4-hydroxyaminogroup in 14 to the 3-acyl
oxygenatomby far precedesring closure(seeTS5 in Fig.
1). In TS6 andTS7 the expected20 linear [X…H…Y]�

arrangementis almostperfectlyattained.Theslight bend
in TS6 (�(O-10—H-11—O-12)= 161.5°) may be attrib-
uted to a deformation induced by hydrogen bonding
betweenO-8 andH-14 (seeFig. 1).

Reactionof tautomer(Z)-8B via thispathway(Scheme
5) involvesformationof the tetrahedralintermediate34
and dehydration to oxime 35 (TS32). Subsequent
cyclization (TS33) and dehydration(TS34) finally also
leadsto 9. With respectto thispathway (Z)-8B shouldbe
evenlessreactivethantautomer8A [activationenergyof
220 (TS8) vs285kJ molÿ1 (TS34), seeTable2].

Path B

As in pathA, in thismechanism(seeSchemes6 and7 for
details)11 reactswith its nitrogenendasa nucleophile.
The first step in both 7 and 8A involves a concerted
addition at the acyl carbonand proton transfer to the
carbonyloxygen(TS10andTS14 in Scheme6) leading
to the N,O-acetals19 and22, respectively,followed by
dehydrationto oxime 20 (23). Subsequentcyclization,
accompaniedby elimination of the R group [TS12
(TS16) and TS13 (TS17)] finally yields the isoxazo-
lo[4,5-c]pyridinone10. Forboth7 and8A, cyclizationof
theoxime20 (23) via protontransferfrom OH to MeNH
(OH) (TS13andTS17, respectively)is calculatedto have
the highestenergyrelative to separatedreactants[254
(TS13)and287 (TS17)kJ molÿ1].

Reactionof tautomer (Z)-8B (seeScheme7) proceeds
in a similar mannerwith formation of the hydroxyami-
noethylidenecompound38 insteadof oxime23 followed
by atwo-stepcyclizationto intermediate40. Dehydration
of intermediate40 leadsto cation 29 commonalso to

Scheme 4
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Figure 1. PM3±SCRF calculated structures of transition states TS1, TS2, TS5, TS6 and TS7. Distances are given in pm and angles
in degrees. Hydrogen atoms of methyl groups are omitted for clarity
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reactionof both 7 and8A via pathC (seeScheme8 for
furtherdetails).

Importantly,theactivationenergyfor theformationof
10 by reactionof tautomer (Z)-8B is significantlylower
(ca 80kJ molÿ1) thanfor tautomer8A. Specifically,not
only the first step, addition of the nucleophile to the
exocyclic carbon atom (TS14 vs TS35), is greatly
favoredin tautomer (Z)-8B but also cyclization of the
intermediate38 (TS38)ascomparedwith thereactionof

oxime 23. As opposedto reaction of 8A, the rate-
determining step is found to be formation of the
hydroxyaminoethylideneintermediate38 (TS36) rather
than its cyclization (TS38). The structuresof thesetwo
transitionstatesaredepictedin Fig. 2.

Path C

The mechanisticdetails obtained by the PM3–SCRF
calculationsfor hydroxylamineaddition at C-4 of 7 (8)
via theoxygenatomof 11aredepictedin Schemes8 and
9. Reactionof bothstartingcompounds7 and8A leadsto
thesamecommonintermediate26. However,asalready
pointed out above, owing to different leaving groups
(MeNH2 and H2O, respectively),the relative energies
(seeTable 2) are different. The overall featuresof this
mechanismclosely resemble those of path A. One
differenceis that here for 7 addition of 11 and proton
transfer to the leaving group R [R=MeNH (TS18)]
occursin aconcertedmanner.Similarly to pathA, for 8A
addition, proton transferand elimination of R [R=OH
(TS24)] arepredictedto beessentiallyaone-stepprocess.
As found also for path A, the primary addition–proton
transferstepTS18(TS24) is ratedetermining.However,
asindicatedby the datapresentedin Table2, formation
of 10 involving reactionof the oxygenatom of 11 via
path C appears to be highly unlikely. Computed

Scheme 5

Scheme 6

Scheme 7
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activation energies for this alternative pathway are
significantlyhigher,evenmoreso for tautomer (Z)-8B
(see Table 2 and Scheme9), than those obtainedfor
mechanismB.

Path D

In thecaseof 7 and8A, thefirst stephereis a concerted
formation of the acetal 30 (32) by addition–proton

Figure 2. PM3±SCRF calculated structures of transition states TS36 and TS38. Distances are given in pm and angles in degrees.
Hydrogen atoms of methyl groups are omitted for clarity

Scheme 8 Scheme 9
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transferof the OH groupof 11 to the 3-acyl group(see
Scheme10). Subsequentcyclization to intermediate31
(33) followed by protontransferto R andeliminationof
MeNH2 (H2O) leadsto intermediate16 asalsoobtained
in pathA (seeScheme4). Startingfrom thisstructurethe
reaction to 9 then proceedsas depictedin Scheme4.
Again, formation of the primary adduct30 (32) is rate
determining.The calculatedactivationenergiesrule out
this mechanismasa likely pathwayfor the formationof
isoxazole9. For tautomer (Z)-8B, too, addition of 11
(TS43) is rate determining(Scheme11) with an even
higheractivationenergythanthat calculatedfor TS28.

Concerningtheeffect of thesolventon thecalculated
results,a comparisonwith thoseobtainedfor the gas
phase (see Table 1 of the SupplementaryMaterial)
indicatesthatthereis only little effect(<10kJmolÿ1) for
reactionsinvolving only neutral molecules.However,
thereare substantialdifferenceswhenchargedparticles
are involved, especially for protonation/deprotonation
steps.Inclusionof bulk solventeffectsleadsto adramatic
stabilization of H3O

� with a concomitantincreasein
activationenergiesin protonationsteps.Neglectingthe
solvent results in unrealistically low or even negative
activationenergiesfor suchprocesses.

Finally, it seemsworthwhile to comparethe present
computationalresults with experimentalinvestigations
on related reactions.21 Specifically, reaction of hydro-
xylamine11 with b-keto esterspreferentiallyoccursvia
attack of the nitrogenatom of 11 at the b-keto group.
Under stopped-flowconditions,22 the primary carbinol
amine (correspondingto e.g. 19 or 34) could be
identified. Elimination of H2O to yield an oxime
(correspondingto e.g.20 or 35) was found to be faster
thancyclization.Ring closureof this oxime thenyields
isoxazolin-5-ones.This reactionsequencecorrespondsto
formationof 9 from 8B via pathA or of 10 from 7 (8A)
via path B. Dependingon the pH, formation of the
isomericisoxazolin-3-oneis alsoobserved.21 It hasbeen
shown21 that formationof this isomeroccursvia b-keto
hydroxamicacidsratherthanadditionof theoxygenatom
of 11 at theb-ketogroup.Sincein thepresentmolecules
the ester functionality is lacking, such an alternative
mechanism,if atall operative,mustinvolve formationof
anO,O-acetalby attackof theoxygenatomof 11.

CONCLUSION

Fromthedatapresentedabove,thefollowing conclusions
can be drawn. (i) Generally, the highest activation
energiesare found for the reactionof the nucleophile
(N or O of H2NOH) with the vinylic (C-4 or exocyclic)
carbonatomsof compounds7 and8. Thus,dependingon
therespectivepathway,eitheradditionof thenucleophile
to the intermediateor its cyclizationshouldbe the rate-
determiningstep.(ii) The highestbarriersare obtained
for TSs involving proton transfer.Solventassistanceis
knownto lower suchbarrierssignificantly;however,the
unfavorableentropiccontributionfrequentlyoffsetssuch
an energy gain.23 (iii) In agreementwith chemical
expectations,reactionof 11 involving its oxygenatom
(pathsC and D) are computedto be less feasiblethan
thoseproceedingvia the NH2 group(pathsA andB) as
nucleophile.(iv) 4-Hydroxypyridinone8A is predictedto
react via path B to oxime 23. Using 3-acyl-4-hydro-
xyquinolones 3, it has been found that amination
exclusivelyoccursat the acyl functionality; no hydroxy
exchangeat C-4 could be detected.5a,6 (v) The hydro-
xyethylidenetautomer(Z)-8B is not only more stable

Scheme 10

Scheme 11
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than8A but alsomorereactivetowardshydroxylamine.
(vi) Thepropensityto reactvia pathB to compound10 is
evenmorepronouncedfor tautomer8B thanfor 8A. (vii)
In striking contrast, in the reaction of compound 7
(R=MeNH) formation of isoxazolo[4,3-c]pyridinone 9
via path A shouldbe favoredover all other alternative
reactionmechanisms.Suchb-carbonadditionsaccom-
paniedby amineexchangeindeedhavebeenobserved
with compoundsof type 7.24 The presentcomputational
results are also nicely corroboratedby experimental
findingson therelatedreactionof hydroxylaminewith b-
keto esters.21,22 Based on the calculations, therefore,
preferentialformationof 9 and10, respectively,depend-
ing onwhether4-amino-(7) or 4-hydroxypyridinones(8A
or 8B) are used as starting materials, can be fully
rationalized.
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23. S. Antonczak,M. F. Ruiz-López and J.-L. Rivail, J. Am. Chem.
Soc.116, 3912–3921(1994);J.Pitarch,M. F.Ruiz-López,E.Silla,
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