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ABSTRACT: The molecular mechanism of the domino reaction of nitroalkenes with silyl enol ethers to give nitroso
acetal adducts was characterized using computational procedures at the PM3 semiempirical level. The domino
process comprises three consecutive steps: the first and rate-determining step is the nucleophilic attack of the silyl
enol ether on the nitroalkene to give a zwitterionic intermediate; closure of this intermediate leads to a nitronate
intermediate, which then affords the final nitroso acetal adduct through an intramolecila [/cloaddition. The
presence of both silicon and oxygen atoms in the silyl enol ether increases the nucleophilic character of the carbon—
carbon double bond and favors the ionic character of the first step. The presence of the Lewis acid promotes the
delocalization of the negative charge transferred in the nucleophilic attack of the silyl enol ether to the nitroalkene and
decreases the activation energy of the rate-determining step. The inclusion of solvent effects predicts a stabilization of
the first zwitterionic intermediate and therefore emphasizes the stepwise mechanism for the first cycloaddition of this
domino reaction. CopyrighHtl 1999 John Wiley & Sons, Ltd.
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INTRODUCTION mechanism was proposed on the basis of previous
experimental work on [4+ 2] cycloadditions of ni-
Domino cycloadditions play a key role in organic troalkenes with simple acyclic and cyclic alkenes in the
syntheses where construction of complex polycyclic presence of SnGl The formation of cyclic five-
structures with adequate regio- and stereochemicalmembered side-products was only accountable through
control is needed:3 In this type of process, several a Wagner—Meerwein shift in a zwitterionic intermediate.
bonds of the target molecule are formed alongside aHowever, no similar rearrangements products were found
continuous sequence of reactions which do not requirein the domino reactions involving silyl enol ethé%his
isolation of intermediates, changes of reaction conditions shows that the mechanism of this type of domino reaction
or addition of reagents. The interest in the subject is may be profoundly influenced by variations in the
shown by numerous recent revietvg. electronic features of either the alkene and the Lewis
Among domino-type reactions, those involving ni- acid.
troalkenes have been extensively developed for the Despite the obvious potential of the domino process
stereoselective construction of polycyclic nitrogen-con- and its many variations, the reaction pathway has not yet
taining compound$ Denmark and Thorarensérecently been studied theoretically. A deep knowledge of the
described the domino reaction of the nitroalkdneith molecular mechanism is fundamental, however, for a
the silyl enol ethell in the presence of the Lewis acid rationalization of the experimental results. We are
MAPh to give the nitrosoacetdll , an intermediate inthe  engaged at present in a research program involving the
synthesis of {)-crotanecine I/) (Scheme 1). In their  computational study of domino cycloaddition reac-
view, the process consists of two consecutivet+[4] tions® In this work, we studied the reaction of the
intermolecular/[3+ 2] intramolecular cycloadditions, the nitroalkene 1 with the silyl enol ether2 to yield the
first one having a stepwise mechanimhe stepwise  nitroso acetal adduct3 (Scheme 2) at the PM3
semiempirical level. The effect of both Lewis acid and
solvents was included in the study. Our purpose is to
*Correspondence to:lL. R. Domingo, Departamento de (uica contribute to a better mechanistic understanding of this
Organica, Universidad de Valencia, Dr Moliner 50, 46100 Burjassot, type of domino process, especially by characterization of
Valencia, Spain. . . - -
the stationary points on the reactive potential energy
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Scheme 2. Schematic representation of the stepwise mechanism of the domino reaction between the nitroalkene 1 and the silyl

enol ether 2

COMPUTATIONAL METHODS AND MODELS

SemiempiricatestrictedHartree—Foclcalculationswere
carried out with the MOPAC93 packageof programs®
using the PM3 method!? The PES was calculatedin
detail to ensurethat all relevantstationarypoints were
located and properly characterized.The optimizations
Were carried out using the eigenvaluefollowing rou-
tine! andtherequeste«tonvergencéorthegradlentsof
energywas 0.5kcalmol A rad ™ (1kcal=4.184kJ).
The nature of each stationary point was checkedby
diagonalization of the Hessian matrix in order to
determinethe number of imaginary frequencies(zero
for local minima andonefor transitionstructure).

Geometry optimizationsof the stationary structures
including the Lewis acid and the solvent effects were
carried out at the PM3 semiempiricallevel using the
conductor-like screening model (COSMO) option*
included in the MOPAC93 package program. This
COSMOmodel, proposeddy Klamt and Schiirmann*
calculateghe electrostaticsolvationenergyby represent-
ing the solutechargedistributionasa setof pointcharges
and dipolesin the neglectdifferential diatomic overlap
formalism.In this procedurethe solventis assimilatedo
a continuous medium characterizedby its dielectric
constant(e), which surroundsa molecular-shapedavity
in which the soluteis placed.The solventusedin the
experimentalvork wastoluene® Therefore we usedthe
dielectricconstantt296.4K, ¢ = 2.38.1n spiteof thelow
solvent dielectric constant, it is possible to make
gualitative observationsregarding the stabilization of
ionic specieswhich appearin the different reaction
pathways.

We usedthe simplified models1 and 2 instead of
nitroalkenel and silyl enol ether I, respectively.In
Denmarkand Thorarensen'siitroalkenel the isopropyl

CopyrightO 1999JohnWiley & Sons,Ltd.

groupwasreplacedby a methylgroup.In silyl enolether
I, the Si-bondedphenyl residue was replacedby a
methyl group. Furthermorethe bulky chiral cyclohexyl
appendagavas replacedby a non-chiral methyl group.
The role of the acidic catalyst in the molecular
mechanismwas studied using AlMe3 as a Lewis acid
model.Sincethe large stericdemandof the bulky Lewis
acid usedin the experimentalwork allows only the exo
modeattack’® we have consideredexclusivelythis exo

modein the presentstudy.

RESULTS AND DISCUSSION
Gas-phase calculations

The energy profile showing the position of stationary
points along the reactionpathwayis depictedin Fig. 1
andPM3 heatsof formationof thesestationarypointsare
presentedn Tablel, pathwaya. Oneintermediate]N2,
andthreeTSs, TS1, TS2 and TS3, werelocatedon the
PES in the gas-phasereaction pathway of the non-
catalyzedprocess.

The analysisof the gas-phasenergieshowsthatthis
domino reaction is an exothermic process
(—22.5kcalmol™) and that the first step is rate
determining (the activation energy of the first step is
31.8kcalmol™). The geometries of the transition
structuresare depictedin Fig. 2. TS1 corresponddo a
nucleophilicattackof C-6in thesilyl enoletheron C-5in
the nitroalkene.The length of the C-5—C-6bondbeing
formedin TS1is 1.776A, while the O-1—C-7 distance
(2.771 A) showsthat theseatomsare not bonded.All
attemptdo find theintermediatdN1 asa minimumwere
unsuccessfublsin thegasphasehe PESin this regionis
very flat (for TS2 theimaginaryfrequencyis 50i cm™?).

J. Phys.Org. Chem.12, 24-30(1999)
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Figure 1. Schematic representation of the energy profiles for the domino reaction between the nitroalkene 1 and the silyl enol
ether 2. Profile A corresponds to the AlMes-catalyzed process and profile S to the catalyzed reaction in toluene solvent

Table 1. PM3 heats of formation, AH?, (kcal mol~"), for the stationary points of the domino reaction between the nitroalkene 1

and the silyl enol ether 2

Pathway 1 2 TS1 IN1 TS2 IN2 TS3 3 TS4 IN3 TS5 4

a —-133.7 -69.9 -171.8 —-173.2 -221.0 -187.8 -226.1

b —149.6 -69.9 -1915 -195.1 -194.6 -236.6 —1925 -228.0 -216.0 —-237.7 —-204.5 -258.4
c —-1625 -—-715 -204.7 -214.7 -210.8 —-246.0 —200.4 -—-235.2 -—2234 -248.1 -212.6 —265.9

@ a, Non-catalyzedpathway:b, catalyzedpathway(AIMes, AH% = —5.72kcalmol™Y); ¢, catalyzedpathwayin toluenesolvent.

Thesefacts indicate that the IN1 and TS2 stationary
points are structurally and energeticallyrelated. TS2
correspondsto the closure of IN1 by means of
nucleophilicattackof the O-1 atomon the carbocationic
C-7 centergiving IN2. Thelengthof the O-1—C-7bond
being formed in TS2 is 2.609A. Finally, TS3 corre-
spondgo asynchronousoncerted3 + 2] cycloaddition.
The lengths of the O-3—C-11 and C-4—C-10 bonds
beingformedin TS3are2.077and2.047A, respectively.
The nucleophilicattackof C-6 on the C-5 centerin the
first step is responsiblefor the high regioselectivity
observedexperimentally. .
TheC-7—O0-8bondlengthin TS1(1.320A) is smaller
thanthatin silyl enol ether2 (1.382A), and becomes
even shorterin TS2 (1.311 A), finally increasingin
intermediatelN2 (1.438A). The C-6—C-7—0O-8bond
anglein TS1andTS2is ca 118, in agreementwith sp’
hybridizationfor the C-7 atom,whereadn intermediate
IN2 this angle becomes107, correspondingto sp’
hybridization. Finally, the C-6—C-7—0-8—C-9dihe-
dral anglein TS1 and TS2 is ca 176°, whereasfor

Copyrightd 1999JohnWiley & Sons,Ltd.

intermediatdN2 it is 247°. Thesegeometricparameters,
togethemwith theincrementof positivechargeat the C-7
atomongoingfrom 2 (0.0u.a.)to TS1andTS2(0.3u.a.),
indicatethe formationof a carbocationicenterat C-7in
TS1], stabilizedby the delocalizationof the lone pair of
the oxygenatom O-8. Moreover,the electron-releasing
characteof thesiliconatomrenderghesilyl enolethera
powerful nucleophile wherebya larger negativecharge
is developedat C-6. In fact, for a hypotheticalsystem
formally derived from 2 by replacingthe silicon by a
carbontom, PM3 calculationsyield anactivationenergy
of 38.1kcalmol™ for the first step (6.3kcalmol™*
higherthanfor TS1).

Study of the role of the Lewis acid

It hasbeenassumedhatthe Lewis acidis coordinatedo
an oxygen atom of the nitro group® We therefore
reoptimizedhestationarypointswith inclusionof AlMe;
asalewis acidic catalyst.Figure1 showsthelocationof

J. Phys.Org. Chem.12, 24—-30(1999)
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Scheme 3. Schematic representation of the catalyzed mechanism of the domino reaction between the nitroalkene 1 and the

silyl enol ether 2

the stationarypoints along the catalyzedreactionpath-
way, while the selectedgeometricalparametergor TSs
aregivenin Fig. 2. Scheme3 showsreactants1A and2,
intermediates|N1A, IN2A andIN3A, andproduct,4A,
with the catalyzedprocessThe energyresultsaregiven
in Table1, pathwayb.

The presenceof the Lewis acid decreasesthe
activationenergyfor the first and rate-determiningstep
owing to delocalizationof the chargetransferredo the
nitroalkenesystem.This stabilizationallows oneto find
the intermediateIN1A as a minimum on the reactive
PES. The C-5—C-6 bond length in IN1A is 1.566A,
whereaghe distancebetweenthe O-1 and C-7 atomsis
3.101A, This distance,which is longer thanin TS1A
(2.844A), indicatesthat theseatomsare not bondedin
this intermediateln the intramoleculaf3 + 2] cycload-
dition, the presencef the Lewis acid causesnopposite
effect, asit increaseghe activationenergyof the third
step. Thus, TS3A and the adduct 3A are the more
destabilized species, intermediate IN2A being more
stablethanthe final adduct3A (seeFig. 1).

Coordinationof the Lewis acidto O-3in the nitronate
groupof IN2 makeghethird stepanendothermigrocess
(8.6kcalmol™1). However a detailedexplorationof PES
allows oneto find an alternativechannelassociateavith
the changeof Lewis acid coordinationfrom the oxygen
atom of the nitronategroup to an oxygenatom of the
carboxyl group on C-11, via the transition structure
TS4A (the activation energy associatedvith TS4A is
20.6kcalmol™). This processallows an equilibration
betweerintermediate$N2A andIN3A, with IN3A being
1.1kcalmol™* morestablethanIN2A.

Finally, the intramolecular[3 + 2] cycloaddition of
intermediateIN3A, via the transition structure TS5A,
affordsthe more stablecycloadduct4A. The activation
energyassociateavith TS5A (33.2kcalmol™2) is lower
thatfor TS3A (44.1kcal mol™%), this cycloadditionbeing
an exothermicprocess(—20.7kcalmol™). The transi-

CopyrightO 1999JohnWiley & Sons,Ltd.

tion structure TS5A correspondsto a synchronous
concertedprocesswherethe lengthsof the O-3—C-11
and C-4—C-10 bonds being formed are 2.084 and
2.033A, respectively.

The analysisof the molecular orbitals of TS1 and
TS1A indicates a large stabilization of the HOMO
involvedin this procesdor TS1Arelativeto TS1(—8.81
and—8.30eV, respectively)This canbeunderstoodisa
stronger HOMO delocalizationin TS1A due to the
participationof the aluminumatom.

The step connectingthe intermediateIN2 with the
adduct3 is disfavoredby the presencef AlMe, andthe
activation energy associatedwith TS3A increasesby
10.9kcalmol~ with respectto TS3. This can be also
explainedby meansof ananalysisof molecularorbitals.
In thethird step,which correspondso anintramolecular
[3 + 2] cycloadditionwith normal electrondemand the
AlMe; locatedin the donor dipole fragmentdoes not
contributeto the negativechargetransferto the acceptor
dipolarophilefragment.In consequencean increasein
the energyof the HOMO at TS3A (the incrementsof
energiesof the HOMOs for the non-catalyzedand
catalyzedprocessesire 0.43 and 0.69eV, respectively)
is observedHowever,whenthe AlMejs is locatedat the
acceptorfragment(interactionwith the carboxylgroupat
C-11), the incrementof the HOMO energyat TS5A is
lower that that at TS3 (0.30eV). This showsthat the
Lewis acid stabilizesthis MO slightly. Both TS3 and
TS5A have very similar activation energies(around
33.2kcalmol™).

A comparisonof the geometricparametersof these
stationary points with those of the non-catalyzed
mechanisnshowsmarginaldifferencesn thegeometries
of the stationarypoints. For TS1A, the lengthof the C-
5—C-6bondbeingformedis 1.831A, whichis slightly
longer than that for TS1 For TS2A, the O-1—C-7
distancedecreasefrom 2.609to 2.541A on going from
thenon-catalyzedo the catalyzedeaction.TS3A for the

J. Phys.Org. Chem.12, 24-30(1999)
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intramolecular [3 4+ 2] cycloaddition is slightly more
asynchronicthan for the non-catalyzedreaction, the
lengthsof the O-3—C-11and C-4—C-10bondsbeing
formed being 2.132and 1.978A, respectively.Finally,
the comparisorof thesebondlengthsbetweenTS3 and
TS5A (seeFig. 2) showsvery closevalues,n agreement
with the similar activation energiesfound for these
transitionstructures.

Study of the solvent effect

Solvent effects on [4 + 2] cycloaddition are well

known'® and have received considerable attention,
especially in the last few years!’™° A pictorial

representationof the PES in toluene, including the
positionof the stationarypoints,is depictedn Fig. 1, and
theselectedyeometrigparametersf thestationarypoints
with inclusionof the solventeffectsaregivenin Fig. 2.

An analysisof theseresultsindicatesthat there are not
large modificationsin the geometryfor thesestationary
points. This agreeswell with the hypothesisof Tomasi
and co-workerd® that, in the case of minima, the
approximation of frozen geometries can often be
consideredadequate Although this can be more ques-
tionablein the caseof TSs,only small modificationsof

the geometryof TSsin solutionare detected-®

Table 1, pathwayc, givesthe PM3 heatsof formation
of the optimized stationary points with inclusion of
solvent effects. The solvent effects cause a larger
stabilizationfor nitroalkenelS (—12.9kcalmol™?%) than
for silyl enol ether2S (—1.6kcalmol™t) owing to the
presenceof the Lewis acid coordinatedto the polar
nitroalkenegroup. This stabilizationis also presentin
TS1S,IN1S, TS2SandIN2S. The intermediatelN1S is
morestabilized(—19.6kcalmol™) thanTS1SandTS2S
(—13.2and —16.1kcalmol™%), owing to the large polar
characterof this zwitterionic intermediate.Hence the
solventappeargo stimulatea stepwisemechanismfor
the first cycloaddition®® Theseresultsare relatedto the
larger chargetransferin the electrophilic attackin the
first stepof theintermolecularcycloaddition asshownby
the large incrementof the dipole momentsalong this
pathway(dipolemomentdor 1A, 2, TS1A,IN1A, TS2A
andIN2A are7.73,1.55,10.24,14.16,12.99and6.34D,
respectively).

The solventeffectscausea minor stabilizationfor the
remaining stationary points of this domino reaction
(between7.2 and 10.4kcalmol™), due to the minor
polar characterof thesespeciesHencethe main factor
resulting from inclusion of solventeffectsis the large
stabilization of the intermediate IN1S, making the
nucleophilic attack of the silyl enol ether to the
nitroalkeneessentiallyirreversible.

Copyrightd 1999JohnWiley & Sons,Ltd.

CONCLUSIONS

We have carried out a theoreticalstudy of the domino
reaction between nitroalkenesand silyl enol ethers.
Reactionpathwaysn the presencandabsencef AlMe;
asamodelLewis acidic catalystwerestudiedusingPM3
semiempiricaimethodswith inclusionof solventeffects.
Specific details of the overall processmay changeat
higher levels of theory (e.g. ab initio methodswith
inclusion of correlationenergy)but, despitethe approx-
imate nature of the calculationsemployedhere, some
important featureshave been clarified. The following
conclusionganbedrawnfrom theresultsobtainedn this
study: (1) the overall processcomprisesa three-step
mechanism(?2) the first andrate-determiningstepis the
nucleophilic attack of the silyl enol ether on the
nitroalkene to give a zwitterionic intermediate; the
second step correspondsto a ring closure of this
intermediateto give a cyclic nitronate which leadsin
the third step, through an intramolecular [3 + 2]
cycloaddition, to the nitroso acetal adduct; (3) the
nucleophiliccharacterof the first stepis responsibleor
thehighregioselectivityobservedn thisreaction;(4) the
presenceof both silicon and oxygenatomsin the silyl
enol ether increasesthe nucleophilic characterof the
carbon—carbondouble bond and therefore favors the
ionic characterof thefirst step;(5) the coordinationof a
Lewis acid to an oxygen atom of the nitro group
decreasethe activationenergyfor the initial nucleophi-
lic attack,owingto alargerdelocalizatiorof the negative
chargetransferredrom the nucleophilefragmentto the
nitroalkenesystem;and (6) the inclusion of the solvent
effects makesthe electrophilic attack of the silyl enol
etheronthenitroalkeneanirreversibleprocesspwingto
the large stabilization of the zwitterionic intermediate
formed.
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