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ABSTRACT: The reactions of &-methylindolyl and 2- and 3-bengfhiophenyl anions with nitrile oxides and
nitrilimines were performed in order to investigate whether the use of anionic dipolarophiles modifies a classical 1,3-
dipolar cycloaddition. When lithium compounds were used as bases, the heterocyclic anions invariably acted as
nucleophilic species; in contrast, when a Grignard reagent was employeN;rtethylindole gave cycloaddition
products with an extraordinary rate enhancement. The hypothesis-thathylindole and ethylmagnesium bromide

give an adduct much more reactive thAlhmethylindole itself was supported by the results of a theoretical
investigation. The structure and electron distribution of the adduct were determingll ibitio calculations and
compared with those of known Grignard complexes with nitrogen ligands. The performance of different basis sets
was tested. The quantum theory of atoms in molecules was used to determine atomic charges and to describe the
nature of bonds in terms of the properties of the electron density at the bond critical pbit@98 John Wiley &

Sons, Ltd.
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INTRODUCTION benzop]thiophenyl anions were chosen for a preliminary
investigation; in the latter case the different localization
It is well known that the kinetics and the regioselectivity of the charge in position 2 and 3 could direct the regio-
of 1,3-dipolar cycloaddition reactions are strongly selectivity of the process. The stable 3,5-dichloro-
affected by the nature of the substituent present on themesitonitrile oxide and a number of nitrilimines were
dipolarophilic species; steric and electronic effects are chosen as dipoles, because their reactions with neltral
extensively documented in the chemical literattire. methylindole and thianaphthene are documented in the
Our original plan was to investigate the reactions of literature.
1,3-dipoles with anionic dipolarophiles carrying a nega-  The reactions ofN-methylindole with nitrile oxide%
tive charge on the unsaturated dipolarophilic system; ourand nitrilimines are known to give cycloaddition
aim was to check whether the negative charge couldproducts1 and 3 in low yields together with minor
behave as an unconventional, small and strerend = amounts of open-chain oximdsand hydrazone®. The
electron donating substituent. Of course, the anionic reaction is sluggish, requiring days or even months at
unsaturated system could also react with 1,3-dipoles as aoom temperature.
nucleophile rather than as a dipolarophile. However, ifit It has also been reported that melt betiibiophené
could act, at least in part, as a dipolarophilic species, it reacts with the 3,5-dichloromesitonitrile oxide (ArCNO)
should be possible to verify how the negative charge (5) to give both the isomeric cycloaddition products, in
modifies a classical 1,3-dipolar cycloaddition: the charge low yields, after 10 h of heating at 8@, whereas it is
could change not only the kinetics but also the regio- unreactive towards nitrilimines.
selectivity of the cycloaddition. In the course of our experimental investigations, some
Therefore, the N-methylindolyl and 2- and 3- results of the reactions oN-methylindole with 1,3-
dipoles, in the presence of a Grignard reagent as a base,
*Correspondence toF. SannicolpDipartimento di Chimica Organica ~ suggested the intermediacy of an adduct between the
e Industrale dell'Universite Centro CNR, Sintesi e Stereochimica heterocyclic substrate and the organomagnesium com-
Speciali Sistemi Organici, Via Golgi 19, 1-20133 Milan, ltaly. pound, rather than the formation of an anionic species. A

Contract/grant  sponsor: CNR; contract grant number: . ) SR >
CT94.01635.CT03¢ontract grant numberCT95.01302.CT03. theoretical investigation was undertaken to substantiate
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this hypothesis,and the effects of complexationon N-
methylindole structure, electronic distribution and re-
activity wereinvestigated.

RESULTS AND DISCUSSION
Experimental results

2-Benzop]thienyllithium, directly preparedfrom thia-

naphthengbutyllithium, diethyl ether,40°C), immedi-

ately reactedwith 3,5-dichloromesitonitrileoxide (5) at

0°C to give the oxime 6 in 56% yield. The 3-

benzop]thienyllithium, prepared from 3-bromothia-
naphthene(butyllithium, diethyl ether, —70°C, analo-

gously reactedwith 5 to give the diasterecisomeric
oximes7aandb in 60% overall yields.

A parallel behaviourwas shownby 2-N-methylindo-
Iyllithium  (N-methylindole, butyllithium, N,N,N,N-
tetramethylethylerdiamine,diethyl ether,40°C), which
rapidly reactedwith 5 at0°C to give theoxime8in 29%

0 1998JohnWiley & Sons,Ltd.

T. BENINCORIETAL.

OB ==

by

Ar' Ar!
\
l OH

© O

“< 'r

CH, CH,

3 4

Ar time temp. °C yield%
3 4
Ph 48h 25 19 5
2,4,64iMe€,H, 1 month 25 62 -

Ar
N O~n
o ot
S S Ar

13% 10%

m Bui o N—OH
S ACNO (5) < Ar
0°c
6
56%
Br Al
BuLi NL'OH
O —
S ACNO (5) Cg
-70°C

yield. The same anion reacted with the nitrilimine
preparedfrom the chlorohydrazoneb at 0°C to give
the open-chairhydrazonel0. Quenchingwith deuterium
oxide of the lithium compound demonstratedthat
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lithiation of the heterocyclicring is quantitativeandfully
regioselective.

Structuralassignment®f the reactionproductswere
unequivocally made on the basis of analytical and
spectraldata.

Theseresultsdemonstratéhatthe heterocyclidithium
compounddehaveasnucleophilicratherthandipolaro-
philic speciesno traceof cycloadditionproductshaving
beendetectedThe hypothesighatopen-chairoximes6—
8 and hydrazonesl0 would resultfrom a base-induced
ring openingof initially formed cycloadductscontrasts
with the documentedstability of theseisoxazolinesand
pyrazolines toward basic reagent$® and with the
experimentabatareportedhereafter We tried to muffle
the nucleophiliccharacterof the anionby changingthe
hardlithium with the softermagnesiunctation. For this
purposethe N-methylindolewasrefluxed (30 min) with
ethylmagnesiunmbromide in diethyl ether, then treated
with 5 at 0°C. We observedhe very fastdisappearance
of 5 and the formation of the expectedcycloaddition
productll, togethemwith someoxime 12 andby-products
resulting from direct reaction of the Grignard reagent
with 5. Overallyieldscalculatedonthe nitrile oxide5 are
low (ca 15%), but well reproducible.

We extendedthe reactionof the N-methylindoleand
ethylmagnesiumbromide to nitrilimines, which were
producedn situ from halohydrazoneSa-g by usingone
equivalentexcessof the Grignardreagentat 0°C. We
could isolate the cycloadditionproducts13a-d starting
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from substrate®®a—d. No cycloaddition productswere
detectedusing chlorohydrazone8e-g. The presenceof

electron-donatingubstituent®n thearomaticring of the
hydrazonic moiety inhibits the cycloaddition process.
Reactionsare very fast andthe final stateis reachedn

few minutes. Isolation yields of 13 are low (6—15%),
some open-chainhydrazonesl4a-d and the expected
tetrazines(from nitrilimine dimerization) always being
produced.

Different results were obtained in the case of
benzop]thiophene:no reactionproductscontainingboth
the thianaphtheneand the dipolarophile moietieswere
isolated. In this casedegradationof the dipolarophilic
speciess muchfasterthancycloaddition.

The mostrelevantfeatureof the reactionsof the N-
methylindolewith 5 and9 in the presencef ethylmag-
nesiumbromideis the extraordinaryrateenhancemenif
the cycloaddition processproduced by the Grignard
reagent.Cycloadditionproducts11 and 13a-d are not
detectablewhen N-methylindole and nitrile oxide 5 or
chlorohydrazone®a—d and triethylamine are storedat
0°C in diethyl ether solution for weeks. Furthermore,
isolationof cycloadditionproductswith the nitrile oxide
5 and nitrilimines, generatedin situ from 9, in the
presencef a Grignardreagentjs evenmoreinteresting
consideringhatethylmagnesiunibromideistantaneously
transformss and9 into unreactiveby-productsat 0°C.

The last observationconcernsthe regioselectivityof
the cycloaddition,which is oppositeto that expectedor
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the reactionof the 2-indolylanionwith a dipolarophile.
This behaviour caused doubts about the effective
interventionof an anionic speciesin the cycloaddition
process.In fact, quenchingthe mixture resulting from

prolongedrefluxing of a solutionof N-methylindoleand
ethylmagnesiunbromidewith deuteriumoxide did not

afford significant incorporation of deuteriumin any
positionof theindole nucleus Overall,theseresultsgive

evidencehattherateenhancemerhenomenaescribed
beforecannotberelatedto theintermediacyof ananionic
indole species.

Different mechanisticpossibilities were considered.
Oneinvolvesthe selectiveinteractionof the magnesium
of the Grignardreagent(Lewis acid) with the electron-
rich moiety of the dipole (Lewis base)to give acomplex
that is much more reactive than dipole itself. This
hypothesigs inadequatein our casefor severareasons:
(a) asreportedabove ethylmagnesiunbromidedoesnot
form complexeswith 5 and 9, but instantaneously
degradeghem, evenat very low temperature(b) it is
known that nitrile oxide—Lewisacid complexesare in
generallessreactivethanfree nitrile oxidesandthatthe
strongerthe Lewis acid, thelessreactiveis thecomplex®
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and (c) the nitrogen atom of the indole ring must be
involved somehowsincethe correspondingeactionsof
thianaphtheneare unaffectedby the presenceof the
Grignardreagent.

A morearticulatedhypothesissuggestshat the metal
atom would establisha double coordinationwith the
nitrogenatom of N-methylindoleandwith the electron-
rich moiety of the dipole, to give a transition statefor
cycloaddition in which both the reactantsare held
togetherin an entropically favouredarrangementEven
though such a chelation satisfactorily accountsfor the
rate enhancementand regio- and stereoselectivity
increaseobservedin a few cycloaddition reactionsof
nitrile oxides with allyl alcohols® we consideredthis
hypothesidarderto applyto thepresentasein contrast
to the situation producedin allyl alcohol-nitrile oxide
cycloaddition reactions,where a conformationally fa-
voured two-5,5-memberedring chelation can be ar-
ranged,a rather strained5,4-membereding chelation
shouldbe involvedin our case Eventhoughthis picture
cannot be rejected, we are inclined to acceptas the
determinantstep for rate enhancementhe N-methyl-
indole—ethylmagnesiumbromide complexation. This
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shouldproducean adductmore reactivetoward dipoles
than N-methylindoleitself.

This hypothesiss supportedy the observatiorthatN-
methylpyrroleis completely unreactivetowards nitrile
oxide 5 at 0°C, in diethyl ether solution, for weeks.
Insteada veryfastreactiontakesplacein thepresencef
oneequivalentof ethylmagnesiunbromideaffordingthe
regioisomericoximes 15 and 16, which probablyresult
from ring openingof unstablentermediatecycloadducts.
Instead thiophenewasfound unreactiveunderthe same
experimentaktonditions.

A different reaction path was observedwhen N-
methylindoleand nitrile oxide 5 reactedin the presence
of anequimolaramountof magnesiunibromidein diethyl
etherat 0°C. Reactionwasstill very fast,buta complex
mixture of productswasformed,in which oxime 12, but
no the cycloadditionproduct11, wasdetected.

We tried to increasethe interaction between the
Grignard reagentand the N-methylindole by changing
the solvent (tetrahydrofuran benzene hexane)and the
organomagnesiuncompound(phenyl, naphthyl, hexa-
decyl) with no substantiathangein kineticsandyields.

Thenatureof the postulatedeactivecomplexbetween
indole and ethylmagnesiumbromide was investigated
throughtheoreticakalculationsreportedn thefollowing
section.

Theoretical investigation

X-ray structuralinformationon the known complexe<of
organomagnesiurnompounds;*? with magnesiunco-
ordinatedo aminic-typenitrogenatoms wastakenasthe
starting point for modelling the N-methylindole—ethyl-
magnesiumbromide complex.In fact, the coordination
processs believedto involve a markedpyramidalization
of the N-methylindolenitrogenatom,with a correspond-
ing partiallossof aromaticity. Thetypical rangedor the
valuesof bond lengthsand anglesin the six Grignard
complexesindicate a deformedtetrahedralarrangement
aroundmagnesiumwith smallerN—Mg—N anglesand
valuesof the other anglesdependingon the particular
ligand skeleton;the Mg—N bond length lies between
2.13and2.35A.

The x-ray structure of the monomerunit EtMgBr-
(Et,0), in the solid staté® was assumedas a model for
the Grignard reagentin diethyl ether solution, before
coordinationwith the N-methylindole.In this structure
the ethyl group, the bromine atom and the two ether
groupsaretetrahedrallyarrangecdaroundthe magnesium
atom;the Mg—O distancesareabout2.0 A.

Reference electron distributions for the Grignard
reagentwith oxygen and nitrogen coordinatedatoms
wereobtainedfrom quantummechanicatalculationson
EtMgBr(EtO), and EtMgBr[(—)-a-isosparteine] (17)
usingtheir x-ray geometries?*3
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Table 1 reports atomic chargesobtained for these
complexesusing different populationanalysisschemes
(seeComputationamethodssection).Theresultsreferto
the 6-31G*+ SV4P (for bromine) basis set. Atomic
charges obtained within the framework of quantum
theoryof atomsin molecules(QTAM charges;Table 1)
give a picture of the electrondistribution of both the
complexeswhich is the closestto chemicalintuition; in
contrastto the other investigatedschemes,the most
polarized bonds are those between the Lewis acid
(organomagnesiumand the Lewis bases (ethers or
sparteine) The expectedstrongpolarizationof Mg—Br
and Mg—C bonds is confirmed and the charge of
magnesiumamountsto 1.7.

It is worth notingthatthe electronicdistributionsof the
two complexesarealike, suggestinghatthe coordination
with the ether or the amine moleculesinfluencesthe
organomagnesiuroompoundn a similar way.

To verify the effects of varying the basissetin the
electrondistributioncalculations severalbasissetswere
tested(seeComputationamethodssection).Theresults,
reportedin Table 2 for the EtMgBr molecule,indicate
thattheatomicchargeshangesignificantlyon extending
the basissetfrom the 3-21G*to the 6—31G*and SV4P
(for bromine).In contrastthefurtherimprovemento the
(14s11p5d)(d)basis set for bromine causesonly very
slight variationsin the chargevaluesof bromine and
magnesiumatoms.Thereforeall calculationson EtMgBr
complexeswere performedwith the 6-31G*+ SV4P
basisset.

Thestructureof the hypothesizedsrignard-N-methyl-
indole complexwasmodelledfrom EtMgBr(EtO),, but
with only one ether molecule, and N-methylindole
coordinatedat the nitrogen atom. The initial Mg—N
distancevasassumedo bethelargestonein thenitrogen
complexesnvestigated2.35A). Thewhole structureof
the EtMgBr(N-methylindole)(EtO) complex was then
fully optimizedwith the 3—21G* basisset. It hasbeen
demonstratedl that this basis provides a satisfactory
descriptionof equilibrium geometriefor many haloge-
natedcompoundsAs a check,we calculatedhe 3-21G*
equilibrium geometryfor the EtMgBr(Et,O), complex.
The resultsare in excellentagreementwith the x-ray
experimentalstructure;the magnesiumtetrahedralen-
vironment is completely reproduced and only the
torsionalanglesof ethylic chainsareslightly different.

The optimized structureof EtMgBr(N-methylindole)
(Etx0) is depictedin Fig. 1. The steric hindranceof N-
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Table 1. Atomic charges for EtMgBr(Et,0), and EtMgBr[(—)-a-isosparteine] obtained by different population analysis schemes
(see text) with the 6-31G* 4 SV4P basis set

T. BENINCORIETAL.

Complex Atom Mulliken charge Naturalpopulationcharge QTAM charge

EtMgBr(Et0), Mg +0.944 +1.636 +1.729
0O, —0.763 —0.769 —1.322
0, —-0.734 —0.755 —1.356
Br —0.622 —0.869 —0.888
C —0.651 —1.125 —0.537

EtMgBr[(—)-a-isosparteine] Mg +0.842 +1.649 +1.711
Ny —0.780 —0.694 —1.426
N2 —0.785 —0.702 —1.366
Br —0.613 —0.859 —0.885
C —0.644 -1.132 —0.507

methylindolecauseghe indolering andthe diethyl ether
group to assumean opposite mutual orientation. In
addition,oneof the ethyl chainsin diethyl ethermodifies
the C—C—O—Mg torsion angle of about 30° with
respectto EtMgBr(Et,O), andthe indole aromaticring
turnsout to be nearlyperpendiculato the Mg—N bond.
Comparisonof the mostsignificantbondlengthsand
anglesof this complex with those of EtMgBr(Et,O),,
shownin Table 3, revealsthat the tetrahedralarrange-
ment around magnesiumis still deformedto smaller
ligand—Mg—Iligandand larger B—Mg—C angles.As
regardsbondlengths,only the C—C bondin the ethylic
fragmentis significantlylongerthanthatin thereference

compound,the others remaining virtually unchanged.

The Mg—N bondlengthis similar to that of the model
complex17 (Table 3) and representshe averagevalue
for the known Grignard complexescontainingnitrogen
atoms.

On the basisof theseobservationsit appearghatthe
arrangementof atoms around magnesium and the
strengthof the coordinationbondswith both the oxygen
andnitrogenatomsarethosetypically foundin Grignard
complexes. Accordingly, the QTAM charges of
EtMgBr(N-methylindole)(E£O), in Table 4, resemble
those obtained with the same method for the model

Table 2. QTAM atomic charges of EtMgBr obtained with
different basis sets

Basisset(numberof basisfunctions)

6-31G* 6-31G*
+ +

Atom or 3-21G* SV4pP (14s11p5d)(d)
group (76) (88) (142)
Mg 1.717 1.658 1.660
Br —0.896 —0.881 —0.883
Cy —0.706 —0.660 —0.660
C, —0.027 0.081 0.081
Et” -0.821 -0.777 —0.777

0 1998JohnWiley & Sons,Ltd.

complexegqTable 1); the greatemegativechargeon the
nitrogenatom(—1.589vs —1.4260r —1.366in themodel
complexes)is related only to the different kind of
hybridization and molecular environmentof this atom
with respectto the referenceaminic nitrogens. The
atomic charge on the nitrogen in the isolated N-
methylindoleamountsto —1.642,to be comparedwith
—1.171for methylamine.

All these points confirm that N-methylindole and
ethylmagnesiunmbromide in diethyl ether solution can
form an adduct with the same characteristicsas the
known stable Grignard complexes.Let us analysethe
effects of coordination on N-methylindole. A PMO
analysis of the molecular orbitals and their energies
should help in explaining the observed change in
reactivity. Indeed,a simple FMO analysismay explain
the differentreactivity of the coordinateN-methylindole
towardsnitrilimines producedrom halohydrazoneSa—d
with respectto thosefrom 9e-g. The comparisorof the
HOMO-LUMO energy gaps indicates dipole-LUMO
control for all thesereaction, suggestingthe electron-
donorgroupson the dipolesreducereactivity. Moreover,
the observedregioselectivitiescannotbe relatedto the
small difference in the size of terminal HOMO co-
efficientsof the dipolarophile,but they canbe explained
on the basis of the stabilizing coulombic interactions
betweerthe electron-richC, atomof N-methylindoleand
the electron-poor carbon atom in nitrile oxide or
nitrilimine and betweenthe C; and the oxygen or
nitrogen atom on dipoles. As in most 1,3-dipolar
cycloaddition reactions where compoundswith high
local charge densities are involved, the electrostatic
interactions play a more important role than the
stabilizinginteractionbetweerfilled andvacantorbitals
in determiningregioselectivity.

However, it is worth noting that all thesecharacter-
isticsarevery similarin theisolatedandthe coordinated
N-methylindole,i.e. they are only slightly influencedby
coordinationwith the Grignard reagent.On the other
hand,the MO stabilizationobservedn the N-methylin-
dole complex with respectto the isolated molecule,a
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Figure 1. The 3-21G* optimized structure of EtMgBr(N-methylindole)(Et,0)

consequencef coordinationwith the Lewis acid, cannot
explainthe Grignardreagent-inducedate enhancement.
A carefulanalysisof the effectsof coordinationon the
structure and the electronic distribution of N-methyl-
indole sheddight on this matter.The 3—-21G*optimized
structuresf the N-methylindolemoiety in the modelled
complex and in the isolated molecule are reportedin

461

Table 5. The benzeneing characteristicare similar in
the two structures,whereasthe five-membereding is
strongly affectedby coordination.In fact, the dihedral
anglesindicatethe planarity of the whole skeletonin the
isolated N-methylindoleand a slight deformationfrom
planarity of the five-membereding, accompaniedy a
strong modification of the dihedralangleinvolving the

Table 3. 3-21G* optimized structure of EtMgBr(N-methylindole)(Et,0) compared with the x-ray geometries of EtMgBr(Et,0),

and EtMgBr[(—)-a-isosparteine)]

Complex Bondlength (A) Bondangle )
EtMgBr(N-methylindole)(E£O) Mg—N 2.234 N—Mg—O 97.1
Mg—O 2.044 Br—Mg—O 103.2
Mg—Br 2.428 Br—Mg—N 100.8
Mg—C 2.148 C—Mg—O 111.2
c—C 1.558 C—Mg—N 109.5
Br—Mg—C 129.9
EtMgBr(Et0), Mg—O; 2.027 0,—Mg—O0, 101.2
Mg—O, 2.053 Br—Mg—O0, 102.9
Mg—Br 2.476 Br—Mg—O0, 103.7
Mg—C 2.148 C—Mg—O, 111.7
c—C 1.452 C—Mg—0, 109.6
Br—Mg—C 125.0
EtMgBr[(—)-a-isosparteine] Mg—N; 2.163 N;—Mg—N, 83.9
Mg—N, 2.195 Br—Mg—N; 122.9
Mg—Br 2.506 Br—Mg—N, 101.4

Mg—C 2.240 C—Mg—N;106.1

c—C 1.390 C—Mg—N, 129.7
Br—Mg—C 112.1
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Table 4. QTAM charges for EtMgBr(N-methylindole(Et,0)
calculated with the 6-31G* -+ SV4P basis set

Atom QTAM charge
Mg +1.720
N —1.589
o] -1.325
Br —0.886
C —0.565

methyl group (C;c—C>—Cs—C,), in the coordinated
form. Thebondanglesconfirmthechangen thenitrogen
hybridization from sp? towards a nearly tetrahedral
arrangementin the coordinatedform, the No—C; and
C,—Cs bondlengthsarefoundto be significantlylonger
andthe C;—C, shorterthanin theisolatedcase.

Table 6 lists a numberof bond critical point (BCP)
properties for selected bonds in the isolated and
coordinated N-methylindole. The reported properties
include the density p,, and the density curvaturealong
thebondpath A;. At BCPtwo curvatureg\; and\,) are
negative and are associatedwith eigenvectorswhich
defineaninteratomicsurfaceorthogonako the bondpath
at the BCP, whereasthe positive curvature Az is
associatedvith an eigenvectordefining the bond path
at the BCP. Also reportedare the bond ordern andthe
bond ellipticity & [¢=(A/A2) — 1], which, being a
measureof the extentto which charge preferentially
accumulatesin a given plane, relatesto the = bond

character.Table 6 showsthat the changesinduced by
coordinationof N-methylindolein thebondordern of the
five-membereding agreewith the observedyeometrical
changesThe C;—C, bondorderincreasegrom 1.87to
2.02,avaluecloseto that of ethylene(2.1). Conversely,
the C—N bondsin thering havetheir bondorderslightly
decreasedl'he C,—Cs bondundergoes smalldecrease
in its bond order but a significant lowering of its
ellipticity. The latter fact, along with the halving of
C—N bond ellipticities in the ring, confirms that the
complex formation causes an enhancementof the
enaminiccharacteof the N,—Cs—C, fragment,accom-
paniedby a partial isolation of the Cz—C, doublebond
from the n-conjugatedramework.

CONCLUSIONS

The most interestingresult found in the cycloaddition
experimentsof nitrilimines and nitrile oxides with N-
methylindolein the presenceof a Grignardreagents a
very high andunexpectedateenhancementJnderthese
conditionsthe reactionis completein secondsat 0°C,
whereast is reportedgenerallyto requiredaysor weeks
at room temperature.Cycloaddition products are im-
mediately formed, although in modest yields, under
reactionconditionsin which both of thesedipolesare
found to be highly unstable.Instead,thianaphthends
totally unreactive We suggesthatthe rateenhancement
observedcould be relatedto the formation of an adduct

Table 5. 3-21G* optimized structures of the N-methylindole moiety in the EtMgBr(N-methylindole) (Et,O) complex and in the

isolated molecule (in parentheses)

6
7 4
8 3
0 l 2
Hs
10
Bondlength (,& ) Bondangle(®) Dihedralangle(®)
1-2 1.372 (1.372) 1-2-3 105.4 (108.1)
2-3 1.440 (1.373) 2-3-4 110.6 (110.8) 2-3-4-5 2.4 (0.0)
3-4 1.336 (1.348) 3-4-5 108.0 (106.5) 3-4-5-6 —-178.6 (—180.0)
4-5 1.459 (1.440) 4-5-1 107.1 (106.5) 4-5-6-7 179.5 (180.0)
5-6 1.387 (1.398) 1-5-6 119.8 (119.2) 5-6-7-8 -0.2 (-0.0)
6—7 1.380 (1.375) 5-6-7 118.6 (119.1) 6—7-8-9 -0.3 (0.0)
7-8 1.394 (1.403) 6-7-8 120.9 (120.8) 7-8-9-1 0.3 (0.0)
8-9 1.381 (1.376) 7-8-9 121.1 (121.3) 8-9-1-5 0.2 (0.0)
1-9 1.382 (1.395) 8-9-1 117.6 (117.6) 1-2-3-4 —4.2 (-0.0)
1-5 1.392 (1.402) 9-1-5 122.0 (122.0) 10-2-3-4 —-139.9 (—180.0)
2-10 1.395 (1.440) 5-1-2 108.7 (108.1) 5-1-2-3 4.3 (0.0)
10-2-3 117.9 (126.2) 4-5-1-2 -3.0 (0.0)
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Table 6. RHF/6-31G*//3-21G bond critical point properties
for selected bonds in coordinated and isolated (in parenth-
eses) N-methylindole

Bond b A3 & n
34 0.358 0.20 0.45 2.02
(0.346) (020) (0.44)  (L87)
4-5 0.286 0.30 0.11 1.29
0291) (0.29) (0.16)  (1.33)
2-3 0.278 0.33 0.03 1.25
(0.300) (066) (0.09)  (L37)
1-2 0.286 0.33 0.02 1.29
(0309) (0.69) (0.07) (L43)
1-5 0.331 0.27 0.24 1.71

(0.324) (0.28)  (0.23)

Ethane 0.245 0.29 0.00 1.00
Ethylene 0.364 0.19 0.45 2.10
Methylamine 0.265 0.18 0.03 1.00

Methyleneimine 0.399 1.44 0.26 1.86

between the dipolarophile (a Lewis base) and the
organomagnesiummompound(a Lewis acid), involving

the aromaticnitrogenand the magnesiunmatom. Theor-
etical modelling indicatesthat structuraland electronic
characteristicsof the adduct are the same of known
GrignardcomplexesMoreover,the dipolarophilicchar-
acter and the reactivity of the N-methylindole double
bond,involvedin the 1,3-dipolarcycloadditionmechan-
ism, increaseasa resultof coordinationwith ethylmag-
nesiumbromide.

COMPUTATIONAL METHODS

Electrondistributionswere obtainedfrom ab initio HF-

SCF wavefunctions.A number of different Gaussian
basis setswere analysed,namely a minimal basis set
(STO-3G)* two standardsplit-valencebasis sets, 3—

21G* and6-31G*,for first- andsecond-rovatoms* and

ad hocbasesspecificallydevelopedor third- andfourth-

row atomsfor bromine.Theseatterarethesplit-valence
3-21Gbasisdevelopedby Dobbsand Hehre™ augmen-
tedby d-typepolarizationfunctions the SV4Pbasisset®

which is a split-valence plus polarization basis set
obtained from a (43321/4321/4) contraction of the

Huzinaga(4333/433/4)basisset’’ originally developed
for the halogens, and the large uncontracted
(14s11p5d)(dpunningbasisset® with d-type polariza-
tion functions.

Molecular geometries of the reference Grignard
complexeswere taken from crystallographicdata; for
N-methylindole and the N-methylindole—ethimagne-
sium bromide complex the fully optimized 3-21G*
geometrywasused.

TheGaussia®2'° packagef programsvasemployed
for all wavefunction calculation and for the atomic
chargeevaluationswith eitherthe conventionaMulliken
analysig® or the ‘natural population’procedureé’* Atom-

0 1998JohnWiley & Sons,Ltd.

ic populationsiverealsoobtainedn theframeworkof the
quantumtheory of atomsin molecules(QTAM),%? by
integratingthe electrondensityover the atomicbasins.

Within QTAM, the charge density p, at the bond
critical point (BCP) serves as a measure of the
correspondindgpondorder®? In the caseof C—X bonds
(X =C, N), the bond ordersn were computedaccording
to the following relationship:

n = expia (o — b))

proposedby Baderet al.?® In this expressiorpy, is the
valueof p atthe C—X BCPs,while b is setto beequalto
b (au) for the C—X referencesingle bond and a is
determinedby a least-squaresnethod. The a and b
parametersre functionsof the C—X pair, the basisset
adoptedandthereferencegeometryused.By employing
RHF/6-31G*// 3—-21G densitiesfor ethane,ethylene,
acetyleng(C—C bondcalibration)andthe samekind of
densitiedor methylaminemethyleneimmie andhydro-
gen cyanide (C—N bond calibration), we obtained
a=6.242, b=0.245 for C—C bonds and a=4.497,
b =0.229for C—N bonds.

QTAM calculations were performed with the
PROAIMV package’

EXPERIMENTAL

Reaction of 2-benzo[b]thienyllithium with nitrile oxide
5. A 1.6m solution of butyllithium (1.96mmol) in
hexanewvasdroppednto asolutionof benzop]thiophene
(1.83mmol) in diethyl ether(10cm®) undernitrogenat
25°C. The mixture was refluxed understirring for 1 h,
thenchilledto 0°C andthenitrile oxide5 (1.9mmol)was
added After stirring for 10 min waterwasaddedandthe
mixture was exhaustivelyextractedwith diethyl ether.
The combinedorganiclayersweredried andevaporated
to drynessChromatographyf the residueon silica gel,
with a light petroleum—diethylether (9:1) mixture as
eluent,yieldedthe 3,5-dichloro-2,4,&fximethylphenyl2-
benzop]thienyl ketoxime(6) (0.37g, 56%),m.p.186°C
(Found: C, 59.02; H, 4.13; N, 3.83. C,1gH15CI,NOS
requiresC, 59.50;H, 4.16;N, 3.86%);max (Nujol/cm™)
3100(0OH) and1600(C=C); 6y (300MHz; CDCl3) 2.20
(6H, s,2 and6-Me),2.60(3H, s,4-Me), 7.18(1H, s,3-H),
7.33-7.44(2H, m, 5 and6-H), 7.70 (1H, d, J 7.3, 4-H),
7.87(1H,d,J9.8,7-H),9.5(1H, brs,OH); m/z363(M ™,
100%).

Reaction of 3-benzo[b]Jthienyllithium with nitrile oxide
5. A 1.6Mm solutionof butyllithium (2.3mmol) in hexane
was droppedinto a solution of 3-bromobenzdj]thio-
phene (2.3mmol) in diethyl ether (10cm® under
nitrogen at —70°C. After stirring for 30min, nitrile
oxide 5 (2 mmol) was addedand the temperaturewas
allowed to rise to 0°C. The mixture was stirred for a
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further5 min, thenquenchedvith waterandexhaustively
extractedwith diethylether.Thecombinedorganiclayers
were dried and evaporatedo dryness.Chromatography
of theresidueonsilicagel, with alight petroleum—diethyl
ether(8:2) mixture as eluent,yielded the 3,5-dichloro-
2,4,6-trimethylphayl 3-benzob]thienyl ketoxime (7a)
(390mg,53%),m.p.165°C (Found:C,59.30;H, 4.10;N,
3.89. C1gH1sCIL,NOS requires C, 59.50; H, 4.16; N,
3.86%); vmax (Nujol/cm™) 3250 (OH); 6y (300MHz;
CDCls) 2.28(6H, s,2 and6-Me),2.55(3H, s,4-Me), 7.36
(2H,m,5and6-H),7.67(1H, m, 4-H) 7.72(1H, m, 7-H),
8.12(1H, brs,OH); m/z363(M ", 100%).Furtherelution
gave the 3,5-dichloro-2,4,6+imethylphenyl 3-benzo-
[b]thienyl ketoxime (7b) (50mg, 7%), m.p. 124°C
(Found: C, 60.10; H, 4.20; N, 3.84. C;gH15CI,NSO
requiresC, 59.50;H, 4.16;N, 3.86%);max (Nujol/cm™)
3150(0OH); 6y (300MHz; CDCls) 2.30(6H, s, 2 and6-
Me), 2.50(3H, s, 4-Me), 7.37 (2H, m, 5 and6-H), 7.68
(1H, m, 4-H), 7.70(1H, s, 2-H), 7.85(1H, m, 7-H); m/z
363(M*, 100%).

Reaction of 2-(N-methyl)indolyllithium with nitrile
oxide 5. A 1.6Mm solutionof butyllithium (2.8mmol) in
hexanewas droppedinto a solution of N-methylindole
(2.9mmol) and N,N,N,N'-tetramethylethyleadiamine
(2mmol) in diethyl ether (10cm®) under nitrogen at
25°C. After 1 h of refluxing, the mixture was chilled to
—30°C andthenitrile oxide 5 (2 mmol) wasadded.The
mixturewasstirredfor 30 min, thenquenchedvith water
and extractedwith diethyl ether.The organiclayer was
dried andevaporatedo drynessChromatographwf the
residue on silica gel, with dichlomethaneas eluent,
yielded the 3,5-dichloro-24,6-trimethylphenyl 2-(N-
methyl)indolyl ketoxime (8), which was crystallized
from hexane(200mg, 29%), m.p. 141°C (Found: C,
63.80;H, 5.35;N, 7.74.C19H1gCIoN,O requiresC, 63.32;
H, 5.04; N, 7.78%); vmax (Nujol/cm™1) 3200 (OH) and
1600(C = C); 6y (200MHz; CDCls) 2.25(6H, s,2 and6-
Me), 2.50(3H, s,4-Me), 3.8(3H, s,NMe), 6.45(1H, s, 3-
H), 7.12(1H,t, J5,5-H),7.24(1H, m, 6-H), 7.35(1H,dJ
5, 4-H), 7.65(1H, d, J 5, 7-H); m/z343(M*, 100%)and
360(M* +17).

Reaction of 2-(N-methyl)indolyllithium with ethyl 2-
chloro-2-(4-chloro)phenylhydrazonoacetate. A 1.6M
solution of butyllithium (3.0mmol) in hexane was
droppedinto a solution of N-methylindole (2.3mmol)
andN,N,N,N'-tetramethylethylenediamin@.7mmol) in
diethyl ether (10cm®) under nitrogen at 25°C. The
mixturewasrefluxedunderstirring for 1 h, thenchilled to
0°C and a solution of ethyl 2-chloro-2-(4-choro)-
phenylhydrazoneatate (1.1 mmol) in diethyl etherwas
added.The reactionmixture was stirred for 1 h, poured
into waterand extractedwith diethyl ether.The organic
layer was dried and evaporatedo dryness.Chromato-
graphyof theresidueon silica gel, with dichloromethane
as eluent, yielded the ethyl 2-[N-methylindolyl]-2-(4-
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chloro)phenylhydrazorexetate (10) (39mg, 10%)
(Found: C, 63.84; H, 5.33; N, 11.80. ClgH]_gClNgOz

requiresC, 64.21;H, 5.11; N, 11.83%); 6y (200MHz;

CDClg) 1.38(3H,t, J 7, CH3CH,), 3.95(3H, s, NMe),

4.42(2H,q,J 7, CHsCH,), 6.34(1H, s, 3-H), 7.00-7.40
(7H, m, aromatics),7.55(1H, d, J 6, 7-H), 8.15(1H, br s,

NH); m/z343(M™, 100%).

Reaction of N-methylindole with nitrile oxide 5 in the

presence of ethylmagnesium bromide. A solutionof N-

methylindole (4 mmol) and ethylmagnesiumbromide
(4.2mmol, 3 M solutionin diethyl ether)in diethyl ether
(25cm®) wasrefluxedfor 1 h, thenchilled to 0°C anda

solution of nitrile oxide 5 (4mmol) in diethyl ether
(120cm®) wasadded The mixture wasstirredfor 15min

andthenpouredntowaterandextractedvith diethylether.
The organiclayer wasdried and evaporatedo dryness.
Chromatographyof the residue on silica gel, with a

dichloromethane—hexane(1:1) mixture as eluent,
yieldedthe 3-(3,5-dichloro-2,4,6-trimétylphenyl)-3a,8a-
diidro-(8-methyl)inddo[2,3-d]isoxazole (11) (202mg,

14%) (Found:C, 63.32;H, 5.13;N, 7.61.C;gH;50,CIN3

requiresC, 63.17;H, 5.02; N, 7.79%); 6 (300MHz;

CDCl3) 1.50(3H,s,Me),2.30(3H,s,Me),2.55(3H,s,Me),

3.10(3H,s,NMe),4.90(1H,d,J 8.3,3a-H),6.30(1H,d,J

8.3,8a-H),6.49(2H,d,J 7,5and8-H),6.55(1H,t,J 7, 7-

H), 7.1 (1H, t, J 7, 6-H); m/z360 (M™", 100%). Further
elution gave 3,5-dichloro-2,4,&rimethylphenyl 3-(N-

methyl)indolyl ketoxime (12) (72mg, 5%), m.p. 137°C

(FoundC,63.27;H,5.09;N, 7.74.C,9H150,CINs requires
C, 63.17;H, 5.02; N, 7.79%); vmax (Nujol/cm™1) 3239
(OH), 1614 (C=C); 6 (300MHz; DMSO) 2.15(6H, s,

Me),2.55(3H,s,Me),3.70(3H,s,NMe),6.90(1H,s,2-H),

7.2(1H,t,37,5-H),7.25(1H,t,37,6-H),7.45(1H,d,J 7,4-

H),8.18(1H,d,J7,7-H),10.75(1H,s,0H); m/z360(M *,

100%),343(M ™ — 17).

Reaction of N-methylindole with ethyl 2-chloro-2-
phenylhydrazonoacetate (9a) in the presence of
ethylmagnesium bromide. A solutionof N-methylindole
(18 mmol) and ethylmagnesiunbromide (19 mmol, 3 M
solutionin diethyl ether)in tetrahydrofurar25 cm®) was
refluxedfor 40 min, thenchilled to 0°C anda solutionof
ethyl 2-chloro-2-phaylhydrazonoacetatg9 mmol) in
tetrahydrofuran(15cm®) was added. The mixture was
stirredfor 1 h, thenpouredinto cold waterandextracted
with diethyl ether. The organic layer was dried and
evaporatedo drynessChromatographgf theresidueon
silica gel, with dichloromethaneas eluent, yielded
the 3a,8a-dihydro-3-ethoxychonyl-8-methyl-1-phenyl-
pyrazolo[3,4bJindole (138, which was treated with
propan-2-0l(230mg, 8.5%) (Found:C, 71.23;H, 6.01;
N, 13.15. C;9H19N3O5 requiresC, 71.01; H, 5.96; N,
13.07%); 6 (300MHz; CDCls) 1.38 (3H, t, J 8.5,
CHsCHy), 2.96 (3H, s, NMe), 4.35 (2H, q, J 8.5,
CHsCHy), 5.15(1H, d, J 10, 3a-H),6.21(1H, d, J 10, 8a-
H), 6.45(1H,d,J8,8-H),6.75(1H,t,J7,7-H), 7.05(1H,
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t, J5.6,6-H), 7.15-7.455H, m, Ph),7.58(1H, d, J 8, 5-
H); m/z321(M*, 100%).

Reaction of N-methylindole with ethyl 2-chloro-2-(4-
nitro)phenylhydrazonoacetate (9¢) in the presence of
ethylmagnesium bromide. A solutionof N-methylindole
(18 mmol) and ethylmagnesiunbromide (19 mmol, 3 M
solutionin diethyl ether)in tetrahydrofura (25 cm®) was
refluxedfor 40 min., thenchilled to 0°C anda solutionof
ethyl 2-chloro-2-(4-nitro)phenhydrazonoacetate(9c)
(9 mmol) in tetrahydrofuran(15cm®) was added.The
mixture was stirred for 1h, poured into water and
extractedwith dichloromethaneThe organiclayer was
dried andevaporatedo drynessChromatographwf the
residueon silica gel, with dichloromethaneas eluent,
yieldedthe 3a,8a-dihydro-3-ethoxycaoyl-8-methyl-1-
(4-nitro)phenylpyazolo[3,4bjindole (13¢), which was
crystallizedfrom propan-2-0(190mg, 6%),m.p.213°C.
(Found: C, 60.34; H, 5.30; N, 15.70. CygH1gN4O4
requiresC, 62.30; H, 4.92; N, 15.30%); vmax (Nujol/
cm ) 1596 (C=C) and 1715 (C=0); 6 (200MHz;
CDCls) 1.38(3H,t, J 7.2,CHsCH,), 3.08(3H, s, NMe),
4.37(2H, g, J 7.2,CHsCH,), 5.22 (1H, d, J 10, 3a-H),
6.23(1H,d,J10,8a-H),6.52(1H,d, J 8, 8-H), 6.78(1H,
t,J 8, 7-H), 7.17(1H, t, J 8, 6-H), 7.44 (2H, d, J 8.8,
aromatics),7.48 (1H, d, J 8, 5-H), 8.21 (2H, d, J 8.8,
aromatics)m/z366 (M*, 100%)and292 (M™" — 74).

Reaction of N-methylindole with ethyl 2-chloro-2-(3-
nitro)phenylhydrazonoacetate (9d) in the presence of
ethylmagnesium bromide. A solutionof N-methylindole
(18 mmol) and ethylmagnesiunbromide (19 mmol, 3 M
solutionin diethyl ether)in tetrahydrofura (25 cm®) was
refluxedfor 40 min, thenchilled to 0°C anda solutionof
ethyl 2-chloro-2-(3-nitro)phenifydrazonoacetate(9d)
(9mmol) in tetrahydrofuran(15cm®) was added.The
reactionmixture was stirred for 2 h, pouredinto water
and extractedwith dichloromethaneThe organiclayer
wasdriedandevaporatedo drynessChromatographpf
theresidueon silica gel, with a dichloromethane—hexa
(9:1) mixture as eluent, yielded the 3a,8a-dihydro-3-
ethoxycarbonyl-8nethyl-1-(3-nitro)phenlpyrazolo[3,
4-plindole (13d) (223mg, 7%) (Found:C, 62.35;H, 4.98;
N, 15.25. C10H1gN4O4 requiresC, 62.27; H, 4.95; N,
15.30%); 6 (300MHz; CDClg) 1.40 (3H, t, J 8.4,
CHsCH,, 3.12 (3H, s, NMe), 4.40 (2H, g, J 8.4,
CHsCHy), 5.20 (1H, d, J 10.3, 3a-H), 6.22 (1H, d, J
10.3,8a-H),6.53(1H, d, J 8, 8-H), 6.80(1H, t, J 8, 8-H),
7.18(1H,t, J 8, 6-H), 7.50(2H, t, 3 8.9,5-H), 7.75(1H,
dd, 4-H), 7.85(1H, dd, 6-H), 8.15(1H, d, 2-H); m/z366
(M™, 100%)and292 (M™* — 74).

Reaction of N-methylindole with ethyl 2-chloro-2-(4-
chloro)phenylhydrazonoacetate (9b) in the presence of
ethylmagnesium bromide. A solutionof N-methylindole
(18 mmol) and ethylmagnesiunbromide (19 mmol, 3 M

solutionin diethyl ether)in tetrahydrofura (25 cm®) was
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refluxedfor 40 min, thanchilled to 0°C anda solutionof
ethyl 2-chloro-2-(4-cloro)phenylhydrazonoacate
(9mmol) in tetrahydrofuran(15cm®) was added.The
reaction mixture was stirred for 1 h, then pouredinto
water and the 3a,8a-dihydro-1-(4-chloro)nyl-3-
ethoxycarbonyl-8-méitylpyrazolo[3,4blindole  (13b)
wasrecoveredy filtration. It wastrituratedwith ethanol
(320mg, 10%),m.p.213°C (Found:C, 64.33;H, 5.19;N
11.45. C;gH1gCIN3O, requiresC, 64.21; H, 5.11; N,
11.83%); vmax (Nujol/cm™) 1710 (C=0), 1600
(C=C); 6y (300MHz; CDCls) 1.30 (3H, t, CHsCH,),
2.95(3H, s,NMe), 4.22(2H, m, CH;CH,), 5.21(1H,d, J
9.3,3a-H),6.51(1H,d,J9.3,8a-H),6.55(1H,d, J 7.8,8-
H), 6.70(1H,t, J 7.8,8-H), 7.38(1H,t, J 7.8,5-H), 7.40
(4H, s, 4-CICgH,); m/z 355 (M", 100%) and 281
(M* —74).

Reaction of nitrile oxide 5 with N-methylpyrrole in the
presence of ethylmagnesium bromide. A solutionof N-
methylpyrrole (3 mmol) and ethylmagnesiumbromide
(3.5mmol, 3Mm solution in diethyl ether) in benzene
(30cm®) was refluxedfor 30 min, thenthe solventwas
removeduntil distillationtemperatureeached@9°C. The
suspensiomwas chilled to 5°C and a solution of nitrile
oxide 5 (3mmol) in benzene(15cm?®) was added;the
reactionmixturewasstirredfor 1 h, thenpouredinto cold
waterand,afterremovalof benzeneit wasextractedvith
dichloromethane.The organic layer was dried and
evaporatedto dryness.Chromatographyon silica gel,
with a dichloromethane—hexar(®:1) mixture aseluent,
yieldeda mixture of two productswhich wereseparated
by chromatographwgn silicagelwith adichloromethane—
ethylacetate(9:1) mixture as eluent. The first product
eluted was the 3,5-dichloro-2,4,6-trimethylpdnyl 2-
pyrrolyl ketoxime(16) (80mg, 8.6%) (Found:C, 58.35;
H, 5.10; N 9.21. C;sH16CIbN50 requiresC, 58.05; H,
5.20;N, 9.03%); 6y (300MHz; CDCls) 2.20(6H, s, 10
and13-Me),2.50(3H, s,11-Me),3.60(3H, s,NMe), 6.30
(1H, d, 5-H), 6.35(1H, d, 3-H), 6.55(1H, m, 4-H); m/z
310(M™, 100%).Thesecondoroductelutedwasthe 3,5-
dichloro-2,4,6-triméhylphenyl 3-pyrrolyl ketoxime (15)
(70mg, 7.5%) (Found: C, 58.32; H, 5.19; N 9.15.
C15H16C|2N20 requirei:, 5805,H, 520, N, 903%),6H
(300MHz; CDCls) 2.20(6H, s,10and13 Me), 2.50(3H,
s,11-Me),3.60(3H, s,NMe), 6.00(1H, t, 4-H), 6.50(1H,
t, 5-H), 7.35(1H, s, 2-H), 8.5 (1H, br s, OH); m/z 310
(M*, 100%).
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