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Mechanism of cycloaddition to indolizines
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ABSTRACT: The peculiarities of [8& 2] cycloaddition reactions of indolizines with dienophiles are reviewed.
Quantum chemical SINDO1, AM1 arab initio calculations of transition states were performed fo#-[8] cyclo-
addition reactions of indolizine and 6-nitroindolizine with a series of alkenes with donor and acceptor groups. The
calculations predict a dipolar cycloaddition mechanism (electrophilic addition and ring closure) for reactions of
indolizine and 6-nitroindolizine with nitroethylene. For the reaction of 6-nitroindolizine Witk-dimethylamino-
ethylene, the predicted mechanism corresponds to a previously unknown ‘inverse’ dipolar cycloaddition (nucleo-
philic addition and ring closure)] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION shows a behavior typical of aromatic systems. A number
of estimates of its relative aromaticity and reactivity
Heterocycles form one of the most important and well indices have been made® As predicted, electrophilic
investigated classes of organic molecules owing to their substitution in indolizines takes place exclusively in the
occurrence in living organisms and a wide range of pyrrole ring, namely at positions 3 and 1. Nucleophilic
biological activity. The key role in heterocyclic chem- reactions characteristic of pyridine are not known for
istry belongs to heteroaromatic structures, in particular to indolizine, the only chemical evidence for thedeficient
five- and six-membered rings and their fused-ring deriva- character of its six-membered ring being increased C—H
tives. It is well known that the difference in chemical acidity of methyl groups in 5-methylindolizines em-
behavior between five- and six-membered rings is ployed in their reactions with carbonyl compourtdg?
accounted for by the different aromaticities and different Hence indolizine has been long considered as a typical
n-excessive or-deficient characters of their electronic excessive heterocycle like pyrrole or indole.
structures, e.g. pyrrole and pyridifé. This viewpoint, however, was recently challenged. It
Indolizine (1) is the simplest heteroaromatic molecule has been shown that the introduction of a nitro group at
containing both ar-excessive pyrrole and &adeficient position 6 or 8 of the indolizine bicycle imparts local
pyridine ring with only one bridgehead nitrogen, the deficient properties to its pyridine ring. Thus, 6- and 8-
whole system being isomeric with indole. nitroindolizines readily undergo addition of a nucleophile
at C-5, forming in an alkaline medium stable Meisen-
heimer-type anionie-complexes. At the same time, the
n-excessive properties of their pyrrole ring are not lost, as
2 is evident by protonation at C-3 in strong acids. This
presents an unparalleled example of-amphoteric’
behavior of a heterocycté®(see Scheme 1).
Although indolizine is certainly aromatic, significant
alternations of the bond lengths around the ring system
were detected by x-ray, NMR and UV spectroscopy

The analogy with indole gave rise to an intensive i ; !
development of indolizine chemistry to obtain biologi- 2nd €ven mass spectromeityin various substituted

cally active structures that mimic indole derivatives (for indolizines. This prompts some tetraene-like character of
reviews see, e.g., Refs 3 and 4). the compound, in particular its ability to enter into

Being a 10 z-electron planar molecule, indolizine cycloaddltlon reactions, which were indeed obserVed.
4 Various reactivity types can be found among the
. J 0 K. Jua. Theoretische Chemie. Universitt reactions of indolizines with unsaturated compounds.
orresponaence 10 K. ug, eoretische emie, niversital : ' H
Hannover, Am Kleinen Felde 30, Hannover D 30167, Germany. The _foIIowmg regularltles can be revealed in these
Contract/grant sponsorVolkswagen-Stiftung. reactions.
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Scheme 1. lllustration of ‘amphoteric’ reactivity of 6(8)-nitroindolizines

1. Formation of cycl[3.2.2]azines.Estersof maleic,
acrylic!’ acetylenedicarboylic*®2* and phenylpropi-
olic'® acids and some 1,2-dicarbonitrile§® enter into
cycloadditionreactions[seereaction(a) in Scheme2].
However, it is importantto note that the formation of
‘direct’ Diels—Alderadductshasneverbeenreportedfor
thesealkenesand alkynes.Instead,if the reactionof an
alkynewith indolizineis carriedout in the presencef a
dehydrogenatingatalyst, cycl[3.2.2]azinesare formed
that are the products of aromatizationof the initial
cycloadductslf aleavinggroupis presentat position3
of indolizine, reactions with alkynes also lead to
cycl[3.2.2]azinesasa resultof eliminationof HCN.

2. Formation of either hydrocycl[3.2.2]azing or
Michael adducts.Alkenes with strongeracceptorsub-
stituents,e.qg. nitroethylene?® maleic anhydrideand N-
methylmaleimidée;’ mainly resultin the productsof 3-
substitution.The productof reactionbetweenindolizine
and methyl acrylate has been treated as the result of
cycloadditionfollowed by a 1,5-shift of hydrogen,[see
reactiong(b) in Scheme?].

3. Formation of only the Michael adducts. Strong
electrophilessuchastetracyanoethylerf andazodicar-
boxylate$*?"attackpositionsl and/or3 of theindolizine
ring, forming exlusively Michael adducts[see reaction
(c)in Scheme?]. It shouldbe alsomentionedhatsimple

X =H

~Z CO,Me Pd/C, PhMe, reflux
-
@Q -

CO,Me

X=CN

PhH or CHC13, reflux CO,Me CO,Me
- HCN
R R
—~H
X = CO,Me
b
® RTINS _
+ Z N ~ Y
R + ~gt N /
/ X=NO, > N 7 S
X
- H
X ] X
RO,C
0 2 \N’NICI
OR _ CO,R
A 2 N=N — -
(C) ~ _N / + >~ N /
(0]
OR C/N\
\
RO, COR

Scheme 2. Examples of cycloaddition and addition reactions of indolizines with dienophiles
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Scheme 3. Possible mechanisms of the cycloaddition
expected for 6(8)-nitroindolizines (example shown for 6-
nitroindolizine, X =NO,)

alkenesand alkynes(e.g. cyclohexadieneand diphenyl-
acetylene)without electron-withdrawinggroupsdo not
reactwith indolizines™®

To explain this reactivity pattern and also the
regioselectivity of the reactions of indolizines with
acrylatesamechanisnwasproposed.” Themechanism,
generallyrepresentedn Scheme3 by reactions(i) and
(i), includeselectrophilicattack(i) of analkeneon C-3
of the indolizine ring with subsequentyclization (ii)
with formationof tetrahydrocyclaziesor protonmigra-
tion (forming a Michaeladduct).The cyclic productcan
then undergoa sigmatropichydrogenshift. In turn, an
open-chainproduct (Michael adduct) can be further
attackedby a secondmoleculeof an electrophileat C-1.

One may conclude that the possibility of [8 + 2]
cycloaddition(iii), eitherconcertedor via a biradicaloid
intermediate,cannot be excludedon the basis of the
present experimental data. Furthermore,if the polar
mechanismsanindeedtakeplace,onemight expectone
morepossiblemechanisnof cycloaddition[seereactions
(iv) and (v) in Scheme3]. Indeed,if an alkenewith a
donorsubstituentwould reactwith anindolizine having
an electron-withdrawinggroupin the pyridinering, then
thefirst stepof the cycloadditionmay be intermolecular
nucleophilic addition (iv), followed by intramolecular
electrophilicring closure(v). Theappropriaténdolizines
may be 6(8)-nitroindolizinesas describedabove,which
are structureswith comparableaffinities to both electro-
philes and nucleophiles.Therefore,for the reactionsof
6(8)-nitroindolizireswith substitutedalkenesa variety of
cycloadditionmechanismsnay be expectede.g. those
presentedn the Schemes.

Evidently,a predominancef oneor anothemechan-
ism should strictly dependon the nature of the polar
substituents$n the alkene.To our knowledge neitherthe

0 1998JohnWiley & Sons,Ltd.

reactionf nitroindolizineswith unsaturatedompounds
nor the interaction of indolizines with nucleophilic
(donor-substitutedalkeneshavebeenyet investigated.
It wastheaim of this studyto clarify the detailsof the
mechanismof cycloadditions to indolizines and to
elucidatethefactorsdetermininghepossibility,direction
andregioselectivityof thesereactions.

RESULTS AND DISCUSSION

Two indolizines(1 and 2) andthe seriesof alkenes3—7
with varying donor/acceptopropertyof the substituents
werechosen.

= ’
= = ZNo,
N X N
1 O,N 2 3
Z > cooMe  F Ve Z 2 NMe,
4 5 6 7

Two semiempirical methods were applied for a
theoreticalstudy of the mechanism®f thesereactions:
SINDOT*® andAM1.%° The formerwasusedwith a new
parametrizatioff® (version3.4). The latter was usedas
implementedn MOPAC (version6.0) andGaussian-94.
Thesemethodsareestablishec&ndhavebeenrepeatedly
usedfor this purposein the past.The calculationswere
carriedout atthe SCFlevel. Theanalysisof the potential
energysurfaces(PES)for the reactionsof alkenes3-7
with indolizine (1) and 6-nitroindolizine (2) was
performedand the stationarypoints were located. For
comparisonadditionalab initio calculationswere used
for the casesof reactionsof 143 and 2+ 7. Initial
assumptionon the structureof transition states(TSs)
werebasednthelinearinterpolationof the structureof
the initial molecules(ensembleof an indolizine and
alkene)andfinal products(cis-tetrahydrocyclazinesand
scanning of internal coordinates with the highest
contributionto thereactioncoordinate Froma geometry
nearthesaddlepointthe structuresvereoptimizedby the
appropriatealgorithm[implementedn SINDO1 (version
3.4), MOPAC (version 6.0), and Gaussian-94],thus
giving the TS for thereactionof indolizinewith ethylene.

The preliminary assumptioron the regioselectivityof
thereactionwasthefollowing: the donor-substituteénd
of thedoublebondof analkeneis electrophilicandhence
binds to the five-memberedring of indolizine; anal-
ogously, the acceptor-substitute@nd of an alkeneis
nucleophilicand binds to the six-membereding asin
Scheme3. The validity of this polarity control rule was
proved by calculations: an attempts to inverse the
regioselectivity immediately resulted in a dramatic
energyincreaselt wasalso provedthat the moststable
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Scheme 4. Structure of the TS for reactions of indolizines 1
and 2 with alkenes 3-7

arrangemenbf reactantshouldhavea threo configura-
tion, andjustthesediastereomerg/erechoserfor further
calculations.

The most obvious way to describe changesin
geometriesvia reactionis to presentthe lengthsof the
bondsto beformed,i.e. thedistancebetweertheendsof
ethylene moiety and the correspondingC-5 and C-3
positions of the indolizine ring (denotedr; andr, in
Schemed).

One can consider as the reference point for the
influenceof substituent®nthe mechanisnof cycloaddi-
tion thereactionbetweerunsubstituteéhdolizine (1) and
ethylene (6). One makes the crude assumptionthat
shorteningof ther, distancein a transitionstatecanbe
treatedas evidencefor the shift of the mechanisnto an
electrophilicaddition processOn the otherhand,short-

ening of the r, distancemay be associatedwith the
predominanceof an as yet unknown nucleophilic
addition mechanism.The results of calculations are
presentedn Tablel, wherethe correspondingctivation
energiesaregiven togetherwith ther; andr, values.

Analysis of the datain Table 1 gives rise to three
possible mechanismsfor the [8 + 2] cycloaddition
reaction,asfollows.

Concerted cycloaddition

In sevencasegnamelyl +4,1+5,1+6,1+7,2+ 4,
2+ 5 and 2 + 6), the only TS found by both methods
corresponds$o a concertectycloadditionof analkeneto
indolizine; no zwitterionic intermediateshave been
locatedon PES.Both the SINDO1 and AM1 methods
agreein predicting high activation energiesfor these
reactions.

For reactionof the indolizine (1) with alkenes4—6 the
activationbarrierdecreasesvhenthe acceptorgroupsis
insertedinto the ethylenemoiety, andthe lowestactiva-
tion energy(predictedby bothmethods¥or this seriesis
for thereactionl + 4. Thisreaction(indolizine+ methyl
acrylate)is reportedto occurasa formal cycloaddition.
[seereaction(b) in Scheme2]. An importantfeatureof
the influence of the CN and COOMe groups is the
shorteningof the distancer, andincreasen the distance
r,in the TSs,observedvith bothsemiempiricamethods.
This may indicate that the mechanismof the reaction

Table 1. Results of SINDO1 and AM1 calculations of TSs and intermediates for reactions of indolizines 1 and 2 with alkenes

3-7°

SINDO1 AM1
Reactants TS1 Zwitterion TS2 TS1 Zwitterion TS2
(functionin AE AE AE AE AE AE
alkene) Mechanism r ry r r ry r ry r r ry r ry
1+3 () + (i) 304 22.5 29.5 20.0 12.7 14.7
(NOy) 3.29 1.89 3.16 1.58 2.44 158 3.02 1.86 298 155 2.60 1.57
1+4 (iii) 38.6 Not found Not found 26.4 Not found Not found
(COOMe) 3.24 1.78 2.88 1.79
1+5 (iii) 42.1 Not found Not found 29.8 Not found Not found
(CN) >35 1.78 2.83 1.76
1+6 (iii) 61.3 Not found Not found 35.3 Not found Not found
(H) 229 1.89 2.15 2.04
1+7 (iii) 53.9 Not found Not found 37.8 Not found Not found
(NMey) 1.87 3.01 1.88 2.38
2+3 (i) + (i) 34.4 30.8 36.3 26.7 224 23.6
(NOy) 3.29 1.78 3.18 161 249 158 2.01 1.81 296 1.56 2.66 1.57
244 (iii) 43.8 Not found Not found 325 Not found Not found
(COOMe) 3.29 1.78 2.90 1.73
246 (iii) 59.6 Not found Not found 34.5 Not found Not found
(H) 2.15 2.01 2.08 2.11
247 (iv) + (v) 324 25.8 45.5 21.9 19.2 211
(NMey) 1.89 3.54 1.60 3.76 1.64 2.45 184 3.16 1.60 3.07 158 2.49

aForeveryTSandzwitterionicintermediateenergyAE (kcal/mol)is shown;r, andr, (A) arethedistancedetweeranalkeneandindolizinemoieties

in TS asindicatedin Schemed.
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Table 2. Results of ab initio calculations of TSs for reactions of 1+ 3 and 2 + 7 where the shift in reaction mechanism is

predicted.®
Reactantgfunctionin alkene) 1+3 (NG 2+ 7 (NMey)
TS1 Zwitterion TS2 TS1 Zwitterion TS2
AE AE AE AE AE AE
Method r ro ry ry r ry r ro r ro r ro
6-31G 25.4 11.7 21.2 20.9 19.5 21.3
3.0 1.95 3.0 1.56 2.76 1.59 1.98 3.37 1.60 3.16 1.60 2.93
6-31G** 26.8 16.4 26.3 28.4 27.5 28.6

&ForeveryTSandzwitterionicintermediatesnergyAE (kcal/mol)is shown;r; andr, (A) arethedistancedetweeranalkeneandindolizinemoieties

in TS asindicatedin Scheme4.
b Geometriemptimizedby RHF 6-31G.

1+ 4 is muchmorelikely to be explainedin termsof a
continuousshift from onediscretemechanisnjconcerted
reaction(iii)] to anothemolarone[electrophilicaddition
(i) —ring closure(ii)] (Schemes).

The insertionof the donorNMe, group (cf. reactions
1+ 6 and1 + 7) showsthe opposite(to the influenceof
acceptogroups)effectonthechange®f distances, and
r». In spiteof the concertednechanisnpredictedfor this
reactionby both the SINDO1 and AM1 methods,the
asymmetryof the TSs again indicatesthe trend of a
changein mechanisnto the oppositedirection [nucleo-
philic addition (iv) — ring closure(v)] (seeSchemes).

One can deducefrom thesedatathat the concerted
cycloadditionof indolizine (1) with alkenes and7 may
be impossibleowing to the high activationbarrierof the
processAs wasmentionedabove nosuchreactionshave
everbeenperformedandthereactionof indolizine with
simplecyclic alkenesgaveno cycloadditionproducts.

‘Direct’ polar cycloaddition

In the caseof nitroethyleng(reactionsl + 3and2 + 3) a
pronouncedchangein reactionmechanisms observed.
Thezwitterionicintermediateganbelocatedonthe PES
by both semiempirical methods (Table 1), and their

appearances alsoprovedby abinitio calculationgTable
2). The activationbarrierof their formationis the lowest
in comparisonwith the analogousacceptorethylenes4

and 5. The structureof the zwitterion (illustrated for

reactionl + 3 by structureC in Schemeb) correspondo

electrophilic addition of the nitroethyleneto the five-

membered fragment of the indolizine bicycle. The
positive chargeis localizedin the indolizine ring, and
the negatively chargedfragmentis the nitroethylene
moiety. The secondT Ss(see e.g.,structureE in Scheme
5) leadingfrom thesezwitterionsto the final cyclazines
have beenlocatedfor both reactions1+ 3 and 2 + 3.

Therefore,the predictedmechanismfor thesereactions
shouldbe assignedo intermolecularelectrophilicaddi-
tion on the pyrrole moiety followed by intermolecular
nucleophilicadditionon the pyridine fragment.

0 1998JohnWiley & Sons,Ltd.

As mentionedthe experimentallyobservedeactionof
nitroalkeneswith indolizinesappearedo be exclusively
Michaeladdition,thuscorrespondingnly to thefirst step
(i) in Scheme3 followed by a proton shift. This means
that the ‘pure’ dipolar mechanismof cycloaddition
[including steps(i) + (ii)] is notrealizedin practiceeven
for sucha strongly n-deficientalkeneas nitroethylene.
Thereasorwhy no cycloadditionis observednaybedue
to the stability of the zwitterion C, the high acidity of the
protonat position3 andthehigh basicityof thecarbanion
center adjacentto the nitro group. As a result, the
conjugatedby-processof proton migrationin the stable
zwitterion may preservehe possibility of ring closureto
the cycloadduct.

‘Inverse’ polar cycloaddition

The mostintriguing situation occursin the caseof the
reaction 2 + 7 (6-nitroindolizine with dimethylamino-
ethene).For this reaction,anothertype of zwitterion is
discoveredon the PES by the SINDO1 and AM1
methods.The structureof this zwitterion (structureD in
Scheme3) correspondsto nucleophilic attack of the
carbonatom of the enamineon position 5 of the six-
memberedring. The activation barrier for zwitterion
formation(structureB in Schemeb) is lower thanin any
of the investigatedconcertedreactions.The secondTS
(structure F) for ring closure of this zwitterion to a
cyclazinestructuremay also be locatedon the PESby
both semiempirical methods. Therefore, the general
picture for the entire cycloadditionprocesscorresponds
to the mechanism(iv) + (v) in Schemeg, i.e. to the
nucleophilic attack of the n-excessivealkene on the
pyridine ring of indolizine followed by intramolecular
electrophiliccyclizationaccordingio bothsemiempirical
methods.The samepeculiarity of mechanism(appear-
anceof zwitterionD andtwo TSs,B andF) wasprovedat
theab initio level (Table2).

The chargedistributionin zwitterion D is oppositeto
that zwitterion C in the ‘direct’ mechanismNegative
chargein structureD is locatedin the indolizine ring

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,201-208(1998)
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Scheme 5. The geometry of TSs and zwitterions calculated by an ab initio method (RHF 6-31G). The structures correspond to
the reactions 1+ 3 (A, C, D) and 2 + 7 (B, D, F). Structures A and B are the TSs leading to the zwitterions C and D, respectively
and structures E and F are TSs for the formation of the cyclazine skeleton

(mainly atthe 6-nitrogroup),whereaghe positivecharge tion) clearly illustrates that the 6-nitro group in the

is on the enaminefragment.Comparisonof resultsfor indolizine not only decreaseshe activationbarrier, but
reactionsof enamines with indolizine (concertednech- alsocompletelychangeghereactionmechanisnitself to
anism)and 6-nitroindolizine (‘inverse’ polar cycloaddi- type (iv) + (v).
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Table 3. lllustration of predicted mechanisms

Substituent Indolizine (1) 6-Nitroindolizine (2)
Nitroethylene(3) (i) + (i) (i) + (i)
Methyl acrylate(4) (iii) (i)
Acrylonitrile (5) (iii) (iii)
Ethylene(6) (iii) (iii)
N,N-Dimethylaminoethylené7) (iii) (iv) + (v)

CONCLUSION

Boththe SINDOlandAM1 semiempiricainethodgyive
consisteniassignmenbf [8 + 2] cycloadditionreactions
to one or anothertype of mechanism.A qualitative
picture of the mechanismgredictedby thetwo methods
is givenin Table3.

The reference reaction (1+6) is closest to a
synchronousconcertedmechanismAn increasein the
acceptompropertieof the substituentn ethyleneleadsto
decreasen the activation barrier, higher asymmetryin
geometryand chargedistributionin TSs. The boundary
caseis nitroethylene,where the reaction occursvia a
zwitterion,andtheinitial stepis theelectrophilicaddition
reaction.Insertionof thedonorgroupin ethylendeadsto
theoppositerendin thegeometryandchargedistribution
in the TS (reaction 1+ 7); the mechanism,however,
remainsconcertedThe appearancef a 6-nitro groupin
the indolizine ring slightly hindersthe mechanisnfrom
occurringvia ‘direct’ polarcycloadditionwith alkenes3—
6 and promotesthe opposite mechanismof ‘reverse’
cycloadditionin the case2 + 7.

Qualitative predictionsof semiempiricalmethodson
the shift in mechanismfrom concertedto dipolar for
casesl + 3 and 2 + 7 are supportedby ab initio calcu-
lations. Comparisonof quantitativedata(energyvalues
and geometriesfor TS structures and zwitterions)
obtained by ab initio methods(Table 2) with those
obtainedby the SINDOlandAM1 methodsdemonstrate
that the SINDO1 resultsare closerto the ab initio data
thanthe AM1 results.Therefore the SINDO1 methodis
betterfor usein further investigationsof cycloaddition
reactionsin theindolizine series.

As mentioned above, no cycloaddition reaction is
experimentally observedin the caseof nitroethylene,
probablyowing to the possibility of protonshiftsin the
zwitterion leadingto a Michael-typeadduct.One may
expectthat the ‘direct’ polar cycloadditionmechanism
would be the mostprobablefor thoseindolizineswhere
sucha hydrogenrshift isimpossiblee.g.in the seriesof 3-
substituted indolizines (e.g. 3-methylindolizine and
nitroethylene).

The predictionsobtainedfor the reaction2 + 7 may
indicatetheunknownability of 6-nitroindolizinego react
with donor-substitutedalkenes(e.g. enaminesor enol
ethers)by a previouslyunknownmechanism(iv) + (v)
(seeSchemed), with theinitial stepbeinga nucleophilic

0 1998JohnWiley & Sons,Ltd.

additionto C-5 of the pyridine fragment,followed by
electrophilic ring closureto atom C-3 of the pyrrole
fragment.The experimentatonfirmationof this hypoth-
esisis underinvestigation.
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