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ABSTRACT: Solvolysis products of 3-azetidinyl chlorides, tosylates, and mesylates have been interpreted previously
to indicate that these reactions proceed by azabicyclo[1.1.0]butyl cationic intermediates. Whether these cations are
formed by direct ionization to 3-azetidinyl cations followed by collapse to the bicyclic ion or are formed with
anchimeric assistance by the lone pair of electrons on nitrogen is unclear. This investigation was initiated to assess the
relative stability of these bicyclic cations and their isomeric 3-azetidinyl and aziridinylmethyl catiorsb Aditio

methods investigated suggest that the bicyclic idj)safe much more stable than the corresponding 3-azetidinyl
cations 8) and that transition states for conversion of the bicyclic ions to azetidinyl carbocations are not acheivable
from the bicyclic ions. Hartree—Fodckb initio calculations orN-methyl (andN,2-dimethyl) bicyclic ions and their
isomeric aziridinylmethyl cation2f indicate that the bicyclic ions are significantly more stable than are the isomeric
partially ring-opened cations, and that transition sta#d$dr conversion of the bicyclic ions to the corresponding
aziridinylmethyl carbocations are probably energetically unattainable. Hartree—Fock theory predicts tRat the
methyl-2-phenylbicyclic ions are slightly less stable than the resulting aziridinylmethyl cations. Calculations which
include electron correlation (MP2) indicate, however, that all bicyclic ions investigated are more stable than any of
their isomeric carbocation§] 1998 John Wiley & Sons, Ltd.

KEYWORDS: 1-azabicycl[1.1.0]butyl cations; 3-azetidinyl cations; aziridinylmethyl catiabsnitio

INTRODUCTION azetidines by ring closure gfhaloamines in which the
steric bulk of the amino substituent was increased by
Although it has been nearly a century since Howard and protective groups. Cromwell’s group was successful in
Markwald" first prepared azetidine, the chemistry of the preparation of azetidinyl keton&s®esterd’*°and
azetidines was little investigated, and even less under-carboxylic acids-’ It was Gaertnef®~22 however, who
stood, until the late 1960s and early 1970s. For instance,pioneered the chemistry of azetidines with replaceable
an older review indicates that azetidine is ‘instantly functional group&>2*directly attached to the ring at the
decomposed’ in hydrochloric acid, while other restifts  3-position.
indicate that azetidines undergo slow ring opening in  Gaertner’'s preparation of azetidinols, like those of all
refluxing hydrochloric acid. Much of the reason for this other methods available at that time, suffered when ring
sparsity of investigation of azetidines was the result of the closure was accomplished with smaltalkyl substitu-
fact that until the 1960s there were no satisfactory ents®® Gaertner speculated that large substituents at the
preparative methods for these compounds, particularly 2-position of 1-(alkylamino)-3-halopropanes should fa-
those with non-bulky 1-alkyl substituents. cilitate ring closure to azetidines with the large
Probably the first general preparative methods, parti- substituent at the 3-positidil.Thus, Jenkins and C&fe
cularly for those with non-bulky 1-alkyl substituents, prepared the benzhydryl ethers of 1-methyl- and 1-ethyl-
should be attributed to Testa, Fontanella and co-work- 3-azetidinols from the benzhydryl ether of 1,3-dichlor-
ers>®1%t was, however, during the late 1960s and early opropan-2-ol in excellent yield; Gaj and Moéfe
1970s that a number of general methods for their prepared the methoxymethyl ethers of the 1-methyl-
preparation were developed. Thus, Wadswdrtdevel- and 1-ethylazetidin-3-ols; and we reported the ring
oped a method for the preparation of alkyl-substituted closure of tetrahydropyranyl and trimethylsilyl ethers of
1-(alkylamino)-3-chloro-2-propanols to azetidinols bear-

*Correspondence toR. H. Higgins, Department of Natural Sciences, ing non-bulky 1-alkyl substituents in good to excellent
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USA. yields?8~3°While Gaertner’s speculation about the steric
E-mail: higgins@chil.uncfsu.edu bulk of the substituent at the 3-position has led to
ﬁfr?qtgzit/sggggt@gggggt\'at'onal Institutes of Healthcontract grant .y roved methods for the preparation of azetidirfSi€2
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Figure 1. Preparation of aryloxypropanolamines from
azetidinols
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Figure 2. Anchimeric assistance in the solvolyses of
azetidinyl tosylates

improvementsshould be attributed this factor?® For
example,we havefound that 1-methyl-and 1-ethylaze-
tidinyl trimethylsilyl ethers are stable, whereas the
correspondingazetidinolsundergospontaneouslecom-
position on standingovernight. Furthermore variously
substitutedl-benzylazetidin-33ls undergospontaneous
decompositiorto intractable’gums’ on standing.Hence
it is unclearwhetherthe failure of Gaertner’'smethodto
preparethe 1-methyl-and1-ethylazetidinolss notdueat
leastpartially to decompositiorof the azetidinolsduring
preparatiorandwork-up.

Shortly after the appearancef Gaertner'spapersthe
chemistryof azetidinolshecameof immensenterest.For
example, several pharmaceutida companiespatented
reactionsof azetidinolswith phenols(seeFig. 1) asa
methodfor the preparatiorof a numberof p-adrenolytic
compoundsstructurally related to propranolof* and
experimentsn our laboratoryindicatedthat the tosylate
of 1l-tert-butyl-3-azetidinolundergoesnethanolysisand
first-orderreactionwith cyanideion in methanolat the
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Figure 3. Retention of configurations in the solvolyses of 2-
methylazetidinyl tosylates

same rate, suggestinga common intermediate’> We
suggestedhat the reactioninvolved anchimericassis-
tancewith the formation of an intermediatel-azabicy-
clo[1.1.0]butyl cation (Fig. 2). Shortly thereafter,we
reportedretentionof configurationin the solvolyse&® of
the ciss and trans1-tert-butyl-2-methyl-3azetidinyl
tosylates(Fig. 3). At aboutthe sametime, Okutaniand
Masudd@* observedstereospecificretention and some
ring contractionin the solvolysesof mesylatesof 1-
cyclohexyl-2-phenyl-Zazetidinols(Fig. 4).

Stereospecificretention of configuration and ring
contractionto aziridinylmethyl derivativesseemecdcon-
vincing evidenceahatbicyclic ionswereintermediateor
these solvolysis reactions.However, there were some
troublingfeaturesring contractiort* wasobservedn the
solvolysisof trans-1-cyclohexyl-2-phenylazalinyl me-
sylatebut notin thatof the cis-isomer,andthe Arrhenius
plot for the solvolysisof trans-1-tert-butyl-2-methylaze-
tidinyl tosylatewas non-lineareventhoughthe reaction
appearedo be stereospecifié>

As part of our continuinginterestin the nucleophilic
ring openingof azetidinesparticularly with respectto
ring opening of azetidinols by phenols to provide
aryloxypropanolantiesstructurallyrelatedto proprano-
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Figure 4. Retention of configurations and ring contraction in the solvolyses of 2-phenylazetidinyl mesylates
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Figure 5. Regiochemical results in the ring openings of 2-methylazetidinols by phenols

lol, we recentlyreported® thatthe regiochemistryof the
ring openingof 2-substitutedazetidinolsby phenolsis
dependenton the nature of the substituent.Hence, 2-
methylazetidinolsundergonucleophilic attack at the 4-
position, whereas2-phenylazetidinolsundergonucleo-
philic attackat the 2-positionwith stereospecifiénver-
sion of configuration (Fig. 5). This difference in
reactivitywasreminiscenpf thedifferencesn reactivity
of the 2-methyl-and 2-phenyl-1-azabicyobytyl cations
observeckarlier333

In orderto elucidatemore fully the natureof factors
operativein the nucleophilicring openingof azetidinium
ions, we have initiated a fundamentalinvestigationof
thesefactors.Sinceour original claimsof theexistenceof
azabicyclobutyl cations as intermediates, structural
theory has made tremendousprogresssuch that high-
level quantumcalculationsare now availablefor even
moderatelysized species.Our initial efforts involved
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semiempirical MNDO calculationg® on the possible
intermediates:the bicyclic ion la (see Fig. 6), the
aziridinylmethylcarbocation2a, the 3-azetidinylcarbo-
cation 3a andthe transitionstatesfor their interconver-
sion,4a and5a, respectivelyLater,semiempiricalAM1
andPMa3 calculationsvereemployed gventhoughit was
knownthatparameter$or all semiempiriciakalculations
arenot very goodfor small-memberedings (semiempi-
rical calculationsare not optimally parameterizedor
small ring compoundsor for transitionstates)’ 8 The
resultsof thesecalculations,although computationally
cheapandsometimegjualitatively matchingexperimen-
tally observedphenomenayere often in disagreement
with eachother. Consequentlypur efforts shiftedto ab
initio calculationson theseintermediatesand transition
states Our reasonfor including semiempiricalresultsin
this reportis for comparisonpurposesyrather than for
discreditingthesetechniques.
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Figure 6. Partial ring openings of 1-azabicycl[1.1.0]butyl ions
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CALCULATION METHODS

All ab initio data presentedwere obtainedby use of
Spartard.0*? and were determinedusing restricted(i.e.
electron-paired)guantummechanicalcalculations.The
bicyclic ion wasconstructedn the Spartarmodelbuilder
and subjectedto one geometryoptimization using the
builder's minimizer and savedfor AM1 optimization.
Starting geometriesfor all other non-transition state
structuresvereobtainedstartingwith theAM1 optimized
bicyclic ion (1). Structures2 were obtainedby breaking
the N—C-2 bond of 1 followed by deleting the new
valences(‘atoms’) and performing one geometryopti-
mizationusingthe builder'sminimizer. Structures3 were
obtainedby breakingthe N—C-3bondof 1 followed by
deletingof thenewvalencesandoneminimizationin the
Spartanmodelbuilder (C; symmetryfor all compounds
wasretained) Theresultsof the AM1 optimizationswvere
employedas input (both ‘Wavefunction’ and ‘Hessian’
restart'dimples’ were checkedin all post-AM1 calcula-
tions) for PM3 calculationsand for Hartree—Fock3—
21G(*) calculationswith resultsof the latter beingused
as input for HF/6—-31G* calculations.On the occasion
(2a) whenthe 3-21Gbasissetfailed to optimizeto the
aziridinylmethyl cation, the AM1 result was employed
for 6-31G* calculations.The 6-31G* resultswere used
asinput for 6-31G** calculations the resultsof which
were employedfor 6-311G** calculations.

Transition statesfor the interconversion®f 1 and 3
(i.e.5) by MOPAC AM1 calculationswere considerably
more difficult to obtain than the transition states4 for
interconversionof 1 and 2. Transition states4 were
readilyobtainedoy simplepathcalculationsy stretching
the N—C-2bondof 1 (or contractingthis distancein 2).
Similarattemptsatfinding 5 by simply stretchinghe N—
C-3bondof 1 (or decreasinghis distancein 3) provided
discontinuougpotentialenergydiagrams.

Saddle-pointalculationgfor 5) usingpointson either
sideof thediscontinuitywereunsuccessfulAn examina-
tion of thegeometriedbeforeandafterthe discontinuities
indicatedthat ring inversion, inversion of the nitrogen
pyramid and methyl rotation had occurred. MOPAC
transitionstates(5) werelocatedby (1) performinggrid
calculations for each methyl rotamer (the N—C-3
distanceand N—C-2—C-3—@} dihedral were varied),
(2) selectionof thelower energyfor eachpointin thegrid
to constructa third potentialenergysurface(this surface
was continuous and possesseda saddle-point), (3)
performing a saddle-pointcalculationby selectingtwo
pointson eithersideof the apparensaddle-poinand(4)
performing a transition statecalculationon the saddle-
pointgeometry As verificationthatthe correcttransition
state had been reached,a MOPAC AML1 frequency
calculation was performed which provided a single
negative frequency. The transition state z-matrix was
importedinto HyperChent'® andthe negativefrequency
animated**

0 1998JohnWiley & Sons,Ltd.

Inputstructuredor Spartartransitionstatecalculations
were obtained using the transition searchtool in its
structure editor. The bicyclic ion, 1, and either the
aziridinylmethylion, 2, or theazetidinylion, 3, wereused
for building the estimatedransitionstategeometrieg4
and 5, respectively); no energy minimization was
performedin the model builder for transition states.
The resultinggeometrywasthen subjectedto Spartan’s
transition state search utility (a linear synchronous
transient method) at the AM1 level, and vibrational
frequencieswvere calculated.The methodsfor obtaining
MOPAC and Spartan AM1 transition states gave
essentiallyidentical structures energiesand vibrations.
The AM1 transitionstatesvereemployedasinput (both
‘Wavefunction’ and ‘Hessian’ restart ‘dimples’ were
checkedin all post-AM1 calculations)for PM3 calcula-
tionsandfor Hartree—FoclB—-21G*calculationswith the
results of the latter being used as input for the same
hierarchyof calculationsasin the optimizedstructures.

In anattemptto investigateslectroncorrelationeffects,
the RHF/6—311G**optimizedresultswere usedasinput
for restricted Mgller—PlessetMP2) calculations.Geo-
metry (or transitionstate)optimizationsat the MP2 level
wereperformed(for 1a, 1a, 3aand5a) by usingthe HF/
6—-311** resultsfor MP2/6—31G*optimizationfollowed
by optimization of theseresultsat the MP2/6—-311G**
level; we were unableto obtain the aziridinylmethyl
cation(2a) by this method.MP2/6—-311G**single-point
calculationsverealsoperformedonthe optimizedHF/6—
311G** structures. Unfortunately, too little machine
memoryis availableto perform calculationson the 2-
phenylions at this level; thus MP2/6—31** calculations
were performedon the HF/6—-311G** optimized struc-
tures.

RESULTS AND DISCUSSION
1-Methyl rotamers

Two methylrotamerglaandl1d) arepossiblefor 1 (see
Fig. 7 and Tables1 and 2). In view of the uncertainties
surrounding semiempirical calculations on small

rings2"8 ab initio calculationson both rotamerswere
conductedwith severalbasissetsand at both levels of
theory. Theseresultsare in agreementvith thosefrom
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Figure 7. N-Methyl
clo[1.1.0]butyl ion
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rotamers of 1-methyl-1-azabicy-
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Table 1. Optimized Hartree-Fock total energies for 1, 2, 3, 4 and 5°

Compound AM1P PM3 3-21G 6-31G* 6-31G* 6-311G**

la 252.5 244.2 —209.07173 —210.26409 —210.27777 —210.31379
1d 253.0 244.6 —209.06973 ~210.26161 ~210.27525 -210.31113
1b 242.4 2333 —247.89934 —249.30655 —249.32339 —249.36578
1c 242.1 232.9 —247.90266 —249.30887 —249.32575 —249.36813
1d 240.4 230.9 —247.90680 —249.31278 —249.32959 —249.37190
1e 2735 264.4 —437.34977 —439.82089 —439.84174 —439.91537
1f 273.0 263.4 —437.35202 —439.82283 —439.84365 —439.91734
2a 251.4 248.1 —° —210.22866 —210.24227 —210.28064
2b 230.9 228.4 —247.88151 —249.28496 —249.30186 —249.34585
2c 230.5 227.4 —247.88160 —249.28601 —249.30290 —249.34692
2e 250.4 248.6 —437.35506 —439.82612 —439.84667 —439.92035
2f 249.3 245.4 —437.35433 —439.82741 —439.84784 —439.92171
3a 255.0 236.7 —209.02671 —210.21004 —210.22389 —210.26176
3b 248.5 230.3 —247.85706 —249.25489 —249.27190 —249.31611
3c 249.0 231.1 —247.85626 —249.25117 —249.26804 —249.31206
3d 2335 2155 —247.87905 —249.27819 —249.29534 —249.33952
4a 270.9 258.0 — —210.21857 —210.23210 —210.26913
4b 253.0 239.6 —247.87296 —249.27428 —249.29112 —249.33448
4c 252.1 238.4 —247.8778 —249.27864 —249.29552 —249.33883
4e 278.6 265.4 —437.33706 —439.80624 —439.82683 —439.90034
4f 277.2 263.7 —437.34423 —439.81279 —439.83337 —439.90719
5a 267.0 250.7 —209.01622 —210.19972 —210.21324 —210.25083
5b 259.6 242.2 —247.84732 —249.24445 —249.26114 —249.30495
5¢ 257.7 241.0 —247.84511 —249.24211 —249.25881 —249.30273
5d 2475 232.0 —247.86977 —249.26844 —249.28540 —249.32931

& Calculationsnot performedon 2d, 3e, 3f, 4d, 5e and5f. Unlessindicatedotherwise energyis in hartree No correctionsfor zero-pointenergies

wereperformed
Calculatecheatsof formationarein kcalmol 2.
¢ Geometryoptimizationprovidedcompletering opening.
Not reportedsincethe incorrectstructurewasobtainedfor 2a.

the semiempirical methods—a appearsto be more

stablethan 1d. Indeed,the preferencefor 1a increases
with larger basissetsand with higherlevels of theory.

Theserotamerenergydifferencesare sufficiently small,

however that correctionsfor zero-pointenergiesshould

be examined. Since Spartan (4.0) does not support
vibrational analysis at the MP2 level, we ordered a

programcapableof performingthesecalculations,the

resultsof which will be givenaspartof areportdealing

with solventeffectson the variousions (1-5).

Stability of isomeric ions 1a, 2a and 3a

Irrespectiveof whetherla or 1a wasemployedfor the

starting geometryfor settingup the calculationson 2a

and 3a andthe correspondingransitionsstates,4a and

54, respectivelythe samerotamerdor thesecompounds
resulted.No further efforts towardsobtaining different

rotamersor invertamersveremade.SincebothAM1 and

PM3 areknownto overestimatehe stability of three-and
four-memberedings3”38it is not surprisingthat these
methods overestimate(with respectto all ab initio

methodsused)the relative stability of all derivativesof

2 and 3 investigatedwhen comparedwith the corre-
spondingbicyclic ions, 1.

0 1998JohnWiley & Sons,Ltd.

All ab initio resultspredictedla to be much more
stablethaneitherof the half-openedcationicspecies2a
and 3a (seeTable 3). Surprisingly, it appearsthat the
primary aziridinylmethyl cation(2a) is more stablethan
is the secondanB-azetidinylcation,3a. This observation
may be the result of hyperconjugativeeffectd? by the
aziridine ring on the primary carbocation(see below)
and/orstrainimpartedby incorporationof the sp center
in the alreadystrainedfour-membereding in 3a

Furtherexaminatiorof thedatain Table3 with respect
to the basissetsandlevel of theoryis instructive.At the
Hartree—Foclkevel, medium-to high-levelbasissets(i.e.
6-31G* to 6-311G**) provide nearly constantenergy
differences betweenall bicyclic ions (1a-f) and the
correspondingsomersof 2 and 3, althoughthereis a
slighttendencyfor this differenceto decreasavith larger
basissets.The energydifferencesobtainedwith different
basissetsaresufficientlysmallthatonewonderswvhether
the costs associatedwith the larger basis sets were
justified.With respecto mediumandlargebasissets the
small 3-21Gbasissettendsto underestimat¢he energy
differencesbetweenthe ring-openedons (2 and 3) and
the bicyclic ions. It performs better for differences
betweeraziridinylmethylcations(2) andbicyclic ions(1)
than for differencesbetweenazetidinyl cations(3) and
the bicyclic ions.

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 763-773(1998)
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Table 2. Calculated Mgller-Plesset (MP2) energies for 1, 2, 3, 4 and 5°

Optimized Single-point

Compound 6-31G* 6-311G** 6-31G** 6-311G**
la —210.93521 —211.06084 — —211.05899
la —210.93263 —211.05820 — —211.05616
1b — — — —250.26362
1lc — — — —250.26552
1d — — — —250.26921
le — — —441.34193 —

1f — — —441.34336 —

2a — — — —211.01626
2b — — — —250.23286
2c — — — —250.23261
2e — — —441.33239 —

2f — — —441.33172 —

3a —210.86056 —210.98799 — —210.98550
3b — — — —250.19319
3c — — — —250.18889
3d — — — —250.21448
da — — — —211.00653
4b — — — —250.22156
4c — — — —250.22532
de — — —441.32335 —

4f — — —441.32843 —

5a —210.85039 —210.97696 — —210.97759
5b — — — —250.18539
5c — — — —250.18162
5d — — — —250.21049

@ Calculationsnot performedon 2d, 3e, 3f, 4d, 5eand5f. All MP2 calculationsregardles®f whetheroptimizations
or single-pointcalculationswere performedstartingwith HF/6—-311G**results.SinceSpartard.0 doesnot support
frequencycalculationsat the MP2 level, no zero-pointcorrectionswere made.

When electron correlation (MP2) is included, the C-2-substituted bicyclic ions (1b, 1¢, 1e and 1f)

differencesbetweerthe bicyclic ion andthe correspond-

ing derivativesof 2 and3 aresignificantlylargerthanat Two diastereomeric2-substitutedazabicyclic ions are
the Hartree—FocKevel, irrespectiveof whethersingle- possible differing in configurationat C-2, eithertransto
point calculationsor optimizationswere performed.In the N-methyl (pseudoaxial,1b and 1€) or cis to it
view of the much higher ab initio energiesassociated (pseudoequatoriallc and 1f), (see Fig. 6). All semi-
with 2aand3a, it is notsurprisingthatnoring contraction empirical and ab initio calculations indicate that
productsvereobservedn thesolvolysisof thetosylateof pseudoequatoriasubstituentsare more stablethan are
1-tert-butylazetidin-3-oF? pseudoaxialbnes substituentysee Tables 1, 2 and 4).

Table 3. Calculated energies® of 2 and 3 relative to corresponding 1°

OptimizedHartree—Fock OptimizedMP2
Compound  AM1 PM3 3-21G 6-31G* 6-31G* 6-311G** 6-31G* 6-311G** Single-pointMP2*
2a -1.09 3.82 —d 22.23 22.28 20.80 —d —d 26.81
2b -11.44 -491 11.18 13.55 13.51 12.51 — — 19.30
2c —-1156 -557 13.21 14.35 14.34 13.31 — — 20.65
2e -23.07 -1573 -3.32 -3.28 -3.10 -3.12 — — 5.99°
2f —2369 -1796 -1.45 -2.88 -2.63 —2.74 — — 7.3C
3a 252 —-7.53 2825 33.92 33.81 32.65 46.84 45.71 46.12
3b 6.15 —2.92 26.53 32.42 32.31 31.17 — — 44.20
3c 6.86 —1.82 29.11 36.21 36.21 35.18 — — 46.89
3d —-6.94 -15.46 17.42 21.70 21.50 20.32 — — 34.34

@ Energydifferencesarein kcalmol~* andarewithout zero-pointcorrections.

P Calculationsnot performedon 2d, 3e and 3f.

¢ Single-pointcalculationsarewith respecto the HF/6—-311G**geometry.Unlessnotedotherwise theseare MP2/6—-311G**results.
9 Incorrectstructureobtainedon geometryoptimization.

® MP2/6-31G**//[HF/6-311G**.
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Table 4. Energy differences between diastereomeric cations®

OptimizedHartree—Fock

Difference AM1 PM3 3-21G 6-31G* 6-31G** 6-311G**  Single-pointSPMP2
1b-1c 0.3 0.3 2.09 1.46 1.48 1.47 1.19
le-1f 0.5 0.9 1.41 1.21 1.20 1.23 0.90
2b-2c 0.4 1.0 0.05 0.66 0.65 0.67 —0.16
2e-2f 11 3.2 —0.46 0.81 0.74 0.86 -0.4Z7
3b-3c -0.4 -0.8 —0.50 —2.34 —2.42 —2.54 —2.70
4b-+4c 0.9 12 3.07 2.74 2.76 2.73 2.36
4e-4f 14 1.9 4.50 4.11 4.11 4.30 3.19
5b-5c¢ 1.8 13 -1.39 —1.47 —1.46 —1.40 -2.37

@ Energydifferencesarein kcalmol~* andwithout zero-pointcorrections.

b Single-pdnt calculationsarewith respecto the HF/6—311G** geometry Unlessnotedotherwise theseare MP2/6—311G**results.

¢ MP2/6-31G**//[HF/6-311G**.

Diastereomericenergy differencescalculatedby semi-
empirical methodsare substantiallysmaller than those
calculatedby all ab initio methodswherethe Hartree—
Fock differencesare larger than those calculated by

single-pointMgller—Plessetheory. While the diastereo-
mericenergydifferencesaresimilarin bothdirectionand
magnitudeto analogouslifferencesn six-membereding

systemd? in the absenceof zero-pointenergycalcula-
tions, they should probably be viewed with some
suspicion(seeabove).

3-Azetidinyl cations (3a, 3b, 3c and 3d)

Initial ionization of the starting azetidinyl compounds
possessingeplaceabléunctionalgroupsatthe3-position
could proceedby either of two distinct mechanisms:
directionizationto the 3-azetidinylcationsor anchimeric
assistancenvolving the lone pair of electronson the
nitrogen atom resulting in the bicyclic ions. If initial
ionization of the azetidinyl compoundsto 3-azetidinyl
cations occurs, there are three stereochemicapossibi-
lities. If the azetidinyl cationsare relatively long-lived,
the cis—trans2-substitutedcompoundsshouldyield the
samemixture of cis—transazetidinols.If the azetidinyl
cations are short-lived, one might again expecta cis—
trans mixture with different ratios of productsfrom the
cis- andtrans-2-substitutedazetidinyl startingmaterials
as the result of ion-pair formation. The remaining
possibility also involves short-lived intermediateazeti-
dinyl cations,which collapseto bicyclic ions beforeany
measurableolvolysisproductsareformed. The product
distributionfrom thelatterazetidinylcationicmechanism
should,like the anchimericassistancenechanismyield
retentionof configuration

Both the 2-methyf? and 2-pheny?* compoundsyield
whatappeargo be stereospecificetentionof configura-
tion. Theseresultsrequire that bicyclic ions, whether
formedby anchimericassistancer by collapseof the 3-
azetidinyl cations, are important intermediatesin the
solvolysis of azetidines with replaceable functional
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groupsin the 3-position. The non-linearArrheniusplot
(obtainedin the kinetic investigationof the solvolysisof
the tosylate of trans1-tert-butyl-2-methylazetidirs-ol)
suggestswo competingreactionswith differing activa-
tion energiesleading to the same product®® If this
interpretationis correct, these differences should be
apparenin theinitial ionizationenergiesatherthanthe
isomerizatiorcalculationgresentedh this paperOurab
initio investigationof the ionization mechanisnis well
underway.

Semiempirical methods disagree on the relative
stability of 1a—c and 3a—c but agreethat the 3-methyl-
3-azetidinyl cation, 3d, is more stablethan the corre-
spondingbicyclic ion, 1d. All abinitio data(seeTables
1-3) indicatethat azetidinyl cations(3a—d) are substan-
tially less stable than are the correspondingbicyclic
cations.However,thesedata,particularly when coupled
with transition state data (see below), do not unequi-
vocally precludethe competitivesolvolytic formation of
both1lcand3candsubsequertollapseof 3cto 1cbefore
it canreactwith solvent.

Semiempiricakalculationson the 1,3-dimethylbicyc-
lic and azetidinyl cations (1d and 3d, respectively)
suggestthat the 3-methyl substituentsufficiently stabi-
lizes 3d that the reaction could occur without the
presenceof 1d, while all ab initio calculations(see
Tables1-3) suggesthat although3d is relatively more
stablethanis 3a, it remainsmuch less stablethan the
bicyclic ion, 1d. Solvolysisreactionsfor 3-methylazeti-
dinyl compoundf the type expectedto producethese
ions areunknown.

All ab initio transition state (5) energies(Table 5)
between la—d and 3a—d are sufficiently large as to
suggestthat conversionsof 1 to 3 are unlikely. At the
same time, these energies are only slightly (5-
7kcalmol™* at the Hartree—Fock level and 2—
S5kcalmol™ at the MP2 level, without zero-point
corrections,seeabove)abovethoseof 3, suchthat the
conversion of 3 to 1 would be extremely likely,
particularlysince3, if formedby directionization,would
initially possessuchexcesenergy(from achievingthe

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 763-773(1998)



770

Table 5. Transition state energies relative to bicyclic ions?

R. H. HIGGINS AND B. KIDD

OptimizedHartree—Fock OptimizedMP2
Compound AM1 PM3 3-21G  6-31G* 6-31G* 6-311G** 6-31G* 6-311G** Single-pointMP2
da 18.4 13.8 —° 28.56 28.66 28.02 — — 32.92
4b 10.6 6.4 16.54 20.25 20.24 19.64 — — 26.39
4c 10.0 55 15.56 18.97 18.97 18.38 — — 24.03
de 5.1 1.0 7.97 9.20 9.36 9.43 — — 11.66'
4f 4.3 0.3 4.89 6.30 6.45 6.37 — — 9.37
5a 145 6.4 34.83 40.40 40.49 39.51 53.23 52.64 51.08
5b 17.2 9.0 32.64 38.97 39.06 38.17 — — 49.09
5c 15.6 8.0 36.11 41.89 42.00 41.04 — — 52.65
5d 7.1 1.3 23.24 27.83 27.73 26.73 — — 36.85

& Energiesin kcal mol~* andarewithout zero-pointcorredion.

Single-pant calculationsarewith respecto the HF/6—-311G**geometry.Unlessnotedotherwise theseare MP2/6—-311G**results.

¢ Not reportedsince2a optimizationgaveincorrectstructure.
4 MP2/6-31G*/HF/6-311G**.

solvolysistransitionstate).Until our investigationof the

mechanistioof ionizationis completedthe mechanistic
detailsof bicyclic ion formationmuststill be considered
ambiguous.

In orderto verify thatthecalculatedransitionstatesio
indeed correspondto 5, frequency calculationswere
conducted.As expected single negativenormal vibra-
tional modes(seeTable 6) were calculated(Spartard.0
does not support vibrational calculationsat the MP2
level) and animated. Animation of the negative ‘fre-
quency’ (which correspondsto vibration along the
reaction coordinate) indicated the expectedvibration
along the N—C-3 bond with the molecule undergoing
concertedring and nitrogen inversion as this distance
increasedseeFig. 8).

Aziridinylmethyl cations (2a, 2b, 2¢, 2e and 2f)
No ring-contracted products were observed in the
solvolysesof tosylatesof 1-tert-butyl-3-azetidinof? 1-

tert-butyl-2-methyl-3-agtidinol (eithercis or trans), >3 or
the mesylate of cis-1-cyclohexyl-2-plenyl-3-azetidi-

Table 6. Imaginary transition state vibrational frequencies?

nol3* but ring-contractedproductswere observedn the
solvolysis of the mesylate of trans1-cyclohexyl-2-
phenyl-3-azetidinof* Ring contraction to aziridinyl
compoundsequiresthe existenceof 1, whetherformed
directly by anchimericassistancer by collapseof 3to 1.

Ring openingof 1b by rupture of the N—C-2bond
would yield 2b, whereasopeningof 1c would yield 2c.
All semiempirical and ab initio calculations are in
agreementvith expectationsand predict the stabilizing
influenceof methyland,particularly,phenylsubstituents
on aziridinylmethyl cations (see Table 3 and compare
with 2a). While the semiempiricalresults suggestthat
both 2b and 2c are more stablethan the corresponding
bicyclic ions, all ab initio resultsarein agreementvith
experimentpredictingthatthe 1b and1c aremorestable
than2b and2c.

A recentstudy** on the analogous2-methyl-l-oxabi-
cyclobutoniumions, 3-oxetanylcationsand one of the
possibleoxiranylmethyl cationsreachedthe samecon-
clusionsthat we have drawn, namely,that bicyclic ions
are more stable than the exocyclic carbocation(s)and
much more stablethan the monocyclic four-membered
rings bearingcarbocationiccentersat the 3-position.

Compound AM1 PM3 3-21G 6-31G* 6-31G** 6-311G**
4a —-500.76 —445.29 — —319.46 —320.80 —330.25
4b —462.26 —326.74 —267.08 —278.93 -285.71 —287.24
4c —441.47 —280.56 —127.65 -155.71 —155.95 —158.50
4e —452.08 —236.03 —139.28 —244.36 —° —°

Af —455.93 —-217.88 —-181.54 —242.53 —° —°

5a —379.30 —295.21 -537.60 —-559.35 -564.80 —-562.69
5b —383.36 -302.24 —-529.60 —529.27 —533.77 —-533.20
5c —336.64 —-275.27 -529.31 —549.28 —-554.50 —-552.71
5d —366.46 —332.60 —225.92 —233.35 —234.16 —230.46

& All frequenciesvereobtainedfrom Hartree—Foclcalculationsandarein cm™

Not reportedsince2a optimizationgaveincorrectstructure.
° Not calculated.
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% no scalingwasperformed.
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Hac\jq/'

Figure 8. Vibration of the ‘imaginary frequency’ at the
transition state (5) between 1 and 3

The fact that both diastereomeri@ziridinyl alcohols
were obtainedfrom solvolysisof the trans2-phenyl-3-
azetidinylmesylatesseemdo point unequivocallyto the
existence of an aziridinylmethyl carbocationicinter-
mediatefor this isomer, while the apparentabsenceof
any aziridinyl productssuggestghat this is not the case
for the cissisomer. Both semiempirical calculations
suggest(see Table 3) that 2e and 2f are much more
stablethanarethe correspondind. isomers whereasall
Hartree—Foclab initio methodspredictthatboth 2e and
2f are slightly more stable than the corresponding
bicyclic ion. Basedsolely on the energeticsobtained
from Hartree—Foclabinitio calculationsevenwith large
basis sets, significant ring contraction to aziridinyl
compoundsin the solvolysed* of both 2-phenylmesy-
latesshouldprobablybe expected.

Single-point MP2 calculations, however, indicate
significantly larger differencesbetweenall aziridinyl-
methyl cations and the correspondingpicyclic cations
thanat the Hartree—Fockevel. Indeed,at the MP2 level
all aziridinylmethylionswerecalculatedo belessstable
thanthe correspondindicyclic ions, althoughthe small
energydifferencesbetweerbicyclic ions(1eand1f) and
aziridinylmethyl ions (2e and 2f, respectively)should
probably be attainable.On this basisalone, one might
expect both 2-phenyl mesylatesto yield aziridinyl
products.

Both semiempiricaland Hartree-Foclkab initio calcu-
lationsindicatethat aziridinylmethylions 2c and 2f are
morestablethanthosefrom theaxialisomerg2b and2e,
respectively).However, MP2 single-point calculations
suggesta slight preferencefor a reversalof stabilities.
Whether this is indeed the situation or whether this
reversal results from unoptimized calculations, zero-

Table 7. Variation of bond lengths (A) and angles (°) in
aziridinylmethyl cations?

Bond 2a 2b 2c 2e 2f
N—C-4 1.369 1.375 1.375 1.413 1.402
C-2—C-3 1.354 1.384 1.379 1.448 1.435
C-3—C-4 1.713 1.623 1.628 1.526 1.532
C-3—N—C-4 74.44 69.65 69.83 64.64 64.70
N—C-3—C-4 50.35 52.60 52.42 56.78 55.84

N—C-4—C-3 55.21 57.75 57.75 5858 59.47

& The numberingsystemusedis the sameasthe bicyclic system All
datawere obtainedby optimizing the geometryemployingthe HF/6—
311G** basisset.
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point energy differences and/or solvent effects is
currentlybeinginvestigated.

Transition state (4) calculations leading from the
bicyclic ions (1) to aziridinylmethyl cations(2) reflect
many of the sameeffectswhich were calculatedfor the
aziridinylmethyl cations themselves:C-2-methyl and
-phenyl substituents produce transition states (and
products)which are energeticallymore favorable than
that obtainedfrom la (seeTable5). In agreementvith
experiment, the transition states for the 2-methyl
compoundg4b and 4c) are sufficiently high in energy
that one would not expectring openingof the bicyclic
ion. Transition state energiesfor both 2-phenyl com-
pounds are, however, relatively low in energy (even
relative to the bicyclic ions) and might be expectedto
give some ring contraction to the aziridinylmethyl
compounds.

Transition state (4) energies for the pseudoaxial
substituentsare calculatedby all methodsto be higher
than those for pseudoequatoriadubstituentsas in the
bicyclic ions (see Table 4). All methodsyield larger
differences (between 4 and 1) in energy between
transition states with pseudoequatorial-substituents
andthe correspondindicyclic ionsthanwith pseudoax-
ial substituentsPresumablyhis phenomenois theresult
of relief of stericinteractionsbetweenthe N-methyland
the cis pseudoequatorial2-substituent. Since these
differencesare larger with the pseudoequatoriathan
with pseudoaxiakubstituentspneis temptedto suggest
thatthe aziridinyl productsobservedn the solvolysisof
thetrans 2-phenylazetidinymesylatesesultfrom 1f (the
diastereomewith the lower energydifference).We will
later presenevidencethat 1e (not 1f) resultsfrom trans
2-substitutued azetidinyl compounds by anchimeric
assistanceThis apparentiscrepancyis presumablythe
result of solvation effects and/or zero-point energy
differencesandis currently underinvestigation.

In orderto verify thatthecalculatedransitionstatesio
indeed correspondto 4, frequency calculationswere
conducted.As expected,single negativenormal vibra-
tional modes(seeTable 6) were calculated(Spartard.0
does not support vibrational calculationsat the MP2
level) and animated. Animation of the negative ‘fre-
guency’indicatedtheexpectediibrationalongthe N—C-
2 bond.

During theanalysisof the calculatedgeometrieof the
aziridinylmethyl cations, it becameapparentthat the
lengthsof someof the bondsvaried over a wide range,
dependingiponthe natureof the 2-substituen{seeTable
7). Particularlynoteworthyare variationswithin the N—
C-4, C-2—C-3and C-3—C-4bondlengths,which range
from about1.37t0 1.41,1.35t0 1.45and1.53t0 1.71A ,
respectively The N—C-4distances significantlyshorter
thanthe correspondinglistance(1.475A )**in aziridine.
Carbon—carbomlistancedessthan 1.40A are normally
associatedvith multiple bonding.Therearetwo reason-
ableexplanations.
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Figure 9. Possible explanations for the abnormal interatomic
distance in 2. The top reaction indicates the structure (6)
obtained on attempted geometry calculation of 2a by HF/3—
21G(*) and MP2/6-31G* methods. The geometric proper-
ties calculated are vastly different from those of 2a. The
bottom scheme represents the hyperconjugative model for
stabilization of 2a

Onepossibleexplanations thattheionsarenot really
the aziridinylmethylions at all, but are derivativesof 6,
(se€Fig. 9). Thereareseverafactorswhich argueagainst
this. The fact that aziridinylmethyl carbinols were
obtainedwith the mesylateof the trans-2-phenylazetidi-
nolis indicativeof theaziridinylmethylcation,atleastfor
this compoundBond angledata(Table 7) areconsistent
with 2 andclearlyinconsistentvith 6. It shouldbenoted,
however,that attemptsto optimized 2a by HF/3-21G*
andMP2/6-31G*calculationsafforded6 ratherthan2a

The other explanationis possibly more controversial
andinvolves hyperconjugation(seeFig. 9). Aziridinyl-
methyl cation 2a is a primary carbocationand must
thereforesuffer from poor stability. Additional stability
can be gainedthroughoverlap of its p-orbital with the
bent C-3—C-4bond of the aziridine ring.*? This would
accounfor theshortN—C-4andC-2—C-3bondsandthe
long C-3—C-4bondscalculated When substituentsare
presenbn C-2 the stability of the carbocationicenteris
increasedrequiring less contribution from hyperconju-
gation,accountingfor lessshorteningof the N—C-4and
C-2—C-3bondsand less lengtheningof the C-3—C-4
bonds.

In summary semiempiricaimethodsoftengive results
which are contradictoryto experimental(and ab initio)
results; however, these methods correctly predict the
stabilizinginfluenceof methylandphenylsubstituenten
possiblecarbocationidntermediatesindperformwell in
predictingrelative stabilities of diastereomerig¢ons and
for servingas startinggeometriedfor ab initio calcula-
tions. Ab initio results,in agreementvith experimental
results,predictthan 1-azabicyclo[1.1.0]butytationsare
importantintermediatesormedby solvolysesof azetidi-
nyl compoundpossessingreplaceabléunctionalgroup
at the 3-position. Theseresultsalso indicate that the 3-
azetidinyl cationsare muchlessstablethanthe bicyclic
ionsand.,if directly formedin theionizationstep,should

0 1998JohnWiley & Sons,Ltd.

rapidly convertto the bicyclic ions. Finally, theseresults
indicate that aziridinylmethyl cations are much more
stablethan are 3-azetidinyl carbocationsand that they
are, with the exception of those resulting from ring
openingof the 2-phenylbicyclic ions, sufficiently less
stable than the correspondingazabicyclic ions and
unlikely to be formed.

Supplementary Material

SpartanASCII files canbe obtainedby contactingRobert
Higgins.
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