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Computational modeling of the mechanisms and stereo-
chemistry of circumambulatory rearrangements of formyl-
cyclopropene and 4-hydroxycyclobutenyl cationt
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ABSTRACT: MP2(fc)/6-31G** calculations on the ground and transition state structures for intramolecular
rearrangements of formylcyclopropene found that circumambulation of the ring by a formyl group occurs through a
high-energy AE = 42.6 kcal mol?) intermediate with a structure similar to bicyclo[1.1.0]oxide zwitterion. By
passing through two successive transition state structures this intermediate rearranges also to topomers of
monoepoxide of cyclobutadiene (Dewar furan). Another intramolecular rearrangement of formylcyclopropene
leading to inversion of stereochemical configuration at th&cspbon centre is associated with a one-step
transposition reaction which involves a CC bond scission. The energy barrier to the circumambulatory rearrangement
of formylcyclopropene can be considerably decreased by protonation of the carbonyl group resulting in formation of
the homoaromatic 4-hydroxycyclobutenyl cation. Exo and endo conformers of this cation are susceptible to low-
energy barrier (10.1 and 10.3 kcal md| correspondingly) circumambulatory rearrangement due to migration of a
hydroxymethylene group along the periphery of the three-membered ring. The rearrangement occurs as a non-
concerted two-step reaction involving intermediacy of bisected exo and endo conformers of hydroxycyclopro-
penylcarbinyl cation, and results in inversion of stereochemical configuration at the migrating carbon centre.
Homoaromaticity of 4-hydroxycyclobutenyl cation is manifested by the predicted high energy barrier
(13.1 kcal motY) against its planar inversion. Copyright2000 John Wiley & Sons, Ltd.
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INTRODUCTION In contrast with rearrangements of cyclopentadienes,
most of which occur as a sequence of 1,5-sigmatropic
Whereas circumambulatory (merry-go-round, walk) re- shifts of a migrating group, the rearrangements of
arrangements due to migration of organomethliiz cyclopropenes containin% such readily ionizable sub-
main-group-element centrégroups around the periph-  stituents as M = Cf2 N3,°° NCS and SCRFf proceed
ery of the five-membered cyclopentadiene ring have beenaccording to random ionization —recombination mechan-
amply studied, those related to the smallest unsaturatedsms facilitated by the aromatic stability of the formed
carbocyclic system of cyclopropetiéave received thus  cyclopropenium cation. An exception to this trend is a

far much less attention. low-energy barrier 4G,95=17.8 kcal mol?, toluene-
dg) circumambulatory rearrangement of S-(1,2,3-triphe-

R R nylcyclopropenyl)-O-ethyldithiocarbonatel [R =Ph,
/FZM\ _ jﬁ — 7&\ — . M = SC(OEt) = S], which is most probably governed by

R R " R M o a non-dissociative 3,3-sigmatropic shift mechanfsat.
M A the same time MNDO/PM3 calculations show that the
1a 1b 1c 1,3-sigmatropic shift mechanism is highly energy

unfavourable compared with both 3,3-sigmatropic shift

and ionization—recombination reaction routes.
*Correspondence toV. I. Minkin, Institute of Physical and Organic Of special interest are the rearrangements of the
Chemistry, Rostov University, 194/2 Stachka St, Rostov on Don derijvatives of cyclopropenktwith migrating groups M =
344090, Russia. X =Y taini bonds. A . . iridal
E-mail: minkin@ipoc.rnd.runnet.ru —X =Y containingz-bonds. As previous semiempirical
tDedicated to JdseElguero in recognition of his outstanding (MINDO/3, MNDO/PM3 and AM1) andab initio
contribution in the areas of physical organic and heterocyclic cg|culations of the gHsNO and GH5PO potential energy
chemistry. faces (PES) h led dary orbital int
Contract/grant sponsorRussian Fund for Basic Researpntract/ surfaces ( ) have revealed, secondary orbital interac-

grant number:96-15-97476 99-03-33505. tions between such types of migrants and the basal ring
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providefor the existenceof severaldifferent channelsof

intramolecularearrangement#ccordingto MNDO/PM3

andRHF/6-31G**calculations:’ therelativeenergyof the
bicyclic structure 2c (X =N), correspondingto the
transition statefor the 1,3-shift of a nitroso group over
the cyclopropenering, is as high as 61.8 and 68.4kcal

mol~?, respectively. However, an accountfor electron
correlationat the MP2(full)/6-31G** level of approxima-
tion resultsin substantialstabilization of 2c and even
changeghe natureof the stationarypoint pertinentto 2c.

The energyof 2c relative to the groundstatestructure2a
(AE = 35.3kcalmol 1) was predictedto be too high for

the rearrangementgletectableby dynamic NMR. The

calculation$ also predictedthat substitutionin the three-
membereding of 2 only slightly affectedthe value of the

energybarrierto the 1,3-sigmatropicshift circumambula-
tory rearrangementA much strongereffect is causedoy

substitutionof a nitrogenatomin the migrating group by

phosphorusAt the RHF/6-31G** level of approximation,
thelocal minimum of the structure2c on the C;HsPOPES
lies only 5.1kcalmol™* higher than the minimum of 2a

(X =P).

o
x=0 s RN
: é x
2a 2c 2b

In this paper,we reporton a computationamodelling
of the mechanismand energeticsof the intramolecular
rearrangementsf anotherisoelectronicanalogueof 2,
formylcyclopropae, 3. Thepossibility of catalysisof the
circumambulatoy rearrangemenf 3 throughits proto-
nation has been consideredand the mechanismand
stereochemistryof topomerizationof the thus formed
non-classicaft-hydroxycyclobutenlycation, 13, studied.

EXPERIMENTAL

The ab initio calculationswere performedon a work-
stationIBM RS/6000with the Gaussian94 programme
packagé. The standardpolarizedsplit valencebasisset
and second-order Mgller-Plesst (MP2) perturbatiao
theoryin a frozencore (fc) approximaion were usedfor
geometryoptimizationof all the structures corresponding
to minima or transitionstate(TS) structureson potential
energysurfaces Stationarypoints were characteized by
analysingthe Hessiarnforce constantmatrices.

RESULTS AND DISCUSSION
Rearrangements of formylcyclopropene

The mechanisnof the photochemicalearrangementf

Copyrightd 2000JohnWiley & Sons,Ltd.

acylcyclopropeneshas been the subject of detailed
experimentdl and theoreticaf investigation.In a recent
work 8 the topology and energeticsof the PES of
thelowestexcitedsingletandtriplet statesvereanalysed
along severalpossiblereactioncoordinatesusing CAS-
SCF calculationsin a 6-31G* basis set. Although no
question of the ground state rearrangementof the
parentacylcyclopropene8 hasbeendirectly addressed,
calculations on the bicyclic structure 4 potentially
related to a transition state or an intermediate of
various rearrangementof 3 have been performed.
According to these calculations,4 representsa high-
energy(89.9kcalmol™?) transition statelinking 3 to a
biradicalintermediateon the reactioncoordinatdeading
to furan.

An objective of our study was to obtain a deeper
insight into the part of the ground state C4H,O PES
relevantto circumambulatoryand transpositiorrearran-
gementsof formylcyclopropeneusing a higherlevel of
approximatiorthanthosepreviouslyemployed.

Table 1 presentsthe main resultsof our MP2(fc)/6-
31G** calculationsof energief the principal structures
involved into rearrangementsf formylcyclopropeneas
portrayed by Scheme 1. The geometries of these
structuresareshownin Fig. 1 andFig. 2.

The bisectedexo-conformeiof formylcyclopropeng3
(ex0), is 0.9kcalmol™* energy-preferablédo its endo-
isomer3 (endo).The conformerdnterconverty passing
through the eclipsedtransition state structure5, over-
comingtheenergybarrierof 6.7 kcal mol~ to rotationof
aformyl groupaboutthe C(2)-C(4)bond.Only oneexo-
isomer of the bicyclic intermediate4 exists on the
MP2(fc)/6-31G** PES, whereasat the RHF/6-31G**
level of approximationlocal minima correspondingo
both exo- and endo-forms of 4 havebeenfound on the
C4H,O PES.Becauseof the flathessof the PESin the
region of the structure4 we were unableto locate a
transitionstatestructuredirectly connectingd to 3 (exo).
It wasfound,indeed thatvariationin the C(2)-C(3)bond
distancein the range of 1.60-1.68A resultsin only
0.01kcal mol~* changen thetotal energy Thereforethe
energybarrierto circumambulatiorof cyclopropeneing
by a formyl group 3a= 3b may be reasonablywell
approximatedby the energy (42.6kcalmol™Y) of the
intermediates relativeto 3 (exo). This energybarrieris
apparentlytoo high to be surmountedn the courseof a
thermally driven rearrangemenbbservedon the NMR
time scale.

It mightbe expectedhatexoconformerof 4 is capable
of undergoingring inversionisomerizationinto its endo
form. The calculations employing intrinsic reaction
coordinate(IRC) techniqué® showedthat planarization
of 4 resultedin its conversionnot to endo conformer
of 4, butto theenergy-preferablesomer8 (Dewarfuran)
andinvolved passagehroughtwo successivéransition
statestructures6 and 7. That the rearrangementends
to endup in the formationof 8 is clearly seenfrom the

J. Phys.Org. Chem.2000:13; 3-12
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shapeof the transitionvector relatedto the structure?
(Fig. 2). This structure representsthe transition state
for the oxygen-walkrearrangementf monoepoxideof
cyclobutadiendDewarfuran) associatedvith migration
of an oxygen around the four-memberedring. Such
rearrangementhat leadsto scramblingcarboncentres
in the four-membereding has not yet beenobserved
for derivatives of Dewar furan, 8, but this type of
thermal walk rearrangemenof derivatives of Dewar
thiopheneoccurringon the NMR time scaleis known*
Thepeculiartopologyof this partof the C4;H,0 PES(two

directly connectedsaddle points without a minimum
betweenthem),shownin Fig. 3, is not an artefactof the
calculationsand has beenpreviously documentedor a
numberof otherreactions-?

Anotherreactionchannelof intramolecularearrange-
mentsof formylcyclopropends associatedvith the one-
steptranspositiorreaction3a = 34 thatleadsto inversion
of stereochemicatonfigurationat the tetrahedratarbon
centre and occurs through a planar transition state
structure, 9. It is formed via an energy-consumable
(AE =51.8kcalmol™) scissionof a CC bond in the

Table 1. Total energies (Ey1), zero-point energies (ZPE), relative energies (AE) and values of the imaginary normal mode
frequencies (v,) for the structures 3-9 located at the MP2(fc)/6-31G** PES of C4H,O

Structure Eor (a.U) ZPE (a.u) Vim (cm™) AE (kcalmol™)
3(exo0) —229.264816 0.066717 — 0
3(endo) —229.263351 0.066644 — 0.9

4 —229.195519 0.065365 — 42.6

5 —229.253645 0.066213 175 6.7
6(TS) —229.192257 0.066304 208 45.3
7(TS) —229.195248 0.067002 460 43.8

8 —229.234040 0.068797 — 20.6
9(TS) —229.179947 0.064468 290 51.8

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 1. MP2(fc)/6-31G** optimized geometrical parameters (distances in A and angles in degrees) and NBO charge
distributions® of the conformers of formylcyclopropene 3 (exo) and 3 (endo), bicyclic intermediate 4 and Dewar furan, 8

three-memberedng of 3. As follows from thegeometry
of the transition state structure 9 [double C-O and
C(2)—-C(3) bonds], it should be assignedto a singlet
1,5-biradical rather than 1,1-biradical (carbene)type
(Fig. 2). A similar transition state structure has been
located on the reaction path of the rearrangemenbf
nitrosocyclopropne 1l (R=H, M =NO) to azacyclobu-
tadiene-N-oxide® A planartype 9 structurehas been
identified by calculation&® asnot a transitionstatebut a
biradicaloid intermediateon the ground state C,H,0
PES in the region of the 3(n 7*)/S, triplet/singlet
crossingpoint relatedto the ring-fission mechanismof
the photorearrangemeiatf formylcyclopropeneto furan.
The calculationgperformedeadto the conclusionof a
very low migratory aptitude of a formyl group in the
cyclopropeneing. Oneshouldnot, therefore expectthat
the circumambulatoryrearrangemensof 3 or its deriva-
tives can be observedby the use of dynamic NMR
spectroscopy.lt is well known, however, that an
appreciableaccelerationof the rearrangementselated
to intramolecular migration of acyl groups can be
achievedunder conditions of generalor specific acid

Copyrightd 2000JohnWiley & Sons,Ltd.

catalysist® Protonationof the carbonyl oxygen causes
significantlowering of the energylevel of the n, orbital
andthusamplifiesits interactionwith z-systemof therest
of a molecule.The sameand even strongereffectsare
broughtaboutby complexatiorwith strongLewis acids.
Manifestationof this effect is exemplified by a large
decrease(8—10kcalmol™) in the energy barrier to
circumambulatoryrearrangementof 5-acyl-1,2,3,4,5-
pentamethylcyclopentienes10, which were suggested
to proceedhroughformationof theintermediateadducts
with aluminiumtrichloride possessinthe structureof the
bicyclo[3.1.0]hexenlyzwitterions11.1¢4
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0
Q
=
()
g
]
EA
=
[0}

Me Me
Me

10 11

It may, therefore,be expectedthat, by analogywith
acylcyclopentadienegqrotonatedacylcyclopropenegx-
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Figure 2. MP2(fc)/6-31G** optimized geometrical parameters (distances in A and angles in degrees), NBO charge distributions®
and the transition vectors corresponding to the normal vibration mode of v, (Table 1) of the transition state structures involved
in the rearrangements of formylcyclopropene, as shown in Scheme 1

hibit greateffluxionality thantheir conjugatedases3. To
exploretheoreticallythis possibility we havecarriedout
MP2(fc)/6-31G** calculations of the structure and
reaction pathsfor circumambulatoy rearrangemenof
the protonatedormylcyclopropene

Rearrangements of 4-hydroxycyclobutenyl cation

The calculationsshow that protonationof formylcyclo-
propene3, occursat the carbonyloxygenandgivesfour
isomeric cations, of which the exo-conformerof 4-
hydroxycyclolutenyl cation 13a representsthe most
stableform. It is 8.1kcalmol~* energy-prefera to the
endo conformer, 13b, and 3.7kcalmol~* more stable
than the bisectedexo-conformerof cyclopropenylcarbi-
nyl cation,15a It is noteworthythat the bisectedendo-
cyclopropenylcarimyl isomericform is predictedto be
slightly (3.2kcalmol™) energy-favourablecompared
with the correspondingendo-cyclobutenylstructure,
13b (Table 2). Calculated geometries and charge

Copyrightd 2000JohnWiley & Sons,Ltd.

distributionin the cations13a,band15a,bareillustrated
in Fig. 4.

The structureof 4-hydroxycyclobtenyl cationmaybe
analysedn termsof threebasicforms, A—C, relatedto
cyclobutenyl,bicyclo-[1.1.0]buty andhomocycloprope-
nyl structuraltypes,respectively.

Muchlike theparentcyclobutenylcation,thecation13
hasa pronouncechomoaromaticharactei(the structure
C), whichis definedby nearlyequalchargeontheatoms
C(1),C(2) andC(3), aswell asa sufficiently shortC(1)—
C(3) distance.This distanceis intermediatebetweenthe
correspondindpondlengthin bicyclobutang1.47A) and
the C(1)-C(3)separation(1.99 A) in the almostplanar
transition state structure, 16, for ring inversion of 4-

J. Phys.Org. Chem.2000:13; 3-12
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8a

Figure 3. A part of the C4H,0 PES related to conversion of the intermediate 4 to topomers of Dewar furan, 8

hydroxycyclolutenyl cation (Scheme?). Thesecharac-
teristics were consideret® the basic attributes of
homoaromaticityAnotherreliableindex of homoaroma-
ticity is the value of energybarrierto ring inversiort>°
(homoaromatizatiorenergy®). For the parentcyclobu-
tenyl cation consideredo be a prototypefor homoaro-
matic charactel>®'’ an experimental value of this

barrier obtained by the dynamic *"H NMR method is
8.4+ 0.5kcalmol~*** which is in accord with a
theoretical MP2 (full)/6-31G* estimate (10.2kcal
mol~1).12 The energybarriersto the ring inversionin
exo- and endo-hydroxycyclobuternycations, 13a and
13b, havebeencalculatedto be 13.1and5.0kcalmol ™,
respectively (the average value is 9.05kcalmol™),

Table 2. MP2(fc)/6-31G** calculated total energies (Ei), zero-point energies (ZPE), relative energies (AE) and values of the
imaginary normal mode frequencies (v, for the structures 13-17

Structure Eor (a.U) ZPE (a.u) Vim (cm™) AE (kcalmol™)
13a —229.601643 0.081079 — 0

14a —229.584232 0.079728 272 101

15a —229.594571 0.079893 — 3.7

13b —229.588671 0.081039 — 8.1

14b —229.570761 0.079475 431 18.4

15b —229.592529 0.079720 — 4.9

16 —229.580431 0.080800 267 13.1

17 —229.568111 0.079626 266 20.1

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 4. MP2(fc)/6-31G** optimized geometrical parameters (distances in A and angles in degrees) and NBO charge
distributions® of the conformers of 4-hydroxycyclobutenyl, 13a and 13b, and the conformers of hydroxycyclopropenylcarbinyl,

15a and 15b, cations

which pointsto significanthomoaromaticharacteof the
4-hydroxycyclobtenyl cation.

By gaining insight into the structure of protonated
formylcycloprop@e as a derivative of the non-classic
cyclobutenylcation,we arefacedwith the long-debated
problemof the mechanismand stereochemistrypf fast
circumambulatoy rearrangementsf its derivatives:®*®
A tetratert-butyl derivative of 4-hydroxycyclobutenly
cation,12, waspreviouslypreparedy oxydationof tetra-
tert-butyltetrahedran® and shown to undergo low-
energy-barrier(AG” =~ 15kcalmol™) rearrangements
dueto asequencef 1,2-sigmatropicshifts of the CHOH
group aroundthe perimeterof the cyclopropenering.
Although no direct experimentalevidence of stereo-
chemicaloutcomeof the rearrangementvas available,
weighty argumentswere presentedin favour of the
mechanismwith inversion of the configurationat the
migratingcarboncentre Thus,thevalueof the*C NMR
chemicalshift of the migrating sp>-carbonatomin the
cation 12 remainsconstantin a wide rangeof solution

Copyrightd 2000JohnWiley & Sons,Ltd.

temperaturewhich evidencesthe participanceof only
one(exo)isomerof the cation12 in the reactioncourse.
The reactionpathwaywith retentionof stereochemical
configuration at the migrating centre would require
interconversionof exo- and endo-conformersat each
stepof the rearrangement.

12b

12¢

12a

This conclusionseemsto be in accordwith that of
RHF/4-31G calculationd®®° on the stereochemical
courseof the circumambulatoryrearrangemenbf the
unsubstitutedcyclobutenyl cation. The rearrangement
was attributedto a one-stepconcertedl,2-sigmatropic
shift reactionoccurringwith violaton of the Woodward—
Hoffmann rules. However, thesecalculationsleft open

J. Phys.Org. Chem.2000:13; 3-12
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Figure 5. MP2(fc)/6-31G** optimized geometrical parameters (distances in A and angles in degrees), NBO charge distributions
and the transition vectors corresponding to the normal vibration mode of v, (Table 2) of the transition state structures involved
in the rearrangements of 4-hydroxycyclobutenyl cation, as shown in Scheme 2
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the questionson the nature of the stationary points
pertinentto the transitionstateor intermediatestructures
for both alternative reaction paths as well as on the
concertednessf therearrangement.

In the presentcomputationalstudy we addressedhe
following questions{(i) whatis the theoreticalexpecta-
tion for energy barriers of the circumambulatoy
rearrangementsf the conformersof 4-hydroxycyclobu-
tenylcation13aand13b; (ii) whethercircumambulatory
rearrangemenbf 4-hydroxycyclobutenylcation occurs
as a concerted(one-step)eactionor if it is a two-step
reactionwith inclusion of the isomeric hydroxycyclo-
propenylcarbinytationsl5 astheintermediates(iii) can
the alternative reaction pathway with retention of
stereochemicalconfiguration at the migrating carbon
centreof 13 be energy-competitiveahrough either low-
energy barrier conformational isomerizationsof the
hydroxycyclopopenylcarbinylcations or planar inver-
sionof thecations13?In orderto answelthesequestions,
critical parts of the C,HsO" potential energy surface
depictedby Scheme2 wereinvestigatedTo estimatethe
opportunities of interconversionsof exo- and endo-
isomersof 4-hydroxycyclobtenyl cation 13, the energy
profilesfor rotationof the hydroxy groupaboutthe C—C
bondin the intermediatehydroxycyclopropenylarbinyl
cations 15 and also for planar inversion of the four-
membereding in the cations13 were computationally
studied.

Scheme featuresall basicstructuresorrespondingo
local minima on the C,HsO" PESthat take partin the
degeneratecircumambulatoryrearrangement®f exo-
(133 134) and endo-(13b, 13b) conformersof the 4-
hydroxycyclolutenyl cation,includingintermediategand
transition state structures (marked as TS) involved.
Energy characteristicof the calculatedtransition state
structuresaregivenin Table2, andtheir geometriesand
atomicchargesarepresentedh Fig. 5. As stemsrom the
calculationsdisplacemenof the migratingcarboncentre
alongthe three-memberedng in endo-,13a and exo-,
13b, conformerwf 4-hydroxycyclobutenytationoccurs
non-concertedlyand is realized as a two-stepreaction
that involves intermediate formation of conformers,
respectivelyl5a and 15b, of bisectedhydroxycyclopro-
penylcarbinylcation.

The energybarriersto a 1,2-shiftof a hydroxymethy-
lene group (10.1kcal mol~ in 13aand 10.3kcal mol™
in 13b) are in reasonableagreementwith the experi-
mental estimaté® of free activation energy (= 15kcal
mol~?%) for the circumambulatoryearrangemertf tetra-
tert-butyl derivative,12, of the parentcation,13a The
eclipsed conformer of hydroxycyclopropenigarbinyl
cation17, whoseexistenceasa local minimum or trans-
ition stateon the reactionpathwayof the rearrangement
would resultin retentionof stereochemicatonfiguration
atthemigratingcarbon lies outsideof this pathway.The
structurel?7 hasbeenidentified asthe transitionstatefor
the conformationalisomerizationof the intermediates

Copyright 2000JohnWiley & Sons,Ltd.

15aand15bcausedy rotationaroundtheexocyclicC—C
bond. Accounting for the rather high energy barrier
(16.4kcalmol™) required for this isomerization,one
may conclude that this type of intersection of two
reactionpathwaysassociateavith retentionandinversion
of configurationat the migratingcarboncentrehasa low
probability. Another intersectionof the reaction path-
waysthroughthering inversionmechanismi3a= 16 =
13b also requiresthe surmountingof an energybarrier
higher than that calculatedfor the circumambulatory
rearrangemert3a= 14a— 15a+= 144 = 54d. It may,
therefore, be concluded that the circumambulatory
rearrangementf exo-isomerl3a of 4-hydroxycyclobu-
tenyl cation occuring with inversion of stereochemical
configurationat the migtrating carboncentrerepresents
its lowest-energy-barriemtramolecularrearrangement.
The rearrangemenproceedsas a two-stepreactionwith
exo- conformer,15a of hydroxycyclopropenylcaihyl
cationasthe intermediateon the reactionpathway.
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