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ABSTRACT: The PM3 semiempirical method was selected to study the stereoselectivity along the domino pathways
corresponding to the twofold addition of the chiraR){3-tert-butylcyclopentenyllithium2 and the achiral
cyclopentenyllithium5 to dimethyl squarate estdras a model for squarate ester sequential reactions. Stationary
points, reactants, intermediates, transition structures and products, on the reactive potential energy surface were
characterized with analytical gradient techniques. The main steps of this consecutive chemical reaction can be
classified as follows: (1) addition & to 1 to obtain the ketoalkoxide produc8and4; (ii) a domino sequence
corresponding to an initial addition &fto these products to yield dialkoxide intermediatd$ andIN2; subsequent

C—C bond breaking processesIbfl andIN2, associated with electrocyclic four-membered ring cleavage, to yield

the endoand exo octatetraene rotameidl3 and N4, respectively; the final cyclizations give the cyclooctatriene
products6 and 7, respectively; and (iii) hydrolysis and subsequent intramolecular aldolic condensation of these
cyclooctatrienes to obtain the final products. The theoretical results show that the step controlling the product
stereochemisty corresponds to the conrotatory cyclization @tbectatetraene intermedidtd4. The large value of

the barrier height associated with the cyclization oféhdooctatetraendéN3 together with the easy interconversion
between the octatetraene rotamiét8 andIN4 indicate that the cyclization process takes place only througbxbe
octatetraenéN4. Copyright(d 1999 John Wiley & Sons, Ltd.
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INTRODUCTION A schematic representation of the stages of the overall
process is presented in Scheme 1.
The development of synthetic methodologies combining  Although the sequence of the major steps is known
the simultaneous formation of several bonds in a single from experimental work>™* there have been no
sequence (domino processes) represents an attractivéheoretical investigations on the detailed molecular
field of research, belonging to a growing family of mechanism. As a part of our ongoing research program
reactions that allow the regio-and stereo-controlled to study the family of consecutive inter- and intramole-
formation of several carbon—carbon bonds and/or ring cular domino reaction§,in this paper we report on a
systems in a single operatidn A striking feature of this  first theoretical study in which all stationary points
type of rearrangement is that whereas both starting related to the co-addition of a chiral alkyl-substituted and
reagents can be achiral, products containing severalan achiral cyclopentenyllithium to a squarate ester were
contiguous stereogenic centers can be formed. Incharacterized on model compounds having the essential
particular, the squarate ester cascade associated witlyroup elements intervening in the chemistry of this
the twofold addition of cyclopentenyllithium to a system. The aim of this work was to contribute to a better
squarate ester triggers a domino of chemical events withunderstanding of the mechanistic features of this domino
concomitant formation of polycyclic products. This type reaction process, especially by identifying the step in the
of chemical reaction has been systematically studied bydomino sequence that controls the product sterochem-
Paquette and co-workéfs*?and can be considered as a istry.
useful synthetic transformation in organic chemisthy?

*Correspondence toM. Oliva, Departament de Qieies Experi-

mentals, Universitat Jaume |, Apartat 224, 12080 Cast8ipain. COMPUTATIONAL METHODS AND MODELS
Contract/grant sponsorMinisterio de Educacio y Ciencia.

Ong{ract/grant sponsorDGICYT; Contract/grant number:PB93- Owing to the large size of the present systems, studies at
Contract/grant sponsoDGES; Contract/grant numberPB96-0795-  the ab initio level are exceedingly expensive. However,
C02-02. semiempirical methods have progressed over the past few
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Scheme 1. Schematic representation of the twofold addition
of the chiral and achiral cyclopentenyllithium 2 and 5 to the
squarate ester 1 following Paquette’s et al. scheme'’

yearsto a surprisinglevel of accuracyand reliability,
consideringhe limitations of the underlyingapproxima-
tions®°evensimple calculationsat moderatdevels of
theory such as semiempirical proceduresgive useful
information on the molecular mechanismof different
chemicalreactions Accordingly,the PM3 semiempirical
proceduré’ was selectedto carry out the calculations
with the MOPAC93packagef programs>* This method
rendersa reliable parametersetfor Li andit hasbeen
appliedto studydifferent organiccompound$?—>°
Theoretical characterizationof the properties of
stationarypoints,reactantsintermediategIN), transition
structures (TSs) and products, located on reactive
potentialenergysurfaceqPES)of greatcomplexity can
be achievedsatisfactorilyby usingsemiempiricalproce-
dures®! The PESassociateavith the molecularmechan-
ism, following thesequentiastageproposedy Paquette
et al.,** for the twofold addition of 2 and 5 to 1 was

CopyrightO 1999JohnWiley & Sons,Ltd.

Table 1. Heats of formation (AH;, kcal mol™") for intermedi-
ates (IN1, IN2, IN3, IN4), transition structures (TS1, TS2,
TS3, TS4, TS5, TS6, TSint, TS7, TS8) and products (3, 4, 6,
7) and relative energies with respect to reactants

Species Endo Species Exo

TS1 —362.5(10.8) TS2 —364.0(9.3)

3 —409.1(—35.8) 4 —409.2(—35.9)
TS3 —385.2(-11.9) TS4 —384.5(-11.2)
IN1 —426.6(—53.3) IN2 —425.8(—52.5)
TS5 —418.3(—45.0) TS6 —416.6(—43.3)
IN3 —454.1(—80.8) IN4 —454.3(—81.0)
TSint —441.4(-68.1)

TS7 —408.4(—-35.1) TS8 —421.6(—48.3)
6 —437.0(—63.7) 7 —446.6(—73.3)

Table 2. Heats of formation (kcal mol™") for intermediates
(IN5, IN®6), transitions states (TS9, TS10) and products (8, 9),
and relative energies with respect to IN5

Species AH; (kcalmol™)
IN5 —138.9(0.0)
ING ~138.5(0.4)
TS9 ~116.0(22.9)
TS10 ~117.1(21.8)
8 _177.4(—3815)
9 ~178.9(~40.0)

calculatedin detail to ensurethat all relevantstationary
points were located and properly characterized.The
optimizations were carried out using the eigenvalue
following routine’>*3andthe requesteaonvergencgor

the gradients of energy was 0.5kcalmol™ A1

orkcalmol™ rad™* (1 kcal=4.184kJ). The nature of

eachstationarypoint was checkedby diagonalizingthe
Hessianmatrix to determinethe numberof imaginary
frequenciegzerofor local minimaandonefor TSs).This
type of analysis provides valuable information that
complementsthat obtained by experimental organic
work. Following recent experimentaland theoretical
work, we included in our calculationstwo or three
moleculesof dimethyl etherin order to completethe
preferential four coordination number of the Li

atom3034:35

RESULTS AND DISCUSSION

The domino pathwaysfor the squarateestersequential
reactiongncludeseveraktepsandsubtletiesandit is not
aneasytaskto producea sensiblegheoreticalmechanism
involving all aspects,which remains a challenging
problemin theoreticalphysical organic chemistry.The
different stationarypoints characterizen the reactive
PESaredepictedin Fig. 1 andthe heatsof formationare
presentedn Tablesl and2. Threereactants], 2 and5,

J. Phys.Org. Chem.12, 61-68(1999)
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Figure 1. Stationary points along the reaction pathway. (a) Addition step and heterodomino sequence. (b) Hydrolysis and

intramolecular aldol condensation

six intermediates|N1, IN2, IN3, IN4, IN5 andIN6, 11
TS, TS1,TS2,TS3,TS4, TS5, TS6, TSint, TS7, TS8,
TS9andTS10 andsix products 3, 4, 6, 7, 8 and9, were
locatedon the PES.

The analysis of the results shows that the overall
reactions can be dissectedinto a series of three
consecutivesteps:(i) addition of the chiral (R)-3-tert-
butylcyclopentenyithium 2 to the squarateesterl, to

CopyrightO 1999JohnWiley & Sons,Ltd.

give the ketoalkoxides3 and 4; (ii) a secondprocess
associateavith a heterodominsequenceadditionof the
achiral cyclopentenyllitium5 to ketoalkoxides3 and 4
givestheintermediate$N1 andIN2, respectivelywhich
by meansof ring cleavageand subsequentyclization
afford the cyclooctatriene$ and7 via the intermediates
IN3 and IN4; and (iii) hydrolysis and subsequent
intramolecularaldolic condensatiorof thesedienolates

J. Phys.Org. Chem.12, 61-68(1999)
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Figure 1. continued

to give thefinal products We studiedonly the hydrolysis
of 7, to yield 8 and 9, sincethe dienolate6 is obtained
experimentallyin very small amountsand 7 is purified
beforethe processontinues.

Addition of the chiral cyclopentenyllithium 2 to
squarate ester 1

Monoadditionof the chiral (R)-tert-butylcyclopentenyl-
litium 2 to the dimethylsquaratessterl correspond$o a
nucleophilicattackof the anionic C-5 centerof 2 to one
of two facesof thecarbonylgroupsof the squaratesterl
to give the diastereoisomeriketoalkoxides3 and 4, via
the transition structuresTS1 and TS2, respectively.
Becauseof the presenceof a symmetry plane in the
squarateesterl, only two competitivediastereoisomeric
pathways take place, along these diastereoisomeric
transition structures.Owing to the chiral characterof
the cyclopentenylsystem,two diastereoisomerigro-
ducts 3 and 4 can be obtained.Both pairs of stereo-
products3 and4, andtransitionstructuresTS1 andTS2,
havesimilar energiesowing to a similar arrangemenof
the tert-butyl substituentn the two pairs of diastereos-
tructures.The correspondingparrier heightsare in the

CopyrightO 1999JohnWiley & Sons,Ltd.
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range9.3-10.8&cal mol~*. The C-1—C-5forming bond
lengths at TS1 and TS2 are 2.357 and 2.294A,

respectively andthe C-5—C-1—Oanglesof attackare
103.3 and 104.5, respectively.In Fig. 2 a pictorial

representatiorof TS2 geometryis given and selected
geometricalparametergor TS1, TS2, 3 and4 aregiven

in Table3.

Heterodomino sequence

Thefirst stepof the heterodomingrocesss the addition
of theachiralcyclopentenyllithiunb to the ketoalkoxides
3 and 4, to give the intermediatesN1 and IN2 (anti
attack), via a similar molecular mechanismto the
previous nucleophilic addition. Syn attack was not
consideredbecausethe correspondingfinal products
werenot detectecexperimentallywe adoptedPaquette’s
etal. proposaf!

The presencef two bulky groups(cyclopentenyland
lithium alkoxide solvated) in ketoalkoxides3 and 4
makesthis additiontake placeat the oppositeface of the
chiral cyclopentenylsubstituentfo give two diastereoi-
somericdialkoxides,IN1 andIN2, with similar energies,
via the transitionstructuresTS3 and TS4, respectively.

J. Phys.Org. Chem.12, 61-68(1999)
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Figure 2. Schematic representation of TS2 (without hydrogens), showing the C-5—C-1—0 angle of attack (104.5°) and the
lithium coordination with two ether molecules, with C-1 and with O-1 centers

Table 3. Selected geometric parameters (bond lengths in A,
angles in degrees) for TS1, TS2, 3 and 4

Bond TS1 TS2 3 4
ci1—o01 1.238 1.241 1.330 1.330
Li1—O1 1.928 1.923 1.712 1.711
Cl1—C5 2.357 2.294 1.505 1.506
Li1—C5 2.102 2.125 3.943 3.929
Cl—-C4 1.580 1.580 1.619 1.618
cil—C2 1.529 1.534 1.596 1.598
C2—C3 1.374 1.374 1.366 1.366
C3—C4 1.513 1.508 1.498 1.496
C5—C1—01 103.29 104.52 114.69 114.41
Li1—O1—C1 98.43 97.85 17352 176.92
C5—C1—C2—C3 97.86 261.96 109.99 250.39
C5—C1—01—Li1  3.59 8.62 242.49 125.62
C4—C3—C2—C1 358.93 0.14 359.90 359.87

Both TSs also have similar energies (—285.2 and
—284.5kcalmol™).

At theseT Ss,the C-4—C-10forming bondlengthsare
2.237and2.217A, respectivelyandthe C-10—C-4—0O
attackbond anglesare 101.9 and 101.5, respectively.
Thetwo dialkoxidesIN1 andIN2 presentargevaluesof
C-1—C-4bondlengths,1.767and1.748A, respectively,
owing to a stereoelectroniaepulsive interactionsbe-
tweenthe bulky substituent¢ocatedon the C-1 andC-4
atoms.Thesebond lengthsare longer than for ketoalk-
oxides3 and 4 (1.619 A) and for the squarateester1
(1.564 A), and consequentlythe ring cleavage is
promoted.

Thesubsequerdominostepsaretheelectrocyclicring

CopyrightO 1999JohnWiley & Sons,Ltd.

cleavageof the dialkoxydeintermediatedN1 andIN2
to give the octatetraenefN3 andIN4, via the transition
structuresTS5 and TS6, respectively.Both transition
structurestake place along similar barrier heights (see
Tablesl and2) andthe C-1—C-4breakingbondlengths
in TS5andTS6 are2.323and 2.306A, respectively.n
thisrespectthetwo terminalcyclopentenytingspresent
a perpendiculararrangementelative to the C-1—C-4
breakingbond, promotingthe ring openingprocesysee
Fig. 3). Moreover, the stabilizing effect of the two
cyclopentenylrings causesthe outward rotation of the
oxidegroupsto belaterthanthe openingprocessThe C-
2—C-3 bond lengthsin TS5 and TS6 are 1.374 and
1.376A, respectively. Thesebondsare slightly longer
thanthe correspondingbondsin intermediatedN1 and
IN2 (1.355A) but shorterthanthosein the octatetraenes
IN3 and IN4 (1.462and 1.456A, respectively).These
resultsindicate that the ring cleavageprocessegorre-
spond to a non-concertedelectrocyclic mechanism,
wherethe breakingbond procesds moreadvancedhan
the conrotatory processto give the octatretaenecon-
jugatedsystem.

During the ring cleavagesthere is a change in
hybridizationfrom sp® to sp onthe C-1andC-4 centers.
Therefore assoonasthe intermediatedN3 andIN4 are
formed, the temporalstereochemicainformation along
the pathway on centersC-1 and C-4 is lost, but the
diastereomeridistinction persistsowing to the outward
rotationof the oxide groups,which only leadto a cis C-
2—C-3andC-4—C-5arrangement.

TheintermediatesN3 andIN4 aretwo rotamerswith

J. Phys.Org. Chem.12, 61-68(1999)
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Figure 3. Schematic representation of TS6 (without hydrogens), showing the perpendicular arrangement of the two

cyclopentenyl rings relative to the C-1—C-4 breaking bond

similarenergieg—454.1and—454.3kcal mol™*, respec-
tively), which can be connectedby meansof different
rotationsaroundthe C—C single bondsof the octate-
traenesystem.Therearealternativewaysconnectinghe

two intermediatesandoneof them(TSint) wasselected
in orderto compareits barrier height (12.9kcal mol™?)

with thosein TS7 and TS8 (45.7 and 32.7kcalmol ™,

respectively) Therefore thereis aneasyinterconversion
betweenIN3 and IN4 and the Curtin~-Hammettprinci-

ple**~3*%hasto be takeninto accountduring the reactive
sequence.

The helical arrangementf theseintermediategavors
the p atomic orbital overlap of the carbonchain and
concomitant electron delocalization through the 8z
system of the octatetraene.Hence these favorable
interactiongpromotethe electrocyclizatiorof the octate-
traenedN3 andIN4 to give the productst and?7, via the
transitionstructuresTS7 and TS8, respectively(seeFig.
4). However the presencef the tert-butyl substituenbn
the cyclopentenylring plays an importantrole in these
electrocyclic closures.The presenceof the endo tert-
butyl grouphindersthe bond-makingprocesetweerC-
6 andC-11in rotamerIN3 andconsequentlyhe energy
of TS7 is higherthanthat of TS8 (13.2kcalmol™%), the
C-6—C-11 forming bond lengths being 2.150 and
2.072A, respectively.Therefore,only the exo rotamer

CopyrightO 1999JohnWiley & Sons,Ltd.

IN4 undergoessubsequentlectrocyclizaibn to obtain
cyclooctatriene7. The chirality control of the hetero-
domino sequencas kinetically dominatedby the path-
way IN4 - TS8 andthe steric bulk effect of the endo
alkyl group of the cyclopentenylat transition structure
TS7 modulateghe absoluteconfigurationof the product.
The sterochemicaloutcome is decided at this stage.
Selectedgeometricparametergor TS3, TS4, IN1, IN2,

TS5,TS6,IN3, IN4, TSint, TS7,TS8,6 and7 aregiven
in Tables4 and5.

Intramolecular aldolic condensation of cycloocta-
triene 7

The last chemical processto transformthe cycloocta-
triene7 into the polycyclic systems and9 [seeFig. 1(b)]
demandshe previoushydrolysisof thelithium dienolate
7. A plausiblemechanismwould take placethroughthe
enolsIN5 and IN6 with similar energies(seeTables1
and?2). Both enolscould afford the tetracyclicsystems3
and 9, via the transition structuresTS9 and TS10,
respectively andfurther protonation—deprotonatiopro-
cesses.The similar energiesof IN5 and IN6 and the
similar barrierheightsassociateavith TS9andTS10are
in agreementwith the fact that in aqueoushydrolysis

J. Phys.Org. Chem.12, 61-68(1999)
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Table 4. Selected geometric parameters (bond lengths in A, angles in degrees) for TS3, TS4, IN1, IN2, TS5 and TS6

Bond TS3 TS4 IN1 IN2 TS5 TS6
C4—-04 1.256 1.259 1.340 1.340 1.305 1.307
Li2—0O4 1.875 1.867 1.703 1.698 1.726 1.717
C4—C10 2.237 2.217 1.506 1.507 1.469 1.471
Li2—C10 2.143 2.150 3.651 3.708 3.708 3.742
Cl1—C4 1.689 1.699 1.767 1.748 2.323 2.306
Ci1—C2 1.578 1.580 1.561 1.562 1.476 1.475
C2—C3 1.362 1.362 1.355 1.355 1.374 1.376
C3—C4 1.522 1521 1.557 1.561 1.476 1.474
C10—C4—04 101.93 101.49 112.27 112.56 116.70 116.56
Li2—04—C4 102.06 102.75 161.87 163.66 162.06 164.48
C10—C4—C3—C2 10.61 243.70 110.47 248.23 80.09 280.37
C10—C4—04—Li2 3.05 5.42 23.63 319.30 24.36 329.01
C4—C3—C2—C1 359.22 1.18 0.70 359.50 10.76 348.37
C10—C4—C1—C5 148.02 211.02 135.59 225.85 131.82 227.02
01—C1—C4—04 251.24 111.13 229.39 130.96 232.31 125.48

Table 5. Selected geometric parameters (bond lengths in A, angles in degrees) for IN3, IN4, TS7, TS8, 6 and 7

Bond IN3 IN4 TSint TS7 TS8 6 7

Ci1—C2 1.383 1.381 1.388 1.436 1.428 1.497 1.492
C2—C3 1.462 1.456 1.460 1.408 1.418 1.365 1.370
C3—C4 1.385 1.384 1.388 1.439 1.427 1.399 1.490
C4—C10 1.478 1.480 1.475 1.410 1.414 1.365 1.365
Ci0—C11 1.342 1.343 1.345 1.399 1.400 1.492 1.489
C11—Co6 3.968 4.146 3.452 2.150 2.072 1.559 1.558
C6—C5 1.340 1.341 1.340 1.403 1.399 1.502 1.490
C5—C1 1.481 1.481 1.478 1.410 1.415 1.359 1.365
C4—C3—C2—C1 84.32 279.75 24.40 15.61 317.01 355.36 333.95
C10—C11—C6—C5 103.95 245.47 71.47 122.88 238.72 115.16 245.06
C7—C6—C11—C10 312.47 56.66 312.54 236.04 122.19 229.32 124.84

Figure 4. Schematic representation of TS8 (without hydrogens), showing the helical arrangement favouring the p atomic orbital
overlap of carbon chain and concomitant electronic delocalization through the = system. Dashed lines indicate the helical carbon
chain

Copyrightd 1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 61-68(1999)
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conditions thetetracyclicsystems and9 areobtainedat
similar rates.

The transitionstructuresTS9 and TS10 correspondo
intramolecularaldolic condensatiorprocessesThe C-
4—C-5andC-1—C-10forming bondlengthsin TS9and
TS10are 1.869and 1.912A, respectively.The arrange-
ment of the tert-butyl substituentdoesnot lead to any
asymmetricinduction during thesechemical processes,
giving two tetracycliccompoundsvith similar yields, in
agreementwith the experimentaldata. Nevertheless,
more studiesare being conductedin orderto obtain a
detailedexplanationof the stepsin the overall process,
andthe resultswill be reportedelsewhere.

CONCLUSIONS

A theoreticalstudy of the molecularmechanisnfor the
co-addition of a chiral and an achiral cyclopentenyl-
lithium to a squarateester has been carried out. The
reaction pathwayswere studied using the PM3 semi-
empirical method.Specificdetailsof the overall process
may changeat higher levels of theory (e.g. ab initio
methods), but despite the approximatenature of the
calculations employed here, some important features
were clarified in order to establishnew mechanistic
insights into the molecular mechanism of domino
pathways of squarateester sequentialreactions. The
following conclusionscan be drawn from the results
obtainedin this study: (i) the stepin the dominoprocess
responsibleor the stereochemicatontrol of the global
procesgorrespondso the conrotatoryelectrocyclization
of theexooctatetraendéN4; (ii) thelargevaluetheof the
barrierheightassociatedvith the cyclizationof the endo
octatetraendN3 and the easyinterconversiorbetween
the helical octatetraenerotamersIN3 and IN4 can
explaintheformationof a uniqueproduct,the cycloocta-
triene 7, in agreementwith experimental data; the
Curtin—-Hammettprinciple is operativein this reactive
sequenceand (iii) the electrocyclicopeningof 4 and5
intermediate$s anasymmetrigprocessthering opening
procesds more advancedhanthe disrotatorymotion of
cyclopentenyl rings in the correspondingtransition
structures; TS5 and TS6, respectively.
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