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ABSTRACT

Modern quantitative and qualitative Molecular Orbital (M O) methodswere
used to test the assumption that during Diels-Alder reaction of a cyclic
compound A with cyclopentadiene and with furan gives endo product is
the kinetic product and the exo product is the thermodynamic product the
reaction product is analyzed and the results are considered in terms of
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INTRODUCTION

TheDigls-Alder reactionisan organic chemica re-
action (specifically, acycloaddition) between aconju-
gated dieneand asubstituted akene, commonly termed
thedienophile, to form asubstituted cyclohexene sys-
tem.[*3 The reaction can proceed even if someof the
atomsin the newly-formed ring are not carbon. If the
diene and the dienophile both are cyclic then the exo
and endo adduct will formed.

Most commonly, diene bears an electron-rel eas-
ing group (ERG) and dienophile bears an el ectron-
withdrawing group (EWG). The strongest interac-
tion takes place between HOMO of diene and
LUMO of dienophile. Carbonsthat havethe highest
coefficientsintwo frontier orbitalswill beginto bond;
therefore these carbonswill direct the orientation of
substituents and thusidentity of major product of a
Diels-Alder reaction. The HOMO of thediene will
donate electron density to the LUMO of the
dienophileresulting non-polar transition state and
cyclic product. In the case of reaction between two

cyclic compoundsthetrangition statefollowstheendo
reaction path. It istherefore endo product will form
faster for those reactions.

Inthisreport, | tested the hypothesisthat the endo
product will formed between the reaction of cyclic
compound A with cyclopentadiene and furan.
Cyclopentadiene and cyclic compound A can react
with each other and formed either endo or exo ad-
duct bicyclo[2.2.1] hept-5-ene-cis-2, 3-diketo com-
pound (B). Furan and maleic anhydride can react
and formed either exo or endo adduct of 7-
oxabicyclo [2.2.1] hept-5-ene-cis-2, 3- diketo
compound(C). Using abinitio calculation the kinetic
and thethermodynamic product of each reaction was
predicted and then the two reactions are carried out
to test the predictions. The reaction of cyclic com-
pound A with the cyclopentadiene is known to be
much faster than that that of furan. The differencein
reactivity and the stereochemistry of the adducts
formed from the two reactionsisconsidered in terms
of relative energies of thereactants, transition states,
and products.
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MATERIALAND METHODS

Molecular moddling and calculation

All caculationswereperformed using theprogram
Spartan 04 for Windows, from Wave function.
Cyclopentadiene, furan, and mae canhydridewereeach
built and their equilibrium geometry cal culated using
Hartree-Fock 3-21G* calculations. For each diene, a
surface corresponding to the HOM O was generated.
For cyclic compound A, a surface corresponding to
the LUMO was generated. By visual observation of
theoverlgp of thereactant HOMO and LUMO, aqudli-
tative prediction of thekinetic product of each reaction
could bemade based on quditativefrontier molecular
orbital theory. The ground state energy of each reac-
tant wasrecorded. The equilibrium ground state ener-
giesof theendo- and exo formsof B and C werethen
calculated asdescribed abovefor thereactants. This
allowed prediction of the thermodynamic product of
each reaction. Considering the energies of the reac-
tants and product for each reaction, aqualitative pre-
diction of therel ative positionsa ong the reaction coor-
dinate of thetransition states could be made based on
the Hammond postul ate.
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Thetransition state energy of thepredicted kinetic
product wascaculated for B. Startingwith the product
sructure, the Reaction (curved arrow) modulewasused
to draw arrowsrepresenting theretro-Diels-Alder re-
action. Theenergy wasthen cal culated by optimizing
thetrangtion state geometry sing abinitio caculations
at the3-21G* leve. With the energies of thereactants,
trangition stateand productsfor theformation of endo-
B and endo-C, it was possibleto estimatetherel ative
rates of thesetwo reactionsin theforward and there-
versedirections (k1/k2)f and (k1/k2)r. Thisrequires
the assumption that the entropy of activation (AS$) of
these processesisapproximately equa:
thus
AH -AH '~AG-AG_ '=AAG
AND
K= (Kg,T/h) exp (-AG/RT)

HenceK /K =exp (-A AG/RT)

Thereversibility of thesetwo reactionswastaken into
account when rationalizing the stereochemistry of the
isolated products of reactionsB an C.

EXPERIMENTAL

TABLE 1: Calculated energiesfor thereaction of Cyclope-
ntadieneand compound A

Reaction 3.21*G energy/ Normalized energy
component Hartees** (kJ/mal)
Reactants -565.8140 162.41108
Endo-transition -565.7880 230.68959
Endo product (B) -566.8738 5.798
Exo product (C) -566.8760 0

**1 Hartee=2625.5 kJmol*

TABLE 2: Calculated energiesfor thereaction of Furan and
compound B

Reaction 3.21*G energy/ Normalized energy
component Hartees** (kJ/mol)
Reactants -602.4463 92.34
Endo-transition -602.4043 185.09
Endo product (B) -602.4758 12.03
Exo product (C) -602.4805 0

**1 Hartee=2625.5 kJmol*

Asper energy calculationit is observed that the
endo product dominatesin both reactions.

Bicyclo [2.2.1] hept-5-ene-cis-2, 3- diketo com-
pound (B)

In a50-mL round bottom flask fitted with adry-
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ing tube, cyclic compoundA (1.5 g) wasadded to dry
ethyl acetate (5 mL),and the solid dissolved by gentle
heating. Diethyl ether (5 mL) was added, and the so-
[ution swirled to mix the solvents. The solution was
then cooled inanice bath. Keeping the solution cold,
freshly cracked cyclopentadiene (1.2 mL) wasadded,
and the solution swirled (with coolinginanicebath
temp 0to -5 degree centigradeif necessary)until the
exothermicreaction subsided, resultinginawhitesolid.
The crude B wasrecrystallized in situ by gentle heat-
ing of the mixture until the solid dissolved, followed
by slow cooling of the solution to room temperature
toyieldlargecrystals. Thecrystaswerefiltered and
washed with asmall amount of ice-cold ether, and the
melting point compared to the known melting points
of endo-B and exo-B.

7-Oxabicyclo [2.2.1] hept-5-ene-cis-2,3-diketo
compound (C)

Ina50-mL round bottom flask fitted withadrying
tube, cyclic compound A (1.5 g) was added to anhy-
drousdiethyl ether (10 mL), and the solid dissolved by
gentle heating. The solution wasthen cooledinanice
bath, and the volume of ether restored to 10 mL while
the solution wasstill cool, furan (1.0 mL) was added,
and thereaction swirled gently. Thereaction flask was
then stoppered, and the stopped wrapped in parafilm
and secured with aplastic stopper clamp. Thereaction
was allowed to proceed without stirring for 48 hours.
Theresulting solid was collected on aHirsch funnel,
and washed with ice-cold hexane (~1 mL). CrudeC
wasrecrystallized from hexane-ethyl acetate by hesat-
ingthesolidinhexane(5mL) until themixturejust reaches
boiling, followed by addition of enoughwarm ethyl ac-
etateto dissolvethesolid. Thesolutionwasa lowed to
cool to room temperature and, after crystalshad ap-
peared, cooledinanicebath. Therecrystallized Cwas
filtered and washed with ice-cold hexane (2x 1 mL),
and dried. Themdting point wascompared to theknown
melting points of endo-C and exo-C.

Modédling experiment

| havefound Spartan ’04 for Windows 7 to be rela-
tively straightforward to use. For thisexperiment, the
results generated are consi stent, and the recommended
level of theory resultsin processing timesof lessthan
three minutesusing PCswith INTEL CORE 2 DUO
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processors. | havefound no advantageto using ahigher
basis set to calculate the energies of the ground states
or transition states. (Single point energy calcul ations
using the 6-31G* basis set on the 3-21G* geometry
addsan extrastep and up to 3 minutesto each calcula
tion.) . A graph of theenergies can be used to show the
differencesin thetwo processes
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Figurel: Agraph of thecalculated 3-21G* energiesof the
reactants, transition stateand product for theformation of
theendo-adductsB (-) and C (- -). Position of thetransition
statesalong thereaction coor dinate hasbeen imposed by
theauthor.

Notethat thisgraph, whileillustrative, should be
treated only asanillustration, and not ameansof cal cu-
lating absol ute activation energies. Electron correaion
methods (suchasM P2 caculationsor pBP density func-
tional methods) are necessary to account for reaction
energeticsaccurately. Hartree- Fock methodsareonly
satisfactory in describing rel ative activation energies.
Regarding the geometry of thetrangition states, itisin-
structive to examine the CY CLIC COMPOUND A
moi ety of theactivated complex leadingto endo-B and
that leading to endo-C. For each reaction, thedihedral
angles defined by the exocyclic carbon, carbon 1/4,
carbon 2/3, and hydrogen 2/3 changefrom 0° for CY-
CLIC COMPOUND A to about 58° in the product
(58.5° for endo-B, 58.7° for endo-C). Inthe activated
complex leadingto endo-C, thisdihedra angleis23.4°,
5.9° greater than that found in the transition state lead-
ing to endo-B. Other measures of the position of the
trangition state d ong the reaction pathway, such asthe
length of the new bond forming between carbon 2 and
carbon 1', areconsistent with alater transition statein
thereactionwith furan.

Observation of the vibrational modes of the acti-
vated complex isauseful exerciseinthat it demon-
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TABLES3
O O X
\ T4 15 /7 X=CH,,0
2 3
EXO CARBON
Feature Reaction Transition state Product
c2—C1' B 221 A 157
c2—C1' C 2.13 157
H2-C2-C1-Cexo B 17.5° 575
H2-C2-C1-Cexo C 23.4° 56.7°

stratesthat asingleimaginary frequency ispresent that
correspondsto the reaction coordinate.

However, thiscal culation ismuch moretime con-
suming than trangition stlate geometry optimizations. In
the case of thetransition sateleading to endo-C, INTEL
CORE PROCESSOR the 3-21G* trangition stateen-
ergy caculation required lessthan 3 minutes, whilethe
frequency calculation took over 40 minutesusing a
INTEL CORE PROCESSOR.

Product mdting points(caculatedinaMEL-TEMP
3.0 melting point apparatus.) (From the Dictionary of
Organic Compounds, 6th edition, Chapman & Hall,
Electronic Publishing Division, 1996)

- endo-B 138°C (product B)
- exo-B 154-156 °C (product B)
- endo-C 78-80 °C (product C)
- exo-C 124 °C (product C)
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CONCLUSION

Thisexperiment will prove presumption that the
endo adduct isdominate asthefigure suggeststhe chief
production of theendo adduct.
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