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ABSTRACT: Enhanced rates of solvolysis have been reported for some isodrin derivatives, e.g. compounds2, 3, 6
and7 compared withanti-7-norbornene (1). The effect has been ascribed to the formation of laticyclic (2� 2� 0) p-
delocalization on a carbocation such as5. However, comparable rates of solvolysis were also observed for analogous
monoenes4, 8, 9 and 12, where no adequate explanation has been provided. Molecular modeling at both
semiempirical andab initio levels shows a good correlation between the stabilization energy of the cations and their
kinetic data. The enhanced rate of solvolysis for4, 8, 9 and 12 can be rationalized by strong effects ofs-bond
participation in the transition state. For both series of compounds, the stabilization effect can be effectively
transmitted either through space or through bonds. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The 1011-fold rate enhancement for the solvolysis of anti-
7-norbornene (1) compared with that of norbornane has
been ascribed to the formation of a non-classical carbon
cation.1 In 1968, Allred and Hinshaw2 reported that the
solvolysis rate of 2 showed a further 102–103-fold
enhancement compared with that of1. The effect was
rationalized by the formation of a cationic intermediate,
such as5, in which the charge was delocalized through
space over two double bonds (p1 andp2).

3 The structure
has been classified as one of the laticyclic (2� 2� 0)
system stabilized by 4p electrons.3,4 Although the
concept of a non-classical carbocation in the solvolysis
of 7-norbornenyl derivatives has been recognized in
general,5 the effectiveness of electron delocalization on
an extended system such as5 remains unclear.

For the partially saturated monoene4, the solvolysis
rate is expected to be significantly slower than that of2,
and about the same as that of1. In fact, the observed rate
for 4 is close to that of2 within a factor ofca 2.6 This
result suggests uncertainty regarding the existence of5.
Allred et al.6 ascribed the enhanced rate of4 to steric
reasons. However, Paquette and Dunkin7 measured the
solvolysis of 6–9 and concluded that all the doubly
bridged compounds such as2, 4 and 6–9 received
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08essentiallythe sameamountof stabilizationfrom the
p1-orbitals as that of 1 (leveling effect). Any stabiliza-
tion effect derived from the second bridge (p2 or
—CH2CH2—) wasthereforerenderedinsignificant.

Ourpreviousstudiesindicatedthats-orbitalsmayplay
asignificantrole in thestabilizationof carbocations.8 The
-bondingsin polycyclic hydrocarbonsmixed with each
other more extensivelythan linear moleculesowing to
theirstructuralcomplexity.9 Moreandmoreevidencehas
beenobtainedin recentyearsshowingthatthes-bondsin
polycyclic compoundscan alter their chemical beha-
viors.10,11 Our continuinginterestin this field prompted
us to reinvestigatethenatureof the solvolysisprocesses
of theseisodrin derivatives.The detailsof our analysis
aredescribedhere.

RESULTS AND DISCUSSION

Relative stability among the cations

The heatsof formationfor structures2–12 (X = Cl) and
thecorrespondingcationswerecalculatedby semiempi-
rical modelsAM112 and PM313 implantedin MOPAC
6.014 and by the ab initio method15 implanted in
SPARTAN.16 From these data, the heats of reaction
(DHd) for R—Cl → R� �Clÿ wereobtainedasshownin
Tables 1, 2 and 3. The relative magnitude of DHd

correspondsto theenthalpiesof heterolyticdissociations
in thegasphase.TheDHd valuefor 1-Cl → 1� �Clÿ is
usedas a standard(DDHd = 0), while the dissociation
energiesof othercompoundsareexpressedasdifferences
(DDHd) from that of 1. The more negativethe DDHd

Table 1. Calculated thermodynamic and structural parameters for compounds 1, 2, 3 and 4 (X = Cl) and their cations (all
structures are fully optimized; units of DH are kcal molÿ1)

1-Cl/1� 2-Cl/2� 3-Cl/3� 4-Cl/4�

DHf
a (AM1) 19.5/255.2 76.7/308.8 85.4/315.8 38.4/270.0

DHd
b (AM1) 176.9 173.3 171.6 172.6

DDHd
c (AM1) 0.0 ÿ3.6 ÿ5.3 ÿ4.3

DHf
a (PM3) 17.8/255.5 67.8/301.3 76.0/307.9 33.7/266.4

DHd
b (PM3) 178.9 174.7 173.1 174.2

DDHd
c (PM3) 0.0 ÿ4.2 ÿ5.8 ÿ4.7

DHd
b (HF/3-21G) 159.1 148.7 144.2 148.9

DDHd
c (HF/3-21G) 0.0 ÿ10.4 ÿ14.9 ÿ10.2

Rel. ratesolv. 1 200d 380e 130f

a Standardheatof formation.
b Standardheatof dissociationfor R—Cl → R� � Clÿ.
c RelativeDHd valueswith respectto that of 1.
d At 100°C in 80%aq.acetone(Ref. 7).
e At 110°C in 80%aq.dioxane(Ref. 8).
f At 85°C in 80%aq.dioxane(Ref. 6).
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value for a compound is, the more stable is the
correspondingcation. It is interestingto find that the
calculatedvaluesof DDHd for 2, 3 and4 areall smaller
than that of 1 (negativevalues). The relative magni-
tudes are also consistentwith their relative rates of
solvolysis(Table1). ThecalculatedDDHd valuesby the
ab initio methodwith the3–21Gbasissetfor 1, 2 and3
are 0.0, ÿ10.4 and ÿ14.9kcalmolÿ1, respectively,
whereastheir observedrelativeratesof solvolysisare1,
200and380,respectively.In a preliminarycommunica-
tion weshowedthatbothsemiempiricalmodelsAM1 and
PM3 also gave reasonablepredictionsfor thesecom-
pounds.8 TheDDHd valuesfor 2 and3 calculatedby AM1
areÿ3.6 andÿ5.3kcalmolÿ1 and thosecalculatedby
PM3 areÿ4.2 andÿ5.8kcalmolÿ1, respectively.It is
logical for the benzenering (p2) of 3 to give a better
stabilizationeffect than the doublebondof 2, sincethe
interactionbetweenp1 andp2 is expectedto bestronger
for the former.

It seemsthatthecalculatedDDHd valuesaresomewhat
overestimatedby theabinitio modelthanthoseestimated
by semiempiricalmodels.17 However,oneshouldrealize
that the solvolysis data presentedin the literature are
mostly kinetic parametersobtainedunderchosencondi-
tions, e.g. in different solventsat certain temperatures.
The rate of solvolysis (a kinetic parameter)may not
correspondquantitativelyto the energyof the cations(a
thermodynamicparameter).A comparisonin relative
terms should be more meaningful accordingto Ham-
mond’spostulate.18

It is most surprisingto learn that the DDHd value of
4 is estimatedto be close to that of 2, i.e. ÿ4.3kcal
molÿ1 by AMl, ÿ4.7kcalmolÿ1 by PM3 and
ÿ10.2kcalmolÿ1 by HF/3–21G. The previously ‘un-
expected’highrateof solvolysisis correctlypredictedby
all three theoreticalmodels.The kinetic behaviorof 4
thereforecanbe rationalizedby the relative stability of
cation4�.

Table 2. Calculated thermodynamic parameters for compounds 6, 7, 8 and 9 (X = Cl) and their cations (units of DH
are kcal molÿ1)

6-Cl/6� 7-Cl/7� 8-Cl/8� 9-Cl/9�

DHf
a (AM1) 88.4/320.6 97.7/328.5 55.3/287.0 81.8/314.3

DHd
b (AM1) 173.4 172.0 172.8 173.7

DDHd
c (AM1) ÿ3.5 ÿ4.9 ÿ4.1 ÿ3.2

DHf
a (PM3) 82.1/316.0 90.1/322.6 52.9/285.9 71.8/306.0

DHd
b (PM3) 175.0 173.7 174.2 175.4

DDHd
c (PM3) ÿ3.9 ÿ5.2 ÿ4.7 ÿ3.5

Rel. ratesolv.d 350 417 380 170

a–d SeeTable1.

Table 3. Calculated thermodynamic parameters for compounds 10, 11 and 12 (X = Cl) and their cations (units of DH
are kcal molÿ1)

2-Cl/2� 10-Cl/10� 11-Cl/11� 12-Cl/12�

DHf
a (AM1) 76.7/308.8 59.4/291.7 81.6/313.1 33.2/265.6

DHd
b (AM1) 173.3 173.2 172.7 173.6

DDHd
c (AM1) ÿ3.6 ÿ3.7 ÿ4.2 ÿ3.3

DHf
a (PM3) 67.8/301.3 52.1/286.0 71.8/304.9 28.6/262.5

DHd
b (PM3) 174.7 175.1 174.3 175.2

DDHd
c (PM3) ÿ4.2 ÿ3.8 ÿ4.6 ÿ3.7

Rel. ratesolv.d 160 30 480 28

a–c SeeTable1.
d At 100°C in 80%aq.dioxane(Ref. 19a).
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Calculations on related systems

Thecalculationswereappliedto otheranalogoussystems
in order to ensurethat the situation which appeared
between2 and4 wasnot merelyanisolatedspecialcase.
Thesolvolysisrateof 8 (380vs 2) hasbeenshownto be
slightly faster than that of 6 (350 vs 2), and the
calculationsgive a consistentestimation.7 The DDHd

valuesfor 8 areÿ4.1kcalmolÿ1 calculatedby AMl and
ÿ4.7kcalmolÿ1 by PM3, and those for 6 are
ÿ3.5kcalmolÿ1 by AMl andÿ3.9kcalmolÿ1 by PM3
(Table 2). Both modelsagainpredictedthat the benzo-
fusedderivative7 shouldbesolvolyzedfasterthan6 and
8. TheDDHd valuesfor 7 areÿ4.9kcalmolÿ1 (AM1) and
ÿ5.2kcalmolÿ1 (PM3),while its solvolysisrateshowed
ahighvalueof 417timesthatof 2. Theorderof reactivity
among6, 7 and8 agreeswith that among2, 3 and4.

A recentmeasurementon thesolvolysisof compound
11, in which a cyclopropyl group is attachedon the
secondbridge,showeda rateenhancementwith respect
to 2 (Table 3).19 The estimated DDHd values
(ÿ4.2kcalmolÿ1 by AM1 and ÿ4.6kcalmolÿ1 by
PM3) give a proper prediction of its kinetic behavior
(480-fold vs 1). In the same report, Lloyd and co-
workers19 recordedtheratedatafor compounds9 (Table
2), 10 and12 (Table3), which representa different ring
skeletonto thoseof 2 and6. Theremotep-bridge(p2) of
10 is orientedperpendicularlyto p1, thus changingthe
orbital interactionbetweenthe two bridges.20 However,
nocommentwasofferedontheorigin thatcausedtherate

enhancement.In ourcalculations,cation10� is shownto
be more stable than 1�, which is consistentwith rate
measurementswherethereactivityof 10wasfoundto be
30 times that of 1. For 9 and 12, the calculatedDDHd

valuesarecloseto thatof 10evenin theabsenceof thep2

moiety (Table 3). A comparisonbetween10 and 12
reaffirmedthe phenomenonthat thep2-orbital is not the
only factor capableof promoting the stability of the
cation.A saturatedhydrocarbonbridge,i.e. —CH2— or
—CH2CH2—, cansupplya similar stabilizingeffect.

Structural effects

Fromtheaboveanalyses,we candrawthefollowing two
conclusions:(1) the rateenhancementof solvolysiscan
be ascribedto the stability of the cations;and (2) the
addition of an extended hydrocarbon bridge to the
structureof 1, whetherit is saturatedor not, contributes
to thestabilityof thecorrespondingcationwith respectto
1�.

Earlier studieson the diene system(e.g. 2 and 3)
showedthat the p-orbitalsof p1 and p2 are locatedso
closeto eachother that they inevitably overlapthrough
space.21 The (p1ÿ p2) and (p1� p2) energy splitting
calculatedfor 2 is 1.8eV (seeTable5). In otherwords,
theenergylevel of p1 is perturbedby thepresenceof p2.
If we agree with the concept of a ‘non-classical
carbocation’which exists in the solvolysisof 2,1,22 we

Table 4. Ab initio (HF/3±21G) optimized geometrical parameters for compounds 1, 2, 3 and 4 (X = Cl) and their cations

1-Cl/1� 2-Cl/2� 3-Cl/3� 4-Cl/4�

d1 (Å) (HF/3–21G) 2.32/1.94 2.30/1.88 2.30/1.87 2.30/1.89
d1 (Å) (AM1) 2.35/2.23 2.33/2.17 2.33/2.16 2.33/2.16
d2 (Å) (HF/3–21G) 2.91/2.91 2.88/2.76 3.00/2.96
d2 (Å) (AM1) 2.70/2.71 2.76/2.74 2.94/2.94
� (°) (HF/3–21G) 125/96 122/92 122/91 122/92

Table 5. Ab initio (HF/3±21G) optimized eigenvalues (eV) of selected molecular orbitals for 2 and 4 and their cations

Species HOMO HOMO-1 HOMO-2 HOMO-6

2-Cl ÿ8.4 (p1ÿ p2) ÿ10.2(p1� p2) ÿ11.02(s) —
2� ÿ12.7(p1ÿ p2) ÿ15.4(s) ÿ16.0(p1� p2) —
4-Cl ÿ9.4 (p) ÿ10.9(s) — —
4� ÿ15.1(s) ÿ15.2(pÿ s) — ÿ17.1(p� s)
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Figure 1. Drawings of selected MOs of 2� which are fully optimized by the ab initio method at the HF/3±21G level using the
software SPARTAN. (a) HOMO composed of (p1ÿ p2) with eigenvalue ÿ12.7 eV; (b) HOMO-1 composed of s orbitals with
eigenvalue ÿ15.4 eV; (c) HOMO-2 composed of (p1� p2) with eigenvalue ÿ16.0 eV.
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Figure 2. Drawings of MOs of 4� fully optimized by the ab initio method at the HF/3±21G level using the software SPARTAN. (a)
HOMO composed of s orbitals with eigenvalue ÿ15.1 eV; (b) HOMO-1 composed of (p1ÿ s) with eigenvalue ÿ15.2 eV; (c)
HOMO-6 composed of (p1� s) with eigenvalueÿ17.1 eV. For three orbitals the contributions from s orbitals are clearly shown.
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haveto acceptthe idea that changingthe energyof p1

(perturbedby p2) musthaveanoticeableinfluenceonthe
potential energy of the cations (i.e. 2� and 3�). The
presumed‘leveling effect’ which totally ignored the
influenceof p2 doesnotcomplywith theobservationthat
all the compounds that we have analyzed show
significantlyfasterratesthannorbornene(1).6,7However,
thequestionwaiting to beansweredis how thesaturated
hydrocarbonbridgesof themonoenes(e.g.4,8,9 and12)
interacteffectively with thecationiccenter.

Allred et al.6 proposeda solution to this question.It
seemslikely that thesaturated—CH2CH2— bridgeof 4
mayapplyagreaterstericcompressionto p1 owingto the
addition of two endo hydrogen atoms between the
bridges.Consequently,the distancebetweenp1 and the
cationiccenter(d1) of 4� is shorterthanthat of 2� (and
1�), whichimpliesabetterorbitaloverlappingtowardthe
formation of three-centeredbonding (non-classical
carbocation).Cation4� is thereforebetterstabilizedthan
1�. This proposalhas beenexaminedby a deuterium
isotope experimental though its reliability has been
questionedby Lloyd andco-workers.19,20

Thesubtlechangesof d1 andd2 duringsolvolysismay
bedifficult to measureaccuratelyby experiments,butcan
be envisionedmore preciselyby theoreticalmodels.A
structuralanalysiswas performedfor the chlorides1–4
and their cations.In Table 4 the valuesof d1 (distance
betweenp1 andthecationiccenter),d2 (distancebetween
p1 andp2) andthe dihedralangles� (asindicatedin the
table)arelisted.Upon forming the cation,the d1 of 1 is
reducedasa resultof p1 delocalizationtowardtheempty
p orbital. The ab initio methodgavea larger degreeof
structuralchangethanthatpredictedby AM1, e.g.thed1

for 1� estimatedby 3–21Gis 1.94Å (Dd1 = 0.38Å cp.1-
Cl) comparedwith 2.23Å (Dd1 = 0.12Å cp. 1-Cl) by
AM1. Thelargervaluesof Dd1 andD� valuesarenatural
consequencesderivedfrom a largerDDHd estimatedby
theab initio model.

The amountof reductionof d1 in 2 is expectedto be
largerthanthatof 1, i.e.2.30/1.88Å (3–21G)for 2-Cl/2�

comparedwith 2.32/1.94Å for 1-Cl/1�, as a result of
strongerinteractionamongthep orbitals.The d1 values
of 3, i.e.2.30/1.87Å (HF/3–21G),arecloseto thoseof 2,
as expected.The changein d1 valuesof 4 should be
noticeablygreaterthanthatof 2 if Allred etal. hypothesis
is correct since the —CH2CH2— bridge of the former
would apply a greaterstrain on p1 than does the —
CH=CH— bridge (p2) of the latter. However, the
observedd1 valuesof 4 (2.30/1.89Å, 3–21G)arenearly
equalto thoseof 2.

Thed2 valuesof 2,3 and4 did notchangemuchduring
the formation of cationsas predictedby both the AM1
andab initio methods(Table4) sincethetwo bridgesare
already tightly packedside by side.21 The changein
dihedralangle(D�) for all four compounds1,2,3 and4 is
about30° (122°/92° by 3–21G),whichindicatesthatp1 is
tilted towardthe cationiccenter.No apparentdifference

was observed in D� between 2 and 4. From this
information,onecanconcludethat the rateof solvolysis
of 4 is not relatedto thestericstrainbetweenp1 andp2.

Extended orbital interactions

Table5 showsthecalculated(HF/3–21G)eigenvaluesof
someselectedmolecularorbitals (MO) for 2 and4 and
their cations.16 The correspondingdrawingsof the MOs
areshownin Figs1 and2. In Fig. 1 it canbeseenthatthe
HOMOof 2� is anout-of-phase(p1ÿ p2) combinationof
the two p orbitals,whereasthe HOMO-2 belongsto the
in-phase(p1� p2) one. In both orbitals the p electrons
areshownto havedelocalizedacrossthebridgestoward
theemptyp orbitalat thecenterof solvolysis.Theenergy
splitting betweenthe two orbital of 2� is 3.3eV, a
separationlarger than that between the HOMO and
HOMO-1 (1.8eV) of 2-Cl beforesolvolysis.Theenergy
levelof HOMO-2of 2� (ÿ16.0eV,p1� p2) is depressed
somuchthat it goesbelow the level of a s combination
(ÿ15.4eV, HOMO-1). The in-phase combination
(p1� p2) may be regardedasa representationof theso-
calledlaticyclic (2� 2� 0) homoconjugation.4

Theenergylevelof p-orbitalof 4� is alsoconsiderably
lower than that of 4. Upon forming cations,the energy
levelof p orbitalsapproximatesthatof s orbitals,andthe
interactionbetweenthe two becomesstronger.In Fig. 2
the orbitals representing(pÿ s) (HOMO-1, 4b) and
(p� s) (HOMO-6,4c) areshown,in whichthemixing of
C—H bonds(on—CH2CH2— bridge)with p1 is apparent.
In addition to the bridge atoms,thereare considerable
involvementsof others-bonds(bothsC—C andsC—H) in
thesehigh-lyingorbitals.Theinteractionsmaybedivided
into two types:the ‘through-space’type, which appears
as direct overlapof orbitals acrossthe bridges,and the
‘through-bond’ type, which is composedof sC—C and
C—H orbitalsotherthanthosebridgeatoms.23 Both types
contributeto thestabilizationof thecation,andin Figs1
and 2 it seemsthat through-bondinteraction is more
emphasizedin 4� than in 2�. Therefore, one can
concludethat the endo-sC—H bondsof 4� do provide
anassistingeffectfor thesolvolysisof 4 throughelectron
delocalization.24 A quantitativeestimationof theamount
of stabilization,both through-bondand through-space,
maybeobtainedreliably by theoreticalmodels.

CONCLUSION

Therateenhancementsfor thesolvolysisof 2–4and6–12
with respectto that of 1 canbe ascribedto two typesof
orbital interactions. The first type of interaction is
transmitted ‘through space,’ which appearsby direct
overlap of orbitals acrossthe two bridges.The p1–p2

interactionof this typein 2,3,6,7,10and11 is themajor
causeof enhancedstability among the cations.Direct
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orbital overlapbetweenp1 andthe endo-sC—H bondsof
the—CH2CH2— bridgeof 4, 8, 9 and12alsooccurs,but
to a lesser extent. The secondtype of interaction is
transmitted‘throughbonds,’which mayberegardedasa
long-rangeinductiveeffect.Thecationsof 4, 8, 9 and12
are stabilized by p1 through space (non-classical
carbocation)andby s-bondsmainly throughbonds.Both
ab initio and semiempiricalmodelscan provide good
estimationsof theoverall effect inducedby eachtypeof
orbital interaction.
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