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ABSTRACT: The coordination of a resonance-stabilized hydrocarbon cation and anion yielded a series of
unprecedented hydrocarbons, which are susceptible to thermal heterolytic cleavage of carbor—mamsrin polar

media, generating the original ions under reversible conditions. When the component ions were sufficiently stabilized,
some ion pairs were even isolated as solids, thus providing the first examples of hydrocarbon salts. The direct
observation of the heterolysis by means of spectroscopy permitted reliable thermodynamic treatments of the observed
degree of ionic dissociation. Correlation of the free energy of heterolysis with solvent dielectric constants and
parameters of ion stabilities such d§q, pKr- and redox potentials revealed the importance of the thermodynamic
stabilities of ions, the degree of solvation and steric congestion in the starting molecule as major controlling factors in
the heterolysisl] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION element. It might be expected for this reason that small
electrical imbalances, caused by the influence of
Hydrocarbons constitute the most fundamental group of substituents and solvent, between the ends of carbon—
compounds in organic chemistry. As expressed in the carbon bonds may induce polarization, thus permitting
introductory portions of many textbooks, carbon—carbon the experimental observation of heterolytic cleavage to
bonds in such molecules are thought to be covalent inform a pair of ions.
nature, and the standard mode of thermal cleavage of Usually, carbocations and carbanions are highly
these bonds is homolysis (Scheme 1). Considering thereactive, but are stabilized by resonance so that one can
electrically neutral character of carbon atoms, however, it detect them in solution as long-lived entities. To date, a
would not be surprising to observe the heterolysis of a number of extremely stable carbon ions have been
carbon—carbon bond in hydrocarbons for the case of areported: It is natural to consider that the most
properly designed structure. Carbon is positioned in the straightforward method for obtaining a heterolytically
middle of the first row of the Periodic Table, between a dissociative hydrocarbon is to construct a molecule by
series of electropositive (Li, Be and B) and electro- connecting highly stable cationic and anionic hydro-
negative (N, O and F) elements. As a result, carbon is carbon moieties. In this review, the synthesis of such
amphoteric in nature, which permits the formation of hydrocarbons and the direct observation of their hetero-
trivalent, carbon-centered Lewis acidic (carbenium ion) lysis in solution or in the solid state will be described.
and Lewis basic (carbanion) species. In view of the Factors that govern heterolytic bond dissociation energy
noticeable tendency for carbon to form both types of will be discussed in a quantitative manner, based on the
species, the carbon—carbon bond may be considerablythermodynamic parameters determined under reversible
susceptible to thermal heterolysis, a phenomenon whichconditions.
is uncommon in a bond connecting atoms of the same
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(Scheme2). Comparedvith thevastnumberof examples
of homolytic cleavage, only a limited number of
examplesf the heterolysisof carbon—carbofondscan
be foundin the literature,eventoday,andmostof these
arerelatedto thethermalcleavageof small-ringsystems.
Relief of strain by ring openingis obviously a funda-
mentaldriving force for this type of bond dissociation.
The presencef a stronglyelectron-donatingubstituent
on oneside of the dissociatingcarbon—carbofondand
of a strongly electron-withdrawingsubstituenton the
other makesheterolytic cleavagemore favorable than
homolytic cleavage,since the zwitterion intermediates
are sufficiently stabilizedby delocalizationof positive
and/ornegativecharges.

Alternatively, an ionic intermediateis stabilized by

R
M
° |\|/|e (l)N
MeO,C CO,Me
2 2 Me—o—r‘clz—No2
MeQ,C CO,Me Me CN

R = Ph,CH, MeOCH,,
1-adamantyl, p-MeOCgH4CH,»

5 6

delocalizationof the positive or the negativechargeto
form achargeHiickel systensuchascyclopropenylium,
tropylium and cyclopentadienideions, in addition to
otherz-conjugatedsystemssuchasallyl andcyclohexa-
dienyl.

If sufficient stabilizationof ions is achieved,hetero-
lysis canalsobe observedn non-strainedsystemsThis
allowstheoccurrencef reactionghatarethoughtto take
placethrougha concertedpathwayby anionic fragmen-
tation—recombinatiomechanismSuchamechanisnhas
beenproposedor the Coperearrangementf 4 (Scheme
3).‘5 Anotherexamples theionic 1,5-shiftin 5,” wherean
alkyl cation migrateson to a cyclopentadienyking. In
these examples,chargesin the proposedionic inter-
mediatesare efficiently spreadover suitably located
heteroatonsubstituents.

Oneof the simplestreactionsnitiated by heterolysiss
the Sy1-type solvolysis,in which a carbanionactsasa
leaving group. Some examplesof such reactionshave
beenreportedoy MitsuhashiandHirota® for 6 andother
compoundswhich ejectananionstabilizedby cyanoand
nitro groups.

Takahashiand co-workerg reportedthat the quinoid
compound 7, having a cycloheptatrienylideneand a
dicyanomethylengroup,readily formscyclic oligomers
8 in aconcentratear cooledsolution. This oligomeriza-
tion is reversible at lower concentrationsor at high
temperatures, regenerating monomer 7. A twisted
zwitterionic intermediate,in which the tropylium ion
and the malononitrile anion are connectedby a p-
phenylenegroup,hasbeensuggestedSchemes).
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In the reactionsmentionedabove,the formation of a
transient ionic intermediate was proposed, but not
directly observed.The ionic mechanismwas distin-
guishedfrom the formation of a radicalintermediateby
the examinationof solventand substituenteffects and
trapping experiments.On the other hand, the first
exampleof reversible heterolysisof a carbon—carbon
bondwasreportedby Arnettetal.*®in 1983.Theyfound
that 9 dissociatesnto a cyclopropenyliumion and an
arylmalononitrie anionwhendissolvedn apolarsolvent
(Scheme 5). These workers also demonstratedthat
equilibrium betweenthe covalentmoleculeandthe ion
pair can be observedprovidedthat the generatingons
arereasonablstabilized.

HYDROCARBONS THAT UNDERGO REVERSI-
BLE HETEROLYSIS OF CARBON-CARBON
BONDS

The first synthesis of heterolytically dissociative
hydrocarbon

The observatiorof the ionic dissociationof 9 posedthe
possibility that hydrocarbonsmight also dissociate
ionically into a stable carbocation and carbanion,
providedthat the ions are highly stableandthe medium
is sufficiently polar. The first observationof the ionic
dissociationof the carbon—carbory bond in a hydro-
carbonwasreportedn 1985for thecompoundL1c—10**

This hydrocarborwas synthesizecby mixing individu-
ally prepareccomponentons,i.e.thetropyliumion 11c*
and Kuhn’s carbanion10.*? Initially, a deep green
solutionof K*10~ wasgeneratedn THF from the parent
hydrocarbon(10-H, orange powder) by deprotonation
with t-BuOK. An equimolaramountof a carbocatiorsalt
(11¢'BF, ") in THF—acetonitrile(1:1) wasthenaddedto
the solution. The deepgreencolor of 10° immediately
vanishedandthe solutionbecameorange,ndicatingthe
formation of a covalent product (Scheme 6). The
inorganiccomponentKBF,) wasremovedby evapora-
tion of the solvent and subsequentextraction with
chloroform. The product was successfullypurified by
TLC andsubsequermeprecipitation CH,Cl—pentanejo
give an analytically pure hydrocarbon,11c—10,as an
orange powder in 66% yield. The structure of the
hydrocarbonwas determinedas indicatedin Scheme6
on the basisof *H and**C NMR spectra.

A striking featureof this hydrocarboris its ionization
into 11ct and10 in polarmedia(Scheme7, Z = H). The
ionizationwaseasilyobservedy the rapid development
of a greencolor whenthe hydrocarborwasdissolvedin
polarsolventssuchasDMSO andsulfolane.Thevisible-
regionabsorptionspectraclearly exhibitedthe formation
of 10 (Amax=697nm, ¢ = 153000)to anextentof 5%in
DMSO. Acetone is not sufficiently polar to induce
dissociation,but the solution becamegreenishcolored
whenpyrenewasaddedto thesolution:acharge-transfer
complexis formedbetweerthetropyliumion andpyrene,
shifting the equilibrium towardsdissociation.

i1c*
THF-CH4CN

11c-10

66%
orange powder
mp 198°C (dec)

Scheme 6
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11a-j*

Scheme 7

Other heterolytically dissociative hydrocarbons

The propertiesof the tropylium ion can be changed
substantiallyby introducingvarious substituenton the
seven-memberethg.*® Thetropyliumion systenis thus
idealfor studyinghow the stability of the cationicmoiety
affects carbon—carborbond heterolysis.Hydrocarbons
11b-10and (11d-j)-10 and a relatedbromo derivative
11a—10weresynthesizedn a similar mannerby mixing
the anion10~ with the substitutedropylium ions 11a',
11b" and 11d"-j".***> Another stable hydrocarbon
anion, 12-,*° derived from fullerene (Cgo), also gave
ionically dissociativehydrocarbonswith tropylium ions
11ct, 11f" and11h' (Schemes).}"*®partialdissociation
of these fullerene derivatives to generate 12
(Amax=995nm, ¢ =2400) was observedspectrophoto-
metricallyin 4:1 (v/v) DMSO-CS.

Similarly, cyclopropenyium ions, stabilizedby cyclo-
propylgroupsgive hydrocarbonsyhich, whendissolved
in polar solvents,dissociateinto ions. Thus far, four
dissociativehydrocarbonsand related compoundshave
beenpreparedrom 13ad" and10~ (Scheme9).***°In

:3-&

11b* 11c* 11d*
111"
'
11h* 11it
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addition, coordinationof 13e" or 14" with 12~ gavean
ionically dissociativehydrocarborcontaininga fullerene
skeleton(Schemel0) 2!

The structuresof the coordinationproductsshownin
Scheme$—10wereverified by NMR andIR spectraln
all the compoundderivedfrom 10~ the cycloheptatrie-
nyl or cyclopropenylgroupis not attachedat the central
carbon of 107, but rather at an allylic position.
Hydrocarbonsobtainedfrom 11a*, 11b", 11d", 11g"
and 11j" were mixtures of two positional isomers,in
which 10™ is connectedto different positions of the
seven-memberedng. Thepositionsindicatedby dotson
the structural formulas of these cations representthe
carbonsforming the carbon—carbom bondwith 10,

Cations13ad* have,at first sight, two reactionsites,
i.e. the cyclopropenyliumring carbonbearingthe aryl
group,C-1, andthatbearingthe cyclopropylgroup,C-2.
Thecoordinationwith 10~ and12, however took place
exclusively on the latter carbon, owing to the steric
hindranceby the aryl group, which preventsthe cation
from coordinating at C-1, and the relatively higher
positive chargedistribution on C-2, asindicatedby the
significantdownfield shift of its **C NMR signal. The
addition of a carbocationon fulleride ion 12~ also
occurredregioselectively giving only the 1,4-adductlt
should be also mentionedthat 13e—12consistsof two
diastereomersecauseboth the cationic and anionic
moietieshavea chiral center.

Reversibleheterolysisof the carbon—carbory bond
was observed for all these compounds. One can
determinethe degree®f dissociatiorfrom the character-
istic absorptionsof carbanionin the visible/near-IR
region.In addition,electricalconductivitymeasurements
for someof thesehydrocarbonindicatethattheybehave
asweakelectrolytes(seebelow).

HYDROCARBON SALTS

Consideringthe ease of dissociationof the carbon—
carbong bond of specially designedhydrocarbonsnto
resonance-stabilizeidns, we expectedhat extraordina-
rily stabilizedionscanco-existin solutionin theabsence
of coordination.In sucha case,it shouldbe possibleto

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 157-170(1998)



STRUCTURAL DEPENDENCEOF HETEROLYTIC BOND DISSOCIATION ENERGY 161
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isolate carbocation—cadmion salt, if the inorganic
counterionsand solventcould be successfullyremoved.
Only limited examplesof suchorganicsaltsarefoundin

the literature?? For these salts, the cationic and/or
anionic moieties are stabilized by strongly electron-
donatingor electron-withdrawingubstituentgontaining
heteroatomsNo hydrocarbonwas known to form an
ionic solid.

To obtainthefirst exampleof sucha hydrocarboni.e.
a hydrocarborsalt, in 1985,we employedthe combina-
tion of the most stable hydrocarboncation and anion
known at that time!* It had been reported that the
tricyclopropylcyclgropenyliumion 14" (pKg-=10.0)
givesa covalentcompoundwith CN™ (pKya = 9.14)but
not with the p-nitrophenoxideion (pKya = 7.2)2 Con-
sequentlywe expectedhata hydrocarborsalt could be
isolatedby combiningthe stabilizedhydrocarborions if
the difference betweenthe pKg: of the cation and the
pKna of the anionis >3.

Kuhn’s hydrocarbonanion 10~, which had beenthe
moststableknownhydrocarboranionandhasa pKya of
5.9 was obviously a strongcandidatefor the anionic
moiety.Actually, thefirst synthesiof ahydrocarborsalt

13d*

14*

0 1998JohnWiley & Sons,Ltd.

was achieved by combining this anion with tris(3-

guaiazulenyl)cycloppenyliumion 15, It wasexpected
that, for cation 15", first synthesizedby Agranatand

Aharon-Shalonf? the three guaiazulenylgroupswould

effectively raise the thermodynamicstability of the

cation and also increasesteric congestionaround the

positivechargelts pKgr- valueof 13.6°° ranksit asoneof

the most stable hydrocarboncations known today. To

obtainthesalt15"10~, aTHF solutionof K*10™ andthat

of 15"CIO,~ were mixed under argon in the dark,

instantly giving a mixture of KCIO, and 15710 asa

black precipitate. The salt 15710° was isolated by

recrystallizationfrom DMSO as greenishblack needles
in ayield of 61%21%2¢

In a similar manner, four other hydrocarbonsalts
containing 10~ as the anionic componenthave been
preparedn analyticallypureforms (or asa monohydrate
in the caseof 18") from a seriesof cyclopropenylium
ions, 13e" (pKg: = 7.29)19%° 14" (10.0¥%?" and 16"
(8.9¥° and tropylium ions 17" (8.72%2® and 18"
(13.0)?° A relatedcarbocation—carbaniosalt hasbeen
obtainedfrom 13f" and 10~.?° Similarly, fulleride ion
12~ (pKnua =5.7) gavea hydrocarborsaltby combining
it with 15+.2%30

The salt structures of the solids obtained were
confirmedby IR spectroscopyThe infrared absorption
spectraof the solids, measuredusing KBr disks, were
superimposablewith the sum of the spectraof the
correspondingationicandanioniccomponentsindicat-
ing thatthe solidsareionic materialsR; "R, ratherthan
covalentcompoundsk;—Ry.

The visible/near-IRabsorptionspectrafor transparent
KBr disks of salts 13e"107, 13f"10° and 15712
showedabsorptionscorrespondingto the cation (15",
Amax=485nm; however, 13e" and 13f" have no
absorptionmaxima in the visible/near-IRregion) and
theanion(Amax 107, 697nm; 12", 1020nm).No charge-
transfer band was observedin the longer wavelength
region, indicating that the solids can be classified as
charge-separateshlts, ratherthan charge-transfecom-
plexes.

The electronicspectrameasuredor DMSO solutions
rangingfrom the UV to the near-IR region agreewith
thoseof the componentationandanion superimposed,
except that 13e"10° and 13f"10" underwentpartial
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13a-d*

Scheme 9

coordinationin DMSO into the covalentforms 13e-10
and13f-1Q respectivelywhosestructuresaresimilar to
(13ad)-10(seeScheme9), asindicatedby the presence
of only ca 90% of the theoreticalamountof 10 at a
concentratiorof ca 10~ M.

ELECTRICAL CONDUCTIVITY

Anotherpieceof evidenceindicatingpartial dissociation
of 11¢c-1011e-10and11f—10in DMSOwasprovidedby
electrical conductivity measurementS. The plot of
molar conductivity (A) againstsquareroot of concentra-
tion, ¢ (Onsagerplot) gave curved lines, which are
characteristiof weakelectrolytes(Fig. 1). This resultis
in contrastto the linear relationshipgenerallyobserved
for strong electrolytes,such as the perchloratesalts of
11ct, 11€" and11f". Extrapolatiorof A, obtainedor the
perchloratesalts,to c=0 in the A—'2 plot gives the
limiting molarconductivity A (Tablel). Subtractinghe
molar conductivity for CIO,~ in DMSO, 24.52 Scnv
mol ™%, from the observed\ for thesesaltsyieldsthe A

THF-CHLCN

14" 127

for the carbocations.Conductancemeasurementgor
hydrocarboracid 10-H indicatedthatthis hydrocarboris
alsoa strongelectrolytein DMSO, giving a Ag of 19.9
Scm? mol™t. This implies that hydrocarbon 10-H
actually behavesas a pair of freeions, H"™ and 10, in
DMSO. Subtracting14.6 Scm? mol™%, the Ay of H,
affordsthe Ag of 10~, 5.3 Scm? mol™2.

The Ag valuesfor the cation and anionenabledus to
determinethe degreeof dissociation:

a = A¢/[Ao(cation)+ Ag(anion)

whereA. is the observedconductanceat total concentra-
tion c. Equilibrium constantsfor heterolysis, Kneg
obtained by equation Kne= co?/(1 — o), for 11c—10,
11e-10 and 11f-10 are 0.6 x 106, 2.3x 10 °® and
5.9 x 10 ° M, respectively. Thesevaluesare roughlyin
agreementwith the spectrophotometricallyobtained
equilibrium constants (0.86x 10°°, 1.0x 10°® and
2.2 x 10 ® ™, respectively:seebelow).

In contrastto above-mentionedhydrocarbonshydro-
carbonsalts 14710 and 15710 followed Onsager's
equation,indicating that they are strong electrolytesin

Scheme 10

0 1998JohnWiley & Sons,Ltd.
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17* 18*

DMSO, giving A™ valuesof 18.2 and 10.9 at 25.0°C,
respectively. The Ao values for 14" and 15" were
determinedo be 12.0and5.7 Scm?® mol~* in a manner
similar to that describedabove,using their perchlorate
salts.Thesedata,togethemwith the Aq of 107, 5.3Scm?
mol~%, afford predictedvaluesof 17.3and 11.0 Scm?
mol~*. The good agreementof the observedlimiting
molar conductivitieswith the predictedvalues(Table 1)
indicatesthathydrocarborsalts1410~ and15"10 are
over 99% dissociatedin DMSO at concentrationsof
10 *-10°m.%®

Earlier spectrophotometridatafor completedissocia-
tion of 14710~ wereinconclusivepecaus¢hecation14”
showsno absorptiorin theregionabove220nm?*3*and,
asa result,this methodcannotbe usedto unequivocally
demonstrateits presence. The above conductivity,

T
[o]
g 381
[8V]
£
Q
2]
<= 24 -10
< 11f
11e-10
1
11c-10
O T T T T
0 5 10 15 20 25

Figure 1. Onsager’s plot for 11c-10, 11e-10, and 11f-10 in
DMSO at 25°C
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19*

however,providesconvincingevidencefor the presence
of both 14" and10™ asdissociatedons.

Recently,Ito et al.3* haveprepareda charge-transfer
salt composedof 19" and 10~ and obtaineda powder
conductivity of 2.6 x 10> Scm™ . Conductivity mea-
surementsusing compressegowdersof 13e"10~ and
15712~ showedthat thesesaltsare also conductorsput
the observedconductivitieswere smallerby at leastone
orderof magnitude®>33

FACTORS THAT GOVERN THE FREE ENERGY
OF HETEROLYSIS

Free energy, enthalpy and entropy of heterolysis
The successn observingreversibleionic dissociationof

hydrocarbon$iavingwell definedstructureenabledusto
determinethe thermodynamigropertiesfor the carbon—

Table 1. Limiting molar conductivities of ions and salts in
DMSO at 25°C*®

Saltor ion Ao (Scm? mol ™)
H 14.8°
Clo,” 2457
H10™ 19.9
11c"Clo,~ 38.8
11e"ClO,~ 34.8
11fClO,~ 34.7
14"ClO,~ 36.5
15"ClO,~ 30.2
14*10" 18.2(17.3)
15"10" 10.9(11.0)
8 Refs15 and26.

P Ref. 42.

° Ref. 43,

4 Sumof the limiting molar conductivitiesof componenions.
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Table 2. Free energies of carbon—carbon bond heterolysis of ionically dissociative hydrocarbons and related compounds at

25°C?
Compound Solvent K°het (10~®M) AG®het (kcalmol ™)
11a-16 DMSO 0.45 8.7
11b-1¢ DMSO 0.99 8.2
11c-10 DMSO 0.84 8.3
11d-1¢ DMSO 1.0 8.2
Sulfolané 0.16 9.3
11e-10 DMSO 1.0 8.2
Sulfolané 0.18 9.2
11f-10 DMSO 2.1 7.7
Sulfolané 1.3 8.0
11g-16 DMSO 6.4 7.1
Sulfolané 1.3 8.0
11h-10 DMSO 240 4.9
Sulfolané 11 6.8
11i-10 DMSO 140 5.2
Sulfolané 18 6.5
11j-10° DMSO 120 5.4
Sulfolané 19 6.5
13a-10 DMSO 49 5.9
13b-10 DMSO 93 5.5
13c-10 DMSO 400 4.6
13d-10 DMSO 280 4.8
13610~ DMSO 460 4.6
13f*10~ DMSO 410 4.6
14v10° DMSO >1000' <4
CHCN 210 4.8
CICH,CH,CI 66 5.7
CH,Cl, 12 6.7
THF 14 6.6
15t10° DMSO >1000 <4
16v10~ DMSO >1000" <4
17710° DMSO >1000" <4
18v10° DMSO >1000' <4
11c-12 DMSO-CS (4:1, VIv) 0.14 9.3
11f-12 DMSO-CS (4:1, viv) 1.0 8.2
11h-12 DMSO-CS (4:1, VIv) 2.2 7.7
13e-12 DMSO-CS (4:1,v/v) 29 6.2
14-12 DMSO-CS (4:1, viv) >1000" <4
15"12" DMSO-CS (4:1, viv) >1000" <4

& Refs15, 18,20 and 26.
b Mixture of two positionalisomers.
¢ Contains5% (v/v) of 3-methylsulfolando preventfreezing.

9 Equilibrium constantcould not be determineddueto essentiallycompletedissociation(>99%).

€ Mixture of diastereomers.

carbonbondheterolysisof hydrocarbonsk-or the precise
determinatiorof equilibrium constantgrom the spectro-

Table 3. Enthalpies and entropies of carbon-carbon bond
heterolysis in DMSO?

AHohetb 1 AS;het 1
Compound (kcalmol™) (calK™"mol™)
11c-10 3.1(19.6) -17
13a-10 -0.32 -20
13b-10 —0.81(11.9) -20
13d-10 —0.38 -19
& Refs15 and 20.

® Valuespredictedfrom Arnett’s equationdn parentheses.

0 1998JohnWiley & Sons,Ltd.

photometrically measuredconcentrationsof generated
ions,the degreeof dissociationg, hasto bein the range
0.001-0.99Fortunatelythedegree®f ionic dissociation
of mostof the hydrocarbonslescribedabovein solvents
suchasDMSO andsulfolanelie in this range exceptfor
thesalts14710", 15107, 16710,17"10, 18"10" and
15712, for which no covalentbondformationcould be
detected (¢>0.99). The free energiesof heterolysis,
AG°e, Were then obtained from the equilibrium
constants.The resultsare summarizedn Table 2. The
enthalpies and entropies of heterolysis were also
determinedor somehydrocarbongrom the temperature
dependencef the equilibrium constantgTable 3).

As discussedelow, the thermodynamicparameters
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Figure 2. Born plot for heterolysis of 14-10 in various
solvents at 25°C

obtained here demonstratethe importance of three
factors,namely,solvent,electronicand steric effects,in
controlling the energyof heterolysis.

Solvent effects

The dissociation behavior in various solvents was
examinedusing the salt 14710°.2° When dissolvedin
benzenechloroformor carbontetrachloride this salt, a
greensolid, is completely convertedinto the covalent
form 14-1Q giving abrownsolution.In acetonitrile,1,2-
dichloroethanedichloromethaneand THF, theionic and
covalent forms co-exist, in equilibrium. As already
mentioned, essentially complete dissociationwas ob-
servedin DMSO. Thus, a full changein degree of
dissociationover the entire spectrophotonteically ob-
servablerange can be observedby simply altering the
solvent polarity. A linear relationship was obtained
between the free energies for ionization and the
reciprocal of the solvent dielectric constant(Fig. 2).
Thelinearrelationshippredictedrom theBornequation,
indicatesthatsimpleelectrostaticsolvationof ionsis one
of the major controlling factors for carbon—carbon
heterolysis. Linear relationshipsbetween AG®,e; and
¢ ' have also beenreportedfor the cyclopropenylium
ion—arylmalononitrilesystem(Scheme5; R; = Me, Ph;
R, = NO,) by Arnett andco-workers®34
Interestingly,the covalentmolecule14—10in chloro-
form was immediately convertedinto the salt form
14710~ whenthe chloroformwas evaporatedleavinga
dark-greenresidue.Alternatively, the salt was precipi-
tated by cooling a chloroform solution of 14-10 at
—78°C. Hencel4—10is anunusuahydrocarborthatcan
exist only in solution. This seeminglystrangebehavior
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Table 4. pKi- values and reduction potentials of carboca-
tions.

Cation pKr.2 Ereq (V)P
11at 3.25

11b" 3.88

11¢" 3.88 —0.510
11d* 4.57 ~0.61
116 4.90 —0.695
11" 5.42 —-0.720
11g* 5.76 —0.640
11h* 7.63 —0.760
11i+ 7.80° —0.76%
11j* 7.80° —0.76§
13a" —1.41
13b" 7.09 —-1.524
135+ —1.53%1j
13 —-1.56
13e" 7.2¢9' —1.55%j
13f" -1.63
14* 10.0 -2.20
15" 13.6 —1.42
16" 8.9 —1.48
17" 8.72 —0.856
18" 13.0" -1.120"

& In 50% aqueousacetonitrile;Ref. 13.
CV peakpotentialvs Ag/Ag™ measuredn acetonitrile;Ref. 13.
¢ Ref. 44,
9 Ref. 20.
€ Ref. 31.
" Ref. 25.
9 Ref. 26.
" Ref. 29.

may be understoody interpretingit asreflectingsome
relief of intermolecularsteric congestionin the crystal
lattice by ionization?®%”

Freeenergie®of heterolysisshownin Table2, indicate
thatthedissociatioris muchmorefavoredin DMSOthan
in sulfolane,in spite of the magnitudeof the dielectric
constant$46.68and43.3,respectively)which arenearly
identical with each other. However, the former has a
muchgreatedonornumberthanthelatter(29.8and14.8,
respectively”). Therefore,the low dissociationenergy
observedn DMSO can be ascribedto the strongbasic
coordinatiortendencyof this solvent Jeadingto effective
stabilizationof theionizedform. The strongsolvationby
DMSO also explainsthe large negative AS’,¢; values
listedin Table3.

Free energy of heterolysis vs thermodynamic
stability of generating ions—electronic effects

It would be interestingto determinethe relationship
betweerthefreeenergieof heterolysisandthestabilities
of the ions formed. The pKgr- value, which is defined
basedon carbon—oxygerheterolysis,is a well known
measure of thermodynamic stability of cabocations
(Table 4). The AG®; for the carbon—carborbond is
linearly relatedto —2.30RT x pKg: with aslopeof 0.65
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AG®pet (kcal mol™)

slope 0.65

-8 -7 -6 -5 -4

—2.303RT x pKn+ (kcal mol™)

Figure 3. Plot of AG°.t in DMSO for ionically dissociative hydrocarbons having the anionic moiety 10~ against
—2.303RT x pKg:. The pKg: values were taken from Table 4. The numbers indicate the structure of the carbocation formed

by the dissociation of C—C and C—O bonds

(Fig. 3). Thelinearrelationshipimpliesthatthetwo types
of covalentbonds,C—C and C—O, are closelyrelated
with regardto heterolysisandion combination.It is not
clearwhy the sensitivity of the C—C bondis lower than
thatof C—O, althoughpossibleexplanationsncludethe
differencein the strengthof thesebondsandthatin the
solventin which the heterolysiswasstudied.

While it is of greatinterestto examinepreciselythe
influence of the thermodynamicstability of ions on
covalent and ionic bond formation, an increase in
bulkinessoften accompaniesan increasein electronic

6 4
13a*
- 13b* O
s
£
w
=3
3 5
& 13d*
< 13c¢*
O
131" (} o)
13¢*
4 T T 1
-1.7 -16 -1.5 -1.4
Ereq (V Vs AQ/A9+)

Figure 4. A Plot of AG®et for (13a-f)-10 determined in
DMSO at 25°C against Eoq Of 13a-f'. The .4 values were
taken from Table 4
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stability, making it difficult to examinethe electronic
effectalone,separatelyrom thestericeffect.1-Aryl-2,3-
dicyclopropylcycloprgenylium ions, 13af", permit a
progressivehangdn electronicstability by changinghe
substituenon the aryl group,while the stericfactor near
the cationic center remains essentially unchanged?®
Sincethe coordinationof thesecationswith 10~ occurs
exclusively at the cyclopropenyliumring carbon on
whichthecyclopropylgroupis connectedcf. Scheme9),
the aryl groupis locatedat a position where the steric
effect of the para or meta substituentis unimportant.
Unfortunately, pKr: values are not available in the
literature for most of cations13af". Reductionpoten-
tials, E,eq, however canbeusedasanalternativemeasure
of cationstability, andthesecanbe determinedorecisely
and convenientlyby cyclic voltammetry. It has been
reportedthat the reductionpeakpotentialsof substituted
cyclopropenyliumions show a linear correlation with
their pKg. values™® As canbe seenin Fig. 4 the plot of
AG°het againstE,oq of the cationic moiety showeda
generaltendencythat heterolysisbecomesless ender-
gonic asthe generatingcationbecomesnorestabilized.

It shouldbe notedthatthe E,.q Valuesof carbocations
listed in Table 4 are much more negative than the
oxidation potentials(vs Ag/Ag*) of 10~ (-0.18V in
acetonitrile¥® and 12~ (—0.25 V in DMS0)*® This
indicatesthat the ion pairs are more stable than the
correspondingradical pairs, which is in accord with
heterolysis being the preferred reaction, rather than
homolysis.

The influence of a slight changein the electronic
stability of cationscanbe morepronouncedn the solid-
statemolecularstructure which will be discussedater.
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Figure 5. Plot of AH e against Arett’s equation scale. AH°he1| values were taken from Table 3 or calculated from the AG° het
values listed in Table 2, assuming that the AS°e's are 0 cal K=" mol~" in sulfolane and acetonitrile and —19 cal K=" mol~

DMSO and DMSO-CS, (4:1, v/v). Points with a downward arrow indicate the upper limit for AH°her. O: (11a-j}-10 and 17-10 in
DMSO; @: (13b,e)-10in DI\/ISO; : (11d-j)-10 in sulfolane; A: (11¢,f,h)-12 in DMSO-CS, (4:1, v/v); A: 13e-12 and 14-12in

DMSO-CS,; (4:1, viv); @, 20 in acetonitrile; ®, 9 (R,

Steric assistance

The third factor to be examined,the steric effect, is
knownto play animportantrole in determiningthe free
energyof carbon—carborhomolysis®’~3° Richardtand
co-workers® investigatedthe productsand kinetics of
thermolysis for a large number of highly branched
aliphatic hydrocarbonsand phenyl-or cyano-substituted
derivatives, and have shown quantitatively that, in
additionto stability of radicals,the steric congestionn
adissociatingnoleculeis amajorenhancindactorin the
homolytic cleavageof carbon—carbom bonds.
Arnettandco-workersproposed? asoneof theresults
of their systematic studies on carbon—carbonbond
formation through the reaction of carbocationsand
carbanions,empirical relationships(master equations)
thatcorrelate with high precision the heatof heterolysis
(AHnep with the thermodynamicstabilities of cations
(PKr+) and anions (pKya). From the resultsof calori-
metry for the coordination of resonance-stabilized
carbocationsand carbanionsn sulfolaneor acetonitrile
overawide rangeof ion stability, they demonstratethat
equation (1) or (2), dependingon the class of the
generatingcarbocation predictsheatsof heterolysisof
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=Me, R, = H) in acetonitrile

carbon—carbom bonds.However it wasnot certainthat
theseequationscan be extendedo the presentsystems,
since they had been derived from data for sterically
unencumberedbns.

For secondarycations:

AHpet = 1318 — 0.324(pKg+ ) + 1.307(pKna) (1)
For tertiary cations:

AHpet = 8.895— 0.648 pKr+ ) + 1.294(pKna)  (2)

Thefact thatthe expressiorof AHyeis separatednto
two equationss understoodn termsof the differencein
sterichindrancefor secondarnyandtertiary cations.That
is, equation(1) implicitly includesthe sterictermwhich
is commonto the cation—aniorcoordinationof ‘normal’
secondarycations,whereasequation(2) includesthat of
‘normal’ tertiary cations. If there is additional steric
congestiongausedy bulky substituentin thevicinity of
the ion center,a negativedeviation from theselinear
relationswould be expected.

To assessthe specific steric factor controlling the
heterolysisby equations(1) and (2), AG°ne must be
convertedinto AH%.. The entropiesof heterolysis,
AS’hetfor the cyclopropenyliumion—malononitrileanion
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(l)N

o~

| e
CN

20

Scheme 11

systemshownin Schemeb havebeenreportedto benear
zero,andhenceAH® o= AG°,e, in acetonitrile.lt may
be reasonabldo assumethat the valuesfor AH®,e; and
AG°het are also apparently close to each other in

sulfolane, since the dielectric constant(43.3) and the
donornumber(14.8%) of this solventarecloseto thoseof

acetonitrile(37.5and14.13° respectively)ln DMSO,on

the other hand, large negative AS’,; values were
observedfor hydrocarbondisted in Table 3, owing to

strongsolvationof the carbocationlf oneassumeshat
AS’1et is constantat ca —19 cal K~ mol™ throughout
the presensystemsthenthe AH®,¢; valuesareestimated
to be smaller by ca 6 kcal mol~t than AG® in this

solvent.

Foracomparisorof Arnett’'s equationsandthe AH®j ¢
valuesof our systemsgquation(1) shouldbe employed
for compound®f whichthecationiccomponentis 11and
equation(2) for thosecontainingl3 or 14 asthe cationic
componentAs shownin Fig. 5 the AH®,; valuesof these
compoundsare 10—-20kcalmol™* lower than predicted
from Arnett’'s equations.The large negativedeviations
from the equationsareexplainedby the stericcongestion
in the presensystemsalthoughthe high donatingability
of DMSO may also contribute to the lowering of
AHohet.

A similar deviationarising from the steric effect was
observedor theheterolysiof thecrowdedcompound0
into the tri-tert-butylcycloprognylium ion (pKg: = 6.6)
and the phenylmalononitrile anion (pKya =4.24) in
acetonitrile (Scheme 11)!® The AH%. value,
3.9kcalmol™! (againobtainedby assumingthat A
is closeto zero), is about6.3kcalmol™ smaller than
expectedrom equation(2), whereaghedeviationis only
1.1kcalmol™* for (trimethylcyclopropen-id)phenyl-
malononitrile(9, Ry, = Me, R, = H; seeSchemeb), which
dissociatesnto the less hinderedtrimethylcycloprope-
nylium ion (pKg: = 7.4) and phenylmalonaitrile anion
(observed AH®,= 8.5kcalmol™; predicted AHnei=
9.59kcal mol~4).34

It alsoturnedoutthatthe stericrepulsionbetweerions
also plays an important role in the formation of
hydrocarbonsalts. Although the high stabilities of the
componentions are a primary requirementfor the
preventionof covalentbond formation, Arnett’'s equa-
tions predictthat the coordinationof 13e" and14"-18"
with 10~ andthatof 14" and15" with 12~ (from which
saltswereobtained)arestill energeticallyfavorableby 7—
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18kcalmol . The concomitanincreasen stability and
thatin stericeffectoftenoccurs sincetheintroductionof

anion-stabilizingsubstituentisuallyresultsin significant
sterichindrance Therefore the formation of the saltsis

alsoassistedy a high degreeof stericrepulsionbetween
the componentons.

Borderline cases. Exceedingly easy switching of
carbon-carbon bonds in the solid state

As mentionedbefore,the stericrequiremenfor covalent
bondformationis nearlyconstantor 1-aryl-2,3-dicyclo-
propylcyclopropenyliumions 13af", and hence their
reactionswith 10~ are essentiallycontrolled solely by
electroniceffects. Therefore,thesecationsare ideal for
studying the influence of a gradual changein cation
stability by changinghe substituenbnthearomaticring.
Despitethe similar thermodynamicstabilitiesof 13af™,
the solid productsobtainedby combinationwith 10
were distinguishablecations13ad™ gavecoordination
products (13ad)-10, whereas carbocation—carbanion
salts13e"10” and13f"10~ were obtainedfrom cations
13e" and13f".2%?0|t is apparenthatfrom the reduction
potentialsof 13af" (Table4) the productof the reaction
with 10~ suddenlychangeg$rom a covalentcompoundo
a salt as the stability of the cation moiety is gradually
increased.The borderline betweenthe two types of
reactions lies between 13d" and 13e". The small
difference(0.017V) in the E,eq valuesof thesecations
suggestghat only a slight difference(0.4kcalmol™* or
less)in electronicstability cancompletelyalter the type
of bond. The absenceof a markeddifferencein AG°et
between(13ad)-10 and (13e,§—10 (Table 2) suggests
that a certainsolid-statepropertyis concernedwith the
abruptswitching of the crystallineform upon changing
the substituent.Presumably,the balance betweenthe
energyof heterolysisof the carbon—carborw bond and
thelattice energyin the saltform determineghe product.

There might be a possibility that an extraneous
mechanical energy also causes the interconversion
betweenthe two forms. Indeed,the orangesolid 13b—
10 partially heterolyzedto give a green color when
pulverized in a vibrating ball-mill, exhibiting piezo-
chromism?®

It is also noteworthy that, whereas13e"10~ was
obtainedasa solid by reprecipitationfrom THF solution

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 157-170(1998)



STRUCTURAL DEPENDENCEOF HETEROLYTIC BOND DISSOCIATION ENERGY 169

with addedacetonitrile or by evaporationof a DMSO

solution, the covalentform 13e—10was obtainedwhen

the solvent was evaporatedfrom a dichloromethane
solution. NMR spectra, measuredin CDCl;, demon-
stratedthat the solidsformedfrom DMSO anddichloro-

methane solutions contained 2.6 and 0.15 molar

equivalents,respectively,of solvent molecules®® This

is anotherexampleof a facile changein the nature of

carbon-carborbondsinducedby a small changein the

molecularenvironment.

CONCLUSION

The hydrocarbongeportedhere are exceptionalin the
sensethat they undergoheterolytic dissociationinto a
carbocationand a carbanionthrough heterolysisof a
carbon—carbow bond.The successén the preparatiorof
thesehydrocarbonss basedon developmentin thefield
of highly stabilizedcarbocatiorandcarbaniorchemistry.
Thetropylium ion, the first non-benzenoidromaticion,
was synthesizedas the bromide salt, 11¢'Br, by
Doeringand Knox*! in 1954. 1t was 13 yearslater that
Kuhn and Rewicki*®® reported the synthesis of a
hydrocarbon anion, 10~, which has unusually high
stability. A further 18 years, however, were required
beforeanexperimenwascarriedoutin which theseions
were simply combinedto build up a hydrocarbonof a
novel class,11c—10 Structuralchangesn the cationic
andanionicmoietiesallowedthe synthesesf a seriesof
ionically dissociativehydrocarbonsvhich showdifferent
propensitiestoward heterolysis. Furthermore, it was
demonstratedhat, in extremecasessomehydrocarbons
canbeisolatedasionic solids—anadvancen diminish-
ing the distancebetweenorganic and inorganic chem-
istry.

Thereversible(or completein somecasesjonization
of the hydrocarbonswas investigated by means of
spectrophotontey and electrical conductivity measure-
ments. The study of thermodynamicsfor reversible
heterolysisrevealedseveralfactorsthat control the free
energy of heterolysis. First, the importance of ion
stability, which is influencedby solvationandmolecular
structure waseffectively shownby thelinearfreeenergy
relationshipbetweenAG®e; and suitable energyterms
suchase 1, pKgr+ andE,eq Secondthedestabilizatiorof
the starting molecule by steric congestion,which is
releaseddy dissociationjs anotherdriving force for the
heterolysisof the hydrocarbonsxaminedin this work.
The magnitudeof stericassistanchasbeenevaluatedy
comparing the observed AH®,; values with those
predictedby Arnett’'s empiricalequations.

Further subjectsfor future investigationsinclude the
study of kinetic properties.t is of particularinterestto
examinethe transitionstatestructurej.e. anion pairor a
radical pair, connectedby a partially broken bond.
Although solvation is one of the principal controlling
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factorsfor heterolysisthe issueof whetherthe thermal
motionof solventmoleculegollows thebondbreakingso
preciselythateffectivesolvationis maintainedenrouteto
the transition stateis in question.A determinationof
activation parameterss underway, in order to obtain
information as to how much ionic characterhas been
developedat the transitionstate.
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