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The basic theme of this Account and the 20 years of 
research which lie behind it is the interplay between 
thermodynamics and kinetics of heterolysis reactions 
in solution. As Ingold pointed out many years ago,l 
heterolysis is the preferred mode of bond cleavage in 
solution (in contrast to the gas phase) because of the 
enormous solvation energies resulting from ionsolvent 
interaction. Carbocations and carbanions that are 
produced by heterolysis are therefore important inter- 
mediates in condensed-phase organic chemistry. This 
implies a close relationship between acid-base chem- 
istry and heterolysis since these intermediates are 
produced respectively under acidic and basic conditions. 

Related in structure and energy to carbocations and 
carbanions are the transition states for their formation 
or reaction. The transition-state theory is the principal 
intellectual tool for the study of reaction mechanisms 
and hence allows the discussion of rate processes in 
thermodynamic language and of the structures of the 
highest energy states along a reaction coordinate in 
terms of nearby high-energy minimaa2 Such is the case 
for the less stable carbocations and carbanions or their 
ion pairs. 

Over the past two decades experimental results have 
become available from many sources which permit a 
complete analysis in thermodynamic, kinetic, and 
structural terms for many simple heterolysis reactions 
involving carbocations and carbanions. Although the 
present Account emphasizes the contributions to these 
developments from the author’s laboratories, our work 
is heavily dependent on inspiration and collaboration 
from many other researchers in the field of whom we 
can refer, regretfully for reasons of space, to only a few 
principal sources. . . 

Classical Sources of Carbocation and Carbanion 
Stabilities. Until the late 1960s rigorous analyses of 
heterolytic reaction mechanisms in terms of rates and 
thermodynamics were hampered severely by the fact 
that only the most stable carbocations or carbanions 
could be studied directly in acid or basic solution, 
whereas the highly reactive cations and anions which 
were most directly relevant to the kinetics of heterolysis 
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were too unstable for direct examination. The simplest 
and often most reactive ions had to be studied by mass 
spectrometry in the gas phase where their structures 
could not be confirmed directly. More often stabilities 
in solution were inferred indirectly from reaction rates 
using the approach of Hammond’s postulate.2 A direct 
proportionality was assumed between the activation 
energy for SN1 solvolysis reactions and the thermody- 
namic stabilities of the carbocations, or their ion pairs, 
which were presumably formed from the heterolysis. 

During the 1960s and 19709, primarily in the labo- 
ratory of G. A. Olah,3 it was shown that even very 
unstable carbocations (i.e., isopropyl or cyclopentyl) 
could be generated and maintained for prolonged pe- 
riods at low temperatures in very nonbasic solvents by 
means of very strong Lewis acids. Under such super- 
acidic conditions, hundreds of important carbocations 
were generated and their structures elucidated at leisure 
by means of a battery of spectroscopic techniques- 
primarily heteronuclear NMR. 

Meanwhile, a comparable effort was being mounted, 
primarily in the laboratories of F. G. Bordwel14 and A. 
Streitwieser5 to generate a wide range of carbanions 
from many types of carbon acid precursors. The key 
to  these studies was the development of superbase 
systems using the alkali-metal salts of dimethyl sulf- 
oxide and cyclohexylamine in an excess of these non- 
hydroxylic solvents. Subsequently the pK,’s for ioni- 
zation of over a thousand Br~ns ted  acids covering a 
range of 35 pK, units have become available from the 
work of Professor Bordwell’s research group alone. 

Thermochemical Studies of Ion Formation. Once 
the conditions for generating a wide range of carboca- 
tions and carbanions had been worked out in superacid 
and superbase base systems, the way was clear to apply 
the techniques of batch calorimetry for the direct 
measurement of heats of formation of these ions in 
solution from appropriate precursors. Solution calo- 
rimeters were developed to operate under superacidic 
conditions and the enthalpies of formation for nearly 

(1) Ingold, C. K. “Structure and Mechanism in Organic Chemistry”, 
2nd ed.; Cornel1 University Press: Ithaca, 1969; p 425. 

(2) Hammond, G. S. J. Am. Chem. SOC. 1955, 77, 334. 
(3) (a) Olah, G. A. Top. C u m  Chem. 1979,80. (b) Olah, G. A. Science 

(Washzngton, D.C.) 1970,168, 1298. (c) Olah, G. A. Angew. Chem., Znt. 
Ed. Engl. 1973, 12, 173. 

(4) (a) Bordwell, F. G. Pure Appl. Chem. 1977,49,963. (b) Bordwell, 
F. G. Faraday Symp. Chem. SOC. 1976, No. IO. (c) Matthews, W. S.; 
Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.; Cornforth, F. J.; Drucker, 
G. E.; Margolin, Z.; McCallum, R. J.; McCollum, G. J.; Vanier, N. R. J. 
Am. Chem. Sot. 1975,97, 7006. 

(5) (a) Streitwieser, A., Jr.; Ewing, S. P. J. A n .  Chem. SOC. 1975,97, 
190. (b) Streitwieser, A., Jr.; Ciuffarin, E.; Hammons, J. H. Zbid. 1967, 
89,63. (c) Streitwieser, A., Jr.; Chang, C. J.; Hollyhead, W. B. Zbid. 1972, 
94, 5292. 
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Figure 1. Extended correlation of heats of formation of resonance 
stabilized carbocations from their carbinols in superacid a t  low 
temperature vs. their PKR+ values in aqueous HzS04. Open circles 
provide interpolated pKR+ values for some aliphatic cations not 
accessible by indicator studies. (Reprinted with permission from 
ref 6i. Copyright 1983 American Chemical Society.) 
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Figure 2. Plot of standard free energies vs. enthalpies of ioni- 
zation for phenols (O), alcohols (o), benzoic acids (01, amines (m), 
thiophenols (A), and mercaptans (A) in MezSO at 25 OC. (Re- 
printed with permission from ref 7c. Copyright 1983 American 
Chemical Society.) 

a hundred carbocations were measured (Figure 1) 
ranging from thermodynamically unstable secondary 
ions to some of the most stable triarylmethyl systems.6 
Soon a similar series of studies was launched to de- 
termine heats of formation of weak acids in superbase 
systems7 (Figure 2). 

Solution calorimetry offers an enormous advantage 
over classical free energy determinations since a wide 
range of ionization processes can be compared in the 
same medium under the same conditions regardless of 
how far they are from equilibrium. In contrast, free 

(6) (a) Arnett, E. M.; Petro, C. J .  Am. Chem. SOC. 1978,100,5402. (b) 
Arnett, E. M.; Pienta, N. J. Ibid. 1980, 102, 3329. (c) Arnett, E. M.; 
Hofelich, T. C. Ibid. 1982,104,3522. (d) Amett, E. M.; Larsen, J. W. Ibid. 
1968, 90, 791. (e) Amett, E. M.; Larsen, J. W. Ibid. 1968, 90, 792. (fj 
Arnett, E. M.; Pktro, C. Ibid. 1978,100, 2563. (9)  Amett, E. M.; Petro, 
C. Ibid. 1978,100, 5408. (h) Arnett, E. M.; Chawla, B. Ibid. 1979, 101, 
7141. (i) Arnett, E. $4.; Hofelich, T. C. Ibid. 1983, 105, 2889. 

(7) (a) Arne$$, E. M.; Moriarity, T. C.; Small, L. E.; Rudolph, J. P.; 
Quirk, R. P. J .  Am. Chem. SOC. 1973,95,1492. (b) Arnett, E. M.; John- 
ston, D. E.; Small, L. E.; Oancea, D. Faraday Symp. Chem. SOC. 1976, 
No. 10. (c) Arnett, E. M.; Venkatasubramaniam, K. G. J. Org. Chem. 
1983,48,1569. (d) Amett, E. M.; Small, L. E. J .  Am. Chem. SOC. 1977, 
99, 808. 
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Figure 3. Correlation of free energies of activation for ethanolysis 
of alkylchlorides vs. heats of formation of the respective alkyl 
carbocations in superacid a t  -60 OC. (Reprinted with permission 
from ref 8. Copyright 1979 American Chemical Society.) 

energy meas,urements require the development of an 
extensive series of indicators whose ionization ranges 
must overlap in order to provide a consistent linear free 
energy scale. 

With reliable heats of formation for carbocations and 
carbanions in hand it was possible at last to test the 
assumed relationship between kinetics and thermody- 
namics of ion formation. Correlation of free energies 
of activation and enthalpies of carbocation formation 
(Figure 3) gave strong support for the long held as- 
sumption that ion stabilities could be inferred from 
solvolysis rate constants.6t8 

The direct proportionality, or often equivalence, be- 
tween free energies and enthalpies of ionization was 
demonstrated abundantly by extrathermodynamic 
correlations between heats of deprotonation in potas- 
sium DMSYL-Me2S0 and Bordwell's free energies of 
ioni~ation.~ Subsequently, excellent correlations have 
been founcf between pK,'s in this superbase system and 
free energies of activation for displacement reactions 
and the free energies of electron transfer as determined 
from oxidation potentials.l0 Again, heats of ionization 
of triaryl carbinols to form carbocations in superacidic 
media correlate well with corresponding free energies 
of ionization obtained in aqueous sulfuric acid solu- 
tions.Gc 

Solvation. While the abbve thermodynamic deter- 
minations of ion stabilities in solution were being made, 
a breakthrough in gas-phase chemistry was taking place 
which would permit the rigorous determination of 
solvation energies for organic carbanions and anions. 
Three new techniques-ion cyclotron resonance, high- 
pressure mass spectrometfy, and the flowing afterglow 
technique-provided for the first time thermodynamic 
measurements for ion-molecule reactions which could 
provide gas-phase acidities and basicities directly com- 
parable to the corresponding measurements in solu- 
ti0n.l' For systems where both sets of data could be 

(8) Acnett, E. M.; Petro, C.; von R. Schleyer, P. J. Am. Chem. SOC. 
1979,101, 522. 
(9) Amett, E. M.; Venkatasubramaniam, K. G. Tetrahedron Lett .  

1981, 22, 987. 
(10) Bordwell, F. G.; Branca, J. C.; Hughes, D. L.; Olmstead, W. N. J .  

Org. Chem. 1980,45, 3305. 
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compared through a simple first law energy cycle, the 
difference between the gas-phase acidities (or basicities) 
and the corresponding values in solution must be at- 
tributable to the solvation energies of the neutral pre- 
cursors and those of the corresponding ions.12 Solva- 
tion energies of the neutrals in turn can be determined 
readily from Henry's law constants and/or heats of 
solution. 

It had been recognized for nearly a century that rates 
and thermodynamics for processes in solution were the 
sum of an "inherent" contribution and contributions 
from interactions with the solvent. However, until the 
new gas-phase techniques were developed, the actual 
magnitude of solvation factors was left to calculation 
or inference. As the new results came in it was soon 
clear that the basic principles for understanding sol- 
vation energies were simple and intuitively reasonable. 

Large delocalized carbocations and carbanions not 
only showed gas-phase acid-base properties which 
correlated well with those in solution, but quite fre- 
quently the slope of the correlation line was virtually 
unity.13 Thus, although the absolute magnitude of ion 
solvation energies are in the neighborhood of 100 
kcal/mol, the effect of structural change on the inherent 
ionization properties in the gas phase were reproduced 
faithfully in solution. 

In contrast, ions with highly localized charge such as 
ammonium or alkoxide ions showed widely differenti- 
ated behavior between gas-phase and condensed-phase 
behavior.14 Since the localized charge cannot be dis- 
tributed internally by resonance delocalization, such 
ions stabilize themselves in solution primarily by hy- 
drogen bonding with the solvent or by pairing with the 
counterion. Consistent with this interpretation is the 
fact that heats of formation for many charge-localized 
carbocations in non-hydrogen bonding superacid media 
correlate closely with the corresponding heats of for- 
mation in the gas phase. 

(11) (a) Taft, R. W. Prog. Phys. Org. Chem. 1982,14, 1. (b) Taft, R. 
W. 'Kinetics of Ion-Molecule Reactions"; Ausloos, P., Ed.; Plenum Press: 
New York, 1979. (c) Taft, R. W. "Proton Transfer Reactions"; Caldin, 
E., Gold, V., Eds.; Chapman and Hall: London, 1975. (d) Kebarle, P.; 
Davidson, W. R.; Sunner, J.; Meza'Hojer, S. Pure Appl. Chem. 1979,51, 
63. (e) Kebarle, P.; Davidson, R. W.; French, M.; Cumming, J. B.; 
McMahon, T. B. Faraday Discuss. Chem. SOC. 1978, No. 64. (f) Kebarle, 
P. In "Environmental Effects on Molecular Structure and Properties"; 
D. Reidel Publishing Co.: Dordrecht, Holland, 1976. (9) Kebarle, P. 
Annu. Reu. Phys. Chem. 1977, 28, 445. (h) Kebarle, P. In "Modern 
Aspects of Electrochemistry"; Conway, B. E., O'M Bockris, J., Eds.; 
Plenum Press: New York, 1974; Vol. 9. (i) Kebarle, P. In "Ions and Ion 
Pairs in Organic Reactions"; Szwarc, M., Ed.; Wiley-Interscience: New 
York, 1972; Vol. I. 6) Cumming, J. B.; Kebarle, P. Can. J. Chem. 1978, 
56, 1. (k) Aue, D. H.; Bowers, M. T. In "Gas Phase Ion Chemistry"; 
Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2. (1) 
Franklin, J. L.; Harland, P. W. Annu. Rev. Phys. Chem. 1974, 25, 485. 
(m) Walder, R.; Franklin, J. L. Int. J. Mass Spectrosc. Ion Phys. 1980, 
36,85. (n) Ausloos, P., Ed. "Interactions Between Ions and Molecules"; 
Plenum Press: New York, 1975. (0) Beauchamp, J. L. Annu. Reu. Phys. 
Chem. 1971,527. (p) Munson, M. S. B. J.  Am. Chem. SOC. 1965,87,2332. 
(4) Agami, C. Bull. SOC. Chem. Fr. 1974,869. (r) Bartmess, J. E.; McIver, 
R. T., Jr. In "Gas Phase Ion Chemistry"; Bowers, M. T., Ed.; Academic 
Press: New York, 1979. ( 8 )  DePuy, C. H.; Bierbaum, V. M. Acc. Chem. 
Res. 1981, 146. (t) Bohme, D. K. In "Interactions Between Ions and 
Molecules"; Ausloos, P., Ed.; Plenum Press: New York, 1979. 

(12) (a) Jones, F. M., 111; Arnett, E. M. B o g .  Phys. Org. Chem. 1974, 
11, 263. (b) Arnett, E. M. Acc. Chem. Res. 1973, 6,404. (c) Arnett, E. 
M. J.  Chem. Educ. 1985, 62, 385. (d) Arnett, E. M. "Proton Transfer 
Reactions"; Caldin, E. F., Gold, V., Eds.; Chapman and Hall: London, 
1975. (e) Arnett, E. M.; Scorrano, G. Adu. Phys. Org. Chem. 1975. 

(13) (a) Taft, R. W.; Wolf, J. F.; Abboud, J. L. M. J.  Org. Chem. 1977, 
42, 3316. (b) Taft, R. W., Bordwell, F. G., personal communication. 

(14) (a) Arnett, E. M.; Jones, F. M., III; Taagepera, M.; Henderson, 
W. G.; Beauchamp, J. L.; Holtz, D.; Taft, R. W. J. Am. Chem. SOC. 1972, 
94, 4724. (b) Brauman, J. I.; Blair, L. K. Ibid. 1970, 92, 5986. 

Direct Study of the Coordination of Carboca- 
tions with Carbanions. With the techniques for 
generating long-lived carbocations and carbanions in 
hand and for measuring their relative stabilities through 
calorimetry or free energy measurements, one may 
consider study of the direct reaction between carboca- 
tions and carbanions in solution. Following Ingold's 
terminology,l we call this coordination-the reverse of 
heterolysis. The direct coordination of carbocations 
and carbanions has considerable appeal as the simplest 
polar reaction for carbon-carbon bond formation. It 
may also be regarded as the attack of a solvated elec- 
trophile on a solvated nucleophile with no involvement 
of a leaving group. Measurements of the heats of such 
coordination reactions by calorimetry should provide 
heterolytic bond energies directly merely by changing 
the sign (AHhet = -AHcmr). Furthermore, if conditions 
could be found for bringing such reactions to equilib- 
rium and measuring their kinetics, it would be possible 
to obtain valuable information for comparing thermo- 
dynamics and kinetics for a primary bond-forming re- 
action in solution. We will describe the results of such 
a study below. 

At first glance, the likelihood of finding conditions 
under which carbocations and carbanions could be 
prepared in a common solvent might seem unlikely in 
view of their usual requirement of strongly acidic or 
basic media for preparation. However, it is well-known 
that highly stabilized carbocations and carbanions can 
exist within the aqueous pH range and there is clear 
precedent for the study of cation-anion reactions in the 
extensive work of C. D. Ritchie,16 Kessler,16 and others." 

Takahashi and her students18 observed the cleavage 
of oligomers of l-cycloheptatrienylidene-4-(dicyano- 
methylidene)-2,5-~yclohexadiene to a zwitterionic 
species whose alternative resonance structure carries a 
T bond between the two rings. The dependence of the 
electronic spectrum of this system on solvent polarity 
strongly supports the contributions of these forms to 
variable structures of the hybrid (Figure 4). 

An initial experimental search soon demonstrated 
that an enormous range of observable rates could be 
found for the reactions of carbocations and carbanions 
from diffusion control to systems where both parties 
coexisted with no sign of reaction at all after 6 months 
standing.19 Further exploration finally produced sev- 
eral systems for which the coordination and heterolysis 
processes were so finely balanced that they could be 
observed at  equilibrium.20 Furthermore, because of 

(15) (a) Ritchie, C. D. J. Am. Chem. SOC. 1983,105,7313. (b) Ritchie, 
C. D.; Kubisty, C.; Ting, G. Y. Ibid. 1983,105,279. (c) Ritchie, C. D. Ibid. 
1983,105,3573. (d) Ritchie, C. D.; VanVerth, J. E.; Virtanen, P. 0. I. Ibid. 
1982,104,3491. (e) Ritchie, C. D. Pure Appl. Chem. 1978,50, 1281. (f) 
Ritchie, C. D. Acc. Chem. Res. 1972,5, 348. (9) Ritchie, C. D.; Coetzee, 
J. F. "Solute-Solvent Interactions"; Marcel Dekker: New York, 1976; Vol. 
2. (h) Ritchie, C. D.; Skinner, G. A.; Badding, V. G. J. Am. Chem. SOC. 
1967, 89, 2063. 

(16) (a) Kessler, H.; Feigel, M. Acc. Chem. Res. 1982,15, 2. (b) Kes- 
der, H.; Feigel, M. Chem. Ber. 1978, 111, 1659. 

(17) (a) Leffek, K. T.; Kim, C. B. Can. J. Chem. 1975,53, 3408. (b) 
Bunton, C. A.; Huang, S. K. J.  Am. Chem. SOC. 1974,96,515. (c) Sinev, 
V. V.; Nikolova, T. A. J.  Org. Chem. USSR 1984, 85, 707. 

(18) (a) Takahashi, K.; Hirata, N.; Takase, K. Tetrahedron Lett. 1970, 
15,1285. (b) Takahashi, K.; Takase, K.; Sakae, T. Chem. Lett. 1980,1485. 
(c) Okamoto, K.; Kitagawa, T.; Takeuchi, K.; Komatau, K.; Takahashi, 
K. J.  Chem. SOC., Chem. Common. 1985,173. We are indebted to Pro- 
fessor Takahashi for drawing these important papers to o w  attention and 
for providing Figure 4. 

(19) Amett, E, M.; Troughton, E. B. Tetrahedron Lett. 1983,24,3299. 
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Figure 4. Equilibria between neutral oligomeric and zwitterionic form of Takahashi's compound. (Reprinted with permission from 
ref 18a. Copyright 1970 Pergamon Press.) 

dielectric stabilization of the ions produced by hetero- 
lysis, it was possible to make compounds which were 
completely covalent in low dielectric solvents, such as 
ethers or hydrocarbons, but which were completely 
ionized in more polar media such as acetonitrile. Thus, 
the carbon-carbon bonds in such compounds may be 
broken merely by changing from a less polar to a more 
polar solvent. 

Some Extrathermodynamic Relationships. With 
thermodynamic data in hand for free energies, en- 
thalpies, and entropies of coordination and proton 
transfer, the relations between these different properties 
should be tested for correlation.20 In fact, the free en- 
ergies of heterolysis give a linear correlation with the 
corresponding enthalpies and, of course, with the cor- 
responding properties for coordination which simply 
involve a sign change. Of more importance, good cor- 
relation was found between the standard free energies 
for coordination of the carbocations with carbanions 
and the standard free energies for proton transfer to the 
same carbanions. 

Finally, the redox potentials were obtained for both 
types of ions and again these showed good linear cor- 
relation with all of the other properties listed above. 
The conclusion from this combined set of correlations 
is that there is a good proportionality between the en- 
ergetics for transferring two electrons from a delocalized 
carbanion either to a proton or to a delocalized carbo- 

(20) (a) Arnett, E. M.; Troughton, E. B.; McPhail, A. T.; Molter, K. 
E. J. Am. Chem. SOC. 1983,105,6172. (b) Arnett, E. M.; Troughton, E. 
B.; Molter, K. E. Ibid. 1984, 106, 6726. 

cation in solution and furthermore that the energetics 
of the two electron processes correlate well with those 
for single electron transfer as represented by redox 
potentials. Not surprisingly, some of the carboca- 
tion/carbanion pairs gave clear evidence by the for- 
mation of dimeric products from the carbanions that 
single electron transfer was an alternative channel to  
direct coordination of the carbanion to the carbocation. 

Heterolytic Bond Energies and Bond Lengths. 
Is the Bond Really Weak? The carbon-carbon bonds 
whose formation and rupture may be studied at equi- 
librium are so weak relative to the resonance-stabilized 
carbocations and carbanions formed as products that 
they may actually be cleaved merely by solution in a 
high dielectric solvent.1sy20 Since the bonds are ther- 
modynamically of unusual weakness relative to these 
products, it is natural to question whether the very low 
heterolytic bond dissociation energy is reflected in an 
unusually long carbon-to-carbon bond length-does the 
carbon-to-carbon bond in the covalent molecule reflect 
the fact that it could be converted into two very stable 
ions? 

Only a full X-ray crystal study can answer this 
question and our first examination20a of trimethyl- 
cyclopropenium (p-nitropheny1)malononitrile showed 
an unusually long bond (1.588 A) between the malo- 
nonitrile and cyclopropene carbon atoms. More im- 
portantly, this structure proved without a doubt that 
a covalent product was being formed from reaction of 
the carbocations and carbanions. Since charge-transfer 
complexes21 or saltsla have been isolated from electro- 
phile-nucleophile reactions this matter needed to be 
settled. 

Recently the relationship between ion stability and 
bond length has been tested by obtaining a second 
X-ray structure, this time of trimethylcyclopropenium 

(21) LeGoff, E.; LaCount, R. B. J.  Am. Chem. SOC. 1963, 85, 1354. 
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Figure 5. Comparison of bond lengths in (trimethylcyclo- 
propenyl) p-nitrophenylmalononitrile (left) and corresponding 
p-methoxy compound (right) (structure determinations by Pro- 
fessor A. McPhail). 

(p-methoxypheny1)malononitrile (by Professor Andrew 
McPhail) with the amusing result that by comparison 
with the p-nitro compound (Figure 5 )  virtually every 
other bond except the one in question had undergone 
some change in length. Clearly the stability of the 
heterolysis product is not reflected in the bond length 
of the neutral reactants! At this point we have no in- 
formation on the inherent heterolytic energy of the 
carbon-carbon bond in the gas phase. 

A Master Equation for Heterolytic Bond Ener- 
gies? The results cited above show that heats of ion- 
ization are correlated closely with the corresponding free 
energies and hence to the pK,’s of carbon acids or to 
the pKR+’s of the carbocation precursors. Also AGhet 
correlates closely with pKa)s (Figure 6). This suggests 
the possibility of a master equation which could be used 
for predicting heats of heterolysis of carbon-carbon 
bonds to produce resonance-stabilized carbocations and 
carbanions in solution from the stabilities of the ions 
as determined by pKR+’s and pK,’s. This may be ex- 
pressed formally through the equation 

which may be recast in the form of 

if A = B. Figure 7 tests eq 2 using three sets of data 
for a variety of carbocation-carbanion systems.22 It is 
truly extraordinary to see the success of such a simple 
treatment applied to such a variety of structures over 
a range of energies covering nearly 40 kcal/mol. 

If such a simple expression continues to hold as the 
structure of the cation and anion is varied more widely, 
it could be of considerable value as a guide to the de- 
polymerization of complex aromatic macromolecules 
such as are found in the fossil fuel industry. Acid- 
catalyzed depolymerization of various ranks of coal is 
already showing promise as an alternative to the tra- 

(22) Arnett, E. M.; Chawla, B.; Amarnath, K.; Healy, M.; Molter, K. 
J. Am. Chem. SOC. 1985,107, 5288. 
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Figure 6. Comparison of heats of heterolysis (AHhet) in benzo- 
nitrile a t  25 OC for 19 compounds derived from carbocation- 
carbanion reactions vs. the pK,’s of the carbanion precursors. 
Heats of heterolysis are derived from heats of coordination by 
changing the sign (from data in ref 22). 
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Figure 7. Fit  of the systems shown in Figure 6 to eq 2. (Re- 
printed with permission from ref 22. Copyright 1985 American 
Chemical Society.) 

ditional wasteful high-temperature pyrolytic tech- 
n i q u e ~ . ~ ~  A simple guide to heterolytic bond energies 
in solution could be of considerable value in suggesting 
the most likely products of low-temperature base- or 
acid-catalyzed depolymerization processes. 

Kinetics of Coordination and Heterolysis. A 
major reason for initiating this study was the possibility 

(23) (a) Larsen, J. W.; Kuemmerle, E. W. Fuel 1976, 55, 162 and 
references cited therein. (b) Larsen, J. W.; Yurum, Y.; Sams, T. L. Fuel 
1983,62,476. (c) Olah, G. A.; Bruce, M. R.; Edelson, E. H.; Husain, A. 
Fuel 1984,63,1130. (d) Heredy, L. A.; Neuworth, M. B. Fuel 1962,41, 
221. (e) Heredy, L. A. In ‘Coal Structure-Advances in Chemistry”; Am- 
erican Chemical Society: Washington, D.C., 1981; ACS Symp. Ser. No. 
192, pp 179-190 and earlier papers cited therein. (0. Darlage, L. J.; 
Weidner, J. P.; Block, S. S. Fuel 1974,53, 54. (9) Ouchi, K.; Imura, K.; 
Yamashita, Y. Fuel 1973,52, 156. 
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Table  I. 
Kinetics of Coordination and  Heterolysis by Temperature  
J u m p  and  NMR Line Broadening a t  25 "C in Acetonitrile 

with and  without  Support ing Electrolytez4 
R R 

R CN X 

X 

P-NO, 
p-CN 
m-NO, 
m-CN 
m-CF, 
m-C1 

H 
p-c1 

P-CH, 

k,,,," M-' S-l khetrn S-' khetb S-' 

R = CH, 
560 f 80 

(7.21 f 0.77) X lo4 (5.23 f 0.56) X 10, 190 f 20 
(1.71 f 0.20) X lo5 (3.36 f 0.39) X 10, 
(2.72 f 0.34) X lo5 (2.28 f 0.28) X loz 
(6.18 f 0.37) X IO5 (1.67 f 0.10) X 10' 
(7.86 f 1.20) X lo5 (9.43 f 1.44) X 10' 
(1.77 f 0.14) X lo6 (6.11 f 0.49) X 10' 
(6.07 f 1.14) X lo6 (2.97 f 0.56) X 10' 
(1.27 f 0.18) X lo' (1.65 f 0.24) X 10' 

33 + 4 
27 f 4 
14 f 2 
3.8 f 0.5 
2.2 f 0.2 

R = Phenyl 
p-NO, (1.63 f 0.08) X lo6 (2.04 f 0.10) X lo3 
p-CN (1.33 f 0.08) X lo" (9.95 f 0.60) X 10, 
m-NOz (7.80 f 0.91) X lo7 (7.74 f 0.90) X 10, 
m-CN (1.14 f 0.14) X lo8 (6.51 f 0.81) X 10, 

a Results from temperature jump kinetics; experiments per- 
formed under conditions of high ionic strength (0.48 M Bu4NtBF; 
in acetonitrile at  25 "C. bResults from NMR line broadening in 
acetonitrile-d, at  25 "C. 

of obtaining both thermodynamic and kinetic data for 
an important bond-forming reaction. With a full set 
of thermodynamic properties in hand, the measurement 
of reaction kinetics reached a high level of priority. Test 
tube experiments demonstrated very quickly that both 
the heterolysis and coordination processes for the sub- 
stituted cyclopropenium phenylmalononitrile systems 
were very fast and were even outside the stopped-flow 
range. However, proton magnetic resonance spectra 
suggested that the rates could be obtained by observing 
the line broadening as a function of temperature. Table 
I shows a number of rate constants obtained in this 
manner using a program developed by Professor Donald 
Chesnut. However, since both coordination and het- 
erolysis are involved, it is reasonable to ask which 
process or combination of them is observed in the NMR 
experiment. An independent source of rate constants 
is needed. 

The temperature jump technique is particularly at- 
tractive for determining the rates of reactions with 
highly colored species by perturbation-relaxation. 
Table I shows the results of such experiments in ace- 
tonitrile using tetrabutylammonium tetrafluoroborate 
as the inert conducting salt.24 The coordination rates 
are much faster than the rates for heterolysis which in 
turn are much closer in magnitude to the rate constanb 
obtained from the NMR experiment. Furthermore, 
both the rates and equilibria in the salt solution are 
shifted by the salt solution in just the way one would 
expect in response to an ionic strength effect. 

We are now in a position to compare directly the free 
energies of activation and of reaction for coordination 
and heterolysis. Figure 8 shows such a comparison for 
reactions of the trimethyl- and triphenylcyclo- 
propenium ions with a series of substituted phenyl- 
malononitrile anions. Good linearity is found, and the 

(24) Arnett, E. M.; Molter, K. E. J. Phys. Chem., in press. 
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Figure  8. Correlations of free energies of activation and reaction 
for coordination of cyclopropenium cations with arylmalononitrile 
carbanions and the reverse heterolysis (eq 1). Data determined 
in 0.48 M NBu4BF4 in acetonitrile a t  25 "C. (Reprinted with 
permission from ref 24. Copyright American Chemical Society.) 
0, trimethylcyclopropenium, coordination; 0, trimethylcyclo- 
propenium, heterolysis; ., triphenylcyclopropenium, coordination; 
0, triphenylcyclopropenium, heterolysis. 

corresponding slopes, 6AG*/6AGo,  are as follows: (1) 
-0.796 for triphenylcyclopropenium coordination with 
arylmalononitrile anions; (2) -0.596 for trimethyl- 
cyclopropenium coordination; (3) 0.204 for (triphenyl- 
cyclopropeny1)arylmalononitrile heterolysis; (4) 0.404 
for (trimethylcyclopropeny1)arylmalononitrile hetero- 
lysis. 

By this criterion about a third to a half of charge 
development has occurred at the transition state for 
heterolysis. This is in the same range as is found from 
the ionic strength effect by comparing rates and equi- 
libria for heterolysis in pure acetonitrile with those in 
a 0.48 M Bu4N+BF4- solution. 

It is important that these facts not be converted into 
pictures of a transition state in which the central C-C 
bond is half broken or other such notions concerning 
the "position of the transition state along the reaction 
coordinate". Whatever value there may be in such ideas 
when referred to simple reactions in the gas phase, they 
are quite out of place for cation-anion reactions in so- 
lution. All of the evidence in hand indicates that the 
heterolysis/coordination reactions are determined by 
ion solvation/desolvation: (a) the length of the central 
C-C bond is unrelated to the heterolysis energy; (b) 
several of the systems we have studied are covalent in 
low dielectric media but dissociate to ions in polar 
solvents; (c) the free energies of heterolysis are pro- 
portional to the reciprocal of the solvent dielectric 
constants in accordance with the Born electrostatic 
equation; (d) the entropies of heterolysis are small, 
although two ions are being made from one molecule, 
suggesting that the gain in translational entropy is 
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cancelled by the entropy of solvent electrostriction. 
These systems are far removed from the highly exo- 

thermic or endothermic reactions to which Hammond’s 
postulate applies1 and, as Ritchie has the 
Marcus equation does not apply to cation-anion reac- 
tions. We share26c Ritchie’s strong skepticism15d con- 
cerning discussion of the transition states for such os- 
tensibly “simple” reactions in terms of equilibrated 
solvated ions. 

It may seem to be disappointing that in the process 
of simplifying the reactions of electrophiles and nu- 
cleophiles to the level of cation-anion reactions we have 
complicated the picture by drawing attention ta Solvent 
reorganization. However, highly stabilized ions are 
required in order to find systems whose equilibrium 
constants and rates for heterolysis/coordination can be 
studied in solution. Resonance delocalization provides 
much of this stabilization but obviously the difference 
between covalent or ionic bonding is finally settled by 
solvation. Since ion solvation provides the driving force 
for heterolysis, it follows that solvent displacement is 
required for coordination. Thus, the apparent simpli- 
fication of the nucleophilic displacement reaction 
through using cation-anion reactions was achieved by 
replacing the familiar covalently bound leaving groups 
of SN1,SN2 systems with a number of electrostatically 
bound solvent molecules which must be shed in order 
to consummate the coordination reaction. Some mea- 
sure of the solvation energies involved can be inferred 
from the gas-phase heterolytic bond edergy of 148.7 
kcal/mol for tert-butyl bromide, determined by Staley, 
Wieting, and BeauchampaZ5 

Another Violation of the Reactivity Selectivity 
Principle. A number of studies in Ritchie’s laborato- 
ry15f and ours26 have failed to follow the reactivity se- 
lectivity principle since a series of nucleophiles reacted 
at the same relative rates with a series of electrophiles 
regardless of the reactivities of the latter. The results 
in Figure 8 go a step further in actually reversing the 
RSP. Thus rates of reaction for the less stable tri- 
phenylcyclopropenium ion with the series of phenyl- 
malononitrile anions are faster (lower AG*) than are the 
rates for the trimethylcyclopropenium ion, but the more 
reactive ion is more selective (slope is steeper). The 
credibility of the RSP has undergone steady erosion 
over the past decade.27 It is time that it was dropped 
from textbooks as a tool for prediction or interpretation 
of reactions in solution in spite of its theoretical appeal. 

Relation of Coordination Rates to Anion Basic- 
ities. It has been a common practice in physical organic 
chemistry to compare the logarithms of rate constants 
for the reactions of nucleophiles against the corre- 
sponding pK,’s of their conjugate acids. Figure 9 shows 
such an extended Brransted plot. This is reasonably 
linear through its relationship to Figures 7 and 8. 
Moreover, its slope (0.461) is quite close to that (0.449) 
of the more correct correlation of GAG*het vs. AGohet for 

(25) Staley, R. H.; Wieting, R. D.; Beauchamp, J. L. J. Am. Chem. SOC. 
1977, 99, 5964. 

(26) (a) Amett, E. M.; Petro, C. J. Am. Chem. SOC. 1976,98,1468. (b) 
Arnett, E. M.; Reich, R. Zbid. 1978,100, 2930. (c) Arnett, E. M.; Reich, 
R. Zbid. 1980, 202, 5892. 

(27) (a) Johnson, C. D. Tetrahedron 1980,36, 3461. (b) Jencks, W. 
P.; Young, P. R. J. Am. Chem. SOC. 1979,101,3288. (c) Bordwell, F. G.; 
Hughes, D. L. J. Org. Chem. 1980,45,3314. 
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Figure 9. Extended Bransted plot of coordination rates for 
reaction of trimethylcyclopropenium cation with arylmalononitrile 
anions vs. the ~KHA’S of the corresponding arylmalononitriles. 
(Reprinted with permission from ref 24. Copyright American 
Chemical Society.) 

the heterolysis reaction itself. 
In this case, which is the first where the question 

could be tested, the affect of structure variation on the 
equilibrium constant for transfer of a proton from the 
nucleophile to a basic solvent (Me2SO) agrees surpris- 
ingly well with that for transfer of a resonance-stabilized 
carbocation to nonb’ ic acetonitrile. Since the solvents 

probably not completely fortuitous and gives tentative 
support to the commonly used correlation of pK,’s with 
log IznU,’s. The agreement between these two correla- 
tions is hard to understand in terms of hard-soft acid- 
base generalizations. 
Conclusion 

During the past 2 decades the use of superacidic and 
superbasic media has advanced the study of unstable 
carbocations and carbanions from reasonable mecha- 
nistic inference t.0 established reality based on direct 
spectroscopic obdervation. In parallel with these de- 
velopments, sevaral new techniques for the investigation 
of ion-molecule reactions in the gas phase have been 
applied to rates and equilibria of simple organic chem- 
ical processes in the absence of solvent. Studies of free 
energies of forhation of carbocations and carbanions 
in superacids, superbases, and the gas phase have been 
complemented by calorimetric determination of the 
heats of formation in our laboratory. When all of these 
data are combined with each other and with activation 
parameters for various types of ionization and dis- 
placement reactions, many of the basic notions of the- 
oretical organic chemistry can be put to the test. 

Recently, we have built on this background by in- 
vestigating the direct reaction of carbocations with 
carbanions to form covalent carbon-carbon bonds. 
These data permit, in some cases, a unique and exten- 
sive catalogue of thermodynamic and activation pa- 
rameters for the heterolysis and coordination reactions 
and can be compared to equivalent thermodynamic 
data for proton and electron transfer. 

The results give strong support to the common 
practice of extending the Brransted equation by corre- 
lating log Iz’s for displacement reactions with pK,’s for 
proton transfer. Correlation of rates and equilibria for 
heterolysis and formation of C-C bonds from our most 

are of comparable d f electric constant, the agreement is 
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complete study reverse the order expected from the 
reactivity selectivity principle and thus provide yet 
another argument for abandoning it as a general rule. 

Heterolysis of carbon-carbon bonds to produce res- 
onance-stabilized carbocations and carbanions in polar W e  are glad to acknowledge the contributions of our colleagues 
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