J. Am. Chem. Soc. 1995, 117, 6627—6628 6627

On the Relevance of the Parr—Pearson Principle of
Absolute Hardness to Organic Chemistry

Edward M. Amett* and Richard T. Ludwig

Department of Chemistry, Duke University
Box 90346, Durham, North Carolina 27708-0346

Received December 19, 1994
Revised Manuscript Received April 10, 1995

The remarkable generality of extrathermodynamic correlations
between rates, equilibria, enthalpies, and many spectral proper-
ties relevant to the making and breaking of covalent bonds is
at the heart of modern thinking about organic chemistry and
must be regarded as something more than just a fortunate and
useful fact.! Structural changes on thousands? of widely
different processes, including complicated biological ones,
correlate closely with those for a few simple ionization3~% and
radical-forming’ processes as models. It is reasonable to
suppose that the correlations between these apparently diverse
patterns of behavior rest on some simple, although no necessarily
obvious, causes.

The purpose of this communication is to point out that the
concept of absolute hardness derived from density functional
theory (DFT) by Parr® and Pearson® as 7 = (I — A)/2 (i.e., one-
half the HOMO—LUMO energy gap), the softness o = 1/7,
and the electronegativity, y = (I + A)/2, are fundamental
properties which lie behind the observed chemical behavior of
organic compounds'® and provide a simple, integrative way of
thinking about them.

Extrathermodynamic correlations show that similar structural
factors affect the stabilities/reactivities of an enormous range
of carbocations (R*) and related transition states in the same
way irrespective of extensive structural changes in their neutral,
tetracovalent precursors, and the same is true for radicals (R*)
and carbanions (R™). This is the basis for the customary practice
of using the stabilities of trivalent R*, R™, R* as criteria for
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ranking the reactivities of their tetracovalent precursors.!’ It is
also widely recognized that a variety of ground state effects
can complicate such simple interpretations.'?

Close correlations are also found between energies for
making/breaking bonds to carbon and the energies for transfer-
ring electrons between R*, R*, R™ as represented by their
respective redox potentials in solution or their ionization
potentials and electron affinities in the gas phase. For example,
excellent correlations with nearly unit slopes and R? = 0.994
and 0.985 are found for the gas phase hydride affinities of
saturated and unsaturated carbenium ions versus the ionization
potentials of their conjugate radicals.’”> Comparable relation-
ships are also found in solution between the heats of reaction
of various R*s with cyanoborohydride ion and their first
reduction potentials.’* Several excellent correlations between
pKuas of anions and their oxidation potentials have also been
reported.’’

Thus, it is just as appropriate to use the ionization potentials,
electron affinities, or solution phase redox potentials for
comparing structural effects on reactivities as it is to use the
more familiar substituent parameters or energies of model bond
breaking/making reactions such as g, 6%, 0~, 0*, pKua, pKr+,
or hydride affinities. This is because the stabilities of R*s, R7s,
and R°'s, which primarily determine the equilibrium or rates of
the various model reactions, are determined primarily by the
oxidation and reduction potentials of the conjugate trivalent Rs.
In turn, these are determined by their HOMO—LUMO gaps;
expressed as the free energies of electron transfer, which are
approximately equal to —2» in solution. According to the

AGgr = ~23.06[E,y(R") — E y(R")] 6]

principle of maximum hardness,'®!? chemical systems at equi-
librium are as hard as possible; i.e., the most stable structure
of R* is the one with the maximum HOMO-LUMO gap
between the energies for oxidizing it to R* and reducing it to
R~. The well-known hard—soft acid—base generalization®®!7-18
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then determine how ions or radicals of different # will react
with each other.

Scheme 1 shows that AGgr is the difference between the
AHy,, or AGne'® for heterolytic cleavage of an R—A or R—H
bond and the corresponding homolytic bond energy (AHhomo).
Thus, combination of pKyas with Eq R™s gives homolytic bond
dissociation energies (BDEs) of R—H,? and E.g R* combined
with pKuas and Eox R7s gives free energy hydride affinities of
R*.2' AHpomos of RA bonds can be calculated from AH}es and
AG‘];?['S.]9

No general correlations are found between homolytic and
heterolytic bond cleavage energies. Plot of BDEs versus gas
phase acidities or of hydride affinities of R* versus n of R* %
are random scatters of points, as are plots of AHhes Vs AHhomo
for R—As.2> However, good linear relationships (average R?
= 0.95) are found between the AHs for families of compounds
generated from reaction of a single R with a series of
structurally related A~s and the corresponding AGgrs (i.e.,
—2#ns) from the redox potentials of the R*, A~ combinations.?*
Each such line extrapolates to a nearly constant AHhom, for the
series. Thus, an enormous range of heterolytic processes are
governed by the hardness of the conjugate R* of the R* or R~
produced by bond cleavage. It must be stressed that homolytic
BDEs and #s represent different criteria for radical stability.
The former relates R* to R—H; the latter relates R* to R* and
R™. BDE:s are related to the absolute electronegativities ) of
the bonded radicals® and are usually less sensitive to structure
change than are ionization energies or #s.'>

Good familial correlations also are found between AHpes
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versus (pKua — pKr+)*? for a wide variety of RY, A~
combinations. The correlations cited above between AHpe; and
7 suggest that it should also be appropriate to use the (pKua —
pKr+) difference as a guide to AGgr or the pair-hardnesses of
the two ions relative to their radicals. Indeed, such correlations
are found (average r? = 0.95) when data from ref 24 are plotted
versus those in ref 26. The (pKua — pKr+) gap is thus a useful
rough guide to the HOMO—LUMO gap, the hardnesses, and
stabilities of R*s and A’s relative to their conjugate R*s and
A~s. The hardness of R* determines the interesting (pKua —
pKr+) gap between the free energies for producing the conjugate
R* and R~ from ROH and RH, respectively. However, there
are only a few classes of compounds (e.g., triphenylmethanes)
for which both ionization properties?’ are readily accessible in
the same solvent.

The energy difference between R* and R, i.e., —23.06[Eyeq-
(R*) 4+ Eg(R"], is also of fundamental importance. In DFT
terms this is approximately twice the “absolute” electronega-
tivity, ¥ a measure of the escaping tendency of electrons from
R*. The use of reversible two-electron redox potentials of R*
and R™, when observable, has been invaluable for relating the
stabilities of very weak carbon acids to those of their very stable
carbenium ions and vice versa.?®

The importance of the HOMO—LUMO gap to reactivity and
to electronic transitions is well recognized.’® However, the
causal relationship between # and y as the primary determining
factors in bond making/breaking energies, and therefore of
heterolytic and homolytic organic chemical reactions, has not
previously been stated explicitly to our knowledge. The
relationships between these fundamental properties provide an
integrative perspective into the factors which underlie the
observed behavior of organic and other covalent compounds.
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