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Abstract: The reaction coordinate is usually chosen to be a simple function of the bonds that are broken or
formed in a chemical reaction. Although such an approach is adequate for the analysis of isolated reaction
processes, it does not provide a general metric that allows ready comparison between different chemical reactions.
In this paper, we introduce hybridization as a unifying metric for the degree of structural progress in organic
reaction processes and illustrate the usefulness of such an analysis by reference to the Hammond postulate and
electrocyclic reactions.

Chemical reactions are normally considered to be processes
that form and break bonds, and it is traditional to measure the
progress of a reaction by reference to some function of the
interatomic distances that undergoes a significant change during
the chemical transformation.1,2 While this approach is conve-
nient, it does not provide a general metric of reaction progress.
This is because such a scheme introduces one arbitrary and one
ill-defined boundary condition.

Consider a dissociation process in which a bond is broken
during a reaction (Figure 1a). The initial coordinate for the
representation of the reaction progress will usually be chosen
as some function of the equilibrium length of the bond to be
broken (RR). In general, the bonds in molecules are of variable
length, and this bond length will not be transferable to other
reactions. At the final point in the process, the products will
be at infinity with respect to one another (RP), and such a
boundary condition cannot provide a scale of measure.

Although it might be thought that this is of little consequence,
we shall argue that there is a great deal of value in adopting a
unified and general metric for the reaction coordinate of
chemical processes because this allows comparisons between a
variety of disparate reactions and has important ramifications
for the Hammond postulate.3 We adopt a modern statement4

of the Hammond postulate: “The structure of a transition state
resembles the structure of the nearest stable species. Transition
states for endothermic steps structurally resemble products, and
transition states for exothermic steps structurally resemble
reactants.” Although the Hammond postulate depends on the
structural evolution of reactants to products along a reaction
coordinate, the nature of the essential structural characteristic-
(s) has remained undefined. The Hammond postulate is central
to the practice of organic chemistry because it provides a
connection between the kinetics and thermodynamics of reaction
processes. The success of a given reaction usually depends on
kinetics, but most of the reasoning in organic chemistry is based

on thermodynamics; it is therefore of the utmost importance to
broadly and precisely define the underlying structural basis of
the postulate.

Most textbooks4 conclude that there are six classes of
chemical reactions in organic chemistry: (1) additions, (2)
eliminations, (3) substitutions, (4) rearrangements, (5) reduc-
tion-oxidations, and (6) combinations of classes 1-5. Of the
five distinct classes of reaction, only class 5 does not necessarily
involve a change in hybridization. Not all of these hybridization
changes are of the same type, but we have found that a
surprisingly small number of distinct rehybridizations are
involved in all of organic chemistry (at least within the simple
theoretical treatment introduced below). In fact, most organic
reactions (classes 1-4) simply involve a transition between sp2
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Figure 1. (a) Conventional reaction coordinate for a dissociation
reaction, whereR is a function of the bond(s) broken in the reaction.
RR is the function value for the reactant A-B. RP is the function value
for the products (A and B at infinity).RTS is the function value for the
transition state (A‚‚‚B). Such a reaction coordinate system cannot
provide a general and unified metric of reaction progress (see text).
(b) Proposed reaction coordinate boundary conditions for reactions
involving conversions between sp2 and sp3 hybridization.
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and sp3 hybridizations in the reacting atoms of some combina-
tion of the reactants, products, reaction intermediates, and
transition states of the reaction (the extension to other cases,
such as the transition between sp and sp2 hybrids, is straight-
forward). This is exemplified in the reaction types illustrated
below.

We therefore suggest hybridization as the unifying reaction
coordinate metric (Figure 1b). In most cases, it is possible to
associate anideal initial and final hybridization with the atoms
that are involved in the bond forming and breaking in chemical
reaction processes, and together these provide well-defined
boundary conditions for the reaction metric. The most common
reaction processes involve conversions among sp2 and sp3

hybrids in the reacting atoms (vide infra). The use of the
π-orbital axis vector (POAV) analysis makes it possible to solve
analytically for the intermediate hybridizations,5,6 and thus, a
general metric may be obtained for almost any organic reaction
process. The hybridization metric that is introduced here is
structurally based and is valid for the reactants, products,
transition states, and intermediates of many organic reaction
processes. The adoption of this reaction metric makes possible
for the first time the application of the Hammond postulate in
a quantitative manner across a variety of reactions.

We illustrate the method with a series of simple reverse
Diels-Alder cycloaddition reactions of varying exothermicity.
We calculated the structures and energies of (5)-(8) along the
dissociation pathways using the B3LYP/6-31G* method; see
Table 1.7-10 This level of theory has been shown to provide

fairly satisfactory descriptions of organic structures and reac-
tions.11,12 The transition states were located in all cases, and
the force constant matrix was shown to possess a single negative
eigenvalue. The energies of the products and transition states
(kcal/mol) relative to the reactants are given in the equations
(the results are in good agreement with prior high level
calculations).13-15

In Figure 2, we show the reaction profiles of these reactions
as a function of the pyramidalization angle (θP) (bottom axis)
and POAV1 hybridization (top axis).5,6 In POAV1 theory, the
π-orbital axis vector is defined as that vector which makes equal
angles (θσπ) to the threeσ-bonds at a conjugated carbon atom,
and the pyramidalization angle is obtained asθP ) (θσπ - 90)°
(Figure 1b). Theσ-bond hybridization (spn) is given byn )
2/(1- 3 sin2 θP). Although we originally intended to plot these
curves as a direct function of hybridization, the results dissuaded
us from this mode of analysis. As may be seen from Table 1
and Figure 2, the transition states of most of the reactions occur
in the vicinity of sp2.2 hybridization. Thus, a linear plot of
hybridization is quite asymmetric for these reactions. Reaction
7 is almost thermoneutral [∆E(RfP) ) -1.6 kcal/mol], and
based on the current understanding of the Hammond postulate,
it would be expected to have a transition state midway between
reactants and products. We found that the transition state for
this reaction was characterized by a pyramidalization angle of
θP ) 9.16°. As shown in Figures 1 and 2, the ideal pyrami-
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Table 1. Pyramidalization Angles (θP, deg) and Hybridizations of
the Stationary Points

reaction reactant transition state product

(5) θP ) 13.23, sp2.373 θP ) 9.71, sp2.187 θP ) 0, sp2

(6) θP ) 17.30, sp2.722 θP ) 9.38, sp2.173 θP ) 0, sp2

(7) θP ) 18.31, sp2.841 θP ) 9.16, sp2.165 θP ) 0, sp2

(8) θP ) 17.50, sp2.745 θP ) 6.90, sp2.091 θP ) 0, sp2

Hybridization as a Metric J. Am. Chem. Soc., Vol. 120, No. 40, 199810495



dalizations are sp2, θP ) 0°, and sp3, θP ) 19.47°, with a
midpoint value of sp2.19, θP ) 9.74°. Thus, the pyramidalization
angle conforms rather well to the conventional notion of the
Hammond postulate, and we chose this parameter to provide
the scale between sp2 and sp3 hybridization. It is important to
note that although the scale is not linear in hybridization, the
boundary conditions for the metric remain intact, and the
interpretation of the reaction process is now reduced to a single
geometric variable.

Figure 2 reproduces the central tenets of the Hammond
postulate with regard to structure along the reaction pathway.
Endothermic reactions have transition-state structures that are
more productlike, whereas exothermic reactions have transition-
state structures that are more reactantlike.

Although our analysis supports the basic features of the
Hammond postulate, there are some caveats. The POAV
analysis provides an absolute scale of reaction structures, and
Figure 2 shows that for the exothermic reactions (5)-(7) the
transition states occur at much the same value of the reaction
coordinate [θP (TS) ) 9.71° (5), 9.38° (6), 9.16° (7), 6.9° (8)].
Thus in terms of the hybridization approach to the Hammond
postulate, it is not that the structure of the transition state
resembles the reactants but that the structure of the reactant
resembles the structure of the transition state in the case of
exothermic reactions. Thus in the case of (5), in which the
bond angles of the reactant are not ideal (angle strain), it is
appropriate to view the reaction as being more advanced at the
reactant stage rather than the conventional view of an early
transition state. The endothermic process (8) is in full accord
with the conventional picture of the Hammond postulate, with
a late transition state.

Figure 3 reproduces the central tenets of the Hammond
postulate with regard to the relationship between the kinetics
and thermodynamics of reactions. In this plot, we show the
enthalpies and activation energies for the reactions as a function
of the separation of reactant structure from transition-state
structure, based on the hybridization metric. Both the thermo-
dynamics (enthalpy of reaction) and kinetics (activation energy)
of the reactions correlate quite well with the reaction metric.

We believe that the current study provides the first general,
quantitative application and verification of the Hammond

postulate.16 The POAV hybridization analysis will provide a
widely applicable and unified view of organic reactions and
will expand the usefulness of the concepts of hybridization and
the Hammond postulate. We have recently shown that the
hybridization metric can provide information on bond making
and breaking and the degree of concertedness in chemical
reactions.17

Finally we consider the relationship of the hybridization
metric of chemical reactions to the traditional approaches that
rely on some function of the bonds that are broken or formed
during the reaction. The most general approaches to this
problem are the minimum energy path (MEP) and its compan-
ion, the intrinsic reaction coordinate (IRC) method.18-21 In both
of these approaches, all of the molecular degrees of freedom
are treated along the minimum energy reaction pathway between
reactant and product. The MEP was used to obtain the data in
the present paper.7

As noted earlier, the usual procedure for following a chemical
reaction is to identify a bond that is broken or formed in the
reaction and to use some function of this bond to force changes
in the location of the structure on the potential surface. In this
way, a particular variable is used tocontrol the reaction progress.
The present approach is complementary to this part of the
procedure and should be considered as anindicator of the
progress of a chemical reaction. An indicator is useful if it is
transferable and provides a general measure of a property. Such
an indicator can then be used to compare this property in
different systems. In this study, the hybridization metric or
indicator provides a comparison of reaction progress in related
chemical systems, and this allows a quantitative test of the
Hammond postulate.
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Figure 2. Energy of reaction as a function of pyramidalization angle
and hybridization (defined by the C-H and two C-C bonds shown in
the structure, where L is the leaving group), of the bridgehead carbon
atoms (denoted by•). The numbers on the curves refer to the processes
shown in the reaction scheme.

Figure 3. Reaction (9) and activation energies (b) as a function of
change in pyramidalizaton angle.
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