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ABSTRACT: The Hammond Postulate and the Leffler analysis have provided a cornerstone in the understanding of reaction
processes in organic chemistry for over 60 years, yet quantitative applications of these methodologies over the range of reactions
envisaged in the original works remain elusive. In the present paper, we analyze a series of Sy2 reactions in three solvents that
lead to endothermic and exothermic reaction processes, and we show that within the hybridization reaction coordinate the Sy2
reaction is fully consistent with both treatments. We give new presentations of the reaction energies as a function of reaction
progress, which allow the generation of unified reaction coordinate diagrams that show a linear relationship between the
hybridization metric of reaction progress and the relative energies of the stationary points on the potential surface as a function of
structure and solvent as originally envisaged by Leffler and Hammond.

B INTRODUCTION

We take as a modern statement 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.”’ An
important implication is the correlation between reaction
rates and the positions of equilibria. The paper by Hammond
postulates a qualitative relationship between structure and
energy along a reaction coordinate,” whereas the work by
Leffler titled “Parameters for the Description of Transition
States”,” suggests a quantitative (linear) relationship between
the changes in the free energies of the transition state, reactants,
and products as a function of an independent variable such as
solvent or structure, but neither author defines a reaction
coordinate with which to gauge structural evolution along the
reaction pathway.

The S\2 reaction has been the subject of a number of
previous theoretical studies,"”* many of which follow the usual
practice of defining the transition state in terms of the
internuclear distances involved in the bond breaking and
forming steps at the reacting carbon atom. These studies have
led to an in-depth understanding of this reaction, and in the
present work we consider a series of representative Sy2 methyl
transfer reactions (Scheme 1)7 from the standpoint of the
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Scheme 1. Methyl Transfer Sy2 Reactions™’
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“Solvents: (1) gas phase, (2) cyclohexane, and (3) dimethyl sulfoxide

hybridization reaction metric of reaction progress."”” As we
show below, these reactions are particularly appropriate in the
present connection as the they span a broad range of exo- and

endothermicities as a function of substrate and solvent.’
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Figure 1. Reaction diagrams calculated for the processes shown in Scheme 1; the reaction coordinate is given by the pyramidalization angle (6, deg)

at the methyl group, which determines the hybridization (Figure 2)."*

21

B RESULTS

The potential energy calculations were carried out with the
Gaussian 09 program'® using the SMD solvent model'” at the
MO06/6-311+G(d,p) level of theory; transition states were first
located and then used to find the reaction profile by following
the intrinsic reaction coordinate (Supporting Information
(SI)).lg_ZO In Figure S1, the reaction progress is a function
of the internuclear distances to the methyl group in which the
reaction coordinate is taken to be the difference between the
bond lengths of the bonds broken and formed in the reaction in
the sense that the reactants lie at negative values and the
products at positive values of the reaction coordinate.” On the
basis of a literal interpretation of this definition, all of the
reactions would be classified as occurring via late (product-like)
transition states.’

In Figure 1, the reaction coordinate is taken as the
pyramidalization angle (6p) at the methyl group (which is a
function of the hybridization of that carbon atom, Figure 2) in
the sense that reactants lie at negative values and the products
lie at positive values of the reaction coordinate (fp)."> The
hybridization metric of reaction progress is predicated on the
idea that the reaction coordinate should provide an absolute
measure of the location of a given structure with respect to the
reactants and products in the spirit of the Hammond
Postulate:'” transition states for endothermic steps structurally
resemble products, and transition states for exothermic steps
structurally resemble reactants."
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For S\2 reactions, the ideal state of the methyl group in the
reactants (R) and products (P) is sp® hybridization (16, =
19.47°), whereas for the transition state (TS), it is sp’
hybridization (6, = 0) (Figure 2). On this basis, all of the
gas phase reactions are classified as occurring via late transition
states as shown in Figure 1 because they occur beyond planarity
(positive transition state pyramidalization angle, 8p) and the
point of sp> hybridization of the reacting carbon atom (Table
S1). This is in accordance with the Hammond Postulate as the
structures are closer to that of the products and the gas phase
reactions are strongly endothermic; furthermore, the degree of
endothermicity monotonically follows the pyramidalization
angles and hybridizations. The reactions in dimethyl sulfoxide
(DMSO) are exothermic, and the pyramidalization angles
suggest that they are closer to the structure of the reactants in
accordance with the Hammond Postulate (negative 8, at the
transition state); in this case, the spread of the transition state
pyramidalization angles is small (approximately 1°), as is the
variation in the exothermicities of the reactions. The reactions
in cyclohexane are weakly endothermic, and the spread in
transition state pyramidalization angles is minimal (1°). The
transition state pyramidalization angles themselves are also
small for this reaction (6, ~ 2°), and they show positive values,
but of smaller magnitude, than those found in the gas phase
reactions as expected from the relative endothermicities of the
Sn2 processes in the two reaction media.

Thus, we conclude that, within the framework of the
hybridization reaction coordinate, the Hammond Postulate is
directly applicable to the Sy2 reaction. As may be seen in
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be negative.

Figure 1, this metric rigorously divides the reactions between
endo- and exothermic processes based purely on the positions
of their transition states on the reaction coordinate, thereby
directly correlating the rates and positions of equilibria in the
SN2 reaction. As far as we are aware, there are no other
published cases where the reaction coordinate is able to provide
an absolute measure of reaction progress that fully reproduces
the objectives of the Hammond and Leffler articles.”” The
idealizations in Figure 1 of the Hammond paper” parallel the
results in the reaction profiles shown here in Figure 1, which
could be combined into a single reaction diagram to allow a
direct comparison of the effect of structure and solvent on the
reaction processes (which is not possible with the reaction
coordinate utilized in Figure S1),'> thereby allowing the
realization of the original intent of the analyses. However, such
a diagram would become much too cluttered to be useful when
applied to the broad range of organic reactions that are
available. Below, we focus on an analysis of the stationary
points of the various reactions as a function of the hybridization
reaction coordinate within the Leffler and Hammond
approaches.

B DISCUSSION

The analysis by Leftler suggests a linear relationship between
the change in free energies of the reactants (AGy), products
(AGp), and transition states (AGrg) as a function of some
variation in the reaction conditions, such as structure or
solvent.” Thus, the reaction processes studied herein (Scheme
1) constitute an ideal test set for the examination of these
relationships, which to our knowledge have never received
direct quantitative examination (apart from ref 15).

Leftler argued that the transition state should be intermediate
between the reactant and product in some of its properties, in
which case it is appropriate to use a linear combination of the
properties of the reactants and products to represent the
transition state of a reaction.” Thus, he used the following
approximation to represent the change in free energy of the
transition state as a function of an independent variable
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AGrg = aAGp + (1 — a)AGy (1)

He went on to suggest that the transition state will resemble
the product less when it resembles the reactant more, and thus
in eq 1, @ represents the resemblance to the product whereas (1
— a) measures the resemblance to the reagent. Hence, the
properties of the transition state are regarded as a hybrid
between the reactant and product states, and this leads to the
following relationship between the activation energy (AG(R —
TS) = AGrs — AGy) and the free energy change of the reaction
(AG(R = P) = AGp, — AGyg), where these energies and
structures are referenced to the reactant, and C is a constant’

@)

This relationship basically puts the Hammond Postulate in
quantitative form and suggests a functional relationship
between the kinetics and thermodynamics of such reactions.
However, in common with the Hammond Postulate, the Leffler
analysis did not define the geometric variable (reaction
coordinate) that can linearly represent the transition state
structure as a hybrid of the reactant and product structures
throughout the reaction process. We have previously noted
some of the difficulties associated with defining this quantity,
particularly where the definition is chosen as a function of the
internuclear distances involved in the bond breaking and bond
making processes of simple reactions.'” Below, we consider the
use of the hybridization metric of reaction progress as a
measure of the geometric variable or reaction coordinate.”” The
hybridization metric of reaction progress (in the form of the
pyramidalization angle)'® provides a natural way to express the
structure of the transition state as a hybrid of the reactant and
product states, and it is straightforward to directly plot AE(R
— TS) and AE(R — P) versus AGp(R) as a test of eq 2 (Figure
3, where AGy(R) denotes the change in pyramidalization angle
from the reactant value).

Figure 3 shows that an excellent correlation exists between
the stationary points on the potential surfaces of the reactions
and the change in the hybridization metric of reaction progress.
This is a particularly important result because it shows that the

AG(R — TS) = aAG(R — P) + C
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Figure 3. Calculated activation AE(R — TS) and reaction AE(R —
P) energies as a function of the reaction progress from the reactant,
A@P(R) = (6p(TS) — 6p(R)),"> where R = reactants, TS = transition
state, and P = products. The energies are given with respect to those of
the reactants; the correlation coefficients (R*) are 0.993 (R — TS) and
0.99 (R — P); the gradients are 1.156 (R — TS) and 4.228 (R - P),
and the intercept is —82.6 kcal/mol (R — P). Thus, in analogy with eq
2, we use AE(R — TS) = @ AE(R — P) + C for which the data here
gives @ = 0.273 and C = 22.6 kcal/mol.

transition state, reactant, and product structures are linearly
related by the hybridization of the reacting carbon atom (eq 3);
on the basis of Figure 3, we take straight line fits as

AE(R = TS) = My_1AGp(R)

AE(R — P) = My_A0p(R) + C’ (3)
Thus
AE(R > TS) = (My_1s/My_p)[AE(R — P) — C']

= a[AE(R - P) — C’]

=aAE(R - P) + C
(4)
where M is the gradient, @ = (Mg_1s/Mz_p), and C = —aC/,
which reproduces the Leffler relationship (eq 2); for the data in
Figure 3, @ = 0.273 and C = 22.6 kcal/mol. Eq 4 is in the form
of eq 2 and allows us to obtain eq 5, which recovers the original
Leffler result (eq 1)

AErg = aAE, + (1 — a)AE, (s)

There is a natural differentiation between exothermic,
thermoneutral, and endothermic reaction processes, which is
made apparent in the diagram, as envisaged by Leffler and
Hammond. Thus, with the accumulation of more data, it will be
possible to specify, based on the structure implicit in the
hybridization reaction metric, exactly what is meant by the
terms early, prompt, and late transition states, and this point is
taken up below in connection with Figure 4.

The analysis supports the thermodynamic interpretation of
the parameter @ (eqs 1 and 2 and Figure 3) provided by Lefller,
but as noted by other authors,”*** it seems impossible to relate
a to reaction progress. The hybridization metric provides an
absolute measure of reaction progress, so it is not surprising to
find that a is constant within this analysis even though the
stationary points are widely distributed with respect to this
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Figure 4. Calculated activation AE(R — TS) and reaction AE(R —
P) energies expressed as a function of the structural degree of reaction
progress, 5pp(R) % (eq 6) and 8xp(P) % (eq 7), where R = reactants,
TS = transition state, and P = products (compare with Figure 3 and
Figure S3). If A6p(R) in eq 3 is replaced by Szp(R), then the
subsequent analysis gives correlation coefficients (R?) of 0.992 (R —
TS) and 0.98 (R — P), gradients of 0.425 (R = TS) and 1.586 (R —
P), an intercept of —84.4 kcal/mol (R — P), @ = 0.268, and C = 22.6
kcal/mol. The results of this analysis are very close to those found in
connection with Figure 3, because for this series of reactions (Scheme
1), 10p(R)l = 0,(P) = 19.47°, the ideal tetrahedral angle (see Figure 2
and Table S1), and thus, (0,(P) — 6p(R)) is almost a constant. In the
case of the pericyclic reactions analyzed previously,"® the analysis
associated with Figure 3 gives @ = 0.525 and C = 36.6 kcal/mol,
whereas the treatment in Figure 4 gives a = 0.411 and C = 36.5 kcal/
mol.

reaction coordinate. Nevertheless, the relationships of the
structures of the transition states to those of the reactants and
products are critical issues for both the Leffler analysis and the
Hammond Postulate, and the viability of this relationship is of
great importance to the practice of organic chemistry. The
hybridization metric provides a simple relationship between
these structures based on dynamic rehybridization along the
reaction coordinate, which may be readily expressed in terms of
a simple geometrical variable—the pyramidalization angle at the
carbon atom undergoing the reaction (see, however, ref 26). It
is in this sense that the Leffler approximation is satisfied,” “We
approximate the transition state by regarding it as a hybrid
between the reagent and product states.”

Although we cannot confirm the relationship of a to the
structural progress of the reaction as suggested by Leffer,” it is
possible to define a structural degree of reaction progress that is
analogous to the quantity sought by Leftler, but based on the
pyramidalization reaction metric shown in Figure 3. This may
be accomplished by simply renormalizing A6,(R) by the total
change in the pyramidalization angle for the reaction; thus, we
define a structural degree of reaction progress (RP) from the
reactant (eq 6) and product (eq 7)

AG,R)  [6,(TS) — 6,(R)]
[6:(P) — 6(R)]  [6p(P) — 6(R)]

) =
re(R) ©
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[6p(P) — 6x(TS)]
[6p(P) — 65(R)] (7)

The degree of reaction progress from the reactant, Sgp(R), is
conveniently expressed as a percentage in Figure 4; this plot is
readily interpreted in terms of early (dimethyl sulfoxide) and
late (cyclohexane and gas phase) transition states as discussed
in connection with Figure 1. Thus, we can paraphrase Leffler’
and state that the parameter Spp(R) measures the resemblance
to the product and has 0 and 1 as limits, whereas §gp(P) = [1 —
Spp(R)] measures the resemblance to the reagent (see Figure
4).

Although the foregoing treatment is consistent with the
Leffler analysis (Figures 3 and 4), there is an alternative mode
of presentation. The Leffler analysis is referenced to the
reactant, whereas the Hammond Postulate focuses on the
transition state; hence, in Figure 5 we set the transition states as

Spp(P) = [1 = Spp(R)] =
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Figure 5. Calculated activation AE(R < TS) and reaction AE(TS —
P) energies (referenced to the transition state) as a function of the
change in the measure of reaction progress, AG,(TS) = (6p(R) —
0p(TS)) and (0,(P) — 0,(TS)), respectively, where R = reactants, TS
= transition state, and P = products; note that this analysis is recast in
terms of 8pp(TS) in Figure S3. The energies are given with respect to
those of the transition states; the correlation coefficients (R*) are 0.993
(R < TS) and 091 (TS — P), and the gradients are 1.156 (R < TS)
and —1.279 (TS — P).

the reference point with respect to energy and structure, and
thus, we plot AE(R « TS) versus Ad,(R « TS) and AE(TS
— P) versus AGp(TS — P) (see also Figure S3 for the analysis
in terms of Spp(TS)).

This produces a volcano plot and provides a simple
geometric interpretation of the Hammond Postulate in which
it is possible to immediately delineate the position of the
reactants and products on the potential surface, providing that
the gradients of the linear fits (eq 8) are of equal magnitude but
opposite sign.

AE(TS = R) = My g AGK(R)

AE(TS — P) = Myg_pAGy(R) (8)

From the data in Figure S, we find M(rs_gy = M(ro1s) = 1.156
(standard error of 0.03) and M(rspy = —1.279 (0.12), and
thus, the magnitudes of the slopes agree within the standard
errors. Figure S graphically presents the structural relationship
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of the transition states to the reactants and products (see Figure
S3) and fulfills the promise 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.”’

B CONCLUSIONS

In summary, we have delineated a series of simple analyses that
realize for the first time the full promise of the Leffler and
Hammond approach to the structures of the transition states of
organic chemical reactions and the relationship of the kinetics
and thermodynamics of these processes. Our analysis succeeds
where other approaches have failed because it is based on the
adoption of a well-defined metric for the reaction coordinate in
the form of a geometrical parameter (pyramidalization angle)
that bears an analytical relationship to the hybridization of the
reacting carbon atom."” Although this paper has focused on the
Sn2 reaction, it is important to note that the hybridization
reaction metric is general within organic chemistry and is
applicable to most carbon-based chemical reaction processes,
including additions, eliminations, substitutions, rearrangements,
and radical reactions—all of which involve the rehybridization of
a carbon atom along the reaction pathway.'® The pyramidaliza-
tion angle has been widely applied to distorted s-electron
systems,27 fullerenes,”® and carbon nanotubes,”” and the
present analysis is readily extendable to other arenas that
encompass carbon bond-forming processes, such as catalysis.
The hybridization reaction coordinate offers a unified viewpoint
of a very large group of organic chemical reactions that will
facilitate direct comparisons between many seemingly disparate
processes according to the Leffler and Hammond analyses.

Finally, we emphasize the complementary nature of the
relationship between the hybridization metric and the use of
some function of the bonds broken and formed as a reaction
coordinate: the latter treatment is appropriate for the control of
structures on a potential surface, whereas the hybridization
metric is useful as an indicator of reaction progress."’
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B NOTE ADDED AFTER ASAP PUBLICATION

It is with great sadness that we acknowledge the passing of our
colleague and coauthor Robert Haddon just after this paper
appeared online, with appreciation for his contributions to this
work and all of his career’s work.
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