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by determining spectrometrically the extent of ionization for
p-anisyldiphenylmethanol and correlated it with the known pKg+
value (~1.24)%7 of p-anisyldiphenylmethyl cation.

The pKg+ values for the monocations and also the values
corresponding to the second neutralization of the dications were
determined at 25 °C in 50% acetonitrile by means of the UV
spectrophotometric method described in a previous paper.’®

Cyclic Voltammetry. The measurements were done with the
method and apparatus described in the previous paper.®® Sample
solutions were 1 mM in cation and 0.1 M in tetrabutylammonium
perchlorate as a supporting electrolyte. Scan rate was 0.1 V/s.
All the cations exhibited the irreversible cathodic peak at the
potential given in Table V. Immediately after each measurement,
ferrocene (0.2 mM) was added as an internal standard,® and the

(38) Komatsu, K.; Masumoto, K.; Waki, Y.; Okamoto, K. Bull. Chem.
Soc. Jpn. 1982, 55, 2470.

peak potential was corrected with reference to this standard.
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It is shown how the free energy profiles along and perpendicular to the reaction coordinate determine a
two-dimensional energy surface for describing substituent effects in organic reactivity. This affords a generalization
of the hyperbolic—paraboloid surfaces, extendible to large energy variations. It also shows that the reaction surface
and curve-crossing approaches lead to a similar mathematical description of the problem. The various models
are compared with experimental results for free energy of activation of proton-transfer reactions between benzoic
acids and methanol and of Cope and Claisen rearrangements.

Use of two-dimensional plots to discuss effects along and
perpendicular to the reaction coordinate has become in-
creasingly popular.’”1¢ In this picture, substituents can
affect the free energy of activation (that is, the energy of
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the saddle point in the two-dimensional free energy sur-
face) in two ways: The free energies of reactants and
products (G4, G,) along the reaction coordinate may vary,
resulting in the customary Hammond effect,!!8 or the free
energies of the perpendicular structures (G;, G,) may be
perturbed, leading to an anti-Hammond effect,® where the
transition state moves toward the state of lowered energy.

Most authors who model such surfaces quantitative-
ly®121416 yge a hyperbolic—paraboloid function, namely a
quadratic polynomial in two variables, with parameters
determined so that the surface has a maximum along one
direction and a minimum along the perpendicular direc-
tion. Such a potential necessarily reduces!* to Marcus’'°
quadratic energy profile along the reaction coordinate.
This is rather restrictive, especially since the Marcus re-
lation is not expected to give a good description of ex-
periment over a large energy range.?

Since much more is known on the general form of the
profile along the reaction coordinate? than on the shape
of the surface, it seems natural to begin its construction
from such profiles. This has been my approach in a recent
publication.’® That model (model I) is based on a free
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Figure 1. Identity proton-transfer reactions between substituted
benzoic acids and methanol. Reaction proceeds from structure
1 to structure 2 with structures 3 and 4 as possible intermediates.
The concerted path is the reaction coordinate n. The perpen-
dicular coordinate (the disparity mode®) is n*.

energy profile along the reaction coordinate and an up-
side-down profile along the perpendicular coordinate.
With a few simple assumptions it was possible!® to describe
both Hammond and anti-Hammond effects, in agreement
with experimental data.

The energy profile model (model I) does not require
specification of the complete reaction surface. Hence, it
can also be interpreted as arising from the avoided crossing
of two configurations in the valence-bond approach,? in
reactions where the electronic configurations of 1 and 4,
and also those of 2 and 3, are the same. Still another
interpretation is that of an excited electronic curve, G3G,,
and a ground-state potential, G;G,, which are mutually
dependent. The purpose of the present discussion is to
show how two such profiles explicitly determine a reaction
surface (model IT) whose sections along two perpendicular
directions coincide with the given profiles. Numerically
the difference between the two models is small, which
shows that the curve-crossing and reaction-surface pictures
lead to a similar mathematical description.

The hyperbolic-paraboloid surface found in the litera-
ture is a special case of model II, for parabolic energy
profiles. Use of profiles that were shown® to apply for a
large energy range produces surfaces with a larger range
of applicability. This is the practical merit of the method.
Unfortunately, experimental data at present do not cover
a large enough free energy range to test this conclusion,
as shown by a comparison of the different models with the
free energy of activation for three families of reactions:
identity proton-transfer reactions and Cope and Claisen
rearrangements.

Energy Profiles

Here previous results concerning free energy profiles are
reviewed. Consider as an example the identity proton-
transfer reactions between substituted benzoic acids and
methanol (Figure 1). The reactants and products
(structures 1 and 2) are here identical. Their concerted
interconversion is described by the reaction-coordinate
variable n, which assumes values between 0 (for reactants)
and 1 (for products). The two perpendicular structures,
3 and 4, are the bond-breaking and bond-making config-
urations. Their interconversion defines the perpendicular
coordinate, n*, which by assumption also varies between
0 and 1.

(21) (a) Pross, A.; Shaik, S. S. Acc. Chem. Res. 1983, 16, 363~370. (b)
Pross, A. Adv. Phys. Org. Chem. 1985, 21, 99-196.
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Figure 2. Free energy profiles (model I): The bottom reaction
profile is G; + G(n,AG;G,%, while the upper inverted profile is
G- G(n*,AG*G."). The function G is given by eq 3 and 6. The
designation of the four structures corresponds to that of Figure
1. Theie energies are the same as in Figure 1 of ref 15.

In terms of bond orders, it is n* that measures the total
bond order in the benzoic acid. A constant n* implies
bond-order conservation such as along the concerted
pathway defined by the coordinate n. The configuration
of the transition state is given by some value of these
coordinates, denoted by n* and n**. The transition state
may be called early or late, depending on whether n* is
smaller or larger than /,, respectively. It is loose or tight
when n** ig smaller or larger than !/,, respectively.

In model I all that matters is the shape of the two energy
profiles, as a function of n and n*. The lower profile is
the usual free energy profile along the reaction coordinate,
while the upper profile is an inverted one. This is dem-
onstrated in Figure 2.

In order that the model be usable three simple as-
sumptions are made:

(i) The two profiles have the same functional depen-
dence G(x,A;T) on the independent coordinate x, the free
energy gap between the two end points A, and a parameter
I. If G(0,A;T) = 0 and G(1,A;T) = A, then the lower profile
is given by G, + G(n,AG;G,%) while the upper one is G5 -
G(n*,AG*G*). AG = G,- G, while AG*=G;~G,. G
and G,%* will be called intrinsic barriers.”® Finally, the
barrier height in the lower profile will be denoted by G,
= G(n*,AG;G,Y%, while the well depth in the upper profile
is G,* = G(n**,AG*;G ).

(ii) The minimum in the upper profile coincides in en-
ergy with the maximum in the lower profile:

Ga+ G*=G3- Gy 1

This is the energy of the crossing point in the curve-
crossing picture, or the energy of the saddle point in the
reaction surface model. n* and n** are of coarse not
identical, since n and n* are independent variables.

(iii) The two intrinsic barriers are proportional to each
other:

GO = rG,0 2

This is better than taking one of the intrinsic barriers
constant, which cannot be true in the limit that all energy
spacings decrease to zero.

One notes that three parameters have been defined: G,°,
G,%*, and r. There are two equations connecting these
parameters, eq 1 and 2. Hence the model has only one free
parameter to be determined from a fit to experiment.

To apply the model, one needs an explicit expression for
the free energy profile along the reaction coordinate,
G(x,A;T). This is given by the general expression?’

G(x,A;T) = xA + TM(x) (8)

where M(x) is a mixing function. Let us mention two such
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functions. The first is an inverted parabola:
M(x) = 4x2(1 - x) (4)

It leads to the linear dependence of the transition-state
location and the parabolic dependence of its free energy
on A, which are the Marcus theory results:*®

2HAD) =1+ A/4T) /2 (5a)
G(x*,A;T) = T(1 + A/4T)? (5b)

Another mixing function is the entropy function
Max)=-xlnx+(0-x)In(1-x]/In2 ()
which gives
2 AT) = {1 + exp(-AIn 2/D)]! (7a)
Gux*AT) =-TIn(1-x%)/In2 (7b)

Over a limited range in A the difference between eq 5 and
7 is small but becomes appreciable for a large energy range
(JA] > 4T). Under these conditions, eq 5b shows an in-
verted behavior, which is not relevant to atom- (or group-)
transfer reactions. We therefore use eq 6 in model I, but
notice that any desired expression for the energy profile
along the reaction coordinate could be inserted into our
equations.

Reaction Surfaces

Now a two-dimensional free energy surface, g(n,n*), is
constructed so that sections along and perpendicular to
the reaction coordinate coincide with the two above-
mentioned profiles:

g(n,Y) = G; + G(n,AG;G,0) (8a)
g(Y,n*) = G3 — G(n*,AG*;G,*) (8b)

This can be easily achieved by superimposing the two
profiles

gln,n*) =
G(n,AG;G,0) + G5 — G(n*,AG*;G %) - G(%,AG;G.Y (9)

which already fulfills eq 8b. To account for eq 8a we
demand that

G3 - Gl = G(I/Z’AG;GaO) + G(I/ZIAG*;GaO*) (10)

This relates the two intrinsic barriers. Note that for all
reaction profiles given by the general relation (3), for whith
M(/,) =1, one has

Hence eq 10 reads
Gao + Gao* = (G4 + Ga - G2 - Gl)/2 (10’)

This coincides with eq 6 of ref 16a, which (see below) is
a special case of the present formalism.

A free energy surface, g(n,n*), is shown in Figure 3, for
n and n* in the range 0-1. It corresponds to the profiles
of in Figure 2. The four structures (e.g., Figure 1) are at
0,1/9), (1,}/2), (1/4,0), and (}/3,1), respectively. Usually,
only the area inside the smaller square is of interest.

It is now shown how the two conditions in eq 1 and 2
are obeyed. For AG = AG* = 0, eq 10’ reduces to

GEO + GEO* = G3 - G1 (10”)

This is a special case of eq 1. In the more general situation,
eq 1 is obeyed only approximately: The two coordinates
in model I are better interpreted as curvilinear coordinates
through the saddle point in Figure 3, instead of the straight
lines of model II. This is the reason for numerical dif-
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Figure 3. Reaction free energy surface (model II) derived from
the two profiles of Figure 2 using eq 9. The four structures are
the corners of the inner square, corresponding to the situation
in Figure 1. Equipotentials shown are from -20 (structure 2) to
+60 (at structure 4) kcal/mol, every 5 kcal/mol. n is the x axis,
while n* is the —y axis. The saddle point is located at n* = 0.42
and n** = 0.20.

ferences between the two models.
Equation 2 is easily introduced into the condition (10")
to give

Gl=(Gi+ G3- G- G/20+1n (12

This establishes the free energy of activation, g(n*,n**) —
G, as an explicit function of the free energies of the four
corners and the single parameter r.

As in model I, different functional forms for the free
energy along the reaction coordinate lead to different
functional forms for the reaction surface. A quadratic
profile, eq 4, when inserted into eq 9 gives

gln,n*) = nAG + 4G.%(1 - n) — n*AG* -
4G, 9%n*(1 - n*) + Gy - G, ~ KAG (13)

which coincides with the hyperbolic—paraboloid surfaces
of the literature.!#!¢ In the framework of the more general
model outlined here, eq 6 is chosen as the basis for the free
energy profile along the reaction coordinate, because of its
applicability to a larger AG range. This yields

G, = g(n*,n**) ~ G, = Gr In(1 - n**) = In (1 -
nl/In 2 + G; - G, - G2 - %AG (14)

where, due to the fact that n and n* are uncoupled in eq
9, n*(AG;G.Y and n**(AG*;G,%*) are given by the same
relation (7a) as before. G,° and r are related by eq 12.

Results

The results are compared (Tables I-11I) of the two
models discussed above, the hyperbolic-paraboloid model
(eq 13) used in the literature, and recently compiled ex-
perimental data for the free energy of activation, G,, for
three reaction series: (i) proton exchange between sub-
stituted benzoic acids and methanol (in methanol at 25 °C)
[data for these identity (AG = 0) reactions obtained by
dynamical NMR methods];!% (ii) Cope rearrangement of
substituted hexadienes; (iii) Claisen rearrangement of allyl
vinyl ethers. Data for (ii) and (iii) are from the compilation
of ref 12b.

The tables show the input data for the calculation, which
are AG,AG*, and G; — G;. The free energy of activation,
G,, for the different models is given together with the mean
square root deviation (msd), mean absolute deviation
{mad), and maximal deviation (maxd) of calculation from
experiment. Some additional output from the calculation
with model I is also shown (there is only a small difference
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Table I. Proton Exchange of Benzoic Acids in Methanol (See Figure 1; for These Identity Reactions AG = 0 and n* = !/, All
Energies in kcal/mol)

minimum

input data barrier height, G, location, n**

X AG* G, a b c d e b d
H 19.08 12.83 10.88 10.88 11.12° 10.97 11.27. 0.22 0.15
m-NO, 21.49 11.37 10.28 10.17 10.15 10.16 10.16 0.19 0.11
p-NO, 21.64 11.36 10.15 10.14 10.19 10.16 10.15 0.19 0.11
3,5-(NOy), 23.90 9.93 9.40 9.38 9.13 9.23 8.99 0.15 0.07
0-NO, 23.10 10.31 9.30 9.65 9.38 9.47 9.30 0.16 0.08

¢ Experimental.’®® °Grunwald’s calculation,'®® using both intrinsic barriers as free parameters (i.e., ignoring eq 10’); msd = 0.16, mad =
0.10, maxd = 0.35 kecal/mol. ¢Hyperbolic—paraboloid model, eq 13, with G,** = 8.6 kcal/mol and G,° evaluated from eq 10’; msd = 0.18, mad
= 0.15, maxd = 0.27 kcal/mol. ¢Model I with r = 0.706; msd = 0.12, mad = 0.11, maxd = 0.17 kcal/mol. *Model II with r = 0.478; msd =

0.26, mad = 0.19, maxd = 0.41 kcal/mol.

Table II. Cope Rearrangement of Hexadiene Derivatives (All Energies in kcal/mol)

input datal?

barrier heights, G,

reactant AG  AG* Gy GPc a b ¢ d G*c n*tc  p¥te
1,5-hexadiene (chair) 0 4 57 41.6 41 40.9 41.6 41.8 15.4 0.50 0.55
2-phenyl-1,5-hexadiene (chair) 0 14 57 36.8 35.5 374 36.8 36.7 20.2 0.50 0.70
3-phenyl-1,5-hexadiene (chair) -5 -6 47 395 375 3871 371 373 9.9 048  0.42
2,5-diphenyl-1,5-hexadiene (chair) ) 0 24 57 30.6 31 32.0 30.6 30.0 26.4 0.50 0.85
2,5-dicyano-3-methyl-1,5-hexadiene (chair) -3 21 54 314 31 31.5 29.9 29.5 24.1 0.48 0.81
threo-3,4-dimethyl-1,5-hexadiene {(chair) -5 0 53 42.0 39 388 396 398 134 048 0.50
threo-3,4-diphenyl-1,5-hexadiene (chair) ~10 -16 37 36.3 31 32.3 31.5 31.5 5.5 0.45 0.28
2,4-diphenyl-1,5-hexadiene (chair) -5 4 47 358 34 347 334 336 13.6 0.48 0.56
allyl phenyl ether 5 -22 47 39.6 42 417 422 41.8 4.8 0.52 0.23
allyl acetate 0 -15 52 44.1 45 42.4 44.1 44.0 8.0 0.50 0.32

"Expenmental data from Table I of ref 12b. ®From eq 8 of ref 12b with a = -27 kcal/mol. There is probably a printing error for entry
8 in Table I there. msd = 1.19, mad = 0.90, maxd = 2.6 kcal/mol. Model I with r = 0.32; msd = 0.73, mad = 0 66, maxd = 1.3 kecal/mol.
4Model II with r = 0.312; msd = 0.87, mad = 0.76, maxd = 1.5 kcal/mol.

Table III. Claisen Rearrangements of Allyl Vinyl Ethers (All Energies in kcal/mol)

input data barrier heights, G,

reactant AG AG* G, Go¢ a b c d G *° n*e n¥te
allyl vinyl ether -17 -10 47 42.2 33.6 33.6 34.3 344 12.7 0.43 0.40
1-cyano allyl vinyl ether -13.5 -19 41.5 394 33.1 32.8 33.1 32.7 84 0.44 0.31
2-cyano allyl vinyl ether ~17 0.5 47 39.2 29.7 31.6 31.3 31.8 15.7 0.43 0.49
4-cyano allyl vinyl ether -20.5 -19 38 39.0 29.8 29.7 29.7 29.7 8.3 041 0.30
5-cyano allyl vinyl ether -17 -0.5 47 39.2 31.8 31.6 31.3 31.6 15.7 0.43 0.49
6-cyano allyl vinyl ether ~13.5 -19 41.5 394 34.6 32.8 33.1 32.7 8.4 0.44 0.31

¢ Experimental data from Table IV of ref 12b. ®From eq 8 of ref 12b with a = 23.5 kcal/mol. This is a better fit than that presented in
ref 12b. msd = 1.06, mad = 0.72, maxd = 1.9 keal/mol. *Model I with r = 0.407; msd = 0.98, mad = 0.73, maxd = 1.6 kcal/mol. ¢Model

IT with r = 0.415; msd = 1.16, mad = 0.90, maxd = 1.9 kcal/mol.

in transition-state location between the two models).
Agreement with experiment in all cases is good. Model
I tends to give slightly better results, but more extensive
data over a wider energy range would be needed before
definite conclusions could be made.

Conclusion

In was shown how a reaction surface depicting substit-
uent effects along and perpendicular to the reaction co-
ordinate can be constructed once the functional form for
the energy along the reaction coordinate is given. The
hyperbolic-paraboloid surface found in the literature is
a special case obtained for a parabolic reaction profile.
Improved energy profiles may lead to reaction surfaces
valid over much wider energy ranges. Another way in
which the present approach differs from others is in the
choice of the free parameter, taken here as the ratio of the
two intrinsic barriers.

The above exposition shows that the Hammond/anti-
Hammond behavior is determined quantitatively from the
shape of the profiles along and perpendicular to the re-
action coordinate. The concept of a reaction surface is an
important guide to our intuition but is not a necessary
ingredient in the model. The two profiles may be inter-
preted as sections through this surface, as well as in other
ways. For example, they may originate from the avoided
crossing of two different configuration curves, suggesting
that the perpendicular structures actually belong to an
excited, rather than the ground, electronic state. In em-
pirical models it is difficult to distinguish between different
physical descriptions, leading to a similar mathematical
formulation.
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