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Abstract 

Models for the energy profile along the reaction coordinate are utilized to determine the 
barrier’s height and location as a function of AG. These form the basis for structure-reactivity 
correlations and afford a unified formulation for various postulates in the field of physical 
organic chemistry. Current experimental evidence is examined for the resulting correlations, 
and some of their applications as an aid to the chemical kineticist are presented. 

1. Introduction 

The study of structure-reactivity correlations, which are relations of rate 
constants to properties of reactants and products, is motivated by several 
considerations. Starting from first principles, it is usually easier to de- 
termine equilibrium properties than kinetic properties, so that such cor- 
relations may help understand the kinetics. Moreover, instead of tables 
of numbers it affords classification of rate constants according to families 
of similar reactions. Finally, such correlations may be used by kineticists 
as a tool in their investigations. (Some examples are given in Section 
6.) 

Two approaches are possible to structure-reactivity correlations. The  
first, which we do not follow here, is to try to derive them from first prin- 
ciples, e.g., from Schrodinger’s equation. This route is difficult because, 
even if one succeeds, by introducing various approximations to solve the 
Schrodinger equation for a given reacting system, i t  does not yet clarify why 
and how this solution is related to those of other, similar systems. The  
second approach, which has been the practice of physical organic chemists 
for some time, is phenomenological. Here several empirical observations 
are made with the hope that by a continuous process of generalization and 
elimination (similar to that  which took place in the development of ther- 
modynamics) a few fundamental “laws” could be stated, from which all 
other empirical observations would follow. 
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An example for such an approach is to  establish structure-reactivity 
relations on the form of the free energy profile along the reaction coordinate 
(RC), from which one tries to elucidate a dependence of the free energy of 
the transition state (TS) on that of reactants and products. Some works 
in this spirit have appeared even in this journal. For example, a recent 
paper by Basilevsky, Weinberg, and Zhulin [I] (BWZ) discusses the energy 
along the RC for a transfer reaction': 

(1) 

in terms of the function 

A + B C  s AB + C 

(2) V(S) = V'(S) + f(s).(AV - AVO) 

In eq. (2) s is the arc length along the RC (which is assumed to be of a finite 
length). V(s) is the potential energy profile along the RC for a reaction 
with an endoergicity of AV = V2 - V1. (The energies of reactants and 
products are denoted by V1 VBC: and V2 = VAB, respectively.) The  su- 
perscript zero denotes quantities for a reference (standard) reaction in the 
same series, and f ( s )  is a monotonically increasing function of s, whose range 
of variation is limited to the interval (0, 1). 

BWZ show that  approximating f ( s )  by a linear function of s and Vo(s) 
by its second-order Taylor expansion yields a quadric dependence of the 
barrier's height AV* on the endoergicity AV, which they fit to experimental 
results for gas-phase hydrogen transfer between free radicals. 

The RWZ exposition suffers from a lack of reference to recent (and even 
not so recent) developments in the field of structure-reactivity correlations, 
both experimental and theoretical. The readers of this journal may benefit 
from the more updated references incorporated in the present work. 
Section 2 discusses the general properties of the energy profile; in Section 
3 we show how several postulates occurring in physical organic chemistry 
are derived from the general expression for the energy profile; Section 4 
discusses special cases of the general formulation; Section 5 presents a 
comparison with experiment, while Section 6 contains examples for ap- 
plications to  kinetic problems. 

2. The Energy Profile 

We begin with some modifications of the RWZ treatment discussed in 
the Introduction to show its relation with other presentations. 

As in some previously suggested empirical functions for the energy profile 
[ 2 ] ,  the variable which BWZ choose to describe the advance of a reaction 
is the arc length s along the RC of a collinear potential energy surface (PES). 
To carry out the mathematics, an assumption is made [1,2] that  the RC is 

' RWZ consider only the case where H = H atom, and A and C are  free radicals. 



of a finite length extending between minima in the energy profile a t  reagents 
and products. However, PES for H-atom transfer [3a-c] do not show such 
minima in the potential. Rather, the potential along the RC decreases 
monotonically to its asymptotic value a t  reagents (s = -a) and products 
(s = + m ) .  Even if some semiempirical PES [3d] do show such depressions 
in the potential, these wells do not represent the structure of reagents and 
products which, strictly speaking, are located a t  s = fa. 

What is needed, evidently, is a transformation of the variable s to a new 
variable n whose range of variation is bound, say, to the interval (0 , l ) .  A 
useful transformation of this type is Pauling's definition [4] of the bond 
order (BO) n by 

(3) n = exp( - r /u )  

r 1 R - R, is the displacement of the bond length R from its equilibrium 
value R e ,  and u is an empirical parameter. Indeed, when the bond is a t  its 
equilibrium length ( R  = R e ) ,  its BO is unity, and when it is torn apart ( R  
= a), n goes to zero. 

In order to get an expression for the RC, eq. (3) is coupled to the as- 
sumption that the two BO normalize to unity along the RC: 

(4)  nl + n2 = 1 

This is a basic assumption of the empirical bond-energy bond-order 
(BEBO) method [ 5 ] ,  which (in contrast to footnote 2 in [I])  is known to 
agree semiquantitatively with the steepest descent RC of some collinear 
PES [6]. In the following, the BO of the newly forming bond n n2 will 
be taken as the parameter measuring the advance of the reaction. 

As would become evident from the exposition below, the specification 
of the transformation s - n (or R - n )  is not needed in the derivation of 
the dependence of the barrier's height A V f ,  on AV. I t  suffices to know 
that such a transformation exists. I t  is only when we require the position 
of the barrier in terms of the bond lengths R1 and Rz that  we make use of 
eqs. (3) and (4). 

The first modification, therefore, to eq. (2) is that  n is used as the inde- 
pendent variable instead of s. In addition, the reference reaction is taken 
to be the reaction in the series for which AVO = 0 (e.g., a symmetric reaction, 
where the products are identical with the reagents). The formalism is 
carried out for free energies (denoted by C),  of which the potential energy 
(more precisely, the zero point energy) is the low-temperature limit. If we 
substitute f ( n )  = n and GO(n) = M/i(n), eq. (2) becomes identical to a basic 
equation in a previously discussed treatment [ 7 ] ,  namely: 

(5) 

In Eq. (5) AG is the standard free energy change in the reaction. The  
conventional superscript zero is omitted because it is reserved for the ref- 

C ( n )  = nAG + X M ( n )  
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erence reaction, AG = 0. X > 0 is a parameter (independent of n and AG) 
whose value specifies the reaction series [8]. (Somewhat more general is 
an approach [7e] where a reaction series is defined as a group of reactions 
whose relative rate-constants depend only on AG.) Equation (5) states 
that  the free energy is a linear interpolation between the free energies of 
reactants and products, plus a term AM which accounts for the barrier. I t  
is therefore a function of two parameters: a purely kinetic parameter, AG, 
and a purely kinetic parameter, G: G, (AG = 0) = AM(%), which is 
termed the intrinsic barrier [8]. 

The assumption that the function M ( n )  in eq. (5) depends only on n 
completely specifies the AG dependence of G ( n ) ,  but its n dependence has 
yet to be determined. We leave the explicit specification of M ( n )  to Section 
4 and inquire first what properties of M ( n )  follow from the general desid- 
erata listed below: 

C;(n;AG) is a smoothly differentiable function of n and AG. 
For n = 0 or 1, G ( n )  equals to the free energy of reactants and 

products respectively, namely, G(0) = G I  and G(1) = Gz.  
An interchange of the labels 1 and 2 for reactants and products, 

does not change C ( n ) .  
For any reaction in the series, which may have any possible value 

of --oo < AG < -oo, G ( n )  has a maximum. Denote the value of n for which 
this maximum obtains by n*. Then 

( 6 4  

(i) 
(i i)  

(iii) 

(iv) 

0 = AG + XM’(n*) 
(6b) C”(n*)  < 0 
(A prime denotes differentiation with respect to n.) 

should hold for any 0 d n d 1. These properties are: 
From these four desiderata follow [7c-f] four properties of M ( n ) ,  which 

(i)  Boundary condition: M ( 0 )  = M(1) = 0. 
(ii) Symmetry: M ( n )  = M ( l  - n) .  
(iii) Convexity2: M ” ( n )  < 0. 

M’ (n )  - UJ a s n  -0 
M’(n)  - --oo as n - 1. 

(iv) Asymptotic condition: 

Some of these properties are straightforward from the desiderata. In the 
proof of the last two there are some technical details discussed in Appendix 
A. 

Two additional properties of M ( n )  are evidently a consequence of the 
list above: 

(v) Nonnegativity: M ( n )  >, 0. 
(vi) 
Additional properties, which do not follow from (i)-(iv) and seem to be 

M ( n )  has a (single) maximum a t  n = l/2. 

of a secondary importance, are discussed in Appendix B. 

Note that the energy profile, when drawn as a function of s, is not convex. 
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An alternative way to  describe the properties of M ( n )  is by referring to  
its expansion [7h] in a Taylor series in even powers of n - l/2: 

( 7 )  

The form of eq. (7) already takes care of the symmetry and the extremum 
a t  n = '/2. In order that it fulfills the other properties as well, the coeffi- 
cients A, must be restricted by: 

A .  C 1 = o [Q property (i)]. 
j=O 4J 

(C)  c a ' -  - --cD [- property (iv)]. 
j = 1  4J 

The properties (i)-(vi) above are recognized as those of a two-state 
missing-information (or entropy) function [9].3 This has lead to  the in- 
terpretation [7b] of M ( n )  as a mixing function: any configuration along 
the RC is a mixture of reagents and products with weights nl and 122. From 
this point of view eq. ( 5 )  has a thermodynamic-like interpretation: G ( n )  
is composed of the average free energy reactants and products (ZiniGi) plus 
a parameter X (an analog of temperature) times the mixing or generalized 
entropy term M ( n ) .  

T o  complete the above discussion we remark that property (iv) is es- 
sentially the statement that the absolute zero cannot be obtained. For 
example, consider a system of two states (e.g. spin) a t  a given temperature 
T. Approaching absolute zero means that all the population concentrates 
in the ground state. But then by property (iv) the gradient of the entropy 
becomes infinite, so that the limit T - 0 K cannot be obtained. 

Up to this point we have only considered the general properties of M ( n ) .  
Any explicit expression for it determines the position and height of the TS. 
Its location n*(AG) is determined from the solution of eq. (6a) and its 
height G, =_ G(n*)  is determined by inserting this solution in eq. ( 5 ) .  The 
free energy of activation G, is therefore a function of AG4 because n* is 
a function of AG. Such relations are known as structure-reactivity cor- 
relations: AG is structure dependent (changes by substitution), while G, 
is a measure of reactivity. Some specific examples are discussed in Section 
4. 

Finally, let us mention that there are alternatives to  basing structure- 
reactivity correlations on eq. ( 5 ) .  One is to  begin with the Bransted slope 

Additional properties of entropies [9] are only relevant when the number of states 23. 
And of A, which is constant (by definition) for a reaction series. 
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a dG,/dAG and integrate [10,7c-e]. Another is to  start with the condi- 
tion of detailed balance (see “note added in proof’ in [7e]). An interesting 
question is whether structure-reactivity correlations can be obtained from 
statistical theories. Such alternative approaches should be considered in 
the future [7i]. 

3. “Postulates” of Physical Organic Chemistry 

It is interesting to note [7] that some qualitative ideas of physical organic 
chemists can be cast into a quantitative form, so that the various inde-. 
pendent postulates are replaced by the single statement (5): 

A. The BrQnsted Relation [11,12] 

Br4nsted and Pedersen [ l la ]  have suggested that in a series of reactions 
a variation dG, in the free energy of activation is proportional to a variation 
dAG in the free energy change in the reaction: 

(8) dG, = cu6AG 

A similar relation in electrochemistry is named after Tafel [ 11 b].  When 
applied to zero point energies it is known as the Evans-Polanyi relation 
[12]. Now from eq. (5) one has 

dC, dG, bG, dn* 
dAG dAG bn* dAG 

(Yz--- - +- .- = nf  

(We have used the fact that dG,ldn* = dG(n)/dnl,=,+ = 0.) 
From eq. (9) we see that  the Bransted constant cy actually depends on 

AG. The reasons that Brqhsted and Pedersen observed only linear curves 
are that: 

(1) The AG range was small. 
(2) The reactions which one could have measured in their time were 

To demonstrate the second point, let us differentiate eq. (6a) with respect 
slow (large A). 

to  n*: 

Comparing reaction series a t  AG = 0, it follows that the larger X the smaller 
the curvature of the Br4nsted plot. For large X a linear plot with CY = ‘12 
is therefore expected. 
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R. T h e  Leffler-Grunwald Postulate [13] 

The proposition is that the Br6nsted slope a is a measure of the location 
of the TS [13a,b]. This proposition, which is a matter of debate [13c,d], 
is seen to be just the contents of eq. (9) from which follows a = n*. This 
result has been discussed by Marcus [8a] in relation to some specific forms 
of M ( n ) .  But, as is clear from his discussion [8a] and from the remark made 
by Kurz [7h], this result follows from the general relation (5), irrespective 
of the specific form of M ( n )  or of its properties. 

C .  T h e  Hammond Postulate [14] 

Hammond [14a] argued that the position of the TS along the RC is nearer 
to that species to which i t  approaches in energy: the more exothermic a 
reaction, the earlier the TS; the more endothermic it is, the later the TS. 
Similar in spirit is the principle of similitude [ 14b] which states that  the 
smaller the free energy of activation, the more closely the TS resembles the 
reactants. Stated quantitatively, 

d n  * 
d a c > O  

One notes [7b-f] that  eq. (11) follows immediately from eq. (10) and the 
convexity of M ( n ) .  It  should be stressed, however, that eq. (11) holds only 
when reactions are compared which belong to the same reaction series (i.e., 
share the same A). A failure to recognize this point may lead to “misuses 
of the Hammond postulate” (151. 

D. T h e  Selectivity-Reactivity Principle [16,17] 

This principle states that  the more reactive a substrate, the smaller its 
selectivity and conversely: slow reactions have high selectivities. In order 
to put this principle in quantitative terms, we recognize -Go as a measure 
of reactivity (the smaller the barrier the faster the reaction) and a = dGa/ 
d A G  as a measure of selectivity (it measures how much the rate constant 
changes by a substitution which causes a variation of one unit in A G ) .  
Therefore 

(12) 

is a quantitative statement of this principle. The proof (7e] of eq. (12) 
follows from eqs. (9)-( 11): 

Again, it is important to remember that eq. (12) holds only within a re- 
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action series ( A  = constant). When comparing reactions that do not belong 
to the same family, the principle cannot be guaranteed to hold [16b]. This 
may be the reason for the indecisiveness [16] surrounding the validity of 
the selectivity-reactivity principle. 

E. Westheimer’s Postulate [18] 

The kinetic isotope effect (KIE)  is the difference in the free energy of 
activation for deuterium and hydrogen exchange [i.e., B = D or H in eq. (l)]. 
Westheimer suggested [ 181 that for a reaction series the K I E  has a maxi- 
mum a t  AG = 0. This we can now prove if we assume [8a] that the isotopic 
substitution affects A but not AG. In other words, the approximation5 is 
that the zero point energies of reagents and products change about the same 
upon isotopic substitution. On the other hand, the variation in the zero 
point energy of the TS is smaller. Therefore we expect that6 

(14) AD > AH 

From eq. (9) we have 

= ,+D - n*H d(G,D - G,H) 
dAG 

For AG = 0, n*(AG = 0) = l/2 irrespective of the value of A, so that the 
necessary condition for an extremum a t  AG = 0 holds. The sufficient 
condition for a maximum 

follows from eqs. (10) and (14) plus the convexity of M .  Observe that the 
maximum value of the K I E  

(17) max(G,D - G,“) = M(’/i)(AD - AH) > o 
is determined by the difference of the parameters, while the curvature of 
the KIE at  AG = 0 is determined by both their difference and their absolute 
values [cf. eq. (1611. 

Slightly more complicated is the question whether one can have n*I) = 
n*H for any value of AG other than zero. Consider the two functions of 
AG, n*D(AG;A1’) and n*H(AG;AH). They coincide a t  AG = 0 where 
dn*H/dAG > dn*D/dAC [cf. eq. (16)]. If also (B2.4) holds, i.e., M ” ( n )  is 
monotonically increasing in (0, l / ~ )  and monotonically decreasing in (l/’, l ) ,  
the same inequality would be obtained a t  any n*. Then n*H < n*I) for 0 

This approximation is not vital for calculating KIE if the values of AG for the two isotopic 

Note that is the free energy of activation for the AG = 0 reaction and that the zero 
reactions are known. 

point energy for the deuterized reagent is lower. 
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< n < '12 and n*I) < n*H for '12 < n < 1, so that the KIE would have no other 
extrema a t  a finite value of AG. 

For AG - fa it follows from eq. ( A l )  that  n*[) - n*H - 0. Therefore 
the KIE would tend to zero [cf. eq. (5)] with a zero slope [cf. eq. (15)]. As 
a conclusion we see that  the KIE is expected to be bell-shaped with a pos- 
itive maximum a t  AG = 0. (Compare [8a] and see end of Section 5.) 

F. Functional Behavior 

It  is helpful to sum up the functional behavior of the following functions 
of AG: 

(1) n*. Monotonically increasing [cf. eq. (11)). Its value is '/2 for AG 
= 0 [property (vi)]. n* - 0 as AG -+ -a and n* - 1 as AG - +a [cf. eq. 
(Al) ] .  If in addition we assume property (B1.4), then [cf. eq. (lo)] n* ap- 
proaches its limiting values with a zero slope (i.e., n* looks somewhat like 
the function tan-'). 

( 2 )  G,. Monotonically increasing [cf. (9)]. Its value for AG = 0 is 
XM('/2) [cf. eq. (5)]. G, - 0 as AG - --03 and G, - AG as AG - +a with 
a slope (n*) which tends to 0 or 1, respectively [cf. eq. (Al)]. Assuming also 
(B1.5) or (B2.3) gives that its maximal curvature [cf. eq. ( lo)]  is a t  AG = 
0. 

G t  - G y .  Has a positive maximum a t  AG = 0 whose value is (A ' )  
- XH)M(l/2). Tends to zero with a zero slope for AG -+ fa. Assuming 
the additional property (B2.4) entails that no other extrema exist so that  
the KIE is bell-shaped. (See the discussion in Section 3E.)  

( 3 )  

4. Examples of Mixing Functions 

In this section we consider several examples of mixing functions and 
examine their implications in terms of the expressions for the position and 
height of the TS. 

A .  Inverted Parabola 

(18) M ( n )  = n ( 1  - n )  

makes eq. (5) equivalent to a model proposed by Thornton [19] for pre- 
dicting substituent effects on the TS. I t  has been noticed [7a,h] that  (18) 
leads to 

( 1 % )  n* = 1/2(1 + AGIA) 

(1%) G, = X/4(1 + AG/A)2. 

These are well-known results of electron transfer theories [20],  which have 
been applied also to proton transfer [8]. The  quadric approximation [l] 
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of Vo(s)  in eq. (2) is equivalent to eq. (18) and leads to results similar to eq. 
(19). 

From the point of view of our discussion above, eq. (18) is unacceptable 
because it violates property (iv). This in turn means that desideratum (iv) 
does not hold: C ( n )  [cf. eq. (5)] with M ( n )  from eq. (18) does not have a 
maximum for all AG values. Stated differently, n* [cf. eq. (19a)I is in the 
range (0 , l )  only for - A  < AG < A. Outside this range G, of eq. (19b) in- 
creases instead of exhibiting the asymptotic behavior described in Section 
3F(3) .  One may argue, however, that the notion of free energy along the 
RC or the desideratum (iv) (that it should have a maximum) is irrelevant 
for some kinds of reactions, e.g., electron transfer. Yet, as we shall conclude 
in the next section, eq. (18) fits data for electron transfer [21] over a limited 
range of AG, but fails when 1 AGl > X [22,23], precisely for the reason 
mentioned above. Why do electron transfer theories fail for electron 
transfer reactions when the AG range is large, and why do they work a t  all 
for proton transfer reactions (81 for which they were not originally meant 
to apply? This state of affairs certainly calls for some theoretical expla- 
nation [24]. 

I?. “Quantum” Mixing Function 

(20) M ( n )  = [ n ( l  - n)I1l2 

This is so called because it is suggested from a quantum mechanical con- 
figuration mixing [7e]. The argument is in the spirit of the quantum theory 
of valence [25] and goes as follows: suppose that a process (e.g., electron 
transfer) takes place a t  some large, almost constant internuclear distance 
R. Denote by H the system’s (Hermitian) Hamiltonian, and write i ts  wave 
function \c/ as a linear combination of the (normalized, orthogonal) wave 
functions 41 and 4 2  of reagents and products, respectively. Namely, \c/ = 
ZT=lc,@t. Normalization, assuming ( 4c I (b/ ) = 0, implies Zp=,c? = 1. 
Setting H,, = ( dc 1 HI 4, ) , one has 

(5’) 

This result is similar to eq. (5) with M ( n )  given by eq. (20), when one de- 
notes n n2 = cz, 1 - n = nl cy, X = 2H12, and assumes Hii = E,. E &  can 
have either a maximum or a minimum, depending on its sign. However, 
the energy difference from the reagents to the maximum of E+ (assuming 
H12 > 0) is the same as the energy difference from the minimum of E-  to 
the products. 

The approximations dealt with in the above treatment are more likely 
to be met in the case of a reaction such as electron transfer which takes place 
a t  a large internuclear separation, via a small perturbation (e.g. a small 



STRUCTURE-REACTIVITY CORRELATIONS 343 

change in R ) ,  causing a shift of the charge density of the jumping electron 
from the donor to the acceptor. The almost constant value of R is the basis 
to the assumption that the Hamiltonian H ,  of an electron moving in the 
field of “frozen” atoms and “steady-state’’ electrons, does not vary during 
the process. The minute “perturbation” causes + and therefore the ci’s 
to vary. The large value of R justifies the neglect of the overlap (41 1@2) ,  

and also the assumption that the energy difference between the states de- 
scribed by 4 2  and 41 is the same as that between products and reagents. 
Under these conditions we also expect the exchange integral H l z ,  and 
therefore A, to be small. Indeed, small intrinsic barriers are typical to 
electron-transfer reactions. Further discussion of the implications to our 
perception of electron transfer mechanisms is postponed to Section 7. 

Equation (20) thus derived obeys properties (i)-(iv). Of the additional 
properties in Appendix B, it fulfills (B1.4) but violates (B1.5). I t  is inter- 
esting to consider now the structure-reactivity correlations derived from 
the combination of eqs. (20) and (5), namely, 

(214  n* = l/2[1 + AG/(AG2 + A2)1/2] 

(21b) G, = ‘/2[AG + (AG2 + A2)1’2] 

The last relation has been suggested empirically by Rehm and Weller [23a] 
to account for their experimental results for quenching excited states by 
electron-transfer in solution, and is in agreement with the experimental 
data [23]. 

It is also interesting to note [7f,26b] that eq. (21a) can be written as 

(arrows indicate the direction of the reaction) which is equivalent to an 
expression for the TS location derived from a symmetry principle [7a] or 
similarly, from a principle of least length for the energy profile [26a]. 

C. The Shannon Entropy 

(22) M(n)  = -n I n n  - (1 - n )  ln(1 - n )  

This choice for M(n)  makes eq. (5) equivalent to a form derived by Marcus 
[8a] as a Taylor approximation to the empirical BEBO energy profile [ 5 ] ,  
and later advocated as a thermodynamic-like approach to chemical kinetics 

In order to demonstrate the properties of M(n), it is helpful to write down 
17bi. 

its first three derivatives: 

(234  

(23b) 

(23c) 

M’(n) = ln[(l - n)/n]  

M ” ( n )  = - [n( l  - n)]-’ 

M(”(n) = (1 - 2n)[n( l  - n)]-2 
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These equations are demonstrated in Figure 1. From eq. (23a) it is evident 
that M has an extremum at n = l/2 and that property (iv) holds. Equation 
(23b) shows that M is indeed convex and conforms to (B1.4). Equation 
(23c) shows that the curvature of M is maximal at  n = '/2 (B1.5). Thus also 
the two additional properties of Appendix B are fulfilled by eq. (22). 

The structure-reactivity correlations following from eq. (22) are: 

(244 n* = [1 + exp(-AG/X)]-l 

(24b) G, = -X ln(1- n*) = AG - X In n* 

They are exemplified in Figure 2, whereas the KIE is demonstrated in 
Figure 3 for various values of G: 5 X In 2. It has been observed [231] that 
eqs. (21) and (24) are numerically similar over the entire AG range. 

D. The  Generalized Entropy 

(25) M ( n )  = [n'J + (1 + n)q - 1]/(2l-'J - 1) 

for q < 1. (This restriction ensures that property (iv) holds.) For q - 1, 
eq. (25) tends to eq. (22) [9]. In this case all the properties of M ( n )  (in- 
cluding those in Appendix B) hold, but it is not so simple to derive explicit 
expressions for the location and the height of the TS. 
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Figure 1. Function M and its derivatives by eqs. (22) and (23). 
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Figure 2. G, (upper panel) and n* (lower panel) as a function of AG for three 
values of Gg: 3, 10, and 20 energy units (corresponding to curves a, b and c, re- 
spectively). 

E. Summary 

We have seen examples for one unacceptable and three acceptable 
choices for M ( n ) .  Of these three, eq. (20) conforms also to (B1.4) but not 
to (B1.5), whereas eqs. (22) and (25) fulfill both these conditions. From 
eq. (22) it is easy to derive structure-reactivity correlations, and it would 
be used in subsequent applications. 

5. Experimental Evidence 

To connect the preceding discussion to experiment, one makes use of the 
relation of AG and G, to the equilibrium constant K and the rate constant 
k :  

AG = -RT In K 

G, = -RT In ( k l Z )  

Z is a dimension-bearing constant, which is the largest rate constant realized 
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for G, = 0. For some gas-phase reactions AG can be calculated from first 
principles [ 271. 

One may schematically divide the accumulating experimental results 
into three “generations”: 

(1) The linear era: slow reactions over a small AG range. As discussed 
in Section 3A, this gives rise to linear correlations [11,12] of G, with AG 
(with a slope of V 2 ) .  Hence the terminology “linear free energy relation- 
ships” [28,13b]. 

(2) The mildly nonlinear era: faster reactions over a medium AG 
range. The deviations from linearity are not large enough to observe the 
asymptotic behavior as AG - fa. Therefore the results of the Marcus 
theory [20a], eq. (19), could have been applied extensively and successfully 
to electron transfer [20a,21] or to proton transfer [8b,29b] in solution. 

(3) The strictly nonlinear era: fast reactions and/or a large AG range. 
The  asymptotic behavior is inadequately described by eq. (19). 

Let us divide the discussion of nonlinear data into two parts: reactions 
in solution and in the gas phase. 

A .  Solution Phase Reactions 

We consider first fast electron transfer reactions. One example is elec- 
tron transfer from ion radicals [22]. Another type of reaction, which has 
attracted some attention recently, is the quenching of (electronically) ex- 
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cited states by electron transfer [23]. These can be divided into two major 
groups: excited aromatic molecules [23a-el and excited states of transi- 
tion-metal complexes [23f-k]. (The latter are connected to efforts to solve 
energy problems. They may be a basis for a reaction system which converts 
light directly to storable chemical energy [23f].) The structure-reactivity 
plots for these reaction series can cover a large AG region because the ex- 
cited state is both a better oxidant and a better reductant [23f]. Therefore 
the asymptotic behavior of structure-reactivity relations can be experi- 
mentally probed. 

It is found [22,23] that the rate constants level off for very negative AG 
values, and that the inverted region predicted by eq. (19) is not observed. 
[An exception is [23k], where there seems to be a small decrease in k, with 
exothermicity. However, this decrease is minute in comparison with the 
orders of magnitude decrease expected from eq. (19).] 

Care must be taken in the interpretation of these results because what 
is usually measured is the total fluorescence quenching rate constant k,, 
while the precise mechanism of the quenching process may be difficult to 
elucidate. For example, if the products are formed in an excited state, the 
actual exothermicity would be much smaller than supposed, and perhaps 
not in the inverted region a t  all. Or suppose that an exciplex formation 
is the rate determining step [230]. Then, again, the correlation should not 
be made with AG values of electron transfer. 

The above objections do have some answers. For example, the reac- 
tion 

Ru(bpyh3+ + Cr(bpy):32+ - Ru(bpy)g2+ + Cr(bpyh3+ 

has a diffusion-controlled rate constant, a AG value of about -35 kcal/mol, 
and no electronically excited states of the products exist in this AG range 
[23h,l]. In this case also exciplex formation is improbable, because of the 
like charges [231]. The question of exciplex formation in the quenching 
of aromatic molecules, has been examined by following the exciplex emis- 
sion [23b,c]. Exciplex formation is favorable in low temperatures and in 
nonpolar solvents [23b], but could hardly be detected in polar solvents, 
where electron-transfer reactions are carried out [23b,c]. (Exciplexes 
formed in nonpolar solvents are themselves subject to quenching by electron 
transfer, leading to  similarly curved plots (23~1.1 

The above-mentioned experiments contradict eq. (19) not only for 
AG - -a. By detailed balance one would have that G, - AG for 
AG -* + 03, in contrast to eq. (19) which entails G, - AG - m in that re- 
gion. I t  was also noted [23i] that if in the steady-state approximation for 
k ,  one applies eq. (19) also for the back electron-transfer stage (to produce 
the reagents in their ground electronic state), the disagreement of theory 
and experiment extends also to the “normal” region. 

Theoretical works [24] tried to remedy the situation in several ways. One 
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approach [24a,b] takes into account the various vibrational states of the 
reagents, e.g. by averaging the rate constant over these states. The decrease 
for AG - -00 is less drastic, but still covers orders of magnitude in k,. For 
electrode reactions Marcus has shown [24d] that the Levich-Dogonadze 
theory [ ~ O C ]  reduces to eq. (19) if one assumes that the transfer is effectively 
frokn the Fermi level (a single polaron frequency approximation which is 
the high-temperature limit). However, a low-temperature approximation 
[24e] or an exact evaluation of the integral [24f] does reproduce the plateau 
in the exothermic regime. Unfortunately examples for electrode reaction 
series (changing the overpotential is an elegant method for obtaining a 
reaction series), for a large overpotential range, are not available. (Perhaps 
one should attempt excited-state electrode reactions?) 

A t  any rate, the theories [24] do not yield a simple relation for practical 
applications. The custom in this field is to use the Rehm-Weller expression 
(21b) [23a,b,d-i], an Evans-Polyanyi-type relation eq. (8) [23b], or even 
the interpretation [22a]: 

G, = 0 for AG d 0 
G ,  = AG for AG 3 0  (27) 

Recently it has been proposed 12311 to use eq. (24b). Equation (27) is seen 
to be the limiting case of eq. (24b) or of eq. (21b) when h - 0. 

Solution-phase reactions which are related to electron transfer are 
electronic energy transfer. The structure-reactivity correlations obtained 
[23m,n] obey eq. (21b) o r  eq. (24b), (which are more general [23m] than an 
equation proposed by Sandros 123111). This may indicate a similarity of 
mechanism of these two classes of reactions. 

Considering now atom transfer reactions, there is a large bulk of data for 
proton transfer (the “original” Br$nsted plots [29a,b]) and nucleophilic 
substitutions [29c] in solution. We shall not discuss these in length, but 
rather concentrate on gas-phase atom transfer reactions. (See, however 
[8b,29], the examples in [7f,g], Figures 8 and 9 below, and the related dis- 
cussion in Section 7.) 

R. Gas-Phase Transfer Reactions 

The merit of reactions in the gas phase is that they are “cleaner”: there 
are no complications due to  a solvent and a greater chance that the mech- 
anism is elementary. We have previously presented [7e] two examples for 
atom-diatom reaction series: 

(284  H2 + X 2 H + HX 

(2%) 
where X is a halogen atom (F, C1, Br, or I). Here we produce additional 
examples for atom-radical reactions. 

C l +  HX z HCl+  X 
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Figure 4 shows the Arrhenius activation energy EA versus the standard 
enthalpy change A H  in the reaction for the series 

(29) CH4 + X 2 CH:< + HX 

where X is a halogen atom [17b]. 
Figure 5 shows similar plots for series of the type 

(30) R H + Y c ? R + H Y  

For each series the radical Y is constant and the organic radical R is varied 
(301. The AG range achieved by varying R in eq. (30) is smaller than that 
obtained by changing X in eq. (28) or eq. (29). Therefore eq. (19) would 
f i t  the present data as well, which is the reason that  BWZ [ I ]  succeed in 
fitting similar data by a quadric expression,7 more than a decade after 
Cohen and Marcus had presented similar results [8b]. 

I t  is known that not only A H  determines the reactivity of these free 
radicals. Other effects, such as polar effects, are important 1171. In our 
terminology these effects may be influencing X [cf. eq. (5)]. I t  is desirable 
to cast these qualitative ideas into a quantitative method for calculating 
the intrinsic barrier. 

Figure 6 shows some results for ion-molecule reactions in the gas phase 
1.311. The experimentally available data are for slightly or very exothermic 
reactions. The endothermic rate constants (for the reverse reactions) are 
deduced by detailed balance, but are too small to be measurable.8 How- 

A H  

Figure 4. EA as  a function of AH (in kcal/mol) for reaction (29). Squares and 
triangles denote the experimental results [ 17bJ for the forward reactions and the  
parameters for the reverse reactions as  calculated from detailed halance, respec- 
tively. The  f i t  to eq. (24b) shown by the continuous line has 15': = X In 2 = 3.0 
kcal/mol. A similar reaction with primary, secondary, and tertiary alkanes [ 17bJ 
gave E i  = 4.3 kcal/mol. 

T h e  Russian sources of data  used in [ I ]  seem to be in a partial contradiction to the ex- 

" Recently a n  ion-molecule reaction series showing hoth endothermic and exothermic 
perimental results [30] used in Figure 5. 

asymptotic behavior has heen reported (31  f ] .  
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Figure 5. EA as a function of AH (in kcal/mol) for reaction series (30). Y is de- 
noted in each panel. Forward and reverse reactions are denoted by squares and 
triangles, respectively. A fit to eq. (24b) gives the following values for E! = X In 
2 (in kcal/mol): 1-5.7; Br-7.9; CF3--11.2; CD3--13.7; CH30-9.8; NFz--16.0. 
Data: Tables 2, 3 and 9 in [30a] except for Y = CF3, where the data are from 
[30b]. 

ever, the existence of a plateau for AG - 00 is quite clear. Also note that 
the typical values for G t  are small (2-4 kcal/mol, which is about half the 
typical values for gas-phase atom transfer and similar in magnitude to the 
values obtained for solution-phase electron transfer). 

Equation (24b) has been checked for the dependence of the barrier 
heights of PES for the series (28a) on the difference of the diatomic well 
depths [7b,e]. A direct comparison of eqs. (5) and (22) with the potential 
energy profile has been made [7d] for H2 + H and H2 + F. 

Finally Figure 7 shows a few of the many available results for KIE in 
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Figure 6. Structure-reactivity plots for gas-phase ion-molecule reactions. (a) 
Proton transfer from ketones [3la]; C: = 3.2 kcal/mol. (b) D- + HX -* X- + 
HD [31b]; C! = 2.4 kcal/mol. (c) CH&N + X- - CH3CN- + HX [31c]; C: = 2.6 
kcal/mol. (d) Proton transfer reactions involving Hz, NHs, and amines [31d]; 
= 2.5 kcal/mol. (f) 
[DA] CH3Cl+ X- - C1- + CH3X [31e]; GO, = 7.5 kcal/mol; [O,+] CHxBr + X- - Br- + CH3X [31e]; GO, = 7.5 kcal/mol. The rate constants are drawn on a rela- 
tive scale so that they all have a common Z. 

(e) CHBF + X- - F- + CH3X [31e]; C: = 3.4 kcal/mol. 

solution [32] (see Section 3E). Similar results were shown previously by 
Marcus [S] using eq. (19) for M ( n ) .  This yields a KIE similar to  ours for 
I AG I < 4G:, but which decreases in a parabolic fashion for large I AG 1. 
(The KIE using eq. (22) decreases to zero for large I AG I in a bell-like 
fashion.) Note that eq. (22) fits an almost flat KIE [e.g., Fig. 7(d)] as well 
as a very peaked KIE [e.g., Fig. 7(e)]. Therefore a flat KIE cannot be taken 
as an evidence against Westheimer’s postulate, as sometimes stated [33 ] .  
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0 

Figure 7. KIE: log k H / k D  as a function of  ApK = pK, - pKb (a  and b denoting 
acid and base). (+) Experimental results; fit to eqs. (24b) and (26). The param- 
eters G:H and C:" are given in Table I. (a) Deprotonation of nitroalkanes in 
water [32a]. (b) Ionization of ethyl nitroacetate [32b]. ( c )  Amine catalyzed ion- 
ization o f  nitroethane and nitroethane-1-d2 [32c]. (d) Proton transfer from azu- 
lenes [32d]. (e) Reactions of n-methyl-trifluoroacetanilides [32e]; pKb = 8.5. ( f )  
Electrophilic aromatic substitutions [32f]; pKh = 1.0. 

6. Applications of Structure-Reactivity Correlations 

The previous sections analyzed the assumptions leading to the existence 
of structure-reactivity correlations and dealt with their explicit formula- 
tions. In the present section we give examples of applications which may 
aid kineticists in their research. 

A. AH Determination 

For gas-phase reactions between free radicals the equilibrium constant? 
is often determined by measuring the rate constant for the forward and 

For most of these reactions AG = AH. 
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TABLE I. 
error bars 0.1 -0.3 kcal/mol. 

Parameters for the KIE of Figure 7 ( in  kcal/mol). Estimated 

Panel cp" u 
B 

p . GO'' 
a a  

6 . 3  

4 . 7  

2 . 4  

6.O 

0 . 0  

7 . 6  

.i . 9 

3 . 7  

7 .  2 

1 . 3  

1 . 3  

1 . 2  

1 . 3  

1 . 2  

0 . 7  

f 3 . 4  4 . 3  (1.9 

reverse reactions and applying detailed balance (i.e., K = z/k).  However, 
for some exothermic reactions the reverse reaction is too slow to be mea- 
surable. In such cases one can try to elicit the AH value from a plot of log 
k versus AH for reactions belonging to the same series [30a]. The proce- 
dure common in the literature to apply a linear correlation of the Evans- 
Polanyi type is not reliable for a significant interpolatiordextrapolation. 
The  examples above give us reason to believe that  an unknown AH value 
can be determined with greater confidence from eq. (24b). 

R. p K  Determination 

An unknown pK of a base (pKb) can be determined by reacting it with 
a series of acids whose pK, values are known. Then AG = 2.3RT(pK, - 
pKb), and pKb enters as an additional parameter in the fit. An example 
[39a] is shown in Figure 8. 

C. Determination of the  Zero-Zero Spectroscopic Energy EOO 

The method is in principle similar to the previous example, because for 
reactions involving excited electrons states, Eoo is one of the parameters 
determining AC. The usage of eq. (21b) and eq. (24b) as the (only currently 
available) method for determining Eoo has been demonstrated [23m] for 
series of electronic energy transfer reactions. Other applications of 
structure-reactivity correlations for excited-state structural problems can 
be found in the same paper [23m]. 

D. Elementary versus Complex Reactions 

The basic assumption is that a correlation of the type (24b) should hold 
for an elementary, single-step reaction. Deviations from the structure- 
reactivity plot may be an indication for a more complex mechanism. Thus 
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Figure 8. BrQnsted plots for proton transfer and nucleophilic substitutions. 
Curve (a)-Nucleophilic attacks on a thiolic ester (p-nitrophenylacetate) [39a] 
by thiolic acids (RS-). Go, = 2.2 kcal/mol; W ,  = 7.6 kcal/rnol; pK, = 6.0. (0) 
and (e), Forward and reverse rate constants, respectively. (b) Same as (a) only 
by oxygen acids (RO-). Go, = 3.5 kcal/mol; W H  = 7.4 kcal/rnol; pK, = 9.4. (A) 
and (+), Forward and reverse rate constants, respectively. (c) Proton transfer 
from ciano carbon acids [29a]. Go, = 1.85 kcal/mol, W ,  = 2.8 kcal/rnol. (0) and 
(A), Forward and reverse rate constants, respectively. 

all series in Figure 5 f i t  eq. (24b), exceptlo reactions with NF2. There one 
may anticipate some complications due to the lone pair on the nitrogen 
atom. 

E. Reactions in Solution 

For reactions in solution there are complications due to the existence of 
a solvent. A three-step mechanism is usually adopted [34]. The  first is 
the coming together of the reagents to form the encounter complex, which 
involves consumption of energy for the rearrangement of the solvent. This 
work term [8] is denoted by WK. The second step is the transfer event, with 
an activation energy G, and a free energy change AG. The third step is 
the reverse of the first, with a work term Wp. Equations (26) are thus re- 
placed by1 

(26a') 

(26b') 

WR + AG - Wp = -RTln  K 

WR + G, = -RT ln(k/Z) 

If these work terms are independent of AG, they are constants for a re- 

lo Note that the deviation from the plot is more apparent when points representing rate 
constants for the reverse reactions are added to the plot. 

l 1  A work term W is the free energy change involved in the encounter complex formation. 
I t  is assumed equal to the free energy of activation for this step when W > 0. For a more 
general treatment see [ 10). 
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action series which appear as additional parameters. (See the example 
of Figure 8). A series where WR and Wp depend on AG may exhibit a 
functional dependence of G, on AG which does not agree with eq. (24b). 
Such is a recent rationalization [35] for the nitroalkane anomaly where 
values of (Y outside the range (0 , l )  were observed [32a]. 

F. Parallel Reactions 

The following example shows how structure-reactivity correlations can 
help resolve mechanistic ambiguities [36a]. Table I1 and Figure 9(a) give 
the observed rate constants kobs in the reaction of a water ligand substi- 
tution by anions (X-) of various acids from an aqueous Fe (111) complex. 
When the points for the reverse reactions are also added, it becomes evident 
that kobs does not exhibit a normal smooth structure-reactivity correlation. 
Therefore kobs cannot be a rate constant of an elementary reaction step. 

I t  has indeed been argued [36b] that hobs represents the contribution of 
two possible reactions: 

(31a) [Fe(H20)6l3+ + X- -% [Fe(H20)5XI2+ + H20 

TAHLE 11. Hate constants for reaction (31) and for the analogous reaction for vanadium. 

t I  X K a  k o b s ( N - 1 5 e c - 1 )  k (h;-’sec-’)  Kefer- 
ence 

Fe( I I I )  

1 

2 

3 

4 
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0 

8 

Br- 

ILU. 

H Z P O I  

(‘cl3co0- 

CHC 1 2cOo- 

CH2C 1coo- 

CH3CoO- 

Ph- 

5 . 4 4  

3 2 . 8  

6 . 1 . 1 0 4  

2 7 . 5  

297 

6930 

8 . 6 9 .  l o 4  

3 . 9 3 . 1 0 ’  

3 . 4  

4 . 0  

270 

4 3  

230 

6800 

4 . 7 . 1 0 ’  

3 . 3 .  l o 1 ( ’  

3 . 4  J6f  

4 . 0  56h 

270 36d 

30 3bg 

64 36g 

1500 36p 

3bE 

3hp 

I 114 114 36h 

3 . 4 . 1 0 ~  900 YUO 361 

16110 1600 .< (1 r 3b HSal- I .  16 .10’  

4b p-amino I I S ~ I -  2 . 2 . 1 0 ~  7000 7000 36 1 

scu - 6 . 5 . 1 0 3  

HN3 

T = 298 f 2 K; I = 1.OM. 
a K in M-’  has been multiplied by the concentration of water (55M). 

Sal = salicylic (acid). 
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Figure 9. (a) k,;, (0) and 
k & ( A )  for reaction (31). (b) k , ' ( o )  and 
k , ( A )  for reaction (31a). The fit gives G t  = 13.8 kcal/mol. Results for the anal- 
ogous reactions for V (111) fall on the same curve (denoted by 0 and +). Data are 
from Table 11. 

Brghsted plots for complexation reactions [XI. 
Numbering according to Table 11. 

(31b) [FeOH(H20)5I2+ + HX 2 [FeOH(H20)4HXI2+ + H20 

These two channels have the same activated complex, [Fe( H2O)6Xl2+. 
They both show the same dependence on [H+], and their rate constants 
cannot be resolved by kinetic methods [36c,d]. The observed rate constant 
is [36]: 

(32) kabs  = k a  + k b K O H / K H  

where KOH is the hydrolysis constant of the metal and K H  is the dissociation 
constant for HX. 
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From eq. (32) it is evident that  if k ,  and k b  each conform to a struc- 
ture-reactivity correlation, the observed rate constant hobs would not, 
because the relative contribution of the two channels varies with the pH 
of the acid (i.e., with AG). For anions of strong acids ( K H  >> 1)  one has hobs 
= k , ,  whereas for anions of weak acids hobs = k h K O H / K H .  This observation 
can, however, serve to partly resolve hobs into its components. We already 
have estimates for k ,  for anions of strong acids (and of k b  for weak acids). 
We also use the assumption [36a] that  for anions of acids of medium 
strength one can take k b  equal to its value for weak acids.12 Hence one has 
estimates of k ,  for reactions with anions of strong and medium acids 
(entries 1-6 in Table 11). 

These estimates for k ,  appear in Figure 9(b). A smooth f i t  to eq. (24b) 
is now achieved, which confirms the resolution. Further confirmation 
comes from the analogous reactions of V (111) where a reaction of VOH'+ 
[cf. eq. (31b)l could not be detected [36e]. The  curve for vanadium is in- 
deed a smooth structure-reactivity curve, indicating that only one channel 
is significant. From Figure 9(b) we see that the curves for Fe:{+ and VZ3+ 
even coincide. These two reactions have the same value for A. This may 
be an indication of a similarity in mechanism [36a]. 

Extrapolation in the curve in the lower panel would now yield k ,  for re- 
actions (7) and (81, which could not be obtained (to date) by any other 
met hod. 

G. Specificity of the Site of Attack 

Structure-reactivity coirelations may be applied to check whether large 
molecules of biological or biochemical importance react a t  a specific site. 
If not, one would not expect the correlations to  hold. 

The example in Figure 10 is for the reactions of protonated amino acids 
and peptides with a solvated electron [37]. The  fact that  the correlation 
does (roughly) hold confirms the assumption [37] that the attack is a t  a 
specific site, most likely a t  the NH; group. 

7. Problematics 

This paper discussed structure-reactivity correlations in terms of 
functional forms for the free energy along the RC. Comparison with ex- 
periment has led to confirmation of our equations. It has also led to an 
important observation: thermal rate constants of different types of bi- 
molecular reactions (electron and proton transfer, nucleophilic substitu- 
tions, as well as free radical reactions), in different phases (gas phase and 
solution), all obey the same correlations. To this one can add also data from 

I 2  Which is true if the  Rr$nsted plot of k h  has a small C: 
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Figure 10. Reactions of e;,, with protonated amino acids and peptides 1371; Cz 
= 1.2 kcalhol; pK, = 7. (0) and ( A ) ,  Forward and reverse rate constants, re- 
spectively. 

PES. Such an observation, even without reference to the specific func- 
tional form of the correlations, raises questions. 

A. Origin of Curvature in Brgnsted Plots 

Two approaches are common in explaining the origin of the observed 
curvature in structure-reactivity plots. The  first is that  it follows from 
some theoretical relation of G, and AG. Such relations were discussed a t  
length in the text. The second is that a change of slope indicates a change 
of mechanism. Let us consider a few examples. 

The first example for a change in mechanism is diffusion control [ lla,34]. 
For exothermic reactions the rate determining step is not the transfer itself 
(as in the endothermic regime), but the diffusion of the reactants in the 
solution. Diffusion control puts an upper bound to the rate constants, and 
therefore's we expect the slope (Y to change to zero for exothermic reactions. 
This interpretation was used for the classical results of Eigen [34a], when 
the curvature in the plots was not yet so conspicuous, as well as for recent 
results (e.g., the acid catalyzed formation of amine from imidate [38]) where 
a change of CY from zero to unity is observed. 

An example for nucleophilic substitutions (an acyl group transfer) is given 
by Hupe and Jencks [39a]: 

See criticism helow. 
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(33) 

0 0 
II 

RS- + CSR’ - R S t  + R’S- 
I 

The change in curvature was attributed to a change in the rate determining 
step, which may be the formation of the intermediate 

0- 
I 

RSCSR’ 
I 

or its breakdown. Similar curved plots for oxygen esters [39] were ex- 
plained by solvation effects (changes in WR and Wp with AG). The rea- 
sons against a theoretical dependence of G, on AG were as follows: 

The change in slope is abrupt, indicating a change of mechanism 
rather than a (more gradual) change in CY due to a small G t .  

A curved Br@nsted plot was observed for proton transfer for a 
similar compound [39b]. A fit to Marcus’ eq. (19) resulted in a small G: 
and a large WR. These values are unreasonable [39b] because for proton 
transfer from carbon, large G: is expected. 

Criticizing the above argumentations, the following points can be 
made: 

(1) The scatter of experimental points from a smooth curve is such that 
it is practically impossible to differentiate a continuous change from a 
discontinuous change in a. The results interpreted by an abrupt change 
in (Y can also be fitted to  eq. (24b) as seen in Figure 8(a, b). 

We do not see why a change in mechanism cannot be gradual. (A 
change in mechanism is actually a variation in the relative heights of two 
barriers.) 

The claim [39b] that in proton transfer from carbon a large GE is 
expected is inaccurate: it depends to which groups the carbon atom is 
attached. Groups which are strongly electron withdrawing may lead to 
a small G!. An example for carbon ciano acids [29a] is shown in Figure 
8(c). 

(4) The reasoning above (especially the interpretation of the curvature 
as caused by diffusion control) presupposes that without the change in 
mechanism the plot would have been linear. What is the basis for a theo- 
retical prediction of a linear dependence of G, on AG? 

(5) The same kind of correlations apply also to gas-phase reactions and 
PES, where the above mentioned effects are absent. 

I t  seems to us, therefore, that the basis for understanding the curvature 
should be the relation of G, to AG. Solvent effects and change in rate- 
determining steps could modify the correlations [lo]. I t  is, however, 
doubtful whether such effects could be isolated. A t  any rate, much care 
should be taken in the interpretation. 

(1) 

(2) 

(2) 

( 3 )  
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R. Is  There an  Inverted Region? 

In Section 5 we debated whether there exists an inverted region of re- 
duced reactivity for very exothermic reactions. Examination of the data 
for thermal rate constants of bimolecular gas and solution phase reactions 
did not reveal such a behavior. This, however, may not be the last word 
on the issue. First, recent results on electron tunneling in a rigid matrix 
[40] suggest that the inverted behavior may be relevant for electron transfer 
in the solid phase. Second, the vibronic theories [24] indicate that  if for 
a given initial state there is a small decrease (not as drastic as that  of the 
Marcus theory) of In h with -AG, averaging over initial states would flatten 
the curve. Perhaps the next stage in structure-reactivity correlations 
should therefore be state-to-state structure-reactivity correlations [7i]. 

C. On the Mechanism of Electron Transfer Reactions 

Processes such as electron and atom transfer are usually considered to 
be very different in nature. While for atom transfer one has a Born Op- 
penheimer adiabatic PES, an electron transfer involves a change of the 
electronic state. While for atom transfer there is a strong interaction with 
the attacking atom, which determines the barrier for the reaction, an 
electron transfer is discussed in the weak interaction picture, [20], where 
the interaction energy of acceptor and donor is negligible. The  electron 
transfer event is a fast activationless process: the free energy of activation 
stems from the necessity to adjust the bond lengths to ligands, solvent, etc., 
prior to the transfer stage [20]. 

The question is why, in spite of these differences, the structure-reactivity 
correlations for atom and electron transfer are so similar? 

One possible answer is that the rate determining step in electron transfer 
is indeed some kind of atom transfer, such as a ligand substitution in the 
inner sphere mechanism. Another example is the discharge of protons a t  
a metal electrode, for which it was proposed [41] that the rate determining 
step is a proton transfer to the metallic surface (which was discussed using 
the BEBO model). However, proton transfer in solution is usually a much 
slower process than electron transfer, and involves a large work term con- 
tribution to the rate constant. I t  is therefore hard to accept an atom 
transfer mechanism as the rate determining step for fast electron transfer 
reactions. 

An alternative interpretation is suggested by the discussion of Section 
4R. This is a strong overlap picture for electron transfer, where the in- 
teraction energy HI2 (possibly small) is the origin of'the (small) activation 
energy. This picture resembles more the case of atom transfer: activation 
energy is needed not (only) for vibrational excitation, but (also) to promote 
the shift of the electron cloud from donor to acceptor. This conjecture leads 
us to a suggestion to consider gas-phase electron transfer reaction series, 
which may better probe the elementary electron transfer event. 
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Appendix A: Properties of M ( n )  

Properties (i) and (ii) follow from desiderata (ii) and (iii). In order to 
prove the other properties for any 0 < n < 1, one has to know that as AG 
varies from -a to +a, the range of variation of n* is the whole interval (0, 
1). 

Minilemma: 
Proof. I t  suffices to show that 

The function n*(AG) is onto (0, 1). 

n*+O asAG--m 
n * - 1  asAG-w 

The lemma would then follow because by the continuity of n* [desideratum 
(i)] the image of a connected group by n* is connected. To  prove (Al) ,  take 
AG + fa in eq. (6a). For 0 < X < this yields M’(n*) - =FW. The values 
of n* for which these limits are obtained cannot be inside the interval (0, 
1) because then M ( n )  would be discontinuous, in contradiction to deside- 
ratum (i). Therefore the two limits must be obtained a t  the boundary of 
(0, 1) .  Finally the convexity of M ,  which follows directly from eq. (6b), 
entails that n* is a monotonic function of AG [cf. eqs. (10) and ( l l ) ]  from 
which ( A l )  now follows. 

To  prove property (iv), use eq. ( A l )  in eq. (6a). 

Appendix B: Properties of M‘ (n) and M” (n) 

In this appendix we recast the properties of M ( n )  as properties of M’(n)  
and M ” ( n )  and also list some additional properties (cf. Section 2). 

A. Properties o f  M’(n) which follow from properties ( i ) - ( iu)  of M(n) 

Monotonically decreasing, 

(B1.l) 
d n  

(B1.2) M’(0) = 03, M’(1) = --03 

(B1.3) M’(’/2) = 0 
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Additional desirable properties of M ‘ ( n ) ,  which do not follow from 
properties (i)-(iv), are 

(B1.4) + -02 as n - O o r  I 
d M ’ ( n )  

d n  
A maximal slope a t  (and only at  ) n = ‘12: 

(B1.5) i w 3 ) ( y 2 )  = 0, ~ ( 4 y 1 1 ~ )  < o 

R. Properties of M”(n) which Follow from Properties ( i ) - ( i v )  of M(n) 

(B2.1) M ” ( n )  < 0 

Additional properties of M ” ( n )  which follow from (B1.4) and (B1.5): 

(B2.2) M”(0) = M”(1) = -m 

(B2.3) M ” ( n )  is maximal at  n = ‘12 

d’”(n) < o for 112 < n < 1. (B2.4) ___ > 0 for 0 < n < l/2; ___ 
d M ” ( n )  

d n  d n  
The additional properties (B1.4) and (B1.5) afford a finer discrimination 

between the various forms of M ( n )  discussed in Section 4. While eq. (19) 
violates property (iv) [which is equivalent to ( A l )  or to (B1.2)] and (B1.4) 
and (B1.5), eq. (20) violates only (B1.5), and eqs. (22) and (25) violate none. 
We prefer eq. (22) over eq. (25) because it yields explicit expressions of the 
type (24). 

The properties listed above are demonstrated in Figure 1. 
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