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Summary

Some important conceptual and quantitative differences are
described between the "orbital steering" and entropy descriptions
of the rate accelerations in intramolecular and enzymic reactions
that may be brought about by geometric constraints other than dis-
tortion. The treatments differ by a factor of 10° - 10%4 in the
maximum rate acceleration that may be obtained from these con-
straints. The estimation of a "proximity factor" without taking
adequate account of the translational and overall rotational en-~
tropy terms gives a misleading value for this factor, The con-
clusion is reaffirmed that increasing the probability of reaction
by restricting the free translational and rotational movement of
reacting groups can play a large role in the catalytic power of
enzymes,

Dafforn and Koshland (D and K) have recently compared "orbi-
tal steering" and entropy as ways of describing the rate accelera-
tions caused by certain geometric restrictions in intramolecular
and enzymic reactions and have concluded that the statistical
mechanical treatments [i.e. entropy] are an adjunct but not a
satisfactory substitute for the concepts of proximity and orbital
steering (1). They further pointed out that the two approaches
should give similar results if properly applied and concluded,
from an analysis of cyclopentadiene dimerization, that this is
indeed the case (l1). We reluctantly add still another paper to
the literature on this subject in order to present an extension

of this comparison (Table I} that leads us to different conclusions.

The comparisons of Table I show that there are important
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TABLE 1

"Orbital Steering"

1. Most of the rate increase in unstrained
intramolecular (and some enzymic) reactions
compared to corresponding bimolecular reac-
tions in solution is attributed to an orien-
tation factor, with an angular preference
far greater than previously estimated, This
orientational preference is exhibited after
reacting molecules are brought into proximity
with their reactive atoms in contact (I) and
is measured by the product of the orientatior]
factors eA and eB (1,2).

1 (e

2, The maximum rate acceleration from orien
tation has been estimated, from the decrease
in the rotational partition functions upon
conversion of two molecules to a single tram
sition state, to be about 104 for typical
molecules (4). However, this calculation is
inconsistent with the above definition of
"orbital steering," because the two molecules
in I have already lost their freedom to ro-
tate independently.

3. The spatial (as opposed to orientational
requirements for a reaction are incorporated
into a "proximity factor" for the formation
of I that is estimated to be about 55/n,
10 M, equivalent to 4,5 e.,u, (1), The loss
of translational freedom of two reacting
molecules is accommodated in the proximity
factor (4), as is also the loss of free
{(overall) rotation of polyatomic, nonlinear
molecules (I).

4, The entropy of reaction of two bromine
atoms to form Br, (-13 e.u, (5)) is taken as
a model for the proximity effect because Br
atoms have no orientational requirement for
reaction (1,4).

5., The maximum total advantage in an intra-
molecular or enzymic reaction from "orbital
steering" and "groximity" is approximately
104 x 10 M = 105 M (4).

6. It is emphasized that the "orientation"
of orbital steering is not the gross orien-
tation of substrates and catalytic groups
on the enzyme surface or the juxtaposition~
ing of reacting atoms (2).

I

Entropy

This rate increase is attributed to the improbabi-
lity of two molecules in dilute soclution losing
their freedom of translation and rotation in three
dimensions upon forming a transition state or pro-
duct. This probability is greatly increased in an
intramolecular or enzymic reaction when the react-
ing groups are brought together so that transla-
tional and rotational motions are constrained. The
increase in probability is measured by a differ-
ence in entropy (3). Although an exact separation
of translational and rotational entropy terms is
not possible in solution, the contributions of
both terms are comparable and a large part of the
entropy loss has already taken place when the re-
acting atoms are in contact (I).

The maximum rate acceleration from the loss of
20-25 units of (overall) rotational entropy,
which is equivalent to the decrease in rotational
partition functions, is about 10% -~ 105 for typi-
cal molecules (3).

The spatial requirements are accommodated in the
loss of translational entropy of the reacting mole-
cules, This loss is typically 30 e.,u. in the gas
phase and 5 £ 5 e.u., less in solution, which cor-
responds to a maximum factor of 104 - 107 M (3),

A spatial requirement closer to 167 M than to 10 M
has also been estimated from distance distribu-
tion functions (6),

The spatial requirements and the loss of transla-
tional entropy in the bromine reaction are the
same as for other reactions (-31 e,u,, correspond-
ing to a factor of 107 M), but are offset by an
atypical gain of rotational entropy upon formation
of the Br, molecule (we might call this “orbital
anti-steering”) (5).

A conservative estimate of the maximum total ad-
vantage that may arise from the restriction of
translational and rotational motions in an intra-
molecular or enzymic reaction in solution is
about 108 M (3).

It is precisely these factors that are responsible
for the major part of the rate acceleration from
entropic factors in intramolecular and enzymic
reactions, Most of the entropy of a rotation is
lost with a relatively mild orientational restric-
tion (e.g. an 80% loss upon conversion of a free
internal rotation, corresponding to 7 e.u., to a
vibrational frequency of 300 cm~l which, for car-
bon atoms, corresponds to an angle of approximately
30°), The juxtapositioning of reacting atoms re-
quires the loss of 3 degrees of translational
freedom, corresponding to ~30 e.u. We believe
that one of the most important functions of an
enzyme is to increase the probability for the
formation of the transition state simply by
bringing about the snug juxtapositioning of re-
acting atoms, with a resulting restriction of low
frequency stretching and other motions that re-
place translation (3,7)
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TABLE I Continued

7. Experimental support for "orbital steer-
ing" factors of 104 was adduced from com-
parisons of the rate constants for a series
of acid-catalyzed esterification and lactoni-+
zation reactions (8)., However, orbital
steering is defined as the rate acceleration
that may be obtained from orientation factorsg
after the reacting atoms are in contact (I),
Conseguently, these results provide no quan-
titative support for "orbital steering," be-
cause the reacting atoms in the compounds
examined are not initially in contact.

8. The basis for the conclusion that "orbi-
tal steering" and entropy calculations give
similar results is the assignment of an
orientation factor of 106 - 107 to the cyclo-
pentadiene reaction. This factor is stated
to be "not unreasonable" compared to a fac-
tor of 104 for esterification, but no calcu-
lations are given (1, Figure 2, footnote f),.

9, Support for the hypothesis that orbital
steering can introduce large rate effects in
intramolecular and enzymic reactions is ad-
duced from the observation that certain
structural changes in cyclic reaction systemsg|
cause rate decreases (11).

10, It is suggested that if each § factor
is 103 - 105, a combination of two substrates
and two catalytic ?roups could produce a
factor of 109 - 1015, just what is needed to
bridge the gap in enzymic and nonenzymic
rates (2).

The intramolecular reaction of succinate half
esters II is faster by a factor of 105 M than

COOAr

“ooc II

the corresponding intermolecular reaction (3,9).

A conservative estimate, which ignores the dif-
ferences in strain energy (3,10), increases this
factor to 108 M if the three internal rotations

of II are frozen into favorable positions and a
bicyclic compound with these rotations frozen ex-
hibits a rate increase of 10° M (3,9). Most of
the rate increase of 10° M results from increasing
the probability of reaction by preventing indepen-
dent translational motions and from a mild restric-
tion on the rotation of the reacting groups. It
clearly does not result from an orientational re-~
striction of juxtaposed reacting atoms and, hence,
cannot be explained by the "proximity" "orbital
steering" approach,

(i) No more entropy can be lost upon freezing a
rotation than was present in the rotation initi-
ally. The complete loss of the rotational entropy
of the reacting cyclopentadiene molecules in the
transition state corresponds to 24 e.u. or a fac-
tor of 105 (3). The published values of the rota-
tional partition functions and entropies for es-
terification (4) are closely similar to those for
cyclopentadiene dimerization (3).

(ii) Once the reactive atoms are in contact (as
required by the definition of "orbital steering")
all rotations are already lost. The complete
freezing of remaining bending motions {e.g., 4 rock-
ing modes each of 300 em~1) would give a loss of
5.6 e,u, and a rate factor of 20,
(iii) If only two of the four reacting atoms are
initially in contact (as shown in Figure 2 of D
and K, (1)), the complete freezing of one free
internal rotation {moment of inertia 11 x 10-39 g
cm?) and 4 bending motions as above could give a
loss of 14 e.u, and a rate factor of 103, not
106 - 107,

It is important to keep in mind that the magnitude
of rate decreases in constrained systems cannot be
equated with the rate increase that may be obtained
by optimal constraint of an unconstrained system.
For example, the rate of a reaction that occurs on
only one side of a group can be decreased by >106
by constraining a previously unconstrained reac-
tant to the unreactive side (III1), but can be in-
creased by only a factor of 2 by coustraining it
to the reactive side (IV).

O

I1I Iv

There is no doubt that additional catalytic groups
in the active site of an enzyme can cause rate ac-
celerations from entropic effects (7). However,
the rate factor must be related to comparable non-
enzymic reactions, which are 4th order rather than
2nd order in this case (12). Since the rate con-
stants for these hypothetical 4th order reactions
are not reported, the comparison is incomplete. It
should be noted that the addition of a molecule of
catalyst to a solution reaction ordinarily requires
the loss of 3 degrees of translational and of rota-
tional freedom:; consequently, 4th and 5th order

*Entropy is expressed in units of calories mol-1 °xk-1,

taken as 1 M at 25° throughout.

reactions are rare,

abbreviated as e,u. Standard states are
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differences between the "orbital steering"” and entropy approaches,
with respect to both their definitions and their quantitative
description of reaction rates. The most important differences
are in (i) the maximum total rate acceleration that can be ex-
pected from these effects in an unstrained intramolecular or en-

5 Vs 108 M) and (ii) the attribution of

zymic reaction (ca. 10
these effects principally to a high degree of orientational re~
striction that occurs after the reacting atoms are juxtaposed in
"orbital steering" and to a snug juxtapositioning of the reacting
atoms accompanied by a relatively mild orientational restriction
according to the entropy calculations, The entropy calculations
are not novel and are in agreement with experiment (3,13)., If or-
bital steering is identified with rotational entropy the differ-
ences appear in the assignment of a factor of up to ~10 M (4.5 e,u.)
to "proximity" (4) and a factor of up to lO7 M (30 e,u,)} to trans-
lational entropy (3). Other identifications do not account for
the missing 25 e.u., We note further that the application and
“instinctive understanding" (1) of entropy and probability re-
quirements for a reaction are no more difficult than the correct
application and understanding of "proximity" and "orbital steering,"
We conclude from the comparisons summarized in Table I that
the "proximity" and "orbital steering" treatments, when carefully
defined and rigorously applied, may be an adjunct, but are not a
satisfactory substitute for the concept of entropy or the methods
of statistical mechanics. We would be willing to accept a defini-
tion of "orbital steering" based on rotational and perhaps even
vibrational partition functions of the reactants and transition

state (4) (these terms are equivalent to Sr and svib)' but be-

ot
lieve that it can only lead to confusion to suggest "orbital

steering" effects that are larger than the total loss of rotational
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entropy in a reaction and to include the loss of overall rotational
freedom in the definition of "proximity."

The effects of geometric restrictions on the rates of intra-
molecular and enzyme catalyzed reactions have been described over
the years by the terms entropy loss (3,10,14), approximation,
orientation, anchimeric assistance (15), propinguity, rotamer dis-
tribution (9), proximity, orbital steering (1,4), stereopopulation
control (16), distance distribution function (6), togetherness (7),
other terms that are not appropriate for the open literature, and
FARCE (Freezing At Reactive Centers of Enzymes (17))., This expo-
nential scholastic proliferation is becoming burdensome to students
and could soon fill the presently available journals. We believe
that it would be desirable to reverse this growth by dropping some
of the more colorful and imprecisely defined of these terms and
accordingly offer to initiate this process by withdrawing the term

"togetherness."
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