JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2002; 15: 566-569

Published online in Wiley InterScience (www.interscience.wiley.com). DOIL: 10.1002/poc.512

Induced intramolecularity in the reference reaction can be
responsible for the low effective molarity of intramolecular

general acid-base catalysis’
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ABSTRACT: Whereas intramolecular catalysis by nucleophilic groups can be associated with values of effective
molarities ranging from 10° to 10® M in the absence of strain, values below 10 M are usually observed for general
acid-base catalysis. Based on the grounds that the efficiency of intramolecular reactions is related to the entropic
disadvantage of bimolecular reactions, this low efficiency is usually explained by a loose transition state for proton
transfer that is diffusion limited in the thermodynamically favorable direction. However, the transient formation of a
hydrogen bond at an electronegative center provides another possibility that can account for the low efficiency of
general acid-base catalysis when the reaction is not diffusion limited. Any proton transfer at a site that forms
hydrogen bonds to the solvent and that is concerted with a slower process is likely to take place along a hydrogen bond
with the catalyst and thus to have an intramolecular character. As a result, low benefits can be earned from further
intramolecularity. This analysis has important consequences for intramolecular and enzymatic proton transfers to and
from carbon atoms. Owing to the absence or the weak strength of hydrogen bonds capable of inducing intra-
molecularity in the non-catalyzed mechanism, high effective molarities could be recovered. As a result, the existence
of strong hydrogen bonds with carbon acids would no longer be needed to account for the high effective molarities
that have been observed in some cases for intramolecular proton transfer to or from carbon. Moreover, the
introduction of new concepts such as short, strong hydrogen bonds (low-barrier hydrogen bonds) to account for the
high efficiency of enzymatic proton abstraction from carbon would not be necessary. Copyright © 2002 John Wiley &
Sons, Ltd.
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INTRODUCTION

The efficiency of intramolecular reactions is generally
measured by the effective molarity (EM) of the intra-
molecular reagent (the ratio of the unimolecular rate
constant for the intramolecular reaction to that of a
similar bimolecular process).' In contrast to nucleophilic
reactions for which EM values above 10°M are cus-
tomarily found, EMs ranging from 1 to 10 M are generally
observed for intramolecular general acid—base catalysis.'
This low efficiency is usually explained by the diffusion-
limited character of proton transfer between electronega-
tive atoms (O, N, S) in the thermodynamically favorable

*Correspondence to: R. Pascal, Centre National de la Recherche
Scientifique, UPR 9023, Mécanismes Moléculaires des Communica-
tions Cellulaires, Centre de Pharmacologie—Endocrinologie, 141 Rue
de la Cardonille, F-34094 Montpellier Cedex 5, France.

E-mail: rpascal @ccipe.montp.inserm.fr

Presented at the 8th European Symposium on Organic Reactivity
(ESOR-8), Cavtat (Dubrovnik), Croatia, September 2001.

Copyright © 2002 John Wiley & Sons, Ltd.

direction.” The almost absence of a free energy barrier for
proton transfer along a hydrogen bond through the Eigen
mechanism was first proposed to account for these fast
rates.’ However, the substantial intrinsic barrier of ca
5 keal mol~'(1 kcal =4.184 kJ), deduced from experi-
mental data,* was subsequently explained by an indirect
transfer due to the slow removal of the last water
molecule during the diffusion step.’

The driving force for general acid-base catalysis arises
from large changes in pK, that are usually associated with
chemical reactions,® as for example when an unstable
intermediate must be trapped by a diffusion-limited
proton transfer for the reaction to proceed. However, if
the intermediate becomes still less stable and thus reverts
to the reactants faster than the diffusion of the catalyst,
this process is no longer efficient and any observed
catalysis must take place through pre-association or
concerted mechanisms.® In this case, the general acid or
base must already be present in the ground state. The
lowest energy path is then likely to involve a direct
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Scheme 1. Comparison of (a) a schematic picture of induced intramolecularity in stoichiometric reactions with concerted
processes of (b) general acid or (c) general base catalysis. Scheme (a) can be applied to processes (b) and (c) considering the fact
that both the binding site and the center at which general acid—base catalysis occurs are at the same place in (b) and (c)

proton transfer along a preformed hydrogen bond
between the catalyst and the reaction center.

It must be remarked that the formation of this complex
is associated with the loss of translational and rotational
entropy. As a result, little benefit can be earned from
further intramolecularity, in agreement with the fact that
entropy is not likely to be significantly altered by proton
location unless the hydrogen bond is broken. Although it
has been overlooked, this intramolecular character
(Scheme 1) has important consequences for understand-
ing general acid—base catalysis in enzymatic transforma-
tions and intramolecular reactions. The following
discussion of its consequences is based on the interpreta-
tion of rate accelerations in intramolecular reactions as
corresponding to the entropic disadvantage of bimolecu-
lar reactions.” Much debate has been devoted to the
explanation of these high rates.® However, it must be
emphasized that the main conclusions of this work
depend on intramolecularity (or induced intramolecu-
larity) in the reacting systems but are actually indepen-
dent of the explanation given to account for its efficiency.

DISCUSSION

Catalysis associated with the transfer of a proton
at an electronegative center

A representative example of concerted general acid
catalysis at an electronegative center, which is normally
hydrogen-bonded, is analyzed in Scheme 2. Overall rate
constants for the unimolecular (k;,.,) or bimolecular
(kinter) processes can be deduced from first-order rate
constants k' or k%, respectively [Eqns (1) and (2)]. This
calculation takes into account the relative stability of
hydrogen bonds with the intramolecular (K') or inter-
molecular (K?) acid catalyst as compared with the
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hydrogen bond with water.
kintra:k1/<1+[H20]/K1) (1)

kiner = K*/([AH] + [H0]/K?) (2)

According to the above hypothesis, the reaction rates can
be considered as identical starting from either hydrogen-
bonded adduct 1 or 2 (k' =k%), independently of addi-
tional intramolecularity in 1. EM can be determined as
the ratio of rate constants as defined in Eqn. (3) and
developed in Eqn. (4):

EM = kintra/ kinter (3)

EM = ([AH] + [H,0]/K?)/(1 + H:0]/K")  (4)
Numerical values can be obtained considering standard
conditions ([AH]=1M) and the molarity of water
([H,O] =55M). A value between 1 and 55 can be

estimated for the equilibrium constant K> by the
following observations (values in agreement with these

AH S = A—Hrron s product
H>O
/H 1
HO
K2
HO—Hm 1S A-Hming —— = product
HoO
— AH 2

Scheme 2. An illustrative example of intramolecular general
acid catalysis compared with its bimolecular counterpart
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estimations have been reported.'®) First, acids stronger
than water only can give rise to observable catalysis
(exceeding the effect of water), and as a result the
hydrogen bond would then be more stable than that with
water (K* >1). Second, stable intermolecular hydrogen
bonds are not observed in this solvent because of the
competition with water (K2 <55). Using these conserva-
tive hypotheses in the case of a stable intramolecular
hydrogen bond (K' >>55M) results in an estimate of
2-56 M for the effective molarity [Eqn. (3)] of an
intramolecular general acid, in good agreement with the
observed 1-10M range. Less stable intramolecular
hydrogen bonds (K' <55M) would lead to lower EM
values. The involvement of induced intramolecularity in
the bimolecular reaction is therefore consistent with
observed EM values for general acid—base catalysis. This
involvement is independent of likely contributions from
overlapping of molecular orbitals to the proton transfer
process and implies no supposition about the nature of
hydrogen bonds and the potential associated with them.

Catalysis of proton transfer to or from carbon
atoms

Except that the relevance of using EMs for general acid—
base catalysis may be questioned, the above conclusion
has no experimental consequences when the site of
general acid—base catalysis is an electronegative atom.
However, general acid-base catalysis can also be the
result of slow proton transfers involving carbon atoms. In
this case, the situation is completely different because
these centers are normally not hydrogen bonded, and the
effect of intramolecularity can therefore be predicted to
be ‘normal.” As a result, EMs much higher than 10> m
could be observed if the mechanism corresponds to a
direct proton transfer at a center that does not form
hydrogen bonds with either water or the catalyst. The
upper limit of EMs in the absence of strain, which
depends on the entropy loss at the transition state of the
bimolecular reaction,” could only be reached for rate-
determining proton transfers to or from carbon atoms
bearing no electron-withdrawing substituents able to
confer a partially ionic character to the C—H bond.
Because the reaction is not diffusion controlled, this limit
has no reason to be much lower than the value of
6.5 x 10° M determined for a hydride transfer reaction.''
However, weak hydrogen bonds are likely to be formed
with most carbon acids, leading to intermediate values.
As in any other intramolecular reaction, further limita-
tions resulting from ring size and stereoelectronic
requirements are likely to be involved. Moreover, these
reactions may be classified apart from other intramol-
ecular reactions (e.g. cyclizations) since a bond in the
ring is formed while another is broken, the transition state
only being cyclic. Interestingly, equivalent processes for
nucleophilic substitution at saturated carbon, correspond-
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ing to 5-Endo-Tet and 6-Endo-Tet ring closures, are not
favored according to Baldwin’s rules.'?

Exceptions to the rule that any observed EM above
80 M must result from a process other than general acid—
base catalysis have been reported by Kirby.'> Cyclic
systems derived from salicylic acid or proton sponges
display high EMs for acetal hydrolysis. These rate
increases have been accounted for by the formation of a
strong hydrogen bond at the transition state. Several
examples of EM values exceeding 10> M for intramol-
ecular proton transfers involving carbon atoms have been
reported.'*'> A similar explanation would require strong
hydrogen bonds to be formed in this case also. However,
such a hypothesis is no longer needed, although not ruled
out, if EMs much higher than 10*M can result from
intramolecularity in proton transfers to and from carbon,
as proposed here.

A large number of enzyme-catalyzed reactions involve
the abstraction of a proton from a carbon atom adjacent to
a carbonyl or carboxylic acid group by an active site
general base catalyst. These reactions display rate
enhancements exceeding those usually observed for
Brgnsted buffer catalysis in water.'® This observation
led to the proposal that catalysis is brought about by an
unusual stabilization of the transition state by a short,
strong hydrogen bond (low-barrier hydrogen bond).'”
Arguments against18 that hypothesis have been advanced
but new contributions were published in support of the
existence of low-barrier hydrogen bonds in the transition
states of enzyme reactions.'” According to the above
remark, high efficiency in enzyme-catalyzed proton
transfers from and to carbon can more simply be
explained by the absence of hydrogen bonding in the
ground state of the reference reaction. In the mechanism
of these enzymes the fixation of the substrate by inter-
actions with functional groups distinct from the C—H
bond gives rise to an enzyme—substrate complex in which
a general base is available to provide such increases
without need to invoke special explanations.

CONCLUSION

Induced intramolecularity is a key component of enzyme
power.?’ It also contributes to bringing about catalysis in
enzyme mimics or models. Its specific feature is that the
formation of a complex is associated with a favorable
intrinsic binding energy, which compensates for the
entropic cost of the fixation of the substrate,”’ which is
already present at the transition state and which
disappears only when the product is released. An implicit
consequence of the proposition made here is that induced
intramolecularity contributes to the high rates of proton
transfer along hydrogen bonds. Hydrogen bonds may
then be depicted as the simplest enzyme mimics because
these rates can in part be explained by the use of binding
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energy to compensate for the entropic cost that inhibits
the bimolecular reaction.

Acknowledgements

The author thanks Professor M. I. Page for helpful
comments and a referee for pointing out the importance
of Ref. 5 for understanding the differences between
mechanisms of general acid-base catalysis and diffusion-
limited proton transfers.

NN AW =

REFERENCES

. Kirby AJ. Adv. Phys. Org. Chem. 1980; 17: 183-278.

. Page MI. Chem. Soc. Rev. 1973; 2: 295-323.

. Eigen M. Angew. Chem., Int. Ed. Engl. 1964; 3: 1-19.

. Hibbert F. Adv. Phys. Org. Chem. 1986; 22: 113-212.

. Guthrie JP. J. Am. Chem. Soc. 1996; 118: 12886-12890.

. Jencks WP. Acc. Chem. Res. 1976; 9: 425-432.

. Page MI, Jencks WP. Proc. Natl. Acad. Sci. USA 1971; 68: 1678—

1683.

Copyright © 2002 John Wiley & Sons, Ltd.

8.

15.

16.

17

18.

20.

21.

569

Page MI, Jencks WP. Gazz. Chim. Ital. 1987; 117: 455-460, and
references cited therein.

. Bruice TC, Lightstone FC. Acc. Chem. Res. 1999; 32: 127-136,

and references cited therein.

. Stahl N, Jencks WP. J. Am. Chem. Soc. 1986; 108: 4196-4205.
. Davis AM, Page MI, Mason SC, Watt 1. J. Chem. Soc., Chem.

Commun. 1984; 1671-1672.

. Baldwin JE. J. Chem. Soc., Chem. Commun. 1976; 734-736.
. Kirby AJ. Acc. Chem. Res. 1997; 30: 290-296.
. Kirby AJ, Williams NH. J. Chem. Soc., Chem. Commun. 1991;

1643-1644.

Menger FM, Gabrielson K. J. Am. Chem. Soc. 1992; 114: 3574—
3575.

Gerlt JA, Kozarich JW, Kenyon GL, Gassman PG. J. Am. Chem.
Soc. 1991; 113: 9667-9669.

. Gerlt JA, Gassman PG. J. Am. Chem. Soc. 1993; 115: 11552~

11568.

Warshel A, Papazyan A, Kollman PA. Science 1995; 269: 102—
103; Shan S-o, Loh S, Herschlag D. Science 1996; 272: 97-101;
Guthrie JP. Chem. Biol. 1996; 3: 163-170.

. Cleland WW, Kreevoy MM. Science 1994; 264: 1887-1890;

Cleland WW, Frey PA, Gerlt JA. J. Biol. Chem. 1998; 273: 25529—
25532.

Jencks WP. Cold Spring Harbor Symp. Quant. Biol. 1987; 52: 65—
73.

Jencks WP. Adv. Enzymol. Relat. Areas Mol. Biol. 1975; 43: 219—
410.

J. Phys. Org. Chem. 2002; 15: 566-569



