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Chemical reactivity in organized media: statistical entropy and
information in crystals and enzymes

Miguel A Garcia-Garibay

The control of chemical reactivity has been a subject of intense
research activity for many years. It is known that
supramolecular systems are capable of influencing the
outcome cf chemical reactions to levels not easily achieved by
homogeneous liquids. Their influence is not always expressed
through specific interactions that stabilize a transition state.
Their role can be frequently ascribed to the structural pre-
organization of the reactant towards particular chemical
reactions. Because of this, systems as diverse as micelles,
zeclites, enzymes and crystals are frequently referred to as
organized media. Recent work an reactions in crystalline solids
and enzymes suggests that reactions in organized media may
be analyzed with an intuitive model based on simple statistical
entropy principles.
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Introduction

Organized media is a term used to describe a wide variety
of natural and artificial supramolecular systems [1].
Organized media may vary widely in chemical composi-
tion, architecture, order and dynamics. A small set illustrar-
ing this variety may include enzymes, monolayers,
membranes, host-guest compounds, polymers, DNA, zeo-
lites and molecular crystals [2]. Reactions in organized
media occur under superstructural and dynamic influences
that are more complex than those in homageneous solution
or in the gas phase. Although some systems are acid-base or
redox active, the term organized media stresses a role that
may be considered chemically passive. Terms such as
chelate effect [3], passive template effect [4], supramolec-
ular assistance to molecular synthesis [5], molecular traffic
control [6], percolation in porous networks [7] and
topochemistry [8] illustrate the role of organizaction on reac-
tivity. This organization is exerted mainly by mediating the
encounters, conformational preferences, distances and ori-
entations required along specific reaction trajectories.

Reactions in crystalline solids

The crystalline solid state is the most rigid and highly orga-
nized medium of all. Crystalline solids also offer the high-
est degree of structural information when analyzed by
single crystal X-ray diffraction, polarized spectroscopy and
magnetic resonance. While it has been shown that reac-
tions in crystals may occur with both control and yields not

achievable by any other medium (with the exception of
enzymes) [9-11], their chemistry remains counterintuitive.
Although some interesting reactions in crystals have been
discovered by serendipity, there has been a great deal of
systematic research activity in the area. The extraordinary
nature of reactions in crystals has been illustrated with
examples that include the formation of products thar are
never observed in solution, the generation of optically
active products from achiral reagents, the formation of sin-
gle crystalline polymers and the kinetic trapping of highly
reactive intermediates [12-14]. The potential of crystal
chemistry for mechanistic studies, solvent free synthesis
and marterials applications is now fully recognized. In this
article chemical reactivity in organized media will be
reviewed with a view that may help us to understand crys-
tal chemistry in a general and intuitive context.

Understanding and exploiting complexity

A general quality that is common to all organized media is
their superstructural and dynamic complexity. Reaction
rates and product selectivities reflect conditions that are
different from those encountered in homogeneous media.
Reacrivity models and kinetic analyses developed for reac-
tions in gases and liquids do not apply and qualitative
explanations with limited predictive power must be
offered. As various levels of complexity are recognized in
different systems, such as phase transfer catalysis, hydro-
carbon cracking by zeolites, conducrivity in TTF
(tetrathiofulvene) salts, solid supported reactions, enzy-
matic catalysis, nonlinear optical materials and so on, it is
clear that complexity can be advantageous and beneficial.

The two most important motivations behind studies on
chemical reactivity in organized media come from: firstly,
the search for a better understanding of chemical reactivity
in very complex systems: and secondly, the potential
offered by exploitation of their catalytic effects. Although
research in these areas overlaps extensively, there is some
emphasis on the use of photochemical probes for the for-
mer and synthetic chemistry in the latter.

Photochemical probes

The rapid dynamics of association—dissociation, sorption—
desorption, escapes—encounters, conformational motions,
and the need to have only small perturbations at constant
temperatures, have fed to the use of photochemical and
photophysical probes as the preferred approach to explore
organized media {15). Photochemical probes with nano- to
millisecond resolution and careful experimental design con-
tinue to be implemented to document increasing levels of
complexity in association—dissociation phenomena [16]. In
the reactions of crystals, photochemical excitation enables
nonintrusive activation at temperatures that are well below
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the melting point of the material [17], and for studies at tem-
peratures ncar zero Kelvin in order to investigate quantum
mechanical tunncling [18,19).

Synthetic enzymes

In addirtion to recent developments in the area of catalytic
antibodies [20.21] and spectacular advances in enzyme
modifications by using the tools of molecular biology [22],
research explicitly aimed at the development of artificial
enzymes has centered on the synthesis of modified hosts.
These include modified cyclodextrins [3,23), cleft receptors
[4,24], cyclophane hosts [25,26], macrocyclic polyamines
[27] and several athers [28]. As with natural cnzymes, the
specific interactions promoting or stabilizing the transition
state are mediated by binding. However, while the struc-
ture of natural enzymes has been fully optimized by nature
for efficient substrate binding, transition state stabilization
and product release, the structure of most artificial enzymes
still has room for improvement. [t is expected that progress
in the design of artificial enzymes will paraliel progress in
our understanding of weak intermelecular interactions.
Indeed, it is interesting to note that the best results to date
in the preparation of artificial enzyme-like systems comes
from organometallic chemistry, with a powerful combina-
tion of well-established ligand synthesis, ligand-to-metal
binding, and relatively well understood transition metal
acid-base and redox chemistry [29-31]

Selectivity

The catalytic activity exerted by enzymes is the greatest
challenge to our understanding of chemical reactivity in
organized media. It is recognized that the selecrivity and
specificity exerted by enzymes comes from their ability to
reorganize the rates of prospective reactions as compared
to those observed in homogencous solution. Wolfenden
and co-workers [32-34] have shown that enzymatic reac-
tions may display rate accelerations of the order of 1017 s~1.
Effects like this indicate that the free energy of activation
of the catalyzed reaction must be much lower than thac of
the uncatalyzed one. In terms of selectivity, a reactant, R
which would normally give rwo products both A and B
(Figure 1a), will react selectively if one of the two path-
ways can be accelerated (Figure 1b). A less appreciated
(and sometimes controversial [35,36]) scenario that can
also result in very high selectivity occurs when one reac-
tion pathway is decelerated relative to the others by
increasing its activation free energy (Figure 1¢) [37].

It is expected that organized media may affect the selec-
tivity of chemical reactions not only by rate acceleration
but also by slowing down the rates of competing processes.
To cantrol the selectivity frum a given substrate one needs
to know how to change the rate constants of certain path-
ways in a selective manner. Strategies to do this based on
linear free energy relations, solvent ceffects, steric effects,
substituent effects and so on have been investigated over
the years. Although these studies have increased our
understanding of reaction mechanisms, selective changes
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Reaction profiles for chemical reactions that occur (a) with low
product selectivity, and strategies for increasing product selectivity by
(b) accelerating desirable reactions or, (c) by slowing down
undesirable pathways. A and B are products; k, and kg represent rate
conslants of reactions A and B, respectively; R, reactant.

in the activation energies of competing pathways are diffi-
cult to accomplish. Rather than accelerating or decelerat-
ing a specific reaction (Figure 2, left), most perturbations
lower or nise the energy of all transition states in a similar
manner (Figure 2, right). Furthermore, attempts at con-
trolling chemical reactivity and selectivity by changing
activation enecrgics suffer from the exponential depen-
dence of the rate constant on the activation energy. Small
changes in activation energies may result in very large vari-
ations in rate constant values. Manipulating rates and
selectivities by changing activation energies in solution can
be thought of as a low resolution approach to controlling
chemical reactivity.

From enzymes to organized media

With the unsurpassed performances found in nature, phys-
ical organic chemists have turned to models of enzymartic
catalysis for inspiration and clues {38-42}. Effects such as
proximity, effective molarity, orbital steering, and desolva-
tion have been analyzed alang with specific interactions
that stabilize the transition state. Although some debate
continues on how to factorize contributions from enthalpic
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Enthalpic periurbations of competing reactions tend to affect competing processes in a similar fashion. k, and kg represent rate constants of-
reactions A and B, respectively; Pi, state of reactant (R); TSA and TSB are transition states of A and B, respectively.

and entropic factors to rate acceleration [41,42], our under-
standing of enzymatic activity has increased during the last
“few years. Organized media, such as enzymes, may have a
deep effect on chemical reactions by affecring their ‘rate
limiting step’. An enzyme-substrate complex (the forma-
tion of which may become rate limiting itself) may affect a
{formerly) elementary reaction not only by altering the acti-
vation energy term, Eal of a general rate expression,
k = Aexp(-Eal/RT), but also by reorganizing the entropy of
the reacting system. Superficially, the physical meaning of
Ea seems clearer than thart of the pre-expenential factor A.
The former is defined as the enthalpy difference between
the transition state and the reactants and, in principle, it
may be calculated with great accuracy. The frequency of
encounters, orientational effects, conformational demands,
molecular organization and the overall likelihood of transi-
tion state formation are associated with the pre-exponential
term ‘A’ of the rate equation. Collision theory considers A
to be a sterically-scaled frequency factor and the Arrhenius
equation uses it as a temperature-independent empirical
frequency parameter. Transition state theory formulates A
in terms of the partition function of the transition state, or
the difference in entropy between the transition state and
the reactants. Although these interpretations from gas
phase kinetics support an intnitive notion that links the
pre-exponential factor, A with organization and order, it
may be convenient to reformulate the problem in con-
densed media to allow for rate limiting diffusion, binding,
molecular rotations, conformational changes, and so on.

Statistical entropy, information and the
amount of choice

An intuitive, simple and general model that helps analyze
reactivity in organized media can be based on statistical
entropy [43]. In salid state work by the group of the author
this model has been used as a general starting point to
analyze results and design experiments. Tn this moedel, the
effect of the medium on the population of the ground state
conformations, vibrations, rotations, collisions and spin
states that influence the reactivity of the reactant is

considered. A close link between statistical entropy and
Shannon’s information theory gives a satisfying connection
between organization, complexity, the amount of chaice, or
the amount of information needed to describe a given
system [44].

A schematic representation illustrating the use of statistical
entropy in chemically reacting systems is given in
Figure 3, where it is explicitly recognized that a reactant,
R may exist in a wide variety of states, Py, P,... P; [43,45].
The mathematical relationship between statistical entropy,
S and the population fraction, X; of states, P, is given by
§ =8 X, log X;. The magnitude of the statistical entropy
depends on the number of states and on their relative pop-
ulations. As those populations are determined by the rela-
tive energics of states, P; (using the Boltzman equation),
and because these energies are determined by their struc-
tures, statistical entropy can be used as a measure of the
amount of information or the amount of choice in a chem-
ical system. Although a similar analysis with a different
definition of P; can be used to analyze molecular proper-
ties, the P; in Figure 3 represent the states of a molecular
ensemble. A large value of S describes a large number of
evenly occupied states (high information content and large
amount of choice), whereas a small value indicates that
only a few states are occupied (low information content
and low choice; it should be noted that Shannon’s defini-
tion of information content may be counter intuitive. The
more information, the more choices there are and the less
one knows about the system). Statistical entropy is direct-
ly related to the homogeneity of a system. A nearly perfect
crystal near zero Kelvin has a very low statistical entropy
because all the molecules in the sample are restricted w a
limited number of states. In contrast, a sample in the gas
phase, where molecules may occupy a large number of
states defined as translational, rotational, vibrational, colli-
sional, and so on, has a very large statistical entropy.

Although the effect of organized media on statistical
enuopy will be very complex (and perhaps rigorously
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Schematic representation of statistical entropy in a chemical reaction by disclosure of the reaction profile along the states of the reactant. Ea*,

activation energy; R, reactant.

untractable), information theory suggest that not all com-
plexity needs to be relevant to the outcome of a chemical
reaction. If a chemical system 1s considered to be an infor-
mation scusce {with P;states or words), and a reaction tra-
jectory is considered to be a communication channel, then
the final product may correspond to the receiver
(Figure 4). One can recognize that product formation may
be thought of as a fine-tuned receiver and that not all the
states in the system (words) will contain readable struc-
tures (messages). It is also important and valuable to rec-
ognize that, at a first approximation, statistical entropy can
be factorized to consider only the states that are pertinent
to the chemical reaction. For instance, the analysis of
bimolecular reactions in condensed media can start by con-
sidering states defined by diffusion and solvent cages.
Cyclization reactions can be analyzed in terms of confor-
mational states. A biradical cyclization competing with
trapping by scavengers may be formulated in terms of col-
lisional, conformational and spin states. Notall information
is readable by all receivers and not everything in a trans-
mission 1s relevant to the message. For instance, chemical
dynamics is probably irrelevant to radioactive decay just as
the font and ink used to prine this review do not make or
change any of its meaning.

It is expected that organized media will redistribute gas
phase energies and create a new ensemble with a large
number of states P;". The new states will be supramolecu-
lar in nature [1}], they may be very short-lived, and their
structures will be determined hy noncovalent interactions.
Homogeneous media will limit reactant molecules within a
more confined subset of P, (low entropy) whereas hetero-
gencous systems will give rise to a much greater variety of
states and a higher statistical entropy.

The significance of statistical entropy and information
theory to chemical reactivity is further illustrated in
Figure 3. A disclosure of the reaction coordinate along the

reactant surface shows that reactions A and B must occur
through transition states TS, and TSy, respectively. As
these correlate with the reactant states P and Py, reactions
A and B reflect the probability of finding the reactant in
states Py and Py, respectively. A simple illustration can be
given by using an analogy between a set of states, P; and
the words given by a three letter information source. For
instance, not all combinations of the letters Y, E and § will
have a meaning in the English language. Out of all six pos-
sible three letter combinations (states or words), only the
word YES has meaning to a receiver that is fluent in
English. Similarly, a chemical system may have a large
number of states but only few will have meaning in terms
of chemical reactivity. Many messages may be contained in
the information source which will he meaningful to differ-
ent receivers. For instance the word given by the letters
SYE may have meaning for someone who speaks another
language. This brief analysis suggests that structural, spec-
tral and functional messages contained in a chemical sys-
tem must be deciphered by the proper ‘receiver’. This also
suggests that information (or entropy) withour a context
may have limited significance.

With the above analogy, one may see that reactions that
occur from ground states that are scarcely populated, like
rare words, will occur with a frequency that is limited by the
information source (diffusion controlled}. Reactions that
occur from seates chat are well represented because of favor-
able energies will occur with frequencies limited by the
capacity of the channel (activation control). As state popula-
tions arc temperature dependent, information at this level
will appear in the activation energy term of the rate equa-
tion. In contrast, the elementary reaction from a ‘readable’
reactant state to the products should be part of the pre-expo-
nendal term. This suggests that activation enthalpy is used
to prepare the reactant whereas activation entropy relates to
the passage through the transition statc from a suitable
ground state structure to the final product. The significance
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ldealized analogy between the elements of a chemical reaction and
the elements considered in information theory. TS, transition state.

of this analysis is that ground state conformational motions,
collisions, and so on, can be considered elementary steps of
a complex reaction. Therefore, a mechanism by which orga-
nized media can accelerate or decelerate a reaction is by
changing the ground state populations (i.e. changes at the
information source): The use of enthalpy from favorable
binding interactions to decrease the statistical-entropy of the
system at a given temperature is analogous to a phase tran-
sition and indicates how one may analyze the relation
between the enthalpic and entropic components in a chem-
ical reaction. In a crystalline solid, packing interactions
freeze the equilibrium shown in Figure 3 and reduce the
statistical entropy of the system. If reactant R crystallizes
into state P;, no reaction will cver be observed below melt-
ing. The rate limiting step will be the destruction of the
crystal lattice to allow for the population of P; and P,. On
the other hand, if reactant R crystallizes into state P, one
will expect highly selective formation of product A and per-
haps an accelerated chemical reaction, Organized media
may reduce the overall enthalpic requirement of the gas
phase reaction by ordering the structure (or superstructure)
of the reactant closer to that required for the elementary

Chemical reactivity in organized media Garcia-Garibay 403

reaction. Pursuing this analogy further, it is expected that
organized media can also affect the capacity of the channel
by setting up properly oriented charges, acids/bases, elec-
tron donors, vibrational modes, and so on, to facilitate pas-
sage through the (supramolecular) transition state.

Strategies for controlling specificity and selectivity are
explicit within the statistical entropy model and depend
firstly on ground state selection and secondly on transition
state stabilization. One may safely speculate that enzyme
proficiency is likely to occur not only by favoring a partic-
ular ground state but also by reducing the energy differ-
ence between ground and transition states. It is interesting
to note thar 2 view based on statistical entropy suggests
that reaction rates may be controlled by organized media
over the cntire range of the pre-exponential factor, This
means that reaction rates might be controllable at any
given temperature {as long as organized media can exist),
berween zero and the maximum allowed by transition state
theory for the elementary reaction (i.e. up ro 1034 s-1),

An example illustrating the above model with a reaction in
a crystalline solid was recently published by Shin e 4/.
[9,46] It was shown that molecular crystals are capable of
controlling the reactivity of carbenes to unprecedented
levels by selecting one out of several conformational states
of a diazo precursor (Figure 5). The reaction involves a
photoinitiated steady state decomposition of a diazo com-
pound in its own crystalline lattice. In solution, carbenes
generated upon extrusion of N, have very short lifetimes
because they react rapidly. Insertion to the solvent, addi-
tion to double bonds, dimerization, and intramolecular
1,2-R migrations occur very rapidly. In a crystalline solid,
bimolecular reactions are generally prevented. Unfav-
orable alignment between prospective reaction centers
and the absence of salvent constitute a selection of
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Excelient control of challenging carbene reactivity by crystals as an example of a chemical system with low statistical entropy and a precise

chemical message.
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collisional states. The unimolecular reactions of carbenes
are stereoclectronically demanding and conformationally
dependent. The conformational states that are pertinent to
these reactions are those that define the alignment of the
migrating gronp with the empty p-orbital of the carbene in
the singlet state (Figure 5, right). Although all conforma-
tional states are well represented in solution (high startisti-
cal entropy), there is only one conformational state present
in the crystal (low stadstical entropy). The analogy
between Figure 3 and the right parc of Figure 5 is evident
as the selectivity of the reaction is given by the structural
information present in the crystal of the reactant.

The statistical entropy model can be also applied to the
effecct of molecular structure on chemical reactivity.
Lightstone and Bruice [41,42] recenddy analyzed the confor-
mational space of a series of substituted glutarates,
succinates and  3,6-endoexo-D*-tetrahvdrophathalate
monophenyl esters, which are commonly used rto illustrate
proximity effects. The monoesters cyclize with rates that
vary aver 7 orders of magnitude depending on the structure
to give anhydrides. Three represenative examples of the
anhydrides are shown in Figure 6. After a complete stochas-
tic conformational search for each compound, Lightstone
and Bruice [41,42] analvzed their results in terms of two
subsets of conformers: a set of reactive, or near approach
conformers {NAC), and the remainder nonreactive ones
[41,42]. An excellent correlation was observed between the
known rate constants and the Boltzman probabilities of the
reactive conformers. 1t was alsy shown that activation free
energies correlate berter with the enthalpy difference
between the most stable ground state and the lowest ener-
gy NAC, than with the entropy output from the molecular
mechanics program MM3. Their results attest the impor-
tance of populating the reactive states and confirm that the
temperature dependence of the rate equation should be
related to changes in state populations. Their resules also
showed that the activation enthalpy becomes very small
when the energetic price for populating the reactive state s
covered by molecular constraints. The lack of correlation
with the calculated entropy supports our suggestion that
only some contributions to the total entropy are pertinent to
the reaction: that is, not all information contains readable
messages. The above examples suggest that besides crys-
tals, enzymes, and molecular constraints, one may use
hydrophobic forces, binding interactions, adsorption, crys-
tallization, and so on, to pre-organize the reactant in a
ground state that correlates with the transition state of a
desirable transformation.

Perspectives in crystal chemistry

Despite a number of advantages cited in the introduction,
there are some limitations to chemical reactions in the crys-
talline solid state and much work remains to be done. To
this date, reactions in crystals stil have little predictive
power. This problem will be solved in the near future as
more robust reactivity models, techniques and a larger data
base become available. There has been a great deal of
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Representative examples of monoesters studied by Lightstone and
Bruice [41, 42] along with their corresponding cyclization rates (k).

progress in the area of crystal engineering [47]. ‘Designer’
crystals with a controlled number of components with desir-
able distances and orientations may be available in the near
future. Following pioneering studies on the 2p+2p dimer-
ization of alkenes and several polymerization studies by
workers in the mid 1960s and early 1970s, Scheffer and co-
workers [48-50] have demonstrated that unimolecular
rearrangements offer a reliable strategy to bypass the need
for specific packing arrangements. McBride and his co-
workers [51,52] have shown extremely detailed and precise
reaction mechanisms in several crystalline systems. Toda
and co-workers [13] have exploited crystalline host-guest
complexes, and have demonstrated several reactions that
occur upen the mechanical mixing of two different solids.
‘There are also important effores by several workers to devel-
op and exploit two-component crystals. Some strategies
include salt formation from carboxvylic acids and amine bases
[53], ground-state charge transfer complexes [54], and two-
component hydrogen-bonding complexes [55,56]. The
group of the present author has shown that reactions in crys-
tals may be carried out, analyzed and exploited in a reliable
and systematic fashion by using highly reactive intermedi-
ates |8-11,46,57). One of the most important sources of
complexity in solid state reactions arises from the fact that
product formation perturbs the crystal lattice responsible for
the selectivity that is observed there in the first place. The
accumulaction of product in the crystals of the reactant
makes sohid state reactivity a challenging nonlinear problem.
This is reflected in kinetic analysts which give rise to rate
constants following complex laws. Recent analysis guided
by views that address reactions in crystals from the point of
view of phase continuity and phase separation suggest that
clean, selective and quantitative solid-to-salid reactions will
be more common than previously anticipated [17].

Conclusions

Chemical reactions in organized media have challenged
chemists for a long time. The importance of understanding
and exploiting complexity will guide the development and
refinement of reactivity models that will help us take advan-
rage of supramolecular systems. Statistical entropy provides
an intuitive approach to specificity and selectivity and hints
to meaningful ways of factoring and retating enthalpic and
entropic factors.
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