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ABSTRACT: Differences in entropies of competing transition states can direct kinetic selectivity. Understanding and modeling
such entropy differences at the molecular level is complicated by the fact that entropy is statistical in nature; i.e., it depends on
multiple vibrational states of transition structures, the existence of multiple dynamically accessible pathways past these transition
structures, and contributions from multiple transition structures differing in conformation/configuration. The difficulties associated
with modeling each of these contributors are discussed here, along with possible solutions, all with an eye toward the development of
portable qualitative models of use to experimentalists aiming to design reactions that make use of entropy to control kinetic

selectivity.

”..the incorporation of the entropy concept into chemistry
was anything but smooth. Its assimilation was slow and met
with much resistance, overt and otherwise.”"

B KINETIC SELECTIVITY

The concept of controlling kinetic selectivity by lowering the
free energy of a transition state leading to a desired product
relative to that of a transition state leading to an undesired
product is well established.” Why then is it so difficult to
rationally control, ie., predict, kinetic selectivity for many
reactions? Here the contribution of an ever-present factor that is
difficult to quantify—entropy—is examined. Difficulties with
handling entropy are faced not only by those looking for back-of-
the-envelope predictions but also by those carrying out state-of-
the-art computations on reaction mechanisms.

B DISORDERLY CONDUCT

While describing entropy as disorder is generally frowned upon
in the world of physical chemistry (and by the author), that
concept is applied broadly. In the realm of selectivity control of
organic reactions, it often manifests as more conformationally
flexible transition states being entropically preferred. Of course,
this factor also can be described in the language of accessible
microstates, more conformationally flexible species possessing
more of them. To me, the key distinction between these
descriptions is that the former is often abstract (think hand-
wavy), while the latter involves counting (Figure 1). I often think
of enthalpy as “how much” and entropy as “how many”.
Nowadays, we are excellent at computing relative enthalpies
using quantum chemistry,”* but counting how many is more
difficult—why is that? As noted in a recent essay by Grimme and
Schreiner on “expected developments and challenges [in
computational chemistry] for the next 2S5 years [starting in
2018]”, “a [..] problem of [..] enormous complexity is the
accurate computation of entropy for which basically no routine
methods exist.”* Some of the problems that hamper applied
theoretical chemists pursuing portable,” predictive models of
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Figure 1. Graphic for a t-shirt created by the author showing a subset of
the possible microstates created by combining the letters in the word
“entropy.”

kinetic selectivity are described here, along with some possible
solutions. The focus here is on the reacting molecules. Of course,
for many reactions of interest, these molecules are surrounded
by solvent molecules. The pitfalls associated with modeling
contributions to entropy from solvation have been discussed
elsewhere,® and Plata and Singleton’s discussion of these issues
in the context of modeling a typical organic reaction provides an
excellent jumping-off point for interested parties.”

B PROCEED WITH CAUTION

Focusing only on electronic energy or enthalpy is, of course,
dangerous. Two classic cases where neglecting entropy leads to
erroneous mechanistic conclusions are highlighted in Figure 2.
In Figure 2a is shown a scenario where, in terms of enthalpy, a
reaction is barrierless but, in terms of free energy, has a barrier.
This scenario is not uncommon for bimolecular addition

=JACS

Published: July 27, 2022

https://doi.org/10.1021/jacs.2c04683
J. Am. Chem. Soc. 2022, 144, 13996—14004


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dean+J.+Tantillo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c04683&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/jacsat/144/31?ref=pdf
https://pubs.acs.org/toc/jacsat/144/31?ref=pdf
https://pubs.acs.org/toc/jacsat/144/31?ref=pdf
https://pubs.acs.org/toc/jacsat/144/31?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c04683?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c04683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

(a) &

free
energy

ENTROPIC
BARRIER

potential energy
or enthalpy

REACTION COORDINATE —9»

(b) & ENTROPIC
INTERMEDIATE

J

free
energy

potential energy
or enthalpy

REACTION COORDINATE —9»

Figure 2. Comparison between reaction coordinate curves without
(red, bottom) and with (blue, top) entropy included for (a) a reaction
with a barrier due only to entropy and (b) a reaction with an entropic
intermediate.

reactions where bonds are made and not broken, for example,
the carbene addition shown in Figure 3a,b.% Since two molecules
are coming together, entropy is reduced. In Figure 2b is shown a
scenario where, in terms of enthalpy, a reaction is concerted, but,
in terms of free energy, has an intermediate. Since this
intermediate results from the entropic component of free
energy rather than the enthalpic, it is termed an “entropic
intermediate”.” An example of an entropic intermediate relevant
to an organocatalyzed cycloaddition is shown in Figure 3c,d."”*
Evidence for entropic intermediates can be obtained through ab
initio molecular dynamics (AIMD; also called direct or on-the-
fly dynamics) simulations,'" where relatively long lifetimes are
observed for structures without enthalpic barriers to proceed
toward products.” Whether or not an entropic intermediate is
actually formed, AIMD simulations can be used to characterize
slowing due to unfavorable entropic effects associated with favorable
enthalpic effects, a phenomenon referred to (when the favorable
enthalpic effects are electrostatic in nature) as “electrostatic
drag” (Figure 4)."> While electrostatic drag occurs at very short
time scales, entropy—enthalpy compensation pervades chem-
istry and should never be forgotten: whenever one does
something to help enthalpically, one must consider the entropic
consequences.

These discussions focused on the vertical axis of a reaction
coordinate diagram, i.e., energy. The presence or absence of the
entropic part of free energy also affects what is going on in the
horizontal dimension. For example, as shown by the dashed line
in Figure 2b, the structure (position along the horizontal axis) of
the highest energy point along the reaction coordinate also can
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Figure 3. (a) Reaction without an enthalpy barrier that possesses a free
energy barrier. (b) Reaction coordinate diagram for reaction in (a)
where reaction coordinate is defined as distance for one of the forming
C—C bonds. Adapted from ref 8. Copyright 1984 American Chemical
Society. The size of some labels was increased for clarity. (c) Reaction
with an entropic intermediate. (d) Reaction coordinate diagram for
reaction in (c). Reprinted from ref 10a. Copyright 2012 American
Chemical Society.

electrostatic

H

<',:I attraction
slows down

hydrogen migration

enthalpically favorable
entropically unfavorable

Figure 4. Example of electrostatic drag from ref 12a.

change when entropy is taken into accounted. This change in
structure can be important when designing a catalyst, for
example, or when deciding how to initiate downhill AIMD
simulations. The highest point in free energy is called the
“variational transition state” and is associated with minimal
dynamical recrossing.13 In Figure 2b, for example, if one initiated
AIMD trajectories from the transition structure on the potential
energy surface (PES) and ran them toward the reactant, one
would expect to get a large amount of recrossing because the
variational transition state would be uphill from the starting
point.

A few words about “transition state” versus “transition
structure”. While these terms are often applied fairly loosely,
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they are used here as recommended by Tufion and Williams
(and others)."* Transition structure is used to describe a first-
order saddle point on a PES. Transition state is used to describe
the collection of structures encountered near a transition
structure. While an intrinsic reaction coordinate (IRC)"® is on a
PES and passes through a transition structure, AIMD
trajectories are not and do not. As a bundle, they comprise a
transition state when they pass through the “dividing surface”
that separates reactants from products (and minimizes
recrossing).

B LOCAL FLEXIBILITY

So, if one wishes to associate a free energy with a point on a PES,
one must account for entropy. How does one obtain this local
entropy correction?'® Doing so involves accounting for the
vibrational states of the stationary point (including zero-point
energy), leading to the (ro)vibrational entropy. For a transition
structure, these would not include the reaction coordinate
(imaginary vibration). The problem generally encountered here
is that these vibrations are anharmonic, but modeling them as
such is prohibitively expensive. To do so requires mapping out
the local region of the PES with respect to all degrees of
freedom—a daunting task for all but the smallest molecules (vide
infra). Consequently, harmonic potentials are generally used as
approximations (Figure S), and the quality of these approx-
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Figure S. (Left) Typical depiction of the portion of a PES leading to a
transition structure (marked with ¥). The IRC is highlighted in red.
(Right, top) Anharmonic potential curve orthogonal to the IRC from
the PES at left with vibrational energy levels indicated. (Right, bottom)
Harmonic approximation of this potential curve.

imations is translated directly into the quality of the estimate of
the entropy contribution to free energy. Note that not only the
shape of the potential curve differs in harmonic and anharmonic
treatments but also the spacing between vibrational levels, i.e.,
the vibrational density of states.

What can be done to improve this situation? First, the
harmonic approximation is generally worse for low frequency
vibrational modes (a low frequency is associated with a flat slice
of the PES)."”” Consequently, some recommend setting all
frequencies less than 100 cm™ to 100 cm™ (the quasi-harmonic
approximation).'® Others recommend the rigid-rotor-harmon-
ic-oscillator (RRHO) approach (and its extensions), where low-
lying vibrations (<100 cm™") are treated as internal rotations."”
As mentioned above, one also could model the relevant region of
the PES explicitly,”” although this approach is not feasible for
molecules with more than a few degrees of freedom. Others
recommend making no corrections.

B PATHWAY WIDTH

As described above, the curvature of a PES in a direction
orthogonal to a reaction coordinate is related to entropy. As
stated eloquently by Campbell and co-workers, “An enthalpy
change is associated with a change in the energy of a minimum
and maximum in the potential-energy surface for the reaction,
whereas an entropy change reflects only a change in the
curvature of that potential-energy surface about a maximum or
minimum (i.e., the freedom of motion of that species).””" How
might this factor be expressed in AIMD simulations for
competing reactions?

Consider the case shown schematically in Figure 6a, in which
the reaction coordinate leading to one product is (approx-

(a)

A

ENERGY
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Figure 6. (a) PES for a reaction with two transition structures of equal
potential energy/enthalpy but different entropy. (b) Reaction
possessing such a PES.

imately) orthogonal to that leading to a competing product and
the transition structures have (approximately) the same energies
on the reaction’s PES. Selectivity here then should be related to
the width of the pathway to each product. Measuring this width
is not straightforward, e.g., at which height should one measure?
But one can run AIMD trajectories initiated at the reactant
(uphill) and see how many make it to each product. More are
expected to reach the product via the wider pathway, since there
are more ways (counting again) to get through the transition
state region.”” This type of scenario was described recently for
the reaction shown in Figure 6b, where the two approximately
orthogonal reaction coordinates corresponded primarily to
formation of the C,—Cy and C,—C_bonds and a greater number
of uphill AIMD trajectories were found for passage through the
wider transition state region.”® This viewpoint connects PES shape
to dynamic behavior to entropy. In doing so, it provides an avenue
for both rationalization and design based on entropy if the
structural changes associated with PES shape can be readily
assessed (not always the case!).

B PES PROBLEMS

Visualizing a PES for all but the simplest reactions can be
exceedingly difficult. What makes a reaction “simple” here? A
small molecular size, symmetry, conformational rigidity—all
characteristics not possessed by many reactions of interest. Why
does the absence of these features complicate construction of a
PES? The answer is simple: degrees of freedom. Molecules have
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many (3N-6 internal degrees of freedom, if not linear, where N =
number of atoms), but we, as humans, can generally only handle
visualizing one or two plus energy, as in the PES plots shown
above. So the aim is to create reduced/low-dimensional plots. In
some cases, one or two degrees of freedom dominate the
structural changes that occur along a reaction coordinate—say,
the lengths of two forming C—C bonds in a Diels—Alder
reaction or the forming and breaking o-bonds in an Sy2
reaction—but often more than two degrees of freedom are
important.”* What does one do in the latter case? One could use
all three Cartesian axes for different degrees of freedom and code
energy with color, but that requires a different way of wrapping
one’s mind around PES landscapes and only gets us one
additional degree of freedom. One could construct multiple
plots highlighting subsets of the important degrees of freedom,
but then connections between them are lost. One could combine
degrees of freedom into “collective variables,” but this again
obscures connections between degrees of freedom. This third
approach is taken to the extreme in an IRC plot in which all
structural changes are boiled down into a single “reaction
coordinate” variable.

How does one determine which degrees of freedom are most
“important”? Importance here is subjective and often defined
based on the intuition of the researchers carrying out a study.
One suspects, for example, that changes to a particular degree of
freedom might correlate with changes to selectivity and then
pursues that hypothesis. Recently, Carpenter and co-workers
described an alternative, unbiased, approach in which principal
component analysis (PCA) was used to determine “the reduced
dimensional space that captures the most structural variance in
the fewest dimensions”.>> Their software, called PathReducer,
can be applied to both IRCs and MD trajectories.”®

Even if one can identify key degrees of freedom, it can be
difficult to construct useful PESs. A typical approach involves
carrying out a series of constrained structural optimizations for
various values of those key degrees of freedom. In some cases,
however, discontinuities in such plots arise, as other degrees of
freedom change dramatically during such optimizations (e.g.,
Figure 7; in addition, discontinuities can arise from changes to

(a)

O15c0y,, (b) DISCONTINUITY
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Figure 7. Two PESs (from the author’s group) for which
discontinuities were encountered during construction. Some of these
discontinuities are highlighted.

the number of real frequencies). In these cases, one sometimes
constrains other degrees of freedom, but that of course
introduces other approximations of which one must be
conscious when interpreting results. Methods involving
interpolation between well-chosen points on PESs have shown
promise, but these can be prohibitively expensive if extensive
coverage of a PES is desired.”’

B FREE ENERGY LANDSCAPES

One might ask if it is meaningful to construct free energy
surfaces if entropy is curvature/width on a PES. It is done. One
can compute an entropy contribution to free energy for any
point (ie., geometric and electronic structure) on a PES and
thus can arrive at a single free energy value for that point, so why
not combine those into a surface? Personally, this practice causes
me some cognitive dissonance,”® but I still make use of it.

If one wants to turn an IRC into a free energy reaction
coordinate (Figures 2 and 3), there are options.”” The first
approach is easily implemented, but, some would say, fraught
with peril: run frequency calculations at points along the IRC
and add the resulting corrections to obtain free energies for each
point. This leads to a new reaction coordinate curve whose
maximum (in free energy) may have a different structure than
that on the IRC. This approach also assumes that the minimum
free energy reaction path does not deviate from the IRC. And, to
top it off, this process breaks one of the “rules” taught to aspiring
computational chemists: frequency analysis is only meaningful
at stationary points.30 There are better approaches. For example,
one can use more involved techniques for treating PES curvature
along an IRC, as implemented in Polyrate/ Gaussrate.”"

Another method, which has not yet received much traction
among modelers of synthetic organic reactions, is metady-
namics.”>** In this approach, free energy is related to (and
computed from) probabilities of particular values of collective
variables encountered during a simulation. Again, one must deal
with the problem of choosing meaningful collective variables,
making sure that these have different values in all minima
(metastable states) and transition states. Doing so again
generally involves chemical intuition or trial and error, although
automated approaches, some based on machine learning, are
being developed.®” It is important to note that metadynamics
simulations involve classical entropy rather than quasiclassical
entropy, the latter accounting for zero point energy (which is
usually included in AIMD simulations).

A third approach, called entropic path sampling, makes use of
AIMD simulations.** In this approach, a bundle of trajectories is
run and then snapshots from these are divided into ensembles
characterized by shared structural features (based on ranges
defined by the user). Again, how best to choose these structural
features amounts to the same problem we keep encountering.
For each ensemble, configurational entropy is then calculated
based on probabilities for degrees of freedom. These entropies
can then be plotted against the structural features used to create
the snapshot ensembles, for example.

B COUNTING CONFORMATIONS

Besides accounting for local flexibility, one must account for
separate transition states leading to the same products. This is an
issue of separate stationary points—transition structures—
corresponding to separate variational transition states, i.e.,
nonlocal flexibility or conformational entropy. Often multiple
pathways to a given product differ in conformation (or
configuration, if, for example, a metal is involved).35 Such a
scenario is shown schematically in Figure 8 for a case where five
transition states, all of which have the same free energy, lead to
two competing products. In this case, the product formed via the
greater number of transition states will predominate. Again,
counting is important. In some cases, these different transition
state conformations/configurations will be equivalent by
symmetry, but in many cases they will not.
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Figure 8. Diagram emphasizing that there can be multiple transition
states of the same or similar free energies leading to the same product
and the number leading to each of two competing products need not be
the same.

In most cases, the multiple transition states leading to a given
product will not have the same energy. Often, kinetic selectivity
in that case is rationalized or predicted by comparing the energy
of the lowest energy transition state leading to one product with
the lowest energy transition state leading to the other product.
Instead, however, a Boltzmann weighted average based on the
energies of all transition states should be used (assuming
Curtin—Hammett conditions),*® so that the contribution from
each at a given temperature is captured, i.e,, there is an ensemble
of transition state conformations/configurations/etc. (which
can be thought of as microstates) leading to a given product.’’

B DYNAMICAL DIVERSIONS

The concepts described above were presented with the
assumption that transition state theory and related statistical
theories are sufficient for describing the kinetically selective
reactions one desires to examine.* There are some reactions for
which that assumption is not valid. Aside from complications
due to quantum mechanical tunneling,®® some reactions are
subject to “non-statistical dynamic effects,” i.e., effects due to the
momentum possessed by atoms when they pass transition
states.''

A prime example is the class of reactions whose pathways to
products involve “post-transition state bifurcations” (PTSBs)*”
In such reactions, a single transition structure is connected
directly to two product minima on a PES via paths that
monotonically decrease in energy (shown schematically in
Figure 9a; complications particular to constructing PESs for
systems with PTSBs were described recently, and a potential
solution to these problems was proposed, by Hsu and co-
workers"”). Since separate transition structures for each product
do not exist, one cannot compare the free energies of their
associated transition states to arrive at a selectivity prediction.
Consequently, product selectivity must be controlled by
nonstatistical effects. Luckily, one can still run AIMD trajectories
to see which product is preferred.

An example of a reaction with a PTSB is shown in Figure 9b,
where addition of dichloroketene to an alkene occurs
asynchronously, with formation of the new C—C bond involving
the carbonyl carbon preceding formation of the other C—C
bond, via a transition structure with a perpendicular arrange-
ment of alkene and carbonyl z-bonds.'** In this case, selectivity
results from a difference in the distribution of atomic masses
(i.e, there is a kinetic isotope effect), emphasizing the
importance of momentum. However, it was shown that this
reaction actually involves an entropic intermediate—while it has
a PTSB on the PES it is actually stepwise in terms of free energy
(which also has implications for recrossing).

to
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Figure 9. (a) Portion of a PES, from the transition structure forward, for
a reaction with a PTSB. (b) Reaction with a PTSB.

Not surprisingly, the caveats mentioned above are still
relevant: one should consider variational transition states, one
should inquire as to the presence of entropic intermediates,
curvature and width of the pathways to products matters,*' and
multiple transition states (each with or without PTSBs) may
contribute.

Another type of reaction where nonstatistical dynamic effects
are key is shown schematically in Figure 10a. In this case, the
transition structures leading to competing products are
connected to each other by a relatively flat region of the PES
that is similar in energy to them. In this scenario, trajectories
initially heading toward one transition state may approach it but
then wander (roam,*” leak) toward the other. This sort of inter-
transition state communication is not accounted for in standard
models. While it has been proposed for reactions such as the
competing water loss/1,2-alkyl shift processes shown in Figure
10b,* it is not yet clear how common such a scenario is. That
being said, this scenario is related to a much-studied class of
reactions involving flat regions of PESs with multiple exit
channels rather than simple transition states separating reactants
from products—so-called “calderas,” “mesas,” “para-intermedi-
ates,” or “twixtyls”.** Such flat regions of PESs, if flat enough,
correspond to entropic intermediates.’

B IMPLICATIONS FOR REACTION DESIGN

How do we apply these concepts to the design of kinetically
selective reactions? Consider the three reactions shown in
Figure 11, all of which are selective as a result of entropy, not
enthalpy, differences between transition states.”> While the
selectivities in these systems are small and comparable to errors
expected in many sorts of quantum chemical calculations (on
the order of 1 kcal/mol), qualitative models would be of value
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Figure 10. (a) PES (as a 2D contour map with energy coded by color)
for a reaction with an inter-transition state roaming region. Adapted
from ref 43. Copyright 2021 American Chemical Society. (b) Reaction
possessing a PES akin to that shown in (a).
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N .
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A(TAS**) ranges from 0.3 to 1.1 kJ mol~! in different solvents

Figure 11. Three reactions for which kinetic selectivity is controlled by
entropy rather than enthalpy.

for both rationalization of results and forward design. For some
of the systems shown, changes to selectivity based on solvent
and changes to catalysts or substrates were reported, providing
further touchpoints for qualitative models.

Perhaps the entropic discrimination in these systems results
from drag'’—due to specific electrostatic or dispersion
interactions. This effect would be visible and quantifiable,
perhaps using entropic path sampling (if enough trajectories can
be obtained), in AIMD simulations. But are these simulations

feasible for systems of this complexity—complexity commonly
encountered in modern synthetic organic chemistry?

The systems shown in Figure 1la,b are large, too large to
obtain Jarge numbers of AIMD trajectories with DFT. While this
practical impediment may soon disappear, meaningful results
also mlght be obtained using recently developed semiempirical
methods,*® which could be benchmarked on the background
reactions without catalysts for which DFT trajectories are
reasonable. And these semiempirical methods open the door to
including large numbers of explicit solvent molecules, allowing
one to compare and contrast gas phase, continuum, micro-
solvation, and bulk solvent effects.*”

The system shown in Figure 11c involves a photochemical
reaction. While all of our entropy models should be applicable to
reactions on excited state surfaces, there are complications with
modeling such reactions. First, getting electronic structures
correct for most excited states generally requires methods that
are much more time-consuming than DFT, i.e., multiconfigura-
tional approaches.49 Second, that makes running AIMD
trajectories impractical for all but the smallest model systems.
Third, photochemical reactions involve switching between
electronic states, e.g., initial excitation to S1 followed by
conversion back to SO. However, determining where on a PES
the switch occurs (e.g., at a conical intersection; is that conical
intersection near a transition structure on the SO PES?) can be
difficult, especially if one wishes to allow for such “surface
hopping” during AIMD trajectories such that one can see how
the momentum before the hop affects posthop behavior.*

B OUTLOOK

Where does this leave us? I am left with both trepidation and
resolve. I am trepidatious, since a reliable recipe for modeling
entropy effects on selectivity for reactions of complex organic
molecules is not yet readily available. But I am resolved to chip
away at the problem with all the tools available, in pursuit of
portable models, useful for designing future experiments. For, as
stated long ago by Price and Hammett (in the context of a study
on carbonyl reactivity):
“The present results emphasize the complete hopelessness of
any general theory of the effect of structure on reactivity
which gils based upon considerations of potential energy
alone.”
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Abstract

Differences in entropies of competing transition states can direct kinetic
selectivity. Understanding and modeling such entropy differences at the
molecular level is complicated by the fact that entropy is statistical in
nature; i.e., it depends on multiple vibrational states of transition
structures, the existence of multiple dynamically accessible pathways past
these transition structures, and contributions from multiple transition
structures differing in conformation/configuration. The difficulties
associated with modeling each of these contributors are discussed here,
along with possible solutions, all with an eye toward the development of
portable qualitative models of use to experimentalists aiming to design
reactions that make use of entropy to control kinetic selectivity.




