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Mechanisms and Dynamics of Reactions
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An entropic intermediate is defined as a free energy minimum that is not a
potential energy minimum; the favorable entropy in this region of the potential
surface is responsible for the increased lifetime of this species. Enabled by
molecular dynamics simulations, entropic intermediates have been identified
for several types of reactions, particularly pericyclic reactions. This review
highlights recent advances in the mechanistic and dynamic investigations of
organic and biosynthetic pericyclic reactions that involve entropic intermedi-
ates. We have proposed timing criteria to differentiate dynamically concerted
from dynamically stepwise mechanisms. These criteria complement the usual
definitions of concertedness based on energetics and bonding changes along
the potential surface.

Entropic Intermediates and Time-Resolved Mechanisms

Understanding the mechanisms and dynamics of chemical transformations has been the
principle goal of many chemists [1,2], from the early physical theorists and kineticists to
physical organic chemists [3]. Reactive intermediates, such as radicals, diradicals, carbenes,
carbocations, carbanions, and zwitterions play vital roles in determining reactivity and selectivity
[4]. Reactive intermediates are energy minima on the potential energy surface (PES) (sece
Glossary), in principle detectable, depending on their lifetimes. In recent decades, experimental
advances in spatial and temporal resolution [5,6] have expanded the range of reactive
intermediates that can be characterized [7-9]. A new form of ‘transient intermediate’ has
recently become prominent on the basis of quantum mechanical direct dynamics simulations
[10,11]. These intermediates have sub-picosecond lifetimes, exist on a relatively flat potential
energy surface, and are not minima on the PES. In 1983, Doubleday, Mclver, and coworkers
showed that the tetramethylene diradical (formed from two ethylenes or from cyclobutane) is
what they called an ‘entropy-locked intermediate’ [12], a free energy minimum dominated by
entropy ‘even though it lacks a potential energy minimum’. (The first mention of such a species
was suggested to be in the Caltech Ph.D. Thesis of Jeffrey Hay in 1972. [J. Hay, PhD thesis,
California Institute of Technology, 1972, p. 74, footnote 18]). Such species emerge in dynamics
simulations of reactions as a result of favorable entropies that become less favorable as
additional bonds are formed or broken, leading to a free energy minimum arising primarily
from restrictions of entropies upon bond formation [12,13-15]. Such restrictions have been
described in the literature as leading to entropic barriers [16,17].

Entropic intermediates are discussed in this article. They have many descriptive names, like
‘caldera’ by Doering [18], Baldwin [19], and Carpenter [20], roaming radicals by Bowman and
others [21,22], fleeting intermediates or long-lived transition states (TS) by Jacobsen [8],
entropy-locked intermediates by Doubleday and Mclver [12], and entropic intermediate by
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Highlights

Unlike conventional intermediates that
are local minima on a PES, entropic
intermediates involve a flat region on
the potential surface (favorable entro-
pically) and the necessity to decrease
entropy to exit from this region of the
PES. Entropic intermediates are not
potential energy minima.

We have proposed timing criteria to
differentiate  dynamically concerted
from dynamically stepwise reactions.
A mechanism is described as dynami-
cally concerted if all bonding changes
are complete in less than 60 fs, but
dynamically stepwise otherwise. This
criterion is complementary to the usual
definition of concerted based on
potential energy surface (one or two
barriers). Entropic intermediates are
often involved in dynamically stepwise
reactions.
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Singleton [13], Doubleday [23], and Houk [14]. Entropic intermediates are increasingly impli-
cated in fundamental chemical processes, including nucleophilic substitutions [8,24], C-H
abstractions [25,26], cycloadditions [3], and fragmentation reactions [21,27]. Exploration of
entropic intermediates enriches our fundamental knowledge of reactivity and may lead to new
synthetic strategies to control selectivity [28-31].

Predicting the behavior of entropic intermediates is an inviting challenge for theory [1]. Current
computational capabilities permit the study of chemical-reaction dynamics with reasonably
accurate quantum-mechanical methods [2,32]. The resulting reactive trajectories enable
visualization of chemical processes on a femtosecond timescale and reveal fundamental
dynamic features of entropic intermediates on a single-molecule level [3]. In the course of
systematic molecular dynamics (MD) studies of cycloaddition reactions, Houk and colleagues
proposed a timing criterion [3] to differentiate between dynamically stepwise and dynamically
concerted mechanisms. The mechanism is considered as dynamically concerted if all
bonding changes are complete in less than 60 fs, but dynamically stepwise otherwise.
The criterion was defined as the lifetime of the TS [33] derived from Eyring's TS theory
equation (Equation 1; since the inverse of the pre-exponential factor, h/kgT is equal to 60 fs at
T=298K) [34]

k="eTe s (1]

This criterion is complementary to the usual definition of concertedness based on potential
energy surface (one or two barriers) [35]. Dynamically stepwise reactions with bond-formation
lifetimes of 60-200 fs often have entropic intermediates, as discussed in this review. Notably,
one reviewer of this article pointed out that Michael Dewar suggested a definition of concerted
versus synchronous, in which ‘concerted’ refers to kinetics. Synchronous does mean ‘at the
same time’. Our ‘dynamically concerted’ and ‘dynamically stepwise’ are what Dewar related to
what he called ‘synchronous’ and ‘asynchronous’, but his definitions referred to the nature of
the concerted TS, not directly to dynamics [36]. Our terms were introduced to avoid confusion
with ‘synchronous’ and ‘asynchronous’, which are widely used by organic chemists [and
indeed the International Union of Pure and Applied Chemistry (IUPAC), see Glossary] to
describe the nature of the bond lengths in computed transition structures, where two identical
forming bond lengths in a TS is termed a ‘synchronous concerted TS’ and two different lengths
in the TS is termed an ‘asynchronous concerted TS'.

We first review the definition and discovery of entropic intermediates. We then describe the
involvement of entropic intermediates in pericyclic reactions (specifically cyclopentadiene
dimerization [37] and the Cope rearrangement [38]) and many recently discovered biosyn-
thetic reactions, including SpnF-catalyzed Diels-Alder reactions [29], Lepl-catalyzed cyclo-
additions [e.g., hetero-Diels-Alder (HDA), intramolecular Diels-Alder (IMDA), and hetero-Claisen
rearrangement] [39], and trispericyclic reactions [40]. We also discuss the likely role of entropic
intermediates in other types of organic reactions.

Definition and Discovery of Entropic Intermediates

Unlike conventional intermediates that are local minima on a PES, entropic intermediates occur
because of a relatively flat region [41] on a potential surface (favorable entropically) and the
necessity to decrease entropy [17] to exit from this region of the PES [12]. The entropic
intermediate has an even less well-defined structure than a normal minimum that has zero point
and thermal vibrational energies. An entropic intermediate involves an ensemble of dynamical
structures (Figure 1, Key Figure) residing in a shallow free-energy well. The occurrence of an
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Glossary

Adduct: a new chemical species
AB, each molecular entity of which is
formed by direct combination of two
separate molecular entities A and B
in such a way that there is change in
connectivity, but no loss, of atoms
within the moieties A and B. [[UPAC
Gold Book (https://doi.org/10.1351/
goldbook.A00138)].

Asynchronous and synchronous:
there is some difference in the
English meaning (occurring at
different times or the same time,
respectively) and how this word is
used in chemistry. First we give the
IUPAC definition: a concerted
process in which the primitive
changes concerned (generally bond
rupture and bond formation) have
progressed to the same extent at the
transition state is said to be
synchronous. The term figuratively
implies a more or less synchronized
progress of the changes. However,
the progress of the bonding change
(or other primitive change) has not
been defined quantitatively in terms
of a single parameter applicable to
different bonds or different bonding
changes. The concept is therefore in
general only qualitatively descriptive
and does not admit an exact
definition except in the case of
concerted processes involving
changes in two identical bonds.
[IUPAC Gold Book (https://doi.org/
10.1351/goldbook.S06219)]. This is
basically the definition used by
Dewar [36], but a proper use of the
term would be to equate
synchronous to our dynamically
concerted, and asynchronous to our
dynamically stepwise. This however,
is not the general usage of this
terminology at this time.

Bifurcating surface: (or post-
transition state bifurcation); ‘a
bifurcating surface is one for which a
single transition-state structure leads
to two products. For such a
situation, intrinsic reaction coordinate
(IRC) calculations often indicate that
this transition-state structure is
directly connected to a second
transition-state structure that is itself
connected directly to both of the two
products. In some cases where
bifurcations are suspected, reaction
coordinates generated in this way
lead directly to one product, but flat
plateau regions are often
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entropic intermediate is related to the consequences of variational transition state theory (VTST)
[42,43], which determines the TS dividing surface that maximizes the reactive flux from
reactants to products. When multiple bonds are formed in a reaction, the deviation of a TS
dividing surface from the vicinity of saddle point likely indicates a significant contribution of
entropy to the free energy profile. The free energy surface, also known as the potential of mean
force [44,45], is the theoretical foundation for the existence of an entropic intermediate. The
concept of an entropic barrier, which implies the presence of what we now call an entropic
intermediate, was proposed by Truhlar and coworkers who reported the first application of
VTST to estimate an entropic barrier of the atom-radical reaction: O + OH [16].

Singleton and coworkers obtained computational and experimental evidence that suggests the
existence of an entropic intermediate on the bifurcating surface for the reaction of dichlor-
oketene with cis-2-butene [13]. An unusual heavy-atom kinetic isotope effect (KIE) was
observed and was rationalized by a model in which the cycloaddition is stepwise with a rate-
determining entropic barrier [16,46] for formation of the second C-C bond. A short-lived
dynamic intermediate is thus entrapped between the cycloaddition barrier and the entropic
barrier [16,46], termed ‘entropic intermediate’. Singleton identified another entropic intermedi-
ate using the first organocatalyzed Diels-Alder reaction, vinyliminium ion with cyclopentadiene,
which was reported by MacMillan [47] and computationally investigated by Houk and
coworkers [48]. The reaction involves a concerted but highly asynchronous TS on the PES
(Figure 2). Along the reaction coordinate, two canonical variational transition states (VTS) were
found at 25°C; an entropic intermediate resides between these VTSs. The two VTSs are labeled
in Figure 2, corresponding to the formation of the first and the second C-C bond, respectively.
The VTS is close to the barrier located on the PES and the VTS2 represents the hidden rate-
limiting entropic barrier that determines the apparent chemical reactivity, selectivity, and
isotope effects.

The properties of entropic intermediates, especially their atomic-level dynamic behavior, are
difficult to probe experimentally but can be characterized computationally from MD. MD shows
how individual trajectories undergo reactions and provides the bond-formation timing for each
trajectory [11]. Entropic intermediates are found in those trajectories with time gaps between
sequential formation of bonds (i.e., longer than several vibrational periods of a C—-C bond) that is
greater than 60 fs (as discussed above). These trajectories have dynamically stepwise char-
acter. In contrast, trajectories with a shorter time gap are dynamically concerted. To differenti-
ate between these mechanisms, a lifetime of TS (60 fs at 298 K, corresponding to two periods
of C—C bond vibration and the inverse of Eyring’s pre-exponential factor) was employed as the
borderline between dynamically concerted and stepwise trajectories. This dynamical dichot-
omy complements the conventional classification of concerted versus stepwise mechanisms
based on potential energy diagrams or surmises about bonding sequences [35]. We note,
however, that this timing borderline is an arbitrary (but reasonable) boundary. Dynamically
complex mechanisms (i.e., the coexistence of dynamically concerted and stepwise trajectories)
have been observed in reactions with asynchronous concerted TS [14,49,50] or even those
with a shallow potential energy intermediate [51,52]. Jacobsen and coworkers [8] recently
investigated the concerted versus stepwise mechanisms in nucleophilic aromatic substitution
(SNAY) reactions based on a new '®F-based technique that they developed; this enables a
sensitive measurement of KIE for reactions involving the breaking or formation of C—F bonds.
Jacobsen and colleagues found F~ substitution of 1-chloro-2,4-dinitrobenzene to be the
borderline between a concerted and a stepwise mechanism. A concerted TS was located,
and no Meisenheimer complex was found along the intrinsic reaction coordinate (IRC), but a
complex was observed from MD simulations with a mean lifetime of 233 fs. Although they
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encountered along such a pathway.
Navigating along a bifurcating
surface presents a molecule with a
choice as to which branch of the
bifurcating pathway to follow, a more
complicated situation than following
a surface with a single pathway
downhill from a transition-state
structure, and a choice that
determines which product will
ultimately predominate’ [82].
Concerted: two or more primitive
changes are said to be concerted (or
to constitute a concerted process) if
they occur within the same
elementary reaction. Such changes
will normally (though perhaps not
inevitably) be ‘energetically coupled’.
(In the present context the term
‘energetically coupled’ means that
the simultaneous progress of the
primitive changes involves a
transition state of lower energy than
that for their successive occurrence).
In a concerted process the primitive
changes may be synchronous or
asynchronous. [IUPAC Gold Book
(https://doi.org/10.1351/goldbook.
C01234)].

Cope rearrangement: the Cope
rearrangement is the thermal
isomerization of a 1,5-diene leading
to an isomeric 1,5-diene. The main
product is the thermodynamically
more stable regioisomer.
Diels-Alder reaction: the formation
of a cyclohexene from the
cycloaddition of a diene and a
dienophile (alkene, alkyne, or hetero
analog). The reaction may be
concerted or stepwise.

Fulvene: a 5-
alkylidenecyclopentadiene.

Kinetic isotope effect (KIE): the
effect of isotopic substitution on a
rate constant is referred to as a
kinetic isotope effect. For example, in
the reaction of A + B to C, the effect
of isotopic substitution in reactant A
is expressed as the ratio of rate
constants k", where the
superscripts | and h represent
reactions in which the molecules A
contain the light and heavy isotopes,
respectively. Within the framework of
transition state theory and with
neglect of isotopic mass on tunneling
and the transmission coefficient, k/k"
can be regarded as if it were the
equilibrium constant for an isotope
exchange reaction between the
transition state [TSJ* and the
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characterized this as a fleeting intermediate or a long-lived TS, we describe this species as an
entropic intermediate. These results further exemplify the complexity of fundamental organic
reactions and highlight the necessity of quantum mechanics and MD simulations for the
mechanistic and dynamic understanding of chemical transformations.

Recent studies show many examples of entropic intermediates in organic and biosynthetic
reactions, as briefly summarized in Table 1. The subsequent sections will discuss specifically
how dynamical trajectories reveal the time-resolved mechanisms of reactions.

Pericyclic Reactions Involving Entropic Intermediates

Cyclopentadiene Dimerization

In 1959, Woodward and Katz described the dimerization of cyclopentadiene in the seminal
paper ‘The Mechanism of the Diels-Alder Reaction’ [53]. They envisioned the similarity between
the TS of cycloaddition and that of the Cope rearrangement (Figure 3A), proposing a two-stage
mechanism for the Diels-Alder reaction. The two-stage mechanism (an alternative to the
concerted and stepwise mechanisms) first involves the formation of the C—C bond through
a concerted TS with high asynchronicity, leading to the Cope TS. The second stage involves the
facile formation of the second bond to generate the product. No intermediate was proposed.
The reaction was later studied computationally by Caramella and coworkers in 2002 (Figure 3B)
[54]. They showed that the transition structure has C, symmetry that they called ‘bispericyclic’,
referring to a merger of [4 + 2] and [2 + 4] pathways, both of which give the cyclopentadiene
dimer. The intrinsic reaction path leads downhill to the formation of the Cope TS on the PES; the
reaction path bifurcates to two identical products that can be interconverted by the Cope
rearrangement.

Houk and coworkers performed MD simulations to investigate the dynamics of cyclopenta-
diene dimerization [37]. Due to the high asynchronicity of the TS (Figure 3B), the formation of
the second bond undergoes substantial reduction of conformational space after the forma-
tion of the first bond; the flat PES region in the vicinity of the Cope TS causes the lifetimes of
some trajectories to exceed several C-C vibration periods. These results show that both
dynamically concerted and dynamically stepwise two-stage (in Woodward-Katz terminology)
pathways were involved in the reaction (Figure 3C). The concerted pathway (dashed line)
directly gives the final product after passing the TS. The dynamically stepwise two-stage
pathway (solid line) undergoes several vibrations before forming the final product, and it
explores the Cope TS region during these vibrations, exhibiting the characteristics of an
entropic intermediate. Typical snapshots for both concerted and two-stage trajectories are
shown in Figure 3D and E, respectively. Statistically, 70% of trajectories are dynamic, while
30% are dynamically stepwise. A ‘two-stage’ mechanism was found in 13% of the trajectories
(Figure 3E), which follow pathways through the Cope TS, as hypothesized by Woodward and
Katz in 1959 [53]. Entropic intermediates were also observed in the Cope-TS region in these
trajectories.

Cope Rearrangement

The Cope rearrangement, which eventually became a classic example of a pericyclic sigma-
tropic rearrangement, was first discovered in the 1940s by Cope and Hardy [55]. The
mechanism of this reaction was debated into the 1990s. The debate centered on the asso-
ciative or dissociative nature of the TS and whether the reaction involved an intermediate [55—
57]. Besides being widely applied in organic synthesis, the Cope rearrangement is involved in
the PES bifurcation for dimerization of cyclopentadiene [37,54], where it serves to connect the
two products that result from the ambimodal TS.
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isotopically substituted reactant A,
and calculated from their vibrational
frequencies as in the case of a
thermodynamic isotope effect.
Isotope effects like the above,
involving a direct or indirect
comparison of the rates of reaction
of isotopologues, are called
‘intermolecular’, in contrast to
intramolecular isotope effects, in
which a single substrate reacts to
produce a non-statistical distribution
of isotopomeric product molecules
[IUPAC Gold Book (https://doi.org/
10.1351/goldbook.K03405)].
Pericyclic reaction: a reaction in
which all bonding changes occur in
concert on a closed curve.
Potential energy surface (PES):
(synonymous with energy
hypersurface); a geometric
hypersurface on which the potential
energy of a set of reactants is
plotted as a function of the
coordinates representing the
molecular geometries of the system.
Such a diagram is often arranged so
that reactants are located at the
bottom left corner and products at
the top right.

Retro-Claisen rearrangement: the
aliphatic Claisen rearrangement is a
[3,3]-sigmatropic rearrangement in
which an allyl vinyl ether is converted
thermally to a 4-pentenal.
Transition state (TS): in Evans-
Polayni or Eyring theories describing
elementary reactions it is usually
assumed that there is a transition
state between the reactants and the
products through which an assembly
of atoms (initially composing the
molecular entities of the reactants)
must pass on going from reactants
to products in either direction. In the
formalism of ‘transition state theory’
the transition state of an elementary
reaction is that set of states (each
characterized by its own geometry
and energy) in which an assembly of
atoms, when randomly placed there,
would have an equal probability of
forming the reactants or of forming
the products of that elementary
reaction. The transition state is
characterized by one and only one
imaginary frequency (corresponding
to a negative force constant).
Adapted from the IUPAC Gold Book
(https://doi.org/10.1351/goldbook.
TO6468).
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Key Figure

The Prototype Potential Energy Surface Involving Ambimodal Transition State, Entropic Intermedi-
ate, and Subsequent Bifurcation in the Dimerization of Cyclopentadiene

Trends in Chemistry

Figure 1. The structures shown are schematic renditions of nine entropic intermediates discussed in this article for gas phase, solution, and enzyme, depicted as the
background of the figure.

A Cope rearrangement also interconnects the [4 + 2] and [6 + 4] adducts formed from an
ambimodal TS in the biosynthesis of heronamide [58] and in SpnF-catalyzed Diels-Alder
reactions (discussed later) [14]. Although the nature of the TS [57,59-63] and substituent
effects for the Cope rearrangement have been well investigated [64-66] the timing of bond
formation had not been investigated until the dynamics of the degenerate rearrangement of
1,5-hexadiene (i.e., the simplest Cope rearrangement) were studied in the Houk group.

The concerted transition structure for the parent Cope rearrangement involves a chair confor-
mation with Co, symmetry (Figure 4). Trajectories were initiated on the TS dividing surface at the
sampled TS geometries (blue dots in Figure 4). The transition zone was defined as that region of
the PES that embraces 98% of the sampled TS geometries [10]. The transition zone for either
bond is 1.97 A £ 0.15 A, and the included area is shown as the white oval in Figure 4. To
characterize the dynamical features, the time to traverse the transition zone was employed as
the criterion to differentiate dynamically concerted and stepwise mechanisms for each trajec-
tory. A Cope rearrangement trajectory is considered dynamically concerted if the time in the
transition zone is <60 fs at 298 K. Note that this is different from cycloadditions where the time
gap between formation of two bonds (r <1.6 A) was utilized. Both dynamically concerted and
dynamically stepwise trajectories are illustrated in Figure 4 as green and purple lines, respec-
tively. The dynamically concerted trajectory directly passes through the transition zone in 29 fs,
which is comparable with a normal C-C bond vibration period. In contrast, the dynamically
stepwise trajectory surfs the TS dividing surface and remains in transition zone for 81 fs
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Figure 2. Energy Profiles Along the Intrinsic Reaction Coordinate through the Transition State, with the
Saddle Point Taken as the Zero of Energy. The free-energy profile is based on generalized free energies of activation
obtained from GAUSSRATE [83]. Reproduced with permission from [13]. VTS1 and VTS2 are two transition states that
were located using the variational transition-state method. ZPE, Zero-point energy.

Table 1. Averaged Time Gap between Bond Formation in All Reactive Trajectories and Percentage of Dynamically Stepwise Trajectories from MD
Simulations of Typical (Ambimodal [85]) Pericyclic Reactions

Reaction Method Average time gap (fs) Percentage of dynamically stepwise (%) Refs
Diels-Alder: butadiene + ethylene B3LYP/6-31G* 4 0 [11]
Cope rearrangement: B3LYP/6-31G* 35 6 [38]
1,5-hexadiene

Cyclopentadiene dimerization B3LYP/6-31G* 44 30 [37]

[4 + 2]/[6 + 4] cycloaddition: B3LYP/6-31G* 86 87 [58,86]
butadiene + hexatriene

[4 + 2)/[6 + 4] cycloaddition: B3LYP/6-31G* 60 39 [58,86]
tethered-butadiene + hexatriene

[6 + 4]/[4 + 6] cycloaddition: B3LYP-D3/6-31G* 95 53 [49,86]
tropone + dimethylfulvene

SpnF-catalyzed Diels-Alder (gas-phase model-reaction) MO06-2X/6-31G* 65 51 [29,87]
SpnF-catalyzed Diels-Alder (water) MO06-2X/6-31G*/TIP3P 48 34 [29,88]
SpnF-catalyzed Diels-Alder (enzyme) M06-2X/6-31G*/FF99SB 74 67 [29,89]
Pericyclase Lepl-catalyzed cycloadditions B3LYP-D3/6-31G* 99 74 [39]
Tripericyclic cycloaddition wB97X-D/6-31G* 102 72 [40]
[6+4)[4 +6)/8 +2]
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Figure 3. Quantum Mechanical Direct Dynamics Simulations of Cyclopentadiene Dimerization. (A) Reaction scheme of cyclopentadiene dimerization with
putative cycloaddition transition state (TS) and Cope TS proposed by Woodward and Katz. (B) Transition structures of cycloaddition and Cope rearrangement
optimized by B3LYP/6-31G(d) [84]. (C) Typical trajectories propagated for the reaction of cyclopentadiene dimerization. The dashed line and solid line represent the
trajectories that are dynamically concerted and dynamically stepwise, respectively. Red dots show the transition-state geometries sampled by normal mode sampling
method in the vicinity of transition structure. The typical snapshots along the trajectories of concerted pathway (D) and two-stage pathway (E). Reproduced with
permission from [37].

(corresponding to roughly three periods of a normal C-C single bond vibration). This shows the
characteristics of an entropic intermediate, albeit short-lived and undetectable by current
methods. Of the 220 reactive trajectories obtained from MD simulations, 6% of the trajectories
were found to be dynamically stepwise and involve entropic intermediates. Statistically, the time
in the transition zone was calculated to be 35.0 £ 16.0 fs.

Biosynthetic Reactions Involving Entropic Intermediates

SpnF-Catalyzed Diels-Alder Reaction

Despite the wide applications of the Diels-Alder reaction since its discovery in 1928 [67], the
identification of natural enzymes that catalyze Diels-Alder reactions has been difficult. In recent
decades, thousands of natural products have been identified to contain six-membered unsat-
urated carbocycles or heterocycles, many with potential to be formed by enzyme-catalyzed
pericyclic reactions [68-70]. In 2011, Liu and coworkers demonstrated the first monofunctional
Diels-Alderase (SpnF) that catalyzes a Diels-Alder reaction in the biosynthetic pathway of
tetracyclic polyketide spinosyn A (Figure 5A) [71]. En route to spinosyn A, SpnF catalyzes
the transannular Diels-Alder reaction of a macrolactone precursor to form the 5,6-bicyclic of the
natural product 500-fold faster than the nonenzymatic background reaction in water [71,72].
The crystal structure of SpnF was reported in 2015 [73], which allowed further investigations of
atomic-level and time-resolved mechanisms for the SpnF-catalyzed Diels-Alder reaction in the
enzyme with quantum mechanics/molecular mechanics (QM/MM) and MD simulations.

The groups of Singleton, Liu, and Houk found that the reaction involves an ambimodal TS that
leads directly to the observed Diels-Alder-([4 + 2]-) cycloadduct and to an unobserved [6 + 4]-
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Figure 4. Typical Dynamically Concerted (Green) and Dynamically Stepwise (Purple) Trajectories of the Cope Rearrangement. The typical snapshots
along the trajectories are also presented. Inset is the concerted transition structure for Cope rearrangement. The dots in blue show the transition state geometries
sampled by normal mode sampling method in the vicinity of transition structure. Reproduced with permission from [38].

cycloadduct (Figure 5A) [14]. The unobserved [6 + 4]-adduct has higher free energy than the
Diels-Alder adduct and can spontaneously convert to the Diels-Alder adduct via a Cope
rearrangement. The IRC leads to the Diels-Alder adduct via a flat region on the PES, and no
intermediate was located on the PES. A variational TS theory calculation revealed two free
energy barriers corresponding to the formation of the first and the second C-C bond of the [4
+ 2]-adduct, respectively. An entropic intermediate exists between the two free energy
barriers.

Environment-perturbed transition-state sampling [29], a QM/MM MD method that Houk,
Doubleday, and Yang developed, was applied to investigate how solvent water [74,75] or
SpnF enzyme dynamically alter the reaction pathways and the time gaps of bond formation.
The formation of both [4 + 2] and [6 + 4] adducts was observed in trajectories initiated from the
ambimodal TS with a ratio of 1:1 in the gas phase (M06-2X), 1:1.6 in water (M06-2X/TIP3P), and
1:11 in the enzyme (M0B-2X/ff99 sb). Typical snapshots from trajectory simulations are shown
in Figure 5B-E. From the gas phase to water, the formation of [4 + 2]-adduct is more favored by
high polarity solvent, due to a larger dipole moment of [4 + 2]-adduct than that of the [6 + 4]-
adduct [76]. The enzyme SpnF alters the ambimodal TS geometry [77,78] and the post-TS
bifurcation dynamics in the active site via hydrophobic repulsion exerted by residue V26, L30,
and L198. Both dynamically concerted and dynamically stepwise trajectories were observed in
all media. The percentage of dynamically stepwise trajectories that involve an entropic inter-
mediate was found to be 51% in the gas phase, 34% in water, and 67% in enzyme. The average
time gaps of all reactive trajectories are 65, 48, and 74 fs, respectively. The time gap of bond
formation in the enzyme is longest, but still much too small to be observed by current
experimental methods.
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Figure 5. Direct Dynamics Simulations Using Quantum Mechanical Forces for the SpnF-Catalyzed Diels-Alder Reaction in the Gas Phase, Water,
and Enzyme. (A) SpnF-catalyzed transannular Diels-Alder reaction. This is a step in the biosynthesis of spinosyn A. Typical trajectories for the formation of (B) [4 + 2]
adduct in water, (C) [6 + 4] adduct in water, (D) [4 + 2] adduct in enzyme, and (E) [6 + 4] adduct in enzyme. 1.6 Ais taken as the criterion for C~-C bond formation. DAase,
Diels-Alderase; TS, transition state.

Lepl-Catalyzed Diels-Alder/HDA Reaction

In collaboration with the Yi Tang lab, Houk and colleagues studied the biosynthetic pathway of
formation of leporin B and discovered a new multifunctional SAM-dependent pericyclase [79],
Lepl [39], that catalyzes a stereoselective trans-dehydration reaction and three pericyclic
reactions: HDA, IMDA, and retro-Claisen rearrangement. As shown in Figure 6A, leporin
C could be formed from two pathways: (i) the direct pathway from (E)-quinone methide via a
HDA reaction, and (i) a competing pathway in which an IMDA byproduct is formed first,
followed by a retro-Claisen rearrangement.

QM calculations were performed at the B3LYP-D3 level [80]. The HDA and IMDA cycloaddition
reactions of (E)-quinone methide share a single ambimodal TS structure. Trajectory simulations
were performed on the spontaneous reaction (Figure 6A, ambimodal TS). Typical trajectories
are exemplified in Figure 6B. The resulting HDA:IMDA ratio is 1:74. Among the reactive
trajectories, 74% are dynamically stepwise and involve entropic intermediate. The average
time gap between formation of two bonds is 99 fs with the extrema of 38 fs and 271 fs.

Trispericyclic Cycloaddition

Houk and coworkers recently discovered the first examples of an ambimodal trispericyclic TS
that leads to three different cycloaddition products [40]. In 1992, Liu and Ding studied
experimentally the reactions between 8,8-dicyanoheptafulvene 1b or 8-cyano-8-(methoxy-
carbonyl)heptafulvene and 6,6-dimethylfulvene (2) [81]. They observed the formation of [6 + 4]-
and [8 + 2]-cycloadducts and respective hydrogen-shift derivatives with product ratios depen-
dent on substituents, reaction time, solvent, and temperature.

Houk and colleagues had previously characterized the reaction between tropone and dime-
thylfulvene to proceed through an ambimodal TS that leads to both [6 + 4] and [4 + 6]
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Figure 6. Quantum Mechanical Direct Dynamics Simulations of an Lepl-Catalyzed Pericyclic Reaction. (A) Lepl-catalyzed pericyclic reactions of (E)-
quinone methide forming leporin C and spirobicyclic intramolecular Diels-Alder (IMDA) byproduct. (B) Representative dynamic results from 50 quasiclassical trajectories
propagated from ambimodal transition state (TS). Reproduced with permission from [39]. HDA, Hetero-Diels-Alder.
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Figure 7. Quantum Mechanical Direct Dynamics Simulations of the First Tripericyclic Reaction in the Gas Phase. (A) Dynamic reaction scheme of
heptafulvenes 1b and 2 forming 3b, 4b, and 8b from ambimodal tripericyclic transition structure TS1. (B) A 4-dimensional plot of 142 trajectory geometries propagated
from TS1 ensemble at wB97X-D/6-31G(d) level of theory. The common bond among all products is mapped to the color bar where 1.5 Aisblue and 4 Ais green.
Reproduced with permission from [40]. QCT, quasi-classical trajectory.

adducts [49]. This result, together with experimental observations from Liu and colleagues,
encouraged computational investigation to determine if one single ambimodal TS could lead
to the formation of three products ([6 + 4], [4 + 6], and [8 + 2]) when different 8,8-disubsti-
tuted heptafulvenes are considered instead of tropone. The transition structure (TS1,
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Figure 7A) for the reaction of 1b with 2 was found to be highly asynchronous with four partially
formed o-bonds, as compared with the three partially formed bonds observed in the parent
ambimodal TS for the reaction between tropone and dimethylfulvene. Quasiclassical trajec-
tories were initiated from TS1 and lead to three different products, 3b, 4b, and 8b (Figure 7B),
thus confirming the ambimodal nature of the TS. Analysis of the reaction dynamics deter-
mined average time-gaps of 90, 74, and 141 fs for formation of [4 + 6]-, [6 + 4]-, and [8 + 2]-
cycloadducts, respectively. The reaction exhibits an overall mean time-gap of 102 fs, where
28% of the trajectories are dynamically concerted and 72% are dynamically stepwise forming
an entropic intermediate en route to products. Our preliminary analysis suggests that a
bifurcation occurs after the TS, and each of the new paths further bifurcate as they approach
to TS2 and TS3, which correspond to Cope TSs for interconversions of pairs of adducts.
Interestingly, both TS2 and TS3 are also found to be ambimodal, interconnecting the three
cycloadducts through the formation of this entropic intermediate [40]. This fascinatingly
complicated trispericyclic reaction further broadens our knowledge of pericyclic
ambimodality.

How General Are Entropic Intermediates?

Besides the pericyclic reactions that we have emphasized in this article, entropic intermediates
have been implicated in many other types of chemical reactions. For instance, our previous
study of dimethyldioxirane C-H oxidation [25] showed that the open-shell singlet radical pair
has no barrier to reaction under implicit acetone solvent, and an entropic intermediate is
involved in 65% of the trajectories initiated from the C—H abstraction TS. In the non-adiabatic
dynamic studies, Vacher, Lindh, and coworkers [27] observed frustrated dissociation of 1,2-
dioxetane caused by an entropy trap. The dissociation occurs between 30 and 140 fs in the
ground state, and between 30 and 250 fs when the singlet excited state is involved in non-
adiabatic dynamics. Systematic work on the roaming radical mechanisms [21] observed in the
decomposition of formaldehyde also shares the same spirit of entropic intermediate that we
discussed here.

Concluding Remarks and Future Perspectives

From fundamental organic reactions to biosynthetic transformations, the involvement and
importance of entropic intermediates has been recognized. Empowered by direct dynamics
simulations with quantum mechanical force calculations, the dynamical processes of proto-
typical pericyclic reactions and of biosynthetic reactions have been elucidated. The first
trispericyclic reactions have also been identified, which involve the formation of an entropic
intermediate that leads to the formation of three different cycloadducts.

A timing criterion was proposed to classify dynamically concerted and stepwise trajec-
tories and to help to qualitatively identify the degree by which an entropic intermediate is
involved in the reaction. Entropic intermediates have the signature of lifetimes of 60—
200 fs or more, but with no potential energy barrier to bond formation to give stable
products.

These studies demonstrate how molecules undergo chemical transformations in a time-
resolved fashion, and also emphasize the need for further computational and experimental
development to probe the influence of environments, such as solvents and enzymes, on
geometries and lifetimes of entropic intermediates.
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Outstanding Questions

Is the lifetime of transition state (60 fs at
298 K) a proper timing boundary to
differentiate  dynamically ~concerted
versus dynamically stepwise mecha-
nisms for different types of organic
reactions?

How do different levels of computa-
tional methods influence the study of
entropic intermediates? Is density
functional theory a trustworthy
approach, or is it necessary to apply
coupled-cluster and multiconfigura-
tional methods in the description of
entropic intermediates?

How do the properties of entropic
intermediates influence the branching
ratios for reactions with post-transition
state bifurcations? How can we trans-
form the dynamical studies of entropic
intermediates into predictive models of
branching ratios?

How are entropic intermediates influ-
enced by the environments, including
solvent, enzyme, crystalline state, sur-
faces, or interfaces? How is the motion
of the entropic intermediate coupled to
the dynamical variations of the environ-
ment, like solvent reorganization or
protein residue motion? How do
long-range electrostatic interactions
change the dynamics of entropic
intermediates?

How can the free energy profile and
dynamical behavior of entropic inter-
mediates be derived from
experiments?
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