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Abstract

The pericyclic reaction concept was developed by Woodward and Hoffmann 56 years ago,
before accurate quantum mechanical calculations of organic reaction pathways were
possible. Since then, computational methods such as density functional theory and coupled-
cluster methods have been formulated, and computer speeds have increased a hundred
trillion (10"")-fold. The subtleties and timings of bond formation in reactions have been
established by high-accuracy quantum mechanical calculations. The field of pericyclic
reactions has been enriched by understanding of the borderline between concerted
pericyclic reactions and stepwise reactions. Higher-order pericyclic reactions, involving more
than six electrons, have ambimodal transition states that can form two, three, or even four
products. In addition, while only imagined in the last century, the fact that enzymes can
catalyze many pericyclic reactions has been repeatedly established in the 215 century, aided
enormously by computational studies.

1 Introduction

This article is about the impact of modern computational chemistry — especially quantum
mechanics — on one important area of chemistry, the field of pericyclic reactions, a large family
of organic reactions occurring in one concerted step. Our manuscript describes what has
become common in chemistry — the ability of computations to bring depths of insight not
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previously feasible from pure experiment. The rise of computation has been accompanied by
enormously accelerated discovery by experiment, due to modern instrumentation and the
expansion of the scientific workforce.

The article begins with the definition of pericyclic reactions and a brief discussion of the state of
understanding of reaction mechanisms in the mid-twentieth century, at the very beginning of
the use of quantum mechanical calculations to study reaction mechanisms. The article then
turns to a more detailed discussion of one area of pericyclic reactions, cycloadditions. An area
of frequent discussion and disagreement about mechanism based on experimental evidence,
cycloaddition mechanisms have gained new clarity and, indeed, a whole new classification,
ambimodal mechanisms, due to the development of high accuracy calculations. Finally, the
discoveries of such reactions in enzyme-catalyzed reactions of biosynthesis are described.

In the mid-twentieth century, organic reaction mechanisms were investigated by the
experimental tools available at the time: kinetics, isotope effects, and identification of
intermediates by spectroscopic means. Classifications of mechanisms were rather coarse: Sy1
versus Sy2, stepwise versus concerted, diradical versus zwitterionic.” There were attempts to
introduce more subtlety into these descriptions: Winstein's 1949 proposal that the acceleration
of the solvolysis of exo-norbornyl derivatives occurs with development of a delocalized
“nonclassical” cation? is one early example of this type. The 1959 Woodward-Katz proposal of
the “two-stage” mechanism of Diels-Alder reactions of two dienes® is another example more
directly relevant to the subject of this article.

Perhaps the first serious attempt to understand mechanisms and the nature of transition
states with theory was Fukui's frontier molecular orbital theory* and Woodward and
Hoffmann's proposals about the conservation of orbital symmetry. In a series of
communications, and then the Angewandte Chemie review that became a book, “The
Conservation of Orbital Symmetry,” the concept of pericyclic reactions was established.

The key feature of pericyclic reactions is that they are concerted — one transition state — with all
bonding changes occurring together on a ring. Only certain arrangements maintain maximum
bonding along the concerted pathway, and these are the allowed pericyclic reactions.
Woodward and Hoffmann defined which combinations of stereochemistries and numbers of
electrons involved in bonding changes lead to favorable (allowed) reactions. For cycloadditions,
electrocyclizations, sigmatropic shifts, and a few others with cyclic delocalized transition states,
the Woodward-Hoffmann rules tell us what reactions are preferred.”

Computational methods available at the time, especially the early ab initio calculations with
Hartree-Fock theory and small basis sets, and the semi-empirical methods promoted by Dewar,
did not always agree on the nature of the transition states of potentially pericyclic reactions.
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Some of the controversies about whether pericyclic reactions really are concerted are
described in one of our Accounts of Chemical Research articles of the time.°

In the meantime, better and better methods of computation, including density functional
theory and much faster computers (trillion times faster now than when the Woodward-
Hoffmann rules were devised), vastly improved instrumentation and methods for kinetics and
identification of intermediates, and the routine use of computer-intensive molecular dynamics
methods, have led to the discoveries of many details about the potential surfaces and timing of

bonding changes in pericyclic reactions.” All of these advances have led to the discoveries
described in the remainder of this article.

2 Subtleties of Mechanism Revealed by Quantum
Mechanics and Molecular Dynamics

2.1 Ambimodal Polypericyclic Reactions

2.1.1 Ambimodal 6+4/4+6 Cycloadditions

In 1965, the [6+4] cycloaddition was predicted to be an orbital symmetry allowed pericyclic
reaction under thermal conditions by Woodward and Hoffmann (Figure 1).°
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Figure 1 Open in figure viewer | ¥ PowerPoint

Page 33 from notebook 16, dated February 3, 1965, by Hoffmann where the orbital
correlation diagrams for [4+4], [6+2], and [6+4] cycloadditions were first described.
Below these is a suggestion by Woodward of a [6+4] cycloaddition of
cyclopentadiene with cycloheptatriene.® This became Houk's first research project in
graduate school. (This figure reprinted by permission of the American Chemical
Society.)

The search for [6+4] cycloadditions then become the first research project of author K. N. Houk
while working on his Ph.D. with R. B. Woodward. A series of [6+4] cycloadditions were
discovered by Houk in the Woodward lab,'® but some of the products were too complex for
methods and instrumentation of the period. A notable [6+4] cycloaddition is the reaction
between dimethylfulvene [6m] and tropone [41], which was studied experimentally by Houk as
a graduate student in the Woodward lab and first published three years after Houk's Ph.D.""
This reaction gave a minor amount of a Diels-Alder adduct but mostly a 2: 1 adduct of
dimethylfulvene and tropone along with some of the 1:1 adduct (Figure 2A). To explain these
observations, Houk proposed a plausible mechanism, involving a [6+4] cycloaddition of
dimethylfulvene [6r] to tropone [4r], followed by a [1,5] hydrogen shift to give the
thermodynamically more stable cyclopentadiene 4, which then underwent a second [6+4]
cycloaddition with tropone [61] to form the double [6+4] cycloadduct 3 (Figure 2B). Shortly
after, Paddon-Row and Warrener proposed an alternative mechanism: the initial cycloaddition
involves a different [6+4] cycloaddition in which fulvene acts as the 4r-component to give 7."?
Subsequently, a Cope rearrangement leads to the formal [6+4] adduct 6 (Figure 2B). However,
no direct experimental evidence could be obtained to prove either mechanism, and that is how
the matter would have ended were it not for the development of computations.
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A. Product distribution of the reaction between fulvene 1 and tropone 2. B.
Mechanistic proposals for the formation of product 3. C. Ambimodal TS leading to
both [6+4] adducts 6 and 7. (This figure by permission of the American Chemical
Society.)

In 2017, Houk and coworkers revisited the mechanism and periselectivity of the [6+4]
cycloaddition of tropone to dimethylfulvene with density functional theory (DFT) calculations
and quasi-classical direct molecular dynamics simulations.’® Computations revealed that the
reaction proceeds via a Woodward-Katz two-stage process but involves a single ambimodal
transition state that can lead to both of the proposed [6+4] adducts 6 and 7 (Figure 2C) without
formation of an intermediate. These adducts can interconvert through a Cope rearrangement,
and the observed product is the thermodynamically more stable adduct. An “ambimodal”’*
“bipericyclic’’® transition state can lead to multiple products without intervening minima or
secondary barriers to overcome. (Note that we use bi-pericyclic for two different competing
pericyclic reactions from one transition state, while Caramella used bis-pericyclic to described
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two identical cyclopentadiene reactants undergoing two identical reactions.) The occurrence of
such a transition state is a result of a post-transition state bifurcation (PTSB)."® In such
circumstances, the rate of a reaction can still be predicted by transition state theory, while the
product distribution is dynamically controlled. Quasi-classical direct molecular dynamics
simulations provide an ideal tool to study such bifurcating reactions. Such dynamics
simulations not only predict the distribution of products for bifurcating reactions, but also
provide valuable information on the time-resolved mechanisms. For the [6+4] cycloaddition of
tropone to dimethylfulvene, 91 % of the trajectories go to adduct 7, while 9% trajectories lead
to adduct 6, suggesting that both adducts are formed initially in the reaction, but there is a
dynamic preference (10: 1) for the formation of 7 over 6, the Paddon-Row-Warrener
mechanism. This showcases that the quantum mechanical modelling methodologies are
invaluable for the deduction of the mechanism of pericyclic reactions that are challenging or
impractical to study via experimental means.

The concerted/stepwise dichotomy in Diels-Alder reactions has been the subject of a long-
standing debate.® Modern computations demonstrate, however, that the borderlines between
concerted, two-stage, and stepwise are blurred. During systematic molecular dynamics studies
of cycloaddition reactions, Houk and colleagues proposed a timing criterion to differentiate
between dynamically stepwise and dynamically concerted mechanisms.!” The mechanism is
considered to be dynamically concerted if all bonding changes are complete in less than 60 fs,
but dynamically stepwise otherwise. The criterion was defined from the lifetime of the TS
derived from Eyring's TS theory. Analysis of the trajectories for the [6+4] cycloaddition of
tropone to dimethylfulvene showed that the time gaps of trajectories leading to cycloadducts 6
and 7 are at the borderline between dynamically concerted and a dynamically stepwise
mechanisms.'®

Most reported ambimodal transition states (TS) refer to single bifurcations, leading to only two
sets of different products without an intervening minimum. Very recently, Houk's group
discovered the first example of ambimodal tripericyclic TS that can lead to three different
products by using DFT computations and quasi-classical direct molecular dynamics
simulations."® They found that transition states for the reaction between electron-deficient 8,8-
dicyanoheptafulvene 8 with dimethylfulvene 1,°° which was reported by C.-Y. Liu (Houk's
graduate student who became a professor in Taiwan) in 1992, can lead to [4+6]-, [6+4]-, and
[8+2]-cycloadducts. This occurs by all trajectories going through one TS, bifurcating to two
other pathways, and then each of these paths bifurcates again. Trajectories initiated from TS
lead to three different cycloadducts (Figure 3). The dynamics show average time-gaps of 90, 74,
and 141 fs for formation of [4+6]-, [6+4]-, and [8+2]-cycloadducts, respectively, meaning that
this reaction is dynamically stepwise involving entropic intermediates on average. This
fascinatingly complicated tripericyclic reaction broadens our knowledge of pericyclic
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A. Theoretical product distribution of a tripericyclic reaction (molecular dynamics
yields). B. Trajectories initiated from TS; color codes the length of the forming C1-C2
bond present in all products, while the x, y, and z axes are for the conditional

primary interactions leading to three products.

Most recently, Houk's group pushed the limits even further by designing an ambimodal
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transition structure (TS) for a cycloaddition reaction that directly connects to four different

cycloadducts — [4+6], [2+8], [8+2], and [6+4] — via multiple bifurcations involving transition
states lower in energy than the tetrapericyclic transition state (Figure 4).%" It is still unclear how

far one could go for the search of multiple bifurcations.
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Figure 4 Open in figure viewer | ¥ PowerPoint

A tetrapericyclic reaction with an ambimodal tetrapericyclic transition structure TS1
leading to [4+6]-, [2+8]-, [8+2]-, and [6+4]-cycloadducts.

Clearly, the quantum mechanical modelling methodologies have provided significant new
insights into the mechanism and periselectivity of higher-order cycloadditions, which in turn
could help the design of new cycloadditions with high periselectivity. An attractive and exciting
area of research is to modulate the ambimodal tetrapericyclic transition structure that enables
access to complex ring systems which are difficult to obtain by other means.??

2.1.2 Ambimodal Dipolar Cycloaddition
2.1.2.1 [4+2] 1,3-Dipolar Cycloadditions

In 1960, the 1,3-dipolar cycloaddition was announced by Rolf Huisgen in his famous Centenary
Lecture.” He defined the general form of 1,3-dipoles, represented by XYZ as shown in Figure 5.
In 1968, Huisgen defined cycloadditions in terms of the atoms involved in forming the ring. The
1,3-dipolar cycloaddition is called a (3+2) cycloaddition in those terms.2* In terms of electrons
involved in bonding changes, the nomenclature proposed by Woodward and Hoffmann, this is
also a [4+2] cycloaddition. This reaction is an important method for the synthesis of
heterocycles.

X
H! wo [4+2] /’X\
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The [4+2] 1,3-dipolar cycloadditions to alkenes or alkynes.

2.1.2.2 [6+4] 1,3-Dipolar Cycloadditions

In 1965, Woodward and Hoffmann first predicted that trienes could react with dienes in a [6+4]
fashion based on the Woodward-Hoffmann rule.?> As described above, this was also proved
experimentally. We wondered if this kind of reaction could also occur with 1,3-dipoles (4
electron) and trienes (6 electrons) (Figure 6). This led to the experimental studies in various
groups and our recent computational studies to establish the mechanisms of these reactions.
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Figure 6 Open in figure viewer | ¥ PowerPoint

The [6+4] 1,3-dipolar cycloaddition to trienes.

2.1.2.3 Ambimodal [6+4]/[4+2] 1,3-Dipolar Cycloadditions

The reaction of diazomethane and dimethylfulvene was first studied by Alder et al. in 1961, but
there was uncertainty about the structures of the products.?® Alder proposed 13. In 1970, Houk
et al. revisited this reaction experimentally and found that a [6+4] adduct was formed. By NMR
and UV spectroscopy, product 12 was found to be the product formed in this reaction, and no
[4+2] adduct was observed (Figure 7).%7

ZT
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Diazomethane-dimethylfulvene adducts reported by Alder as 13 and revised to 12
by Houk et al.?’

In 1978, Padwa studied the nitrile ylide cycloaddition to dimethylfulvene, and found that this
reaction gave both [6+4] and [4+2] adducts (Figure 8).%%
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Figure 8 Open in figure viewer | ¥ PowerPoint

Padwa's nitrile ylide-dimethylfulvene reaction.

The different outcomes of diazomethane-fulvene and nitrile ylide-fulvene reactions inspired us
to investigate the mechanism of these 1,3-dipolar cycloadditions computationally.?? For the
reaction of diazomethane and dimethylfulvene, an ambimodal transition state TS1 was found,
with quite different partial N-C bond lengths, 2.61 A and 2.98 A or 2.97 A, respectively. It
appears that this is a rather unique tripericyclic TS, which can actually give three products, the
[4+2] adduct and two different [6+4] adducts. Our previous study of the relationship between
the differences in partial bond lengths in transition states and the ratios of products obtained
by molecular dynamics indicated that, in general, when the difference between the partial
bond lengths is greater than 0.4 A, only one product can be observed in hundreds of molecular
dynamics trajectories. Thus, in the case of diazomethane-dimethylfulvene reaction, direct
formation of [6+4]-adduct through TS1 may not occur to a large extent. In fact, this reaction
should initially undergo a normal [4+2] 1,3-dipolar cycloaddition to the exocyclic double bond
of the fulvene, followed by 1,5-shift and tautomerization to the observed [6+4] product (Figure
9).

Tl\f.‘.
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Free energy diagram for the diazomethane-dimethylfulvene reaction.

For Padwa's nitrile ylide-dimethylfulvene reaction, we found an ambimodal transition state. We
performed molecular dynamics and predicted a 2: 1 ratio of [6+4]: [4+2] adducts, in reasonable
agreement with experimental observation of a 3:1 ratio. The interconversion between the
[6+4] and [4+2] adducts is slow, indicating the ratio of products is kinetically or dynamically
determined (Figure 10). This is the first example of an ambimodal transition state involving a
Huisgen 1,3-dipole leading to two products.
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The free energy surface for nitrile ylide-tetramethylfulvene reaction.

2.2 Catalysis of Higher-Order Cycloadditions

In addition to the higher-order cycloadditions described in the previous section, asymmetric
organocatalysis has expanded the development of novel higher-order cycloadditions with
excellent selectivity and enantiocontrol.?° Cinchona alkaloids are privileged scaffolds in
catalysis,®" and their functional diversity and adjustability have expanded the potential of such
stereoselective higher-order cycloadditions.?

Jargensen reported the first organocatalytic enantioselective higher-order cycloadditions using
cinchona alkaloid primary amine catalysts.>? It was demonstrated that cross- and linear-
dienamine activated 2-cycloalkenones react with tropone and various heptafulvenes to provide
the corresponding [6+4], [4+2], or [8+2] cycloadducts (Figure 11). It was shown that the product
varied with the ring size of the cyclic enones and by changing the substitution pattern on the
polyene. Before accurate quantum mechanical results were possible on such large systems, the
mechanism, concerted versus stepwise, and origins of selectivity could not be easily
determined. The details of mechanism can now be detailed with density functional calculations.
We found that many of these reactions are not pericyclic, but instead the catalysts promote
stepwise cycloadditions to give products that could have been formed by pericyclic processes.

DS ORNEN0

Cat= 14b¢

Cat

12 of 49 2022-08-03, 22:35



Computations on Pericyclic Reactions Reveal the Richness of Am... https://onlinelibrary.wiley.com/doi/10.1002/ijch.202100071

[6+4] [4+2] [8+2]

51% yield, 95% ee, >20:1 dr 72% yield, 71% ee, >20:1 dr
56% yield, 87% ee, >20:1 dr

trans-[8+2] [8+2]

58% yield, 98% ee, 85:15dr X =0, R = Me: 68% yield, 95% ee, >20:1 dr 61% yield, 99% ee, >20:1 dr
X=S8, R = Et: 37% yield, 78% ee, 87:13 dr

Figure 11 Open in figure viewer | ¥ PowerPoint

Organocatalytic dienamine activation of cycloalkenones and selected examples of
their cycloadditions with tropone and heptafulvenes.

As shown in Figure 11, cyclopentenone and tropone 2 react, catalyzed by 14 b, to produce
exclusively the [6+4] cycloadduct in moderate to good yields, high diastereoselectivities, and
good enantioselectivities. DFT calculations for cycloadditions between the dienamine

intermediate(s) formed from 2-cyclopentenone and tropone, with a cinchona alkaloid primary
amine catalyst, gave the results shown in Figure 12.3
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(a) Free energy profile of the [6+4] and [4+2] cycloadditions between tropone and
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cross-dienamine intermediate. All energies are in kcal/mol. (b) Reaction Supporting a
Stepwise Mechanism for the Reaction of 2-Cyclopentenone with Tropone.

The free energy profiles of [6+4] and [4+2] cycloadditions of tropone and cross-dienamine
intermediate are depicted in Figure 12a. A Diels-Alder [4+2] concerted pathway is 8.5 kcal/mol
higher in energy than the stepwise [6+4] pathway. The [8+2] pathway gives an unstable product
(not shown). The most favorable pathway leads to the [6+4] adduct, which is consistent with
experiment. The rate- and stereo- determining step is the first C—~C bond formation with a total
barrier of 15.4 kcal/mol, and there is a small 2 kcal/mol barrier for formation of the second
bond. The stepwise mechanism is supported by formation of a non-cyclized byproduct (Figure
12b) found when benzylamine is used as organocatalyst under the standard reaction
conditions. The enantioselectivity of the [6+4] cycloaddition originates from different repulsive
hydrogen-hydrogen interactions that distinguish the diastereomeric transition states. The
strong hydrogen-bonding interaction between the tropone oxygen and the protonated
quinuclidine in the cyclic TS structure (as shown in Figure 12a) is important. This is
demonstrated by the influence of the concentration of the acid additive on the yields and
enantioselectivities of the reaction.

The cinchona alkaloid primary amine catalyzed cycloadditions of 2-cyclohexenone with tropone
or different heptafulvenes display fundamental differences in favored reaction paths
depending on the substituents present on the polyene reaction partner. As shown in Figure 11,
tropone 2 and dicyanoheptafulvene 8 both react with 2-cyclohexenone catalyzed by 14 a, to
produce exclusively the [4+2] cycloadducts in moderate to good yields, high
diastereoselectivities, and good enantioselectivities. In contrast, applying the same reaction
conditions to cyanoester-heptafulvene leads exclusively to the formation of the corresponding
[8+2] cycloadduct in good yield and high stereoselectivity. Recently,> the mechanisms,
thermodynamics, and origins of chemo- and stereoselectivities of the organocatalytic [8+2] vs.
[4+2] cycloadditions between 2-cyclohexenone and tropone/heptafulvenes were explained
through DFT calculations, using the wB97X-D density functional.

The cinchona alkaloid primary amine catalyst generates an ion pair catalyst with the acid
additive and leads to formation of the linear dienamine and subsequently undergoes a
stepwise [8+2] or [4+2]. The schematic diagram of proposed mechanism is shown in Figure 13.
For the cycloaddition of 2-cyclohexanone and heptafulvenes, no hydrogen bond is formed
between the tropone oxygen and the protonated quinuclidine nitrogen of the catalyst to
maximize the overlap of the dienamine and tropone. Both tropone and the different
heptafulvenes initially form [8+2] cycloadducts. The final product is ultimately decided by the
reversibility of the [8+2] cycloaddition and the relative thermal stability of the [4+2] products
(Figure 13). The stereoisomeric transition states are distinguished by the steric interactions
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between the protonated catalyst and tropone/heptafulvenes. These computational studies
elucidate the chemo-, regio-, and stereoselectivities of these higher-order cycloadditions and
guide the experiments with heptafulvenes containing diester and barbiturate substituents. The
[8+2] cycloaddition of barbiturate heptafulvene afforded products with an unprecedented
trans fusion of the five- and six-membered rings as a result of its stability and a lower
reversible barrier. These computational results are consistent with the excellent, but variable
selectivities observed experimentally with different heptafulvene derivatives.
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(a) Schematic diagram of the [8+2] and [4+2] cycloadditions between
2-cyclohexenone and heptafulvenes. (b) Gibbs free energies of [4+2] cycloadducts,
[8+2] cycloadducts, and [8+2]-trans cycloadducts with respect to the respective
starting materials (activation Gibbs free energies in parentheses). The
experimentally observed products are marked as solid lines. All energies are in

kcal/mol.

Jorgensen also reported cycloadditions of hetero-aromatic compounds via amino aza- and
diazafulvenes in 2019. Our calculations also showed that these highly polar reactants undergo
stepwise cycloadditions.® The amazing variability of these reactions could hardly be
understood without the availability of modern computers and density functional theory
methods. We should mention that there are a variety of ways that substituents may divert
cycloadditions and other pericyclic reactions from concerted to stepwise. We should also note,
as pointed out by a reviewer of this manuscript, that polarization by Lewis acid catalysts, a
number of different stereoelectronic effects, aromaticity, and other factors may stabilize
intermediates leading to cycloaddition products, and either influence the rates of pericyclic

mechanisms or divert to non-pericyclic mechanisms.3%°

15 of 49 2022-08-03, 22:35



Computations on Pericyclic Reactions Reveal the Richness of Am... https://onlinelibrary.wiley.com/doi/10.1002/ijch.202100071

3 Pericyclases

The pericyclases are a recently recognized family of natural enzymes that catalyze pericyclic
reactions.” Such enzymes were hypothesized to exist for many years but remained
elusive.?8*" The first member of this enzyme family is chorismate mutase. This enzyme
catalyzes the Claisen rearrangement, a [3,3]-sigmatropic pericyclic reaction in aromatic amino
acid biosynthesis converting chorismate to prephenate (Figure 14). The mechanism of this
Claisen rearrangement has been extensively studied; the enzyme (and antibody homologues)
were cocrystallized with chair transition state analogues; extensive hydrogen-bonding
interactions stabilize the transition state geometry; computational studies revealed concerted
transition state geometries as well as conformational restriction leading to the greatest
reduction in reaction barrier.*>*® Computational studies played an instrumental role in
characterizing the first enzymatic pericyclic reaction.

_ — - (0]
CO; _OZC¥. ¥ co,
[ j o CO, 0L <
J\ — = 2 _—

<~ N0~ co, _
OH - o : OH

Chorismate Claisen TS Prephenate

Figure 14 Open in figure viewer | ¥ PowerPoint

The first pericyclase, chorismate mutase, catalyzes this reaction.

After this work, many laboratories worked to identify natural examples of the Diels-Alder
reaction. Laschat, Oikawa, and others searched for cyclohexenes and decalin motifs in natural
products (Figure 15).3% 39 Such speculation led to the discovery of multifunctional synthases,
macrophomate synthase, LovB, and Sol5, that catalyze formation of the substrate and the
subsequent Diels-Alder reaction (Figure 16).*’~>' However, it was difficult to characterize
whether these synthases indeed catalyze the Diels-Alder reaction. It proved difficult to use
kinetics to determine whether the enzyme catalyzes the Diels-Alder, as multiple reactions are
occurring; which domain of the LovB megasynthase that is responsible for the Diels-Alder
reaction could not be identified.
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GR135402

Figure 15 Open in figure viewer | %PowerPoint

There must be Diels-Alderases! Cyclohexenes present in some natural products.>% 3°

w

Lovastatin Solanapyrone A Spinosyn A
LovB Sol5 SpnF
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Figure 16 Open in figure viewer | ¥ PowerPoint

Structures of lovastatin, solanapyrone, spinosyn A and the enzymes that form the
highlighted cyclohexenes.

It was not until 2011 that this philosophical debate on whether these enzymes were indeed
catalyzing pericylic reactions was settled. At this time, the Liu laboratory at Texas discovered a
monofunctional enzyme SpnF in spinosyn biosynthesis that catalyzes a transannular Diels-
Alder reaction with modest (500-fold) rate acceleration (Figure 16).°2 Fascinatingly, SpnF was
annotated as a S-adenosyl-L-methionine (SAM) dependent methyltransferase. SAM does in fact
bind in the enzyme pocket but is not required for catalysis. Multiple computational studies
revealed the complex nature of these transformations: this transannular Diels-Alder reaction
involves an ambimodal transition state leading to both [6+4] cycloaddition and [4+2] Diels-
Alder reaction.”>>’ In 2018, enzyme dynamics simulations revealed that SpnF is able to tune
this ambimodal reaction away from forming the [6+4] adduct.> This fact paired with the
thermodynamic instability of the [6+4] adduct rationalize why this product was never observed
experimentally. SpnF is the first characterized monofunctional enzyme to catalyze a Diels-Alder
reaction and first enzyme proposed to catalyze a higher-order cycloaddition.

Around this time, significant advances in genome sequencing and gene cluster identification
facilitated discoveries of bacterial Diels-Alder reactions catalyzed by beta-barrel enzymes PyrE3
and Pyrl4 in pyrroindomycin bionsynthesis and characterization of homologues Vst} and
AbyU.>8 >? Bioinformatics also revealed fungal lipocalin-like enzymes that catalyze Diels-Alder
reactions of tetramic acids and related pyrrolinones; i.e. CghA in Sch210972 biosynthesis, Fsa2
in equisetin biosynthesis, MycB in myceliothermophin biosynthesis, and PvhB in varicidin
biosynthesis (Figure 17).60-64

Pyrroindomycin B Sch210972
PyrE3 and Pyrl4 CghA
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Figure 17 Open in figure viewer | ¥PowerPoint

Exemplary tetramic acid natural products pyrroindomycin B and Sch210972 and the
enzymes that form the highlighted cyclohexenes.

We turn to recent experimental and computational collaborations that characterize ambimodal
pericyclases, intermolecular pericyclases, and pericyclases that catalyze other pericyclic
reactions.

3.1 Ambimodal Pericyclases

There are three prominent examples of natural ambimodal pericyclases; Lepl in leporin
biosynthesis,®> ¢ |ccD in ilicicolin biosynthesis,®” and StmD (and NgnD) in streptoseomycin
biosynthesis.®®

The leporins are tricyclic isochromene pyridone alkaloid natural products. Biosynthesis
requires a SAM-dependent O-methyl transferase-like enzyme Lepl that catalyzes, instead of the
canonical O-methylation reaction, a two-step cascade: a stereoselective dehydration followed
by a concomitant ambimodal [4+2] hetero-Diels-Alder/[4+2] Diels-Alder cycloadditions (Figure
18a).°> Quasi-classical reaction dynamics simulations of a highly simplified model system
revealed that both the hetero-Diels-Alder and Diels-Alder adducts are formed in a 17:83 ratio.
In vitro experiments showed that Lepl is also able to catalyze the retro Claisen rearrangement
of the [4+2] Diels-Alder adduct into the [4+2] hetero-Diels-Alder adduct, leporin C. Fascinatingly,
SAM is required for these pericyclic reactions to occur, despite being more than 5 A away from
the substrate in the active site.°® SAM seems to plays a crucial structural role in configuring the
Lepl active site. We propose (and are currently investigating) that SAM also acts as an
electrostatic catalyst to stabilize the transition state by modifying the dipole in the enzyme
active site. Examples of electrostatic catalysis have been demonstrated by Warshel, Wilcox,
Boxer, Shaik, Coote, and T. Head-Gordon. Calculations revealed that these reactions are highly
asynchronous and ambimodal.

Lepl

A
[retro-Claisen
rearrangement]

Lepl
—»
[dehydration]

Lepl
—»

[ambimodal
cycloaddition]

B Leporin B

/| OH O "N7°% lccD HO% OH O k HO% OH O
<L L . A F | I R T R | R SR T |
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Ambimodal reactions in biosynthesis. (A) Leporin biosynthesis involves an
ambimodal cycloaddition forming hetero-Diels-Alder and Diels-Alder products
catalyzed by Lepl. (B) lllicicolin biosynthesis involves ambimodal normal and inverse
electron demand Diels-Alder reactions catalyzed by IccD. (C) Streptoseomycin
biosynthesis involves an ambimodal [6+4] cycloaddition/[4+2] Diels-Alder reaction
catalyzed by StmD.

In 2019, ambimodal normal and inverse electron demand Diels-Alder reactions were
discovered in ilicicolin biosynthesis (Figure 18b).%7 llicicolin H and | are pyridone alkaloid natural
products that features a decalin motif. The epimer of ilicicolin H named epi-8-ilicicolin H can be
interconverted with ilicicolin | via a Cope rearrangement. The acyclic bis-diene substrate binds
to the monofunctional C-methyl transferase-like pericyclase lccD active site and reacts via an
ambimodal [4+2]/[4+2] Diels-Alder transition state to form epi-8-ilicicolin H and a minor
percentage of iliciolin I. The pericyclase lccD accelerates the ambimodal cycloaddition by >10°-
fold. Though there is no crystallographic information on the structure of lccD, we were able to
reproduce experimental results for enzymatic reaction with quasi-classical reaction dynamics
simulations by modifying the protonation state of the pyridone ring. In the non-enzymatic
reaction occurring in buffered solution, it is likely that the substrate 4-position is deprotonated.
Sequence data of lceD indicates there to be a highly hydrophobic active site. With this in mind,
it is possible to envision a proton transfer upon entry to the active site to afford a neutral
substrate protonated at the 4-position to coordinate to the enzyme. Reaction dynamics
simulations in the neutral state reproduce the experimental enzymatic results; a ratio of 99:1
of epi-8-ilicicolin H and ilicicolin | are formed in dynamics simulations and in experiment.
Further studies of this system are warranted upon crystallization this enzyme.

The biosynthesis of streptoseomycin was characterized in 2019. Streptoseomycin is a
macrolactone natural product that is related to the spinosyn natural products (vide supra). In
this case, streptoseomycin is formed by an ambimodal [6+4] cycloaddition/[4+2] Diels-Alder
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reaction (Figure 18c).%® This ambimodal cycloaddition is catalyzed by the monofunctional
enzymes StmD and NgnD. However, unlike spinosyn biosynthesis, in this case the [6+4] adduct
is stable and able to be isolated and characterized. This fact verifies that our and others’
computational simulations predicting such reactions to be ambimodal are rooted in reality in
both streptoseomycin and spinosyn biosynthesis. The enzymes StmD and NgnD catalyze the
ambimodal [6+4] cycloaddition/[4+2] Diels-Alder reaction, and the [4+2] adduct can be
converted by a Cope rearrangement to more stable [6+4] adduct that is enzymatically
transformed to streptoseomycin.

3.2 Intermolecular Pericyclases

Intermolecular Diels-Alder reactions are crucial in synthesis, with classic examples in
Woodward's synthesis of reserpine or Stork's synthesis of germine. Such intermolecular Diels-
Alder reactions escaped characterization in nature until 2019. Previously these reactions had
been proposed by Cox and coworkers in xenovulvene biosynthesis, but the enzyme
responsible for the intermolecular hetero-Diels-Alder reaction remained elusive.®® A
collaboration between the Hu and Houk laboratories led to discovery of a related enzyme EupF
that catalyzes the formation of neosetophomone B, a tropolonic sesquiterpene related to
xenovulvene.’? This enzyme EupF catalyzes a dehydration to form a quinone methide that then
undergoes a barrierless, concerted hetero-Diels-Alder reaction to selectively form
neosetophomone B. Interestingly, the mechanism and enzyme responsible for the second
addition of tropolone to form ditropolonic sesquiterpenes eupenifeldin and pycnidione are still
uncharacterized. ((Figure 19))

HO.

OH
/ HO HO OH MaDA
C- Y
HO (0] [intermolecular
OH OH O

Diels-Alder]

Chalcomoracin

Figure 19 Open in figure viewer | ¥ PowerPoint

The intermolecular Diels-Alder reaction forming chalcomoracin catalyzed by MaDA.

Building off this work, the laboratories of Lei, Dai, Huang, and Houk discovered pericyclases
that catalyze monofunctional intermolecular Diels-Alder reactions in plant natural product

biosynthesis. Two homologous (61 %) flavin adenine dinucleotide (FAD)-dependent enzymes
named MaMO and MaDA were discovered.”’ The enzyme MaMO oxidizes the prenyl unit of
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moracin C to form a terminal reactive diene. The oxidized product and morachalcone A, which
features an activated a,B-unsaturated ketone, migrate and bind to the active site of MaDA and
undergo a Diels-Alder reaction to form the central cyclohexene of chalcomoracin. Currently, we
are collaborating to rationalize the endo and exo selectivity in these Diels-Alder reactions. These
studies have led to the discovery and characterization of homologous enzymes that catalyze
the exo-Diels-Alder reaction exclusively.

3.3 Pericyclases that Catalyze other Pericyclic Reactions

Since 2020, pericyclic reactions other than cycloadditions have been discovered in nature.
Alder-ene reactions have been characterized in pyridoxatin biosynthesis.”? This key reaction
forms the vinyl cyclohexyl core of pyridoxatin and gives rise to the atropisomeric nature of this
natural product. The enzyme responsible for this transformation is predicted to be a SAM-
dependent O-methyltransferase but instead catalyzes a two-step cascade: a stereoselective
dehydration to form a (2)-quinone methide that then undergoes an Alder-ene reaction (Figure
20). This reaction sequence is related to the previously described example, Lepl. However, Pdxl
is different by (1) not requiring SAM for catalysis, (2) catalyzing a dehydration to form a (2)-
quinone methide, versus (£)-quinone methide, and (3) catalyzing the more difficult pericyclic
reaction, an Alder-ene reaction versus hetero-Diels-Alder. In the binding pocket of Pdxl, the
canonical SAM binding residues are mutated to bulky hydrophobic residues that drastically
decrease the size of the active site. A cocrystal structure with a substrate analogue revealed
that the quinone methide formed from dehydration is in the (2) geometry. From this (2)-
quinone methide, either a hetero-Diels-Alder or Alder-ene reaction are possible. Energetically,
the Alder-ene reaction is more difficult due to product instability relative to the hetero-Diels-
Alder. However, Pdxl is able to alter the intrinsic periselectivity by hydrogen bond catalysis.
Classical molecular dynamics simulations of the reactive (2)-quinone methide revealed a key
lysine residue that hydrogen bonds to the 4-position of the pyridone. Quantum mechanical
calculations including a model of this residue revealed that hydrogen bonding reverses the
periselectivity and favors Alder-ene formation. Removal of the lysine residue hydrogen bond by
mutating the adjacent residue reverses periselectivity, and a hetero-Diels-Alder product is
observed which corresponds to the natural product asperpyridone scaffold. Based on this
result, a second mutation of the threonine residue was predicted in order to have the hetero-
Diels-Alder occur at adjacent 2-position hetero-diene. A large scale reaction with the threonine
mutant indeed formed a new 4-pyridone scaffold that has yet to be isolated in nature. In total,
these studies characterized the first Alder-ene reaction in biology and found single point
mutations that modulate the natural periselectivity. These examples also emphasize the crucial
role of computations in exploring and elucidating mechanisms of enzyme-catalyzed pericyclic
reactions.
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Enzymatic Alder-ene reaction catalyzed by Pdxl to form natural product pyridoxatin
and mutational studies to form hetero-Diels-Alder adducts.

We believe that these discoveries of enzymatic Alder-ene reactions will stimulate the field to
investigate and characterize other pericyclic reactions in natural systems. Previous work by
Hilvert and coworkers proposed a retro-oxa-ene reaction in bacterial sideophore
biosynthesis;’> Nay and coworkers proposed AuaG-catalyzed [2,3]-Wittig rearrangements and
Claisen rearrangements in aurachin B biosynthesis;’# Shipman and coworkers proposed
precorrin-8x methyl mutase CobH to catalyze a [1,5]-sigmatropic rearrangement.’”> The
Sherman and Liu laboratories have reported Cope rearrangements in hapalindole,
fischerindole, ambiguine, and welwitindole biosynthesis.”® 77 Our recent computational work
revealed a dissociative step-wise mechanism for these Cope rearrangements.’® Many more
pericyclases are clearly lurking in nature's synthetic machinery, waiting to be discovered.

4 Conclusion and Prospects for the Future

This article has described how mechanistic understanding about pericyclic reactions,
particularly higher-order cycloadditions, has advanced due to the enormous developments of
computer power and methods in the last half-century. We believe that current quantum
mechanical accuracy is sufficient to give very precise descriptions of mechanisms of gas phase
reactions that do not involve formations of ions from neutrals. Our predictions of gas phase
pericyclic reactions are likely very accurate.
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Of course, most reactions are carried out in solution, and the computation of reliable high-
accuracy energetics in solution, or in enzymes, is not routine, and future developments in
methods and computers will open up new vistas in the understanding of reactions in solution
and in enzymes. Pericyclic reactions generally do not involve significant charge development,
and solvation energies are not so important in relatively high accuracy results for solutions and
enzymes are possible for this subset of organic reactions.

More generally, the certain increase in computational power in the next few decades will make
it possible to develop accurate methods for studies of reaction mechanisms in solution,
including reactions in which ions and ion pairs are generated. The kind of geometrical and
temporal resolution that we demonstrate here will become possible for all types of reactions in
solution and in enzymes.
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