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ABSTRACT: Eight examples of biosynthetic pathways wherein a natural enzyme has
been identified and claimed to function as a catalyst for the [4 + 2] cycloaddition
reaction, namely, Diels−Alderases, are briefly reviewed. These are discussed in the
context of the mechanistic challenges associated with the technical difficulty of proving that the net formal [4 + 2] cycloaddition
under study indeed proceeds through a synchronous mechanism and that the putative biosynthetic enzyme deploys the pericyclic
transition state required for a Diels−Alder cycloaddition reaction.

1. INTRODUCTION

Among the family of concerted pericyclic reactions governed
and understood by the theoretical underpinnings of the
conservation of orbital symmetry rules advanced by Woodward
and Hoffmann, the [4 + 2] cycloaddition reaction, namely the
Diels−Alder reaction, is among the most useful and widely
studied reactions in synthetic organic chemistry. A vast array of
publications concerning the synthetic utility, mechanism,
catalysis, and theoretical bases of the Diels−Alder reaction
are evident in the literature. An area of particular controversy
concerns the fundamental question regarding the existence of
biosynthetic enzymes that have evolved to catalyze this
tremendously important synthetic construction. Our laboratory
previously published a review of biosynthetic Diels−Alder
constructions in 2003 covering primarily secondary metabolites
that had been suggested by researchers to arise by potential
biosynthetic Diels−Alder reactions, both enzyme-catalyzed and
nonenzyme-catalyzed.1 Oikawa has since contributed in
highlighting developments in this area by publishing a review
in 2005.2 Kelly provided a more detailed overview of potential
Diels−Alderases in 2008, and Liu et al. have provided insight as
to the challenges workers face in securing mechanistically, a
Diels−Alderase in Nature.3 Herein, we survey and provide a
contextual perspective of recent publications claiming to have
identified biosynthetic genes coding for the expression of
biosynthetic enzymes that catalyze the Diels−Alder reaction in
the formation of primary or secondary metabolites.
Frontier molecular orbital (FMO) theory and molecular

dynamics studies have been used to describe and understand
the Diels−Alder reaction.4−6 The highest occupied molecular
orbital (HOMO) of the diene has perfect molecular orbital
(MO) overlap with the lowest occupied molecular orbital
(LUMO) of the dienophile, allowing for electron flow to form
two new bonds. The neutral [4 + 2] cycloaddition of 1,3-
butadiene with ethylene experiences restricted HOMOdiene−
LUMOdienophile interaction.4 This limitation requires catalytic
and/or electronic support in order for a favorable reaction to

occur.5 Most commonly, an increase in the nucleophilicity of
the diene or the electrophilicity of the dienophile is found to be
sufficient. Increasing the electron density of the diene raises its
HOMO and LUMO to a higher energy, while decreasing the
electron density of the dienophile has the opposite effect.4 This
strengthens the HOMOdiene−LUMOdienophile interaction creat-
ing a favorable forward reaction.6 To further increase reactivity,
the use of Lewis acids is common.4,6 The interaction between
the Lewis acid and the electron-withdrawing group of the
dienophile further stabilizes its HOMO and LUMO by
polarization of the α,β double bond, in turn making the
dienophile more electrophilic.7 This is well represented in early
work by Kojima and Inukai in the reaction of methyl acrylate
with isoprene in the presence of aluminum trichloride (AlCl3).

7

The HOMO and LUMO of the dienophile are lowered, and the
electron densities of the orbitals are redistributed by the
coordination of AlCl3.

6 Experimental evidence represents an
increase in reaction rate of the catalytic reaction, by 105,
compared to that of the uncatalyzed reaction expressing higher
yields, lower reaction temperatures, and shorter reaction times.7

Manipulating the electronics of the addends also plays a
significant role in increasing regioselectivity. This is exemplified
in the aforementioned work by Kojima and Inukai.7 The AlCl3-
catalyzed reaction of isoprene with acrylate results in a 97:3
regioselective ratio of para/meta products due to the electronic
reorganization of Lewis acidic bound acrylate and the electron-
donating effect of the alkyl group on the 2-position of diene.7

The regioselectivity of this reaction was increased from an
80:20 para/meta ratio for the uncatalyzed reaction of isoprene
with methyl acrylate.6−8

The electron-withdrawing group (EWG) on the dienophile,
relative to the diene substitutents, aids in the stereochemistry
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established by the Diels−Alder reaction. While the stereo-
chemical relationships on the addends are preserved, secondary
interactions between the EWG and the diene determine the
relative stereochemistry in a stereoselective transformation.
Early work by Houk and Strozier demonstrates this along with
the continued effect of a Lewis acid.5,9 In the [4 + 2]
cycloaddition of cyclopentadiene with methyl acrylate, the
stereoselective reaction occurs in a 82:18 endo:exo ratio.6

Studies from the 1970s suggested the explanation for the
stereoselective reaction was due to secondary orbital overlap
interactions. This subject is discussed later in the manuscript.
Enhanced stereoselectivity can be achieved for the lewis-acid
catalyzed reaction due to the distribution of electron density
within the molecular orbitals of the dienophile. This is
exemplified in the work provided by Houk in the reaction of
cyclopentadiene and methyl acrylate. The addition of AlCl3
increased the stereoselectivity to a 99:1 ratio of endo:exo.6

2. DIELS−ALDER REACTION MECHANISM
The mechanistic argument on whether the Diels−Alder
reaction proceeds via a concerted or stepwise mechanism
dates back to studies carried out by Woodward et al. suggesting
a synchronous concerted transition state.10 Early theoretical
calculations of kinetic isotope effects and reaction rates were
found not to be conclusive,11 and the mechanism of the [4 + 2]
cycloaddition reaction has been extensively studied exper-
imentally and theoretically by numerous researchers. Figure 1
represents the four transition-state (TS) structures through
which the net redox-neutral [4 + 2] cycloaddition may be
envisioned to proceed.

On the basis of previous calculations conducted with lower
levels of theory by Dewar et al.,11,12 the Diels−Alder reaction
has been rationalized to occur through a biradical intermediate
suggesting that multibond reactions cannot proceed via a
synchronous transition state.13 This theory was subsequently
contradicted as Houk et al. showed that geometries are more
sensitive to electron correlation than to the basis set as it
exceeds 3-21G.14 Further investigations by Houk et al. based on
Becke3LYP/6-31G* calculations suggested the concerted
transition state is lower in energy than the biradical transition
state in the retro-Diels−Alder reaction of norbornene,15 while
highly substituted dienes were found to favor a stepwise
mechanism.16

2.1. [4 + 2] Cycloaddition Reaction with Symmetrical
Addends. The simplest or “parent” Diels−Alder reaction
involves 1,3-butadiene with ethylene to form cyclohexene
(Figure 2). Early high-level ab initio and RH calculations by
Burke et al. and Townshend et al. predicted a symmetrical
transition state, with perfect synchronicity of formation of the
two new C−C bonds.17 Using the highest level of theory
(STO-3G and 4−31G basis sets at CAS1 and CAS2 level) at
the time, ab initio calculations by Bernardi et al. suggested a
synchronous transition state for the parent Diels−Alder
reaction.18 While the basis sets for the MC-SCF study was
limited, Becke3LP and CASSCF calculations at the higher 6-
31G* level of theory and CASSCF calculations at the STO-3G
level of theory predict a synchronous transition structure for
the reaction of ethylene with butadiene (Figure 2).14,18 The
calculated transition structure for the reaction of ethylene with
butadiene was favored over a stepwise mechanism by 5 kcal/
mol in calculations by Houk et al.14 Secondary kinetic isotope
effects interrogated by Gajewski et al., suggested the reaction of
nearly symmetrical dienes and dienophiles is nearly synchro-
nous.19 These “nearly synchronous” addends refer to alkyl
substituents, none of which have significant electronic
activating or deactivating effects.

2.2. D−A Reaction with Unsymmetrical Addends. The
first ab initio calculations and semiempirical studies on a
reaction of 1,3-butadiene with an unsymmetrical dienophile
were performed by Houk et al. on the reaction of acrolein and
1,3-butadiene.20 Ab initio quantum mechanical calculations at
the 3-21G basis set suggested an asynchronous TS (Figure 3).20

These calculations suggested that substituents, particularly
ones that form an asymmetric diene, create asynchronicity
within the transition state. RHF calculations predicted one
substituent to give a 0.3 Å difference in the bond lengths of the
nascent σ bonds within the transition state.20 Orbital
calculations are given for the endo transition structure as they
were found most favorable. While the theoretical underpinnings
for endo preferences are not clear, secondary orbital overlap
interactions (now largely assumed moot based on theoretical
work) as well as dipolar, electrostatic, and van der Waals forces
have been attributed to govern endo selectivity.20

Further investigations by Bernardi et al. with MC-SCF
studies at the minimal STO-3G level predict that reaction of
vinylcyclobutane and 1,3-butadiene undergoes a two-step
asynchronous (diradicaloid nature) mechanism. This suggested
that steric effects can significantly increase the amount of
asynchronicity.21 Based on symmetry, McIver has also
concluded that it is highly unlikely that a symmetric transition
structure would be relevant.22

2.3. D−A Reactions with Activating Symmetrical
Addends. While recent studies reveal that Diels−Alder
reactions with unsymmetrical addends undergo cycloaddition
through asynchronous transition states, it was accepted that
reactions with symmetrical addends would undergo cyclo-
addition through synchronous or nearly synchronous transition
states.11,23 Singleton was interested in knowing if this would
apply to doubly activated dienophiles23 due to the observation
of attenuated activation by a second activating group.11,24

Reaction of 1,3-butadiene with bis(boryl)acetylene is predicted
by density functional theory to undergo cycloaddition through
a highly unsymmetrical transition state.23 Becke3LYP calcu-
lations with a 6-31G* basis set predicted the symmetrical
structure, forced Cs symmetry, to be 6.5 kcal/mol higher in
energy than the unsymmetrical transition structure.23 Due to

Figure 1. Possible transition structures in the Diels−Alder reaction.
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the size of the boron groups and the favorable HOMO−
LUMO overlap of the first boryl group with the π-system of
1,3-butadiene, further investigation with other activating groups
was found necessary, and the results were somewhat
surprising.23 Becke3LYP/6-31G* theoretical calculations pre-
dicted unsymmetrical and nearly symmetrical transition states
for the reaction of acetylenedicarboxylate with isoprene (Figure
4)23 and an unsymmetrical transition state with cyclo-
pentadiene.25

Experimental kinetic isotope effects support asynchronous
character as well as theoretical kinetic isotope effects for the
reaction of acetylene dicarboxylate with isoprene.23,26 The
asynchronous character of the symmetrical reaction can be
explained by the difference in activation by the two activating
groups. Stronger activation by the first group over that of the
second group accounts for the asynchronous nature of the
transition state.
Becke3LYP/6-31G* calculations for the reaction with the

highly reactive parent triazolinedione (TAD) represents a
highly unsymmetrical transition state being favored by 1.1 kcal/
mol by Singleton et al. (Figure 5)23 and 1.0 kcal/mol by Houk
et al.16 over the second-order saddle point.

While Houk et al. found an alternative stepwise diradicaloid
mechanism for the reaction of TAD with tert-butylbutadiene 3
kcal/mol lower in energy16 than the concerted transition state,

Figure 2. Parent Diels−Alder reaction (bond lengths in angstroms). (a) CASSCF/STO-3G calculated transition structures from Bernardi et al.
Reprinted with permission from ref 18. Copyright 1985 Royal Society of Chemistry. CAS2 and CAS1 are in parentheses and lower-level 4-31G basis
set calculations are in brackets. (b) CASSCF/STO-3G calculated transition structures by Houk et al. Reprinted with permission from ref 14.
Copyright 1993 American Chemical Society.

Figure 3. Orbital calculations for the asymmetric endo transition
structure in the reaction of acrolein with butadiene. Reprinted with
permission from ref 20. Copyright 1989 American Chemical Society.

Figure 4. Becke3LYP/6-31G* calculations for the asynchronous endo
and exo transition structures for the reaction of acetylene dicarboxylic
acid with isoprene by Singleton et al. Reprinted from Tetrahedron, ref
23, Copyright 2001, with permission from Elsevier.

Figure 5. Becke3LYP/6-31G* calculated asynchronous and forced Cs
symmetry saddle point synchronous transition structures for the
reaction of TAD with 1,3-butadiene by Singleton et al. Reprinted from
Tetrahedron, ref 23, Copyright 2001, with permission from Elsevier.
Asynchronous TS is 1.1 kcal/mol lower in energy than synchronous
TS.
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Singleton et al. suggests the reaction can undergo a stepwise or
concerted asynchronous transition structure.23 Calculated
kinetic isotope effects of phenyltriazolinedione (PTAD) suggest
very little asynchronicity due to the closeness in experimental
proton KIE. Theoretical calculations suggest a different
interpretation. Beck3LYP/6-31G* calculations suggested a
highly asynchronous transition state (TS) (Figure 6), while

predicted KIEs follow suit. The concern remains if a
symmetrical transition structure can account for the observed
kinetic isotope effects. Fortunately, calculated isotope effects of
the synchronous transition structure are symmetrical and do
not agree with the experimental values. Therefore, due to
agreement of theoretical isotope effects with the highly
unsymmetrical Becke3LYP/6-31G* calculation transition
state, reaction of PTAD with butadiene supports highly
asynchronous mechanisms and asymmetrical transition states.23

It can be concluded that while there has been a lot of
attention toward establishing a specific reaction mechanism for
the Diels−Alder reaction, many questions still remain.
Theoretical evidence suggests that symmetrical substrates
undergo cycloaddition via a concerted transition state.
Determination of the synchronicity versus asynchronicity of

the transition state appears to be highly substituent dependent.
The presence of activating groups, which is most common in
the putative primary or secondary metabolite substrates to be
discussed below, creates intrinsic asymmetry and attendant
asynchronicity within the transition structure. It should also be
appreciated that the “concertedness” of a putative Diels−Alder
reaction, whether it be generated by synthetic chemistry or by a
putative enzyme-catalyzed or enzyme-mediated system, lie on a
continuum with symmetrical and concerted on one end to
highly asynchronous and nonconcerted on the other.

3. DIELS−ALDERASES
The possible involvement of Diels−Alder reactions in biosyn-
thesis has been an area of intense interest, and attempts to
identify enzymes that might function as catalysts for the Diels−
Alder reaction have been an active area of research since the
late 1970s.27 While numerous examples of non-enzyme-
catalyzed biosynthetic Diels−Alder constructions are evident
in the literature,1b the question of evolutionary selection
pressure leading to the creation of enzymes that have
specifically evolved to catalyze the [4 + 2] cycloaddition
reaction via a true pericyclic transition state have attracted the
attention of numerous research groups, particularly in the past
20 years. These will be briefly surveyed below.

3.1. Solanapyrone Synthase. Ichihara and co-workers
performed feeding studies in Alternaria solani that provided
evidence of oxidation of prosolanapyrone (1) to prosolanapyr-
one (2) (Figure 7), followed by a subsequent [4 + 2]
cycloaddition in the biosynthesis of solanapyrones A (4) and B
(3).28 Ichihara et al. isolated a partially purified protein that was
named solanapyrone synthase and were the first to claim the
identification of a natural Diels−Alderase.27
The enzymatic and nonenzymatic reaction of prosolanapyr-

one 2 was monitored by HPLC analysis utilizing ultraviolet
(UV) and circular dicrhoism (CD) detectors. The reaction did
occur without presence of crude enzyme, but produced a 3:97
ratio of exo/endo adducts; whereas in the presence of the
partially purified enzyme, the reaction proceeded, from 1 and 2,
in about a 6:1 exo-selective ratio. A control experiment with
denatured enzyme was carried out to establish the reactivity of
the enzyme. While the reaction does occur nonenzymatically,
the enzyme-catalyzed reaction proceeded 4.1 times faster with

Figure 6. Becke3LYP/6-31G* calculated asynchronous endo- and exo-
transition structures for the reaction of PTAD with tert-butylbutadiene.
Reprinted from Tetrahedron, ref 23, Copyright 2001, with permission
from Elsevier.

Figure 7. Biosynthesis of solanapyrone A (4) and B (3) with solanapyrone synthase as putative cyclase.
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an increase in enzyme concentration.27 The question remained
whether the two-step reaction was carried out by one or two
enzymes. Further investigations by Oikawa et al. suggest that
solanapyrone synthase is an oxidase that catalyzes the oxidation
of 1 to aldehyde 2, followed by Diels−Alder cyclization in a
two-step manner.29 In this instance, conformational restriction
of the in situ generated aldehyde 2 seems a plausible
mechanistic explanation for the differences in endo/exo-
selectivity between the protein-free and protein-mediated
reactions.
More recently, Oikawa and co-workers have succeeded in

cloning and functionally expressing Solanapyrone synthase in
the heterologous host Aspergillus oryzae. Using purified enzyme,
they were able to confirm that this single enzyme effects the net

two-electron oxidation of prosolanapyrone (1) to the achiral
substrate aldehyde 2 and mediates the formal [4 + 2]
cycloaddition forming optically pure solanapyrone.30 These
workers concluded that “Expression and purif ication of SPS
conf irmed that this single protein catalyzes both the oxidation and
the [4+2] cycloaddition, probably acting as a Diels−Alderase.”
The solanapyrone system therefore also introduces the

concept that the “Diels−Alderase” function of solanapyrone
synthase may be an accidental or spontaneous manifestation of
producing the reactive aldehyde substrate (2) in the conforma-
tionally restricted and chiral environment of the active site of
this oxidase. In other words, solanapyrone synthase is
functionally constituted as an oxidase, and the “Diels−Alderase”
activity is a subsequent fortuitous characteristic of the primary

Figure 8. Biosynthesis of lovatastatin (10) with LNKS as cyclase.

Figure 9. Model reaction with LNKS as cyclase in the enzymatic reaction of 11.
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biochemical purpose of the enzyme’s major function to oxidize
a primary alcohol to an aldehyde. It is significant that the in situ
generated aldehyde substrate 2 is achiral and the enzymatic
product is optically pure. This outcome clearly demonstrates
that the enzyme preorganizes the transition-state conformation
to proceed in an enantioselective and diastereoselective
manner. The high stereoselectivity of the enzyme-mediated
process does not, de novo, provide experimental support for a
Diels−Alder transition-state and mechanism but seems highly
likely based on the corresponding protein-free reaction. The
implications of this conceptual framework will be discussed in
more detail below.
3.2. Lovastatin Nonaketide Synthase. Vederas, Hutch-

inson, and co-workers have studied the fascinating formation of
the decalin system (7) in the biosynthesis of the HMG CoA-
reductase inhibitor lovastatin (10).31 The lovastatin nonaketide
synthase (LNKS) was shown to participate in the synthesis of
polyketides,32 particularly pyrones 5 and 6,33 and the formation
of dihydromonacolin L (9; see Figure 8) with the lovC protein
in the biosynthesis of lovastatin.31

To investigate the involvement of this enzyme in the
formation of decalin 7, incubation of purified, recombinant
enzyme was submitted to reaction with 11.31 Investigation with
NMR studies revealed formation of 12 and 13 from 11
nonenzymatically and formation of 12, 13, and 14 enzymati-
cally in the presence of LNKS in a 15:15:1 ratio, respectively
(Figure 9).31 The stereochemistry of endo-product 13
corresponds to the natural stereochemistry in the biosynthesis
of lovastatin. The authors concluded that the endo transition
state is a manifestation of van der Waals interactions occurring
in the hydrophobic active site of the enzyme.31

This seminal work was the first to describe the cloning,
functional expression, and isolation of a pure enzyme involved
in a putative secondary metabolite Diels−Alder reaction.
However, as in virtually all of the systems studied prior to
and subsequent to the LNKS work, rigorous biophysical
evidence corroborating a concerted, pericyclic transition-state
mechanism for the construction of the decalin ring system in
lovastatin biosynthesis has not been secured. Indeed, alternative
stepwise and/or highly asynchronous mechanisms might
indeed be operative and await further, deeper experimental
interrogation.
3.3. Macrophomate Synthase. The biosynthesis of

macrophomate has been the subject of particular controversy

and was first proposed by Oikawa et al. to proceed via an
enzyme-catalyzed intermolecular Diels−Alder reaction. The
putative Diels−Alderase, macrophomate synthase (MPS), was
demonstrated by Oikawa et al. to catalyze a multistep reaction
from 2-pyrone (17) and oxaloacetate 15 to ultimately generate
macrophomate. These workers postulated that the key
transformation proceeded via the intermolecular Diels−Alder
reaction of enol pyruvate 16 and pyrone 17 to yield the
unstable bicyclo[2.2.2] Diels−Alder adduct 18.34 Dehydration
of 18 to 20 and decarboxylation with concomitant aromatiza-
tion through the proposed enzyme-catalyzed Diels−Alder
reaction mechanism is illustrated in Figure 10.34

The authors speculated that, upon coordination with Mg2+,
decarboxylation of 15 occurs to form enolpyruvate 16.
Intermolecular Diels−Alder cycloaddition was proposed to
furnish the bicyclo[2.2.2] species 18 which, followed by
dehydration and decarboxylation provides macrophomate. In
order to determine the stereochemical outcome of the Mg2+-
dependent enzymatic cycloaddition proposed, deuterium-
labeled oxaloacetate and NMR spectroscopy revealed retention
of the deuterium in the final macrophomate product.34 This
revealed the high stereospecificity of the transformation that
was ascribed as evidence for a concerted process. While the
experimental evidence based on NMR studies is only
circumstantial, the authors concluded that the enzymatic
reaction proceeded via the Diels−Alder route due to the high
stereospecificity observed.34 It should be noted that these
studies only revealed that the net process was highly
stereospecific and does not conclusively corroborate a
concerted or pericyclic mechanism catalyzed by MPS.
Protein X-ray crystallography studies by Oikawa and co-

workers provided further insight into the active site of MPS.35

A binding model was built by Oikawa et al. based on the
transition structure of the presumed Diels−Alder cyclization
and structural insights from the crystal structure (Figure 11).
The carbonyl oxygen of 2-pyrone can hydrogen bond to
Arg101 and the acyl oxygen can hydrogen bond to Tyr169
which undergoes π-stacking with the Phe149 residue, placing
Tyr169 in the correct orientation.35 Experimental evidence with
two mutant MPS proteins represents the importance of
hydrogen-bonding in the active site, providing further support
for the binding site represented in Figure 11.35

Jorgensen and co-workers investigated this reaction from a
theoretical perspective and conducted mixed quantum and

Figure 10. Proposed biosynthesis of macrophomate where macrophomate synthase functions as cyclase.
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molecular mechanics (QM/MM) combined with Monte Carlo
simulations and free-energy perturbation (FEP) calculations
and found a lower energy stepwise reaction pathway involving
intermolecular Michael addition through intermediate 19,

followed by intramolecular aldol condensation to provide the
same bicyclo[2.2.2]intermediate 18 proposed by the Oikawa
group.36 The Jorgensen investigations revealed that the Diels-
Alder TS model is 17.7 and 12.1 kcal/mol less stable than the
Michael and aldol TSs in the stepwise route, respectively.
Jorgensen states in their paper: “Therefore, this work indicates
that the Michael−aldol mechanism is the route used by MPS to
catalyze the second step of the overall transformation, and that the
enzyme is not a natural Diels−Alderase, as claimed by Ose and co-
workers (Nature 2003, 422, 185−189; Acta Crystallogr. 2004,
D60, 1187−1197).”
Significantly, Hilvert and co-workers subsequently demon-

strated that MPS was a very competent aldolase, corroborating
the second arm of the Jorgensen Michael−aldol mechanism.37
Hilvert et al. demonstrated that MPS is highly homologous to a
known aldolase DDG (2-dehydro-3-deoxygalactarate) and
concluded that this lends plausibility to the two-step Michael-
aldol alternative originally proposed by Jorgensen.37 This work,
taken in context with the penetrating theoretical insights of
Jorgensen, reveals that extreme care must be taken when
presuming that a putative Diels−Alder transformation (wherein
the substrates appear to be structurally viable Diels−Alder
substrates), form a product that ostensibly appears to be the
result of a concerted [4 + 2] cycloaddition. It is clear that
products can arise by distinct, stepwise, nonconcerted steps that
are mechanistically orthogonal to a bona fide Diels−Alder
construction.

Figure 11. Model active site of MPS with binding of 15 and 17
utilizing crystal structure information and proposed transition
structure. Reprinted by permission from Macmillan Publishers Ltd:
Nature ref 35, copyright 2003.

Figure 12. Proposed biosynthesis of riboflavin via a key [4 + 2] cycloaddition to provide the isolated and structurally characterized intermediate 24.
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3.4. Riboflavin Synthase. Riboflavin synthase of Escher-
ichia coli is an enzyme that has been extensively studied and
appears to be responsible for multiple functions in the
biosynthesis of the essential enzymatic cofactor riboflavin.38

This enzyme catalyzes the fascinating transfer of a four-carbon
unit derived from one of the two equivalents of the common
substrate, 6,7-dimethyl-8-ribityllumazine (22), culminating in
the formation of Riboflavin and 5-amino-6-ribitylamino-2,4-
(1H,3H)-pyrimidinedione (26). The mechanism proposed by
Bacher et al. is illustrated in Figure 12 and features the key
intermolecular Diels−Alder condensation between 22 and the
oxidized diene species 23 derived from 22 to form 24 − a
substance that these workers have isolated and structurally
characterized.
Bacher proposes that the enzyme specifically functions as a

Diels−Alderase, but there has been no experimental data
published supporting this provocative mechanistic hypothesis.
The authors discuss that the electronics of the proposed Diels−
Alder substrates favor an inverse-electron-demand [4 + 2]
reaction wherein the HOMO of the dienophile (22) overlaps
with the LUMO of the diene (23). No corresponding protein-
free reaction was reported that would have provided additional
mechanistic insights.
Computational work reported later by Houk et al. provided

theoretical evidence for other possible mechanistic routes.39

Density functional theory calculations were used to evaluate the
following mechanistic pathways: nucleophilic catalysis, hydride
transfer followed by subsequent Diels−Alder, hydrogen atom
transfer, and a nucleophilic addition mechanism.39 While the
Diels−Alder transformation cannot yet be ruled out, the
alternative pathways are more likely to proceed with
nucleophilic addition being of the lowest energy. However, it
should be noted that due to high energy intermediates such as
22, and the likelihood of a stepwise mechanism, the synthesis of
riboflavin probably does not proceed via a Diels−Alderase
although it formally constitutes a “[4 + 2]” construction.39

Access to the purified enzyme provides ample opportunity to
study the detailed mechanism of the very interesting
heterodimerization of 22 where kinetic isotope effects and
double isotope fractionation would be particularly revealing. It
is also appreciated that tedious, expensive, and time-consuming
experiments are required to conduct such a rigorous
mechanistic inquiry, a challenge encountered by all workers
in this field.

3.5. Spinosyn A Biosynthesis. The fascinating biosyn-
thesis of spinosyn A was recently investigated by Liu et al., and
these workers identified the polyketide synthase expressed from
the SpnF gene of Saccharopolyspora spinosa, suggesting SpnF
serves as a natural Diels−Alderase that catalyzes a [4 + 2]
cycloaddition in the formation of the cyclohexene ring core of
spinosyn A.40 The authors suggested that this represents the
first example of an enzyme whose sole purpose is to catalyze a
Diels−Alder reaction, and the basis for such a claim in the
context of the lovastatin biosynthesis discussed above resides
on the fact that LovB is a multifunctional PKS. The
biosynthetic gene cluster of S. spinosyn for Spinosyn A also
includes SpnJ, SpnL, and SpnM, which were also initially
proposed to code for an enzyme that converts product 27 to 29
(Figure 13).40

To elucidate if the SpnF cyclase was a true Diels−Alderase,
conversion of 27 to cyclized product 29 was observed after a 2
h incubation period with the SpnM gene product and
monitored by HPLC.40 Analysis by NMR, mass spectrometry,
and further investigation by HPLC of the reaction time-course
led to the discovery of intermediate 28, identified by spectral
analysis.40 The presence of the monocyclic macrolactone
intermediate represents a possible 2-step process that includes
a dehydration step followed by the cycloaddition as shown in
Figure 13.40 To determine if the enzyme expressed by the
SpnM gene catalyzes both the dehydration and cycloaddition
steps, dependence of the rate of each step on the concentration
of the SpnM-coded enzyme was determined by HPLC
(consumption vs time).40 Rate enhancement of the dehy-
dration step was observed with an increase in SpnM gene
product concentration and the cyclization step was un-
affected.40 While data from Michaelis−Menten kinetics and
first order kinetics suggest the cyclization can take place
nonenzymatically, the remaining genes from the gene cluster
were in turn interrogated. Incubation of SpnF with 28
produced the desired bicyclic species 29 in 20 min, which
was compared to the 2 h nonenzymatic reaction time.40 In
order to measure the effect of the SpnF enzyme on the rate of
cyclization, HPLC was used with a fixed concentration of SpnM
with time as a function of SpnF. Michaelis−Menten kinetics
established that SpnF encoded a potential Diels−Alderase in
the catalytic conversion of 28 to 29 with an apparent kcat of 14
± 1.6 min−1 for an approximated rate enhancement of 500-
fold.40

Figure 13. Biosynthesis of spinosyn A (24) where SpnF has been proposed as the putative cyclase.
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Recent X-ray crystal structure elucidation of the enzyme by
Keatinge-Clay et al. was obtained to probe further the putative
mechanism of the SpnF-coded PKS-catalyzed cyclization.41

While the enzyme of interest resembles S-adenosylmethionine
(SAM)-dependent methyltransferases (SAM MTs), the activity
of SAM MTs could give insight into the activity of the stand-
alone enzyme. The activity of SAM MTs in these particular
cyclization reactions is currently unknown.41 The authors
conclude, however, that “The mechanisms by which SpnF and
SpnL catalyse their respective cyclization reactions are a point of
interest. The SpnF-catalysed endo mode syn-addition of an alkenyl
to a dienyl functionality seems consistent with a Diels−Alder
reaction; however, conf irmation of this hypothesis will require
demonstrating that the reaction progresses through a single
pericyclic transition state such as [6]. Therefore, a stepwise [4+2]
cycloaddition mechanism, for example, one involving a dipolar
intermediate such as [7], cannot at present be ruled out.” This
comment again gets to the heart of the purely academic
argument pervasive in this field regarding the high-resolution
details of the synchronicity of the C−C bond-forming step and
the exact nature of the transition state.
3.6. Biosynthesis of Pyrroindomycins. Biosynthetic

studies of the naturally occurring pyrroindomycins, the first
naturally occurring spirotetramates, isolated by Ding et al.,
suggests that the pentacyclic core is constructed via two
distinct, sequential [4 + 2] cycloadditions.42 Bioinformatic
analysis of the previously established biosynthetic gene cluster
provided two candidates, pyrE3 and pyrI4.42c Known functions
of enzymes homologous to PyrE3 and PyrI4 suggested that
PyrI4 to be responsible for the formation of spiro-indole 32, via
dialkydecalin (31) construction by PyrE3 (Figure 14).42c

Deactivation of PyrE3 resulted in the isolation of
intermediate 30, while inactive enzymes PyrE3 and PyrI4
failed to generate pyrroindomycins A and B.42c Structure

elucidation of 30 was confirmed by NMR and mass
spectrometry analysis and is consistent with the previously
proposed biosynthesis.42c Further investigation required
addition of both purified enzymes PyrE3 and PyrI4 to
intermediate 30 with no additional cofactors.42c The enzymes
collectively converted 30 into 32 validated by structural
characterization.
Based on initial gene disruption and metabolite accumulation

studies, the individual function of PyrE3 and PyrI4 was
investigated. Incubation of 30 with PyrE3 resulted in essentially
complete conversion into 31, but no reaction occurred in the
presence of PyrI4 alone. ESI-MS analysis and site-directed
mutagenesis studies were successful in identifying and
subsequently determining the dependence of flavin adenine
dinucleotide (FAD) for PyrE3 activity. It was assumed that
FAD influences the geometry of the active site during the
PyrE3-mediated cycloaddition, which was further supported by
electronic circular dichroism (ECD) spectra analysis of related
proteins in the presence and absence of the FAD cofactor.
Intermediate 31 did not convert into 32 upon incubation in
aqueous media without the presence of PyrI4.42c While this
suggests a nonspontaneous, and specifically enzyme-mediated
[4 + 2] reaction, initial studies revealed a dependence of PyrI4
activity on the dialkyldecalin system represented as inter-
mediate 31. Steady-state kinetics indicated a moderate
efficiency for the enzymatic conversion of 30 into 31 and 31
into 32.

3.7. Thiazolyl Peptide Biosynthesis. Recent investiga-
tions of the remarkably complex thiazolyl peptide biosynthesis
by Bowers and co-workers, suggests that a single enzyme, TclM
catalyzes the final macrocyclization step that was previously
suggested to proceed via a [4 + 2] cycloaddition between
dehydroalanine residues (Dha).43 These investigators synthe-
sized thiocillin 33 to interrogate the enzymatic reaction with

Figure 14. Proposed biosynthesis of pyrroindomycins with PyrE3 and PyrI4 as cyclases.
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TclM in hopes of forming cycloaddition product 34 (Figure
15).43

Substrate 33 was incubated with purified TclM gene for 20 h
and monitored by high-resolution quadrupole time-of-flight
(QTOF) LC/MS and UV−vis. Over time, a new absorption
peak was observed as well as full consumption of the
intermediate indicative of substrate 33. The new peak was
potentially 34 as the wavelength observed is consistent with
that of thiazolyl peptides with the same trisubstituted pyridine
core. Further investigation by NMR spectroscopy shows
evidence of aromatic protons from the pyridine ring and
observation by LC/MS shows an m/z that matches the desired
product as well as appropriate fragmentation patterns.43

While it is evident that TclM catalyzes the formation of the
trisubstituted core present in product 34, the nature of the
mechanism in its formation remains unclear. Figure 16
represents the proposed [4 + 2] cycloaddition mechanism for
the net transformation of 33 to 34.43 The authors were careful
to designate this assembly as a “formal [4 + 2] cycloaddition”
and did not overstate the case for TclM necessarily representing
a true Diels−Alderase. TclM also apparently conducts the
aromatization to the final pyridine ring as putative inter-
mediates corresponding to the intermediate species 36 and 37
were not detectable. Here again, access to the recombinant
enzyme provides an ideal opportunity to study the mechanism

of this fascinating macrocyclic assembly at high resolution that
might involve the intermediacy of a biosynthetic Diels−Alder
construction.

3.8. Stephacidin−Notoamide and Paraherquamide
Biosynthesis. Our laboratories have been studying the
biosynthesis of a large family of fungal alkaloids including the
dioxopiperazine-containing stephacidins, notoamides, and
brevianamides and the related monooxopiperazine alkaloids
including the paraherquamides, marcfortines, malbranchea-
mides, and asperparalines for some time.44 All of these alkaloids
contain a bicyclo[2.2.2]diazaoctane core that is the result of the
net oxidative cyclization of a reverse-isoprene moiety to the two
α-carbons of the amino acid units, typically derived from
tryptophan and proline or a proline analogue. Biomimetic
laboratory intramolecular Diels−Alder reactions, which occur at
ambient temperature and below in aqueous media, provide
indirect support for the putative biosynthetic assembly
processes.
What is further remarkable about stephacidin−notoamide

biosynthesis is the observation that two distinct pairs of
terrestrial and marine-derived orthologous Aspergillus sp.
produce opposite enantiomers of stephacidin A and notoamide
B (100% er). We have postulated that the key enantiodivergent
step is also the formal [4 + 2] cycloaddition reaction that all

Figure 15. Biosynthesis of thiocillin 34 via TclM as cyclase.

Figure 16. Proposed mechanism for the transformation of 33 to 34 in the presence of TclM.
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experimental evidence indicates arises through a common
achiral azadiene (38) as shown in Figure 17.
Whole genome sequencing and bioinformatics analyses of

the identified gene clusters has revealed that the conversion of
notoamide S into notoamide T appears to be conducted by a
cytochrome P450 NotH.44d 4 That the putative intermediate
IMDA substrate 38 is achiral and that the final natural products
are optically pure strongly implicates preorganization of the
isoprene moiety relative to the azadiene in the active site of the
enzyme. It is also noteworthy that the identical Diels−Alder
reaction has been successfully conducted through a biomimetic
total synthesis producing racemic notoamide T in a 2.4:1 syn/
anti-diasteromeric ratio.
We have recently determined that the biosynthesis of the

monooxopiperazine alkaloids (such as paraherquamide and
malbrancheamide) and the dioxopiperazine alkaloids (such as
stephacidin and notoamide B) arise by distinct pathways but
appear to converge on the formation of an azadiene
intermediate (38) that suffers a net formal [4 + 2]
cycloaddition to form the bicyclo[2.2.2]diazaoctane ring
system, albeit in two distinct oxidation states (Figure 18, Z =
O or H2). Based on our current understanding of the pathway
and biosynthetic enzyme function, we hypothesize that the
primary function of the enzymes responsible for fashioning the
bicyclo[2.2.2]diazaoctane ring systems are oxidation (for the
diooxopiperazines) and possibly prenyl transfer or reduction for
the monooxopiperazines and are not specifically cyclases.
Attempts to functionally express NotH in a heterologous host
have not been successful to date and constitute a major focus of
our current efforts. In both families of alkaloids, a reactive
intermediate is formed in the chiral and conformationally

restricted environment of the enzyme active site, which
presumably preorganizes the conformation of the azadiene
relative to the isoprene moiety resulting in highly enantiose-
lective and diastereoselective cycloadditions. Here as in other
systems discussed in this article, the cycloaddition reaction
appears to be a fortuitous “auxiliary reaction” leading to new
molecular complexity. There is ample evidence that chemical
diversification in secondary metabolism is driven by these
fascinating “experiments” in enzyme evolution.45

3.9. Versipelostatin. The synthesis of polyketides is
attractive due to the wide variety of pharmaceutical drugs
developed from this class of compounds. Their structural
variety includes a spirotetronate core, which is proposed to
arise from an IMDA.46 Figure 19 shows the biosynthetic
transformation of versipelostatin. To test this proposition,
inactivation of the VstJ gene resulted in loss of versipelostatin
formation and accumulation of an acyclic intermediate (42), as
shown by liquid chromatography−mass spectrometry (LC/
MS) analysis.46 Further analysis with incubation of purified
enzyme with the isolated intermediate, substrate 42, and
Michaelis−Menten kinetics reveal the nonspontaneous catalytic
character of VstJ in the biosynthesis of the spirotetronate 44.46

Activation of the dienophile and stabilization of the cis-diene
must be provided by organization and hydrogen bonding
within the active site, respectively.

4. CONCLUSION

There are at least nine biosynthetic systems to date that have
been identified to contain natural enzymes claimed to function
as the key cyclase in biosynthetic transformations that appear to
constitute biosynthetic formal [4 + 2] cycloadditions or Diels−

Figure 17. Proposed enantiodivergent biogenesis of the stephacidins and notoamides through a formal [4 + 2] cycloaddition.
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Alder-type constructions. Despite the increasing sophistication
of mechanistic toolsboth theoretical and experimentalto
study the concerted nature of putative enzyme-mediated and/
or specifically enzyme-catalyzed biosynthetic Diels−Alder
constructions, much remains to be investigated, and rigorous
and corroborating biophysical evidence remains elusive.
The fundamental mechanistic conundrum for Diels−

Alderases is the issue of turnover. Virtually all known enzymatic
reactions lower the activation energy to effect rate acceleration
by stabilizing the structure, charge, and geometry of the
developing transition state, which does not typically resemble
the product structure. For the Diels−Alder reaction, however,
the transition state and the product are highly homologous
structurally, which would manifest as product inhibition
begging the question of how turnover is achieved. This very
problem of turnover was evident in the work of Schultz and
Hilvert, who designed and generated catalytic antibodies for the
Diels−Alder reaction using transition-state mimics as haptens.47

In the case of systems where the putative Diels−Alderase is
an enzyme that evolved to perform a distinct biochemical
transformation, such as oxidation, generating the reactive
substrate in the chiral environment of the active site, turnover
is presumably not affected by product inhibition. In such
systems, such as the solanapyrone and stephacidin biosyntheses
discussed above, conformational restriction of the reactive
substrate as it is generated in the active site is predisposed to
undergo the subsequent “side reaction” of cycloaddition. The

entropic benefit of conformational restriction certainly must
contribute to increase the rate of the cycloaddition step relative
to the laboratory reaction and would also plausibly impact
stereoselectivity relative to the laboratory reaction. In fact, the
relative changes in stereoselectivity between the cycloadition
reaction in the presence and absence of enzyme has been used,
perhaps incorrectly, as “experimental evidence” to support the
pericyclic mechanism of these enzyme-mediated transforma-
tions. Extreme care should be exercised in this regard when
comparing the laboratory reaction (where feasible) to the
protein-mediated transformation. Differences in stereoselectiv-
ity only reveal that the protein-mediated reaction has a distinct
stereoselectivity and does not penetrate the subtle mechanistic
details of the protein-mediated reaction.
These authors remain circumspect as to whether a true

Diels−Alderase exists that evolved to specifically catalyze the
Diels−Alder reaction through the concerted, synchronous
pericyclic transition state required. Yet this becomes essentially
a philosophical argument as the experimental rigor required to
prove that a pericyclic transition state is operative to the
exclusion of alternative stepwise, nonsynchronous, or highly
asynchronous mechanisms will inevitably loom. In particular,
nonenzymatic, synthetic chemical Diels−Alder reactions where
the spectrum of substrates, which can undergo cycloaddition
through a strictly concerted, synchronous mechanism con-
trolled by orbital symmetry considerations, typically require
symmetrical substrates rarely found in natural products studied

Figure 18. Unified biosynthesis of the monooxopiperazine and dioxopiperazine families of alkaloids containing a bicyclo[2.2.2]diazaoctane ring
system.

The Journal of Organic Chemistry Perspective

DOI: 10.1021/acs.joc.5b01951
J. Org. Chem. 2015, 80, 11672−11685

11683

http://dx.doi.org/10.1021/acs.joc.5b01951


to date in this context. The polyketide synthases identified in
the pyrroindomycin and spinosyn biosyntheses appear to
constitute enzymes identified to catalyze a formal [4 + 2]
cycloaddition reaction as their sole function.46 Chemists have
been irresistibly drawn to the biosynthetic Diels−Alder
construction for the allure of penetrating how Nature has
been able to exploit so many chemical reactions familiar in
synthetic chemistry to assemble molecular complexity and
molecular diversity in primary metabolites and especially
secondary metabolites. That Nature might have “accidentally”
stumbled upon the Diels−Alder reaction or, more precisely
based on the current body of experimental evidence, formal [4
+ 2] cycloaddition reactions in the course of secondary
metabolic enzyme tailoring is certainly evident, and numerous
examples of nonenzyme-catalyzed biosynthetic Diels−Alder
constructions are known.2 The biological activity of such
natural substances, if providing an adaptive benefit to the
producing organism, furnishes the evolutionary driving force to
preserve, propagate, and modify such enzymes. This field
remains an area worthy of additional experimentation,
theoretical analysis, and pedagogical vetting. As one of the
most significant reactions in synthetic organic chemistry, it is
very exciting to contemplate the extent to which Nature has
interrogated formal [4 + 2] cycloaddition constructions. What
remains as an open, and largely unresolved issue, is the extent
to which formal [4 + 2] constructions mediated and/or
catalyzed enzymatically proceed through concerted, or mostly
synchronous, bond constructions as required for a true
pericyclic transformation. The same problems here in the
formal [4 + 2] cycloadditions evident in Nature permeated an
extensive series of papers on chorismate mutase, formally an
enzyme-catalyzed Claisen rearrangement.48
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