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ABSTRACT: Although evidence has mounted in recent years for the
biosynthetic relevance of [4 + 2] cycloaddition reactions, other cycloadditions
have received much less attention. Herein we used density functional theory
(DFT) calculations to assess the viability of nitrone−alkene (3 + 2)
cycloaddition reactions proposed to occur during the biosynthesis of several
alkaloid natural products (flueggines and virosaines). The results of our
calculations indicate that these reactions have low enough intrinsic barriers
and diastereoselectivity that they can proceed without enzymatic intervention.

While the possible involvement of [4 + 2] cyclo-
additionsboth with and without enzymatic assis-

tancein biosynthetic pathways has received considerable
notoriety,1−5 biosynthetic dipolar cycloadditions have received
much less attention. Among these, oxidopyrilium−alkene
cycloadditions are perhaps best known, having been demon-
strated to be feasible in total syntheses of terpenoid natural
products6,7 and having been shown by quantum-chemical
calculations to have barriers of approximately 20 kcal/mol for
biosynthetically relevant systems.8 Herein we describe a
quantum-chemical study of (3 + 2) nitrone−alkene cyclo-
additions leading to complex alkaloid natural products. Our
results indicate that enzymatic intervention is not necessary to
lower the barriers or control the regio- and stereoselectivity of
these transformations.
Flueggine A and the virosaine alkaloids (Scheme 1), all

isolated from Flueggea virosa,9−12 have very different molecular
architectures, but all contain (in addition to their butenolide
substructures) central isoxazolidine rings. It was proposed that
these rings could be produced by biosynthetic nitrone−alkene
cycloadditions,11,12 all involving diastereomers of the same
precursor, 1 (Scheme 1). This precursor could be derived from
oxidative cleavage of the known alkaloid norsecurinine or
through an independent pathway from tyrosine. An inter-
molecular reaction with norsecurinine could produce flueggine
A (Scheme 1, left), although it is not obvious whether the
isomer found in nature would be inherently preferred.
Intramolecular cycloaddition of particular stereoisomers of 1
would lead to virosaines A and B (Scheme 1, right). The
viability of both types of cycloaddition in abiological environs
(nonpolar organic solvents at elevated temperatures) was
demonstrated by Yang, Li, and co-workers.13 We now describe
the results of density functional theory (DFT) calculations14 on
these reactions and discuss the predicted magnitudes of the
barriers for nonassisted cycloaddition and the magnitude,
direction, and origins of the inherent selectivity for these
complex molecules.

Toward Flueggine A. First we consider flueggine A-
forming cycloadditions. Because both the dipole and
dipolarophile are chiral, eight different cycloaddition transition
state arrangements are possible, differing in regiochemistry and
stereochemistry (endo vs exo and attack from either face of the
dipolarophile). These transition state structures were first
located in the gas phase using a model system consisting of
norsecurinine in its entirety but 2-methylnitrone as a dipole.
The lowest-energy computed transition state structure
corresponded to the geometry that would produce the natural
diastereomer of flueggine A. The three transition state
structures with the next-lowest predicted energies were all
approximately 4 kcal/mol higher in energy than the lowest.
These four transition state geometries were then re-examined
using 1 as a dipole. For all four, the dienone was oriented in
such a way that its hydroxyl group could participate in
hydrogen bonding with the nitrone oxygen. The resulting
transition state structures are shown in Figure 1. The preferred
transition state structure for the full system is again that which
would produce the natural diastereomer of flueggine A
(Scheme 1). The predicted energy barrier for cycloaddition
in water via this transition state structure is 10.3 kcal/mol
(based on the energy of separated reactants); gas-phase
calculations indicate that this barrier would be increased by
13−14 kcal/mol upon inclusion of entropy and thermal
corrections. Distortion/interaction analysis24−28 indicated that
this transition state structure is preferred over the other three in
Figure 1 because it has both a smaller distortion energy and a
larger interaction energy (see the Supporting Information for
details).
In that there is an inherent preference for the formation of

flueggine A rather than alternative constitutional isomers or
stereoisomers, it seems clear that selectivity control by an
enzyme is not required. Nonetheless, this reaction could be
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promoted by bringing the two reactants together without
disrupting the inherent preference for product formation. If 1 is
indeed produced from norsecurinine (Scheme 1), the two
reactants will be present in the same local environment.
The norsecurine + 1 reaction was also carried out in toluene

at elevated temperatures, and flueggine A was formed in 77%

yield under these conditions.13 Our predicted barriers and
selectivity for reaction in the gas phase would be expected to
correlate with this experimental observation, and they dothe
transition state structure leading to flueggine A is again
predicted to predominate (by 2.2 kcal/mol over the next-lowest
transition state structure), and a barrier of 22.9 kcal/mol for the
cycloaddition is predicted.

Toward the Virosaines. In principle, diastereomers of
nitrone 1 could also undergo intramolecular (3 + 2)
cycloadditions to produce the virosaines (Scheme 1 and Figure
2). Transition state structures for the formation of ent-virosaine

A and virosaine B are shown in Figure 2. The barriers for
formation of the virosaines (based on the lowest-energy
conformers of reactants) are predicted to be in the range
where enzymatic intervention is not absolutely required (these
barriers are predicted to increase by only ∼1 kcal/mol upon
inclusion of entropy and thermal corrections).
Distortion/interaction energy analyses of TS5 and TS6 were

difficult to perform because the dipole and dipolarophile were
part of the same molecule and connected by a very short
tether.29 Instead, two truncated versions of the dipolarophile
were examined (Figure 3, top). Not surprisingly, a larger
interaction energy was found for transition state structures with
shorter forming C−O bonds. This effect appears to outweigh
the effect of a corresponding lengthening of the forming C−C
bond, indicating that the interaction energy is correlated to the
asynchronicity in this case, which would serve to help the
virosaine-forming reactions (note the forming bond lengths
shown in Figure 2 and Figure 3, bottom). Dipolarophile
distortion appears to be correlated in the opposite sense,
however, partly counteracting this effect for the small model
systems shown but likely overwhelming it for the highly
constrained TS5 and TS6, which have barriers larger than those
predicted for the small model systems.
The barriers for formation of virosaine B and ent-virosaine A

are affected by several compensatory factors. During these
processes, the allylic CHOH groups pucker away from the
dipole; consequently, the πCC ↔ σ*C−O alignment decreases
for the ent-virosaine A-forming reaction but increases for the
virosaine B-forming reaction. A natural bond orbital (NBO)
analysis30 revealed a stabilization of 5.1 kcal/mol for donation
of the σC−O orbital (of the forming bond) into the accepting
σC−O* orbital (of the OH group) of the transition state structure
leading to virosaine B. This effect is largely counterbalanced,
however, by a stabilization of 3.0 kcal/mol in the transition
state structure leading to ent-virosaine A from donation of the

Scheme 1. Biosynthetic and Biomimetic (3 + 2)
Cycloadditions: Proposed (3 + 2) Cycloadditions in the
Biosynthesis of Flueggine a and Virosaines A and B (Note
That Different Diastereomers of 1 Lead to Different Classes
of Natural Products)

Figure 1. Transition state structuresintermolecular: computed
transition state structures for cycloaddition of 1 with norsecurinine.
Selected distances (Å) are shown; predicted energy barriers (kcal/
mol) in water [SMD(water)-M06-2X/6-311++G(d,p)//M06-2X/6-
31+G(d,p)] are shown in bold text.

Figure 2. Transition state structuresintramolecular: computed
transition state structures and predicted barriers [SMD(water)-M06-
2X/6-311++G(d,p)//M06-2X/6-31+G(d,p)] for intramolecular cyclo-
addition of 1. Selected distances (Å) and energy barriers (kcal/mol, in
bold) are shown.
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σC−H orbital into the σC−O* orbital (of the forming bond). The
remaining energy difference is likely made up through
differences in dipole distortion and other smaller interactions.
Enzyme Intervention or Not? Is enzyme intervention

necessary for the flueggine- and virosaine-forming reactions to
be biosynthetically feasible? The free energy barriers for
cycloadditions leading to these natural products are predicted
to be 20−24 kcal/mol. A free energy barrier of 23 kcal/mol
corresponds to a half-life of approximately 1 h at room
temperature, implying that enzymatic intervention is not
absolutely required.8 Although reducing the polarity of the
environment and reducing the entropy penalty associated with
cycloaddition will lower the barriers to some extent, the
associated impediments to cycloaddition are not prohibitive.
Consequently, we conclude that nitrone−alkene cycloadditions
are indeed viable steps in the biosynthesis of alkaloids.31
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