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Quantum chemical calculations (B3LYP/6-31G(d)) on carbocation rearrangements that are proposed to
occur in the biosynthesis of aspernomine are described. Based on these calculations, a pathway involving
a concerted but asynchronous [4+2] cycloaddition that avoids the formation of a secondary carbocation is
proposed for small model systems.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Aspernomine (1, Scheme 1) is a complex indole diterpenoid nat-
ural product found in the reproductive organ of the fungus Asper-
gillus nomius.1,2 It has shown potent anti-insectan properties
against the crop pest Heliothis zea, anti-fungal properties, and sig-
nificant cytotoxicity toward three human solid tumor cell lines.1

Liu, McWhorter, and Hadden proposed that the polycyclic scaffold
of aspernomine could be constructed biosynthetically via rear-
rangement of an oxidized form of another natural product, nomi-
nine (2).2,3 Herein, we describe quantum chemical calculations
on the mechanism of this rearrangement.

Liu, McWhorter, and Hadden’s proposal was based on the obser-
vation that compound 4, which contains a key fragment of nomi-
nine, rearranged under acidic conditions to compound 5 (Scheme
2; 65% yield).2 The mechanism proposed by these authors, which
involves cyclization followed by aryl migration, is shown in
Scheme 3 for a further truncated structure, 6, that we utilized in
our initial calculations.
ll rights reserved.
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2. Methods

All calculations were performed with GAUSSIAN03.4 Geometries
were optimized without symmetry constraints at the B3LYP/6-
31G(d) level.5 All structures were characterized by frequency
calculations, and reported energies include zero-point energy
corrections scaled by 0.9806.6 Intrinsic reaction coordinate (IRC)
aspernomine (1)
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Figure 1. Computed (B3LYP/6-31G(d)) geometries (selected distances in Å) and relative energies (kcal/mol) of structures involved in the conversion of A to D.
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calculations were used to further characterize the nature of transi-
tion state structures (see Supplementary data for details).7 Struc-
tural drawings were produced using Ball & Stick.8

3. Results and discussion

To determine if the mechanism shown in Scheme 3 is energet-
ically feasible, we calculated the structures and energies of all of
the intermediates involved and the transition state structures con-
necting them. We began with a simplified model system based on
6, as shown in Scheme 3. The geometries and relative energies of
species involved in the A-to-D rearrangement are shown in Figure 1.
Interestingly, we found a transition state structure that connects
A and C directly. In other words, if A adopts the conformation
shown, secondary carbocation B is bypassed in a concerted, but
very asynchronous, [4+2] cycloaddition, in which the two new
C–C single bonds are formed to greatly different extents in the
transition state structure (see Fig. 1).9 Starting from a different
conformation, a carbocation of type B was located (Fig. 2), but this
species is 17 kcal/mol higher in energy than A and therefore
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approximately 10 kcal/mol higher in energy than the A-to-C tran-
sition state structure. Fragmentation of C to produce D has a low
barrier. Overall, the two-step rearrangement of A to D is exother-
mic by approximately 15 kcal/mol and has a calculated barrier of
less than 10 kcal/mol, making this rearrangement extremely
facile.10

The A-to-C-to-D mechanism is energetically feasible, but we
wondered whether adding more of the structural elements present
in aspernomine would change this situation. Along these lines, we
reexamined the rearrangement mechanism using models with
either a cyclohexane or cis-decalin fused to 6 (Chart 1). Both chair
and boat conformations for each added ring were examined. Com-
puted energies for all intermediates located and transition state
structures connecting them are listed in Table 1 (geometries of
all structures can be found in the Supplementary data). Chair con-
formations were favored for both rings.11 For these larger model
systems, concerted A-to-C reactions were not found. This is likely
a result of the fact that appending the additional rings leads to ver-
sions of B that bear tertiary rather than secondary carbocation cen-
ters, which also leads to low barriers for pathways through
intermediates B.
N

HO

N

HO

7 8

Chart 1.

Table 1
Computed (B3LYP/6-31G(d)) energies (kcal/mol; relative to the lowest energy conforme
rearrangements of N-protonated 7 and 8

Model A TSA-to-B B

7-H+ (Chair) [0.00] 3.44 �1.89
7-H+ (Boat) 4.29 7.66 2.07
8-H+ (Chair/chair) [0.00] 1.86 �4.54
8-H+ (Chair/boat)a 3.78 10.24 4.99
8-H+ (Boat/chair)b 5.78 8.78 3.01
8-H+ (Boat/boat) 8.35 10.59 4.03

a The ‘chair/boat’ conformer has a chair conformation for the ring closest to the heter
b The ‘boat/chair’ conformer has a boat conformation for the ring closest to the heter
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Figure 2. Computed (B3LYP/6-31G(d)) geometry (selected distances in Å) of B.
Thus, we conclude that the mechanism originally proposed by
Liu, McWhorter, and Hadden for formation of aspernomine is quite
feasible on energetic grounds, but the reaction of 4 that prompted
this mechanistic proposal may well involve a concerted, but very
asynchronous, [4+2] reaction.
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