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’ INTRODUCTION

Terpenes are the largest and most structurally complex group
of plant natural products, numbering well over 30 000 known
compounds.1 These metabolites are essential for plant ecological
viability2�7 while providing important bioactives for human
uses.8,9 Remarkably, the stereochemical complexity of terpene
hydrocarbon skeletons largely derives from a single enzyme-
catalyzed reaction by terpene synthases. For example, sesquiterpene
synthases may produce one of 300 stereochemically distinct
hydrocarbon skeletons from a universal substrate farnesyl
diphosphate (FPP) (1) (for review10). More generally, terpene
synthases generate carbocations via metal-assisted and/or pro-
tonation mechanisms, and then direct a sequence of intramole-
cular cyclizations, often involving numerous Wagner�Meerwein
rearrangements, terminating with charge neutralization by water
capture and proton elimination or simply proton elimination.
The intersection of an evolving terpene synthase and the intrinsic

reactivity of its isoprenoid diphosphate substrate, particularly at
critical carbocation branch-points along cyclization pathways,
dictates final product outcomes and hence the distribution of
terpene skeletal types in nature.11 To what extent does terpene
chemical diversity reflect the intrinsic reactivity of the carboca-
tion? To address this fundamental question, this Article presents
a detailed investigation of the conformation, energy, and reactiv-
ity of the eudesm-5-yl carbocation.

Carbocations in terpene cyclization reactions are transient
intermediates normally recalcitrant to isolation. However, their
existence has been well corroborated through careful isotopic
labeling investigations12�14 and theoretical studies from quan-
tum chemistry (for review15). This forms the basis for widely
accepted stereochemical rules of sesquiterpene biogenesis.16
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ABSTRACT: The biogenic origins of complex cyclic terpenes
derive from the interplay of enzymes and the intrinsic reactivity
of carbocation species at major branch-points along intramole-
cular cyclization pathways to ultimately determine the distribu-
tion of terpene skeletal types in nature. Solanaceous plants
biosynthesize chemical defense compounds, largely derived
from the eremophilane and spirovetivane-type sesquiterpenes.
These hydrocarbon skeletons share a common biogenic origin,
stemming from alternative Wagner�Meerwein rearrangements of the eudesm-5-yl carbocation during the cyclization of farnesyl
pyrophosphate (FPP) catalyzed by sesquiterpene synthases. While the spirojatamane skeleton shares the same carbocation
intermediate, this class of sesquiterpenes has not been reported in the Solanaceae and is exceedingly rare in nature. To investigate the
physical basis for alternative rearrangements of the eudesm-5-yl carbocation, we carried out quantum mechanics (QM) analyses to
calculate the allowable conformations, energies, and transition states linking conformers of the eudesm-5-yl carbocation to the
eremophilene, spirovetivane, and spirojatamane skeletons. Additionally, we conducted parallel investigations on simplified decalin
carbocation systems to examine the contribution of ring substituents to allowable conformations and rearrangement pathways. Our
study reveals that ring substituents expand the conformational space accessible to the eudesm-5-yl carbocation while sterically
blocking rearrangements in certain contexts. From our analysis, we define a conformational threshold for each possible
rearrangement based on dihedral angles describing transition state geometry. Further, our calculations indicate that methylene
migration rearrangements leading to spiro compounds are thermodynamically dominant in the eudesm-5-yl and simpler decalin
carabocation systems. Interestingly, the theoretical abundance of sesquiterpene skeletal types arising from the intrinsic reactivity of
the eudesm-5-yl carbocation stands in sharp contrast to their currently known natural abundance. The implications of these results
for the catalytic tragectories catalyzed by sesquiterpene synthases are discussed.
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Accordingly, the attacking nucleophile must be perpendicular to
the plane of the carbocation for carbon�carbon bond formation
to occur. Therefore, knowing the stereochemistry of the products,
one can apply this chemical logic to discern the likely structure
and conformation of the carbocation intermediates leading to
neutral end-product formation.17,18

In nature, the distribution and abundance of sesquiterpene
skeletal types varies widely with some correlation to particular
taxonomic groups. For example, chemical diversification of
sesquiterpene lactones throughout Asteraceae tracks with known
phylogenetic relationships, providing a set of chemosystematic
markers routinely used to identify particular species.19�21 Sola-
naceous plants produce a signature collection of sesquiterpene
phytoalexins. For example, tobacco and peppers produce
capsidiol22 and debneyol,23 derivatives of the eremophilane
skeletal class, as their chemical defense compounds, while potato,
tomato, and henbane produce lubimin,24 rishitin,25 and
solavetivone,26 among a suite of spirovetivane-derived com-
pounds (Scheme 1). The spirojatamane skeletal type is a sister
to both eremophilane and spirovetivane terpenes (discussed
below); however, there are no reports of any derivatives in
solanaceaous plants. In fact, spirojatamanes are a rare skeletal
class first isolated from Lepechinia bullata27 with their named
based on the ring system of (+)-spirojatamol, a sesquiterpene
alcohol of Nardostachys jatamansi.28

To investigate the evolutionary origins of eremophilane and
spriovetivane terpene biogenesis, we constructed and analyzed
the catalytic properties of a collection of phylogenetically defined
mutants encompassing some possible evolutionary intermediates
of Nicotiana tabacum (+)-5-epi-aristolochene synthase (TEAS)
and Hyoscyamus muticus premanspirodiene synthase (HPS), an
extant pair of closely related sesquiterpene cyclases from the
Solanaceae with divergent catalytic properties. These studies
revealed a rugged “catalytic landscape” where promiscuous
catalytic behavior is prevalent in the majority of mutants, while
specific activities are achieved by degenerate combinations of
mutations, sometimes linked by single mutational changes.29 On
a mechanistic level, the observed catalytic properties across the
TEAS- and HPS-like enzymes hinge upon the differential control
of a common eudesm-5-yl carbocation intermediate (2), which
undergoes endothermic Wagner�Meerwein rearrangements
leading to predominantly 5-epi-aritolochene (5EA) or premnas-
pirodiene (PSD), to produce eremophilane and spirovetivane

sesquiterpene skeletal types, respectively (Figure 1). In a few
instances, 4-epi-eremophilene (4EE), an eremophilane, was
observed as the dominant product, while the spirojatamane
compound spirolepechinene (SLC), a previously identified
minor product of TEAS from in vitro assays,18 never emerged
as the dominant product, despite its mechanistic descent from
the shared parent eudesm-5-yl carbocation.

Observations from these in vitro experiments and from the
currently known abundance of terpene skeletal types in plants
raise intriguing evolutionary questions rooted in physical chem-
istry. Is there a geometric or energetic basis for the dominance of
eremophilane and spirovetivane skeletal forms over that of
spirojatamanes? What are the physical and chemical constraints
of the eudesm-5-yl carbocation that dictate the conformation,
energy, and accessible cyclization pathways? How closely does
the theoretical abundance of cyclization products correlate with
the natural abundance of these sesquiterpenes? Does natural
selection follow the intrinsic physical-chemical constraints of the
intermediate carbocations, or do enzymes substantially reshape
these constraints to produce end-products contributing to host
fitness?

To investigate these questions, we created a series of model
decalin carbocation systems and used density functional theory
(DFT) to interrogate the conformers and transition state con-
nectivities of the eudesm-5-yl carbocation leading to three major
skeletal classes. We then applied theoretical morphology, an
analytical methodology of paleobiology,30 to analyze and inter-
pret our computational results to classify and rationalize the
distribution of terpene skeletal forms. Specifically, we defined a
set of minimal geometric parameters of the eudesm-5-yl carboca-
tion to construct a “morphospace” of possible conformations.
We subsequently populated this morphospace with energetically

Scheme 1. Representative Spirane and Eremophilane
Sesquiterpene Natural Products

Figure 1. Mechanistic branch point leading to eremophilane, spirove-
tivane, and spirojamane cyclization products. Farnesyl pyrophosphate
(FPP) is ionized and cyclized to the eudesm-5-yl carbocation (2) by
terpene synthases from the Solanaceae plant family. Further Wagner�
Meerwein rearrangement of this cation along path a, b, or c produces
daughter cations 3, 4, and 5 leading to the spirojatamane, eremophi-
lane, and spirovetivane sesquiterpenes skeletal classes, respectively.
Viewed along the plane of the carbocation center (carbon 2), a
Newman projection of the eudesm-5-yl carbocation (2) reveals a pair
of dihedral angles formed by C1278 or C3276 defined as dh1 and dh2,
respectively.
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viable conformers from our DFT calculations to relate molecular
geometries to cyclization paths. On the basis of this rigorous QM
treatment, we were able to calculate the gas phase, theoretically
expected frequency of eremophilane, spirovetivane, and spiroja-
tamane skeletal forms. Finally, a comparison of theoretical to
currently documented abundances revealed a perplexing dispar-
ity, indicating that the natural chemical abundance is skewed
from the expected thermodynamic distribution. This divergence
strongly suggests the adaptive significance of enzymatic traits
underlying terpene skeletal forms in nature.

’METHODS

Computational Details. All calculations were performed with
Gaussian 98W31 and the density functional method using B3LYP,
Becke’s three-parameter hybrid method32 with the Lee�Yang�Parr
correlation functional33 and the 6-31G* basis set.34 All stationary points
were confirmed with second derivative calculations. Energies reported
here include zero-point energy corrections calculated with unscaled
B3LYP/6-31G* frequencies obtained analytically with G98W. Free
energies of all C15 conformers were obtained from the output of
Gaussian 98W second derivative (FREQ) calculations. Intrinsic reaction
coordinate calculations35,36 were used to determine reaction pathways.
Additional details can be found in the Supporting Information.
Theoretical Yield of C-15 Products.We computed the gas-phase

percent yield of all of the products found using the computedDFT energies
of the reacting conformers and their transition structures. For the computa-
tions to be valid, it must be assumed that the equilibrium of all of the
conformers is established at a much faster rate than the rates of reaction of
the individual conformers. The concentrations of the reacting conformers
are proportional to the mole fraction of each conformer present at
equilibrium. Using the computed DFT free energies of the conformers,
one can calculate equilibriumconstants (Ki) connecting the conformers and
from these the mole fractions (Nm) of each conformer present at
equilibrium as developed earlier byHur and colleagues.37 A general formula
for multiple conformers in equilibrium can easily be derived here for n
conformers with n � 1 number of conformational equilibria:

NmðnÞ ¼ Bm
1 þ AðnÞ for m ¼ 1, :::n

where Bl = 1 and for m > 1:

Bm ¼
Ym � 1

i¼ 1

Ki

and

AðnÞ ¼ ∑
n � 1

j¼ 1

Yj

i¼ 1

Ki

Using the Arrhenius equation, we calculated the reaction rates (kij) from the
computed activation energies for each reaction. Finally, we calculated the
percentage (Pij) of each product using the above computed mole fractions
(note that the total number of reactions is greater than the number of
conformers, because many of the conformers undergo more than one
reaction):

Pij ¼ Ni

D
kij � 100%

where

D ¼ ∑
i
ðNi∑

ri

j
kijÞ

for j = 1, 1...ri for each conformer i, and Ni and kij are defined as above.

’RESULTS AND DISCUSSION

Constructing Carbocation Model Systems. To define the
physical constraints governing the reactivity of the eudesm-5-yl
carbocation (2), we considered a series of carbocation model
systems (2, 6, and 7, Scheme 2). In earlier work, we calculated a
low-energy conformer of 2 with transition state connectivity to
methyl and methylene migrations leading to eremophilane and
spirovetivane products, respectively.29 In the current study, we
extended our investigations to include the spirojatamane path-
way (Figure 1, path a) along with two simplified models designed
to probe the contribution of ring substituents to conformation
and rearrangement pathways (Scheme 2). Specifically, we con-
sidered the simplest bicyclic structure, a methyldecalin C11
system (6), an achiral model, which retains only the potentially
migrating methyl and methylene groups. We then added the C15
methyl group to produce the C12 system (7), while further
addition of the isopropenyl group restores the C15 eudesm-5-yl
carbocation system (2).
Computational Search of Conformational Space. Model

systems in hand, we conducted a rigorous DFT computational
search for conformers starting with the C12 system (7) using
various combinations of boat and chair conformations of the
decalin ring system. These efforts yielded 11 conformers
(Figure 2a), which seeded further computational searches for
the C11 (Figure 2b) and C15 (Figure 2c) systems. In the case of
the C15 system (2), we also explored three possible rotamers of
the isopropenyl tail, resulting in 31 of 33 potential conformers.
Steric effects stemming from presence of the isopropenyl tail
ultimately eliminated two possible conformers. Last, the con-
formational analyses of the C11 system produced 10 distinct
conformers. The 31 C15 conformers were energetically within
10 kcal/mol of the most stable C15 conformer (1J-a). Therefore,
our computational search identified diverse conformers of vary-
ing stabilities. All results are summarized in Figure 2 and Table 1.
Constructing and Populating a Morphospace. To globally

analyze the conformational space occupied by the carbocation
model systems, we employed a theoretical morphologic analysis.
To begin, we first defined a minimal set of geometric parameters
to describe the conformation and reactivity of the decalin ring; a
pair of dihedral angles (dh1 and dh2) describe the migrating

Scheme 2. Decalin Carbocation Model Systemsa

aA series of model cyclic carbocation systems were constructed to
evaluate the effect of ring substituents on the distribution of energetically
favorable ring conformations.
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methyl/methylene bonds and therefore directly relate transition
state geometry to the potential cyclization pathways (Figure 1).
We then retrieved these dihedral angles from the calculated
conformers (Table 1) and plotted them against each other to
populate a “morphospace”. Visual analysis of the resulting plot
revealed a scatter of conformers along a diagonal we term the
dihedral axis, with two symmetrically opposed regions devoid of
conformers for the C11 and C12 systems (Figure 3a). Physically,
certain combinations of dihedral angles introduce significant
torsional strain in the prescribed conformers, thereby raising the
energy of such conformations creating substantial reaction
barriers, an observation not previously noted. This region spans
a 20 by 20� dihedral angle sweep (dh1/dh2) in conformational
space, situated symmetrically at +40� to +60�/+5� to �15� and
�40� to �60�/�5� to +15�.
Interestingly, the C15 system populates one of these barren

regions (Figure 3b). To computationally probe this unexpected
population of C15 conformers, we removed the isopropenyl
moiety from conformers 1G-b and 1H-a, two C15 representa-
tives from the barren region, and performed a DFT geometry
optimization to locate energy minima. Each starting carbocation

underwent “conformational readjustment” moving to a lower
energy conformation 1H, a C12 conformer, outside of the barren
region (Table 1). Thus, while the isopropenyl tail of the C15
system introduces significant steric crowding depending on its
rotation, this is offset by increased torsional strain, as exemplified
by the 1G conformers (Figure 3c). Therefore, direct comparison
between model systems sheds light on the contribution of ring
substituents to expanding accessible conformational space in the
C15 decalin carbocation ring system.
Given the large collection of possible conformers, which ones

are most relevant to subsequent cyclization reactions of the C15
system? The simplest explanation is that the lowest energy confor-
mers will dominate, particularly if the system is under equilibrium.
Therefore, we calculated the distribution of all conformers at equili-
brium, having found minima on the potential energy surface. For
this, we used free energies of the conformers, assuming they are
in equilibrium with one another at 298.13 K (as detailed in
Methods). To visualize this, we scaled the data points in ourmorpho-
space according to equilibrium abundance (Supporting Informa-
tion Table 1). As expected, we observed a skewed distribution
with many conformers assuming minimal population distributions

Figure 2. Continued
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(Figure 3d). These sparsely populated conformational spaces are
due to the large energy differences between conformers, with the
most stable conformer 1J-a dominating the landscape. Interest-
ingly, conformers residing in the barren region are reasonably
stable relative to others, indicating their energetic viability and
suggesting potential relevance to cyclization (described below).

Conformation to Pathways. To relate conformations to
accessible cyclization pathways and hence products (Figure 1),
we conducted a computational search for transition structures
leading to the three potential Wagner�Meerwein shifts for each
conformer. Once a transition structure was located, an internal
reaction coordinate (IRC) calculation was performed, first to

Figure 2. Conformers, transition structures, and products of decalin carbocation model system. Results of QM calculations for (a) C12 (7), (b) C11
(6), and (c) C15 (2) decalin models systems (Scheme 2) are illustrated as ball and stick models. A legend (inset) describes the arrangement of reactant
conformer, transition structure, and product cations and the calculated energy of conformers (ΔHc), activation energy (ΔH

q), and energy of reaction
(ΔHR). Conformers are grouped according to cyclization pathways discovered by internal reaction coordinate calculations. Pathways correspond to
Wagner�Meerwein rearrangements described in Figure 1. The red atoms in reactants and products indicate the location of positive charge, while gold
atoms in the transition structures indicate the three allyl cation carbon atoms directly involved in theWagner�Meerwein shifts. For some conformers, no
transition structures were discovered. For the achiral C11 (6) system in panel b, some product cations correspond to reactant conformers found in initial
calculations, as indicated by the shading scheme (inset legend).
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ensure linkage to the conformer under investigation and second
to find the product carbocation. The results are summarized in
Figure 2 and Table 1. In almost all cases, these migration
reactions are endothermic, suggesting a role for the enzyme in
controlling this aspect of the cyclization reaction. Annotating the
morphospace with transition state connectivity illustrates how
each Wagner�Meerwein shift distributes along the axis of
accessible conformations (Figure 4).
Analysis of the simple C11 model system (6) reveals funda-

mental geometrical features that relate to cyclization reactivity.
This system is unique in having a plane of symmetry passing
through the methyl carbon and the two bridgehead carbons and
is therefore achiral (dashed line, Figure 4a). Interestingly, two
conformers (P7 and P9) lie on this plane of symmetry and are
connected via methyl migrations. For example, conformer P7 has
equal dihedral angles 1 and 2 (+30�,�30�) and parents a methyl
migration leading to P9 and a distinct methylene migration
pathway leading to a spiro cation (Figure 2b). Dual transition
state connectivity turns out to be common in the more com-
plex C12 and C15 systems (described below); however, the
methylene migrations arising from P7 are indistinguishable as
“enantiomeric pathways” given the symmetry. Conformer P9
also has equal dihedral angles (+22�,�22�), but gives rise only to
the methyl migration pathway. Therefore, it appears that a 30�
dihedral angle threshold is required for methylene migrations to
occur. This means that the migrating bond in the “reactant”
carbocation only needs to be within 60� of perpendicularity to
the plane of the carbocation center for the reaction to proceed,

Table 1. Conformations, Energy, and Reaction Pathways for
the Carbocation Systemsa

Wagner�
Meerwein shift

system cation ΔHc ΔHq ΔHR dh1 dh2 a b c

C15 (2) 1K-c 9.3 5.4 3.9 �22.0 �73.0 +

1J-c 3.7 NR NR �21.7 �70.4

1K-a 5.8 NR NR �20.3 �71.0

1J-a 0.0 8.5 8.1 �19.7 �68.9 +

1J-b 4.3 6.7 4.4 �16.5 �67.7 +

1K-b 9.7 4.2 1.9 �16.0 �70.0 +

1H-b 3.1 NR NR �13.4 �67.2

1H-c 1.5 NR NR �9.7 �63.1

1F-a 2.2 14.0 7.2 �7.3 �61.9 +

1G-b 1.8 5.0 3.0 1.0 �58.6 +

1.8 9.8 6.0 1.0 �58.6 +

1H-a 2.4 11.7 8.2 1.8 �52.9 +

1I-c 7.6 NR NR 7.1 �46.0

1F-c 1.4 14.6 7.7 7.6 �45.3 +

1I-b 9.0 NR NR 11.6 �40.4

1I-a 7.1 NR NR 14.0 �37.8

1F-b 3.2 13.5 6.7 17.8 �38.5 +

1G-a 1.7 5.2 3.0 20.4 �41.0 +

1.7 10.2 6.7 20.4 �41.0 +

1G-c 1.3 5.1 3.3 21.5 �40.4 +

1.3 10.0 6.1 21.5 �40.4 +

1A-c 5.2 9.9 1.7 21.7 �29.2 +

1B-a 6.2 9.8 2.2 22.3 �24.7 +

1A-a 6.2 9.3 1.8 22.6 �29.1 +

1A-b 6.6 9.3 1.3 24.6 �27.7 +

1D-a 8.0 6.1 1.2 31.6 �21.6 +

8.0 13.2 �0.1 31.6 �21.6 +

1B-b 6.3 8.7 �0.3 32.8 �18.1 +

6.3 10.8 2.0 32.8 �18.1 +

1C-b 3.5 7.2 1.7 34.9 �20.3 +

3.5 3.4 1.6 34.9 �20.3 +

1C-a 2.3 8.3 3.1 36.0 �19.9 +

2.3 4.5 2.8 36.0 �19.9 +

1C-c 1.9 8.4 3.2 36.4 �19.1 +

1.9 4.8 3.5 36.4 �19.1 +

1D-b 8.7 4.5 �1.9 36.6 �16.8 +

8.7 10.9 �1.8 36.6 �16.8 +

1E-a 2.3 5.9 5.6 61.9 5.8 +

1E-c 1.1 7.0 7.0 62.7 7.8 +

1E-b 2.7 5.6 5.4 64.0 8.3 +

C12 (7) 1J 0 9.1 5.2 �14.1 �66.9 +

1J 0 6.7 5.7 �14.1 �66.9 +

1K 5.7 4.5 2.6 �13.2 �67.7 +

1H 1.7 9.8 4.9 �10.5 �65.8 +

1H 1.7 8.1 4.8 �10.5 �65.8 +

1F 2.2 4.8 2.6 �10 �65.7 +

1G 0.9 4.5 2.4 15 �46.3 +

1G 0.9 9.5 5.5 15 �46.3 +

1I 5.8 5.7 �1.7 18.9 �33.6 +

1I 5.8 8.6 2.9 18.9 �33.6 +

1A 5.3 8.5 0.3 23.2 �28.4 +

Table 1. Continued

Wagner�
Meerwein shift

system cation ΔHc ΔHq ΔHR dh1 dh2 a b c

1C 2.2 7.3 1.5 34.6 �20.8 +

1C 2.2 4.1 2.2 34.6 �20.8 +

1B 2.8 9.2 0.1 35.1 �16.6 +

1B 2.8 11.2 3.6 35.1 �16.6 +

1D 5.1 4.9 �1.4 35.9 �16.5 +

1D 5.1 10.7 0 35.9 �16.5 +

1E 2.4 5.2 4.9 64.4 8.3 +

C11 (6) P8 4.1 3 0.3 �11.9 �65.5 +

P6 3.4 7.9 0.1 19 �34.5 +

P1 4.2 NR NR 21.3 �28.4

P9 5 2.7 5 21.8 �21.8 +

P7 0.2 7.5 4.8 30.2 �30.1 +

0.2 4 1.9 30.2 �30.1 +

P10 1.1 8 1.1 33.6 �20.5 +

P2 3.5 7.8 �0.1 35.3 �15 +

P4 3.8 5.3 �2.7 35.6 �15.4 +

3.8 8.3 1.1 35.6 �15.4 +

P3 1.7 7.1 2.7 64 10.1 +

P5 0 6.9 0 65.4 13.1 +

0 5.2 4.7 65.4 13.1 +
aΔHc: Energy (in kcal/mol) of the conformer relative to 1j-a, 1J, andP5
for the C15, C12, andC11 systems, respectively.ΔHq: Activation energy
(reactant to transition structure in kcal/mol). ΔHR: Energy of reaction
(reactant to product) in kcal/mol. dh1 and dh2: Dihedral angles as
defined in Figure 1.
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a previously unreported observation to our knowledge, and a
unique contribution from the current work.
Extending our analysis to more complex systems exposes

added constraints on reactivity imposed by ring substituents.
Introduction of the methyl group in the C12 system (7) breaks
the internal mirror plane symmetry; no such conformer akin to
P7 or P9 was discovered for the C12 and the more highly
substituted C15 systems. However, the 30� dihedral angle forms
a dividing line separating methylene migration pathways leading
to either spirovetivane or spirojatamane products, which mini-
mally require a dh1 g +30� or dh2 g �30�, respectively
(Figure 4b and c). Although many conformers display dual
transition state connectivity, several clusters of conformers share
connectivity to single cyclization pathways. For example, spirane-
exclusive pathways occupy the poles at extreme ends of the plot
as expected given the opposing geometrical requirements for
their respectiveWagner�Meerwein shifts (Figure 1, paths a and c).
In the center of the plot is a cluster exclusively linked to methyl
migrations, while a sparser collection extends clear into the
spirojatamane end of the dihedral axis. Interestingly, there is a
tight cluster with dual spirovetivane and eremophilane connec-
tivity, in contrast to the scattered spread of conformers connect-
ing the other set of dual pathways. In some instances, no
transition state could be found linking a carbocation to any
transition state, particularly for the C15 system. Hence, these
conformers represent “dead ends” due to steric blockage from
the methyl and/or isopropenyl group. Thus, while the ring

substituents expanded accessible conformational space, the
associated steric effects block rearrangements in certain contexts.
To summarize the pathway connectivity results, we related the

dihedral scatter plot back to our Newman projection model of
eudesm-5-yl carbocation system (2) (Figure 4d). The methyl
group sweeps through a 45� arc in conformers where the methyl
migration pathway is physically viable, whereas the methylene
migrations have a narrower window of 35� by comparison. In all
cases, only a narrow arc is exclusive to a given pathway. Therefore,
the enzyme active site may be sensitively tuned to filter out closely
related conformers given the overlap in transition state connectivity.
Theoretical Abundance of Sesquiterpene Skeletal Types.

To determine the expected frequency of sesquiterpene skeletal
types based on conformation and reactivity of the eudesm-5-yl
carbocation (2), we calculated the theoretical abundance. Using
energies of activation (Figure 2c and Table 1), we calculated the
first-order rate constants for each Wagner�Meerwein rearrange-
ment. Weighting each rate constant with mole fractions from
equilibrium calculations (Supporting Information Table 1), we
obtained the percentages of the three main pathways, and hence
the theoretical final product outcomes (Table 2). Strikingly, the
gas-phase calculations indicate the two methylene shift pathways
should dominate, with paths a (spirojatamane) and c (spirovetivane)
constituting 56.3% and 43.6% product, respectively. By contrast,
the methyl migration, which can occur over the largest swath of
conformational space (Figure 4d), only contributes 0.1% to
product outcomes. These predictions are in stark contrast to

Figure 3. Model carbocation systems and the distribution of low-energy conformers. (a) Scatter plot of dihedral angles 1 and 2 from energetically
favorable conformations of the C11, C12, and (b) C15 systems derived from DFT calculations (Figure 2, Table 1). Shading indicates barren regions in
the plot, two for the C11 and C12 conformers, one of which is shared with the C15 conformers to represent the barren region where no low-energy
conformers were found. (c) A representative conformer (1G-b in Figure 2) of the C15 system (2) from the barren region of the dihedral plot is illustrated
as viewed along the carbocation plane down the C2/C7 bond axis (top) or by 90� rotation. (d) Conformers of the C15 system where sphere size was
scaled according to equilibrium concentrations (Supporting Information Table 1).
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the documented abundance in the Solanaceae (albeit a currently
sparse sample), which produce spirovetivane and eremophilane
skeletal classes in abundance, while the spirojatame skeleton is
absent and only rarely observed in other organisms.
To visually analyze the theoretical abundance results in morpho-

space, we scaled the spheres on the dihedral axis according to their
contribution to predicted product outcomes (Figure 5). Our results
indicate that thermodynamically, only a few conformers are relevant
to final product outcomes, all of which have dual transition state
connectivity, including 1G-b, which is from the barren region.
Interestingly, while 1J-a is the most energetically favorable con-
former (Figure 3d) and has exclusive linkage to spirojatamane
(Figure 2c), this conformer contributes little to the products.

Comparison of physical models of reactant, transition state,
and product carbocations along the dominant reaction coordi-
nates reveals a counterintuitive result. Given the endothermic
nature of these rearrangements, we observe the structure of
transition states most closely resembles products according to
Hammond’s postulate, as expected (Figure 6, Table 1). Strik-
ingly, methylene migration pathways, while lower in energy,
exhibit considerably greater structural change during these
rearrangements (Figure 6). Conversely, methyl migrations are
high-energy pathways relative to the methylene migrations,
although they exhibit substantially fewer structural rearrange-
ments in traversing the transition state to product carbocations.

Figure 4. Geometric parameters and cyclization pathways. (a�c) The transition state connectivity of carbocations from the C12 and C15 systems is
annotated on the dihedral angle scatter plot according to color, path a (blue), path b (yellow), path c (red), path a/b (green), path b/c (orange), and no
reaction (black). For the C11 system, exclusively spiro (blue), eremophyl (green), or both pathways (red) are indicated, and the dashed line denotes the
mirror-plane symmetry of this system. (d) Newman projection (Figure 1) annotated to show the dihedral sweep of each potentially migrating carbon.

Table 2. Theoretical Distribution of Cyclization Products
Arising from the Eudesm-5-yl Carbocation System (2)a

conformer % abundance W�M shift product

1C-a 12.7 c spirovetivane

1C-b 13.8 c spirovetivane

1C-c 14.7 c spirovetivane

1E-a 0.9 c spirovetivane

1E-b 0.8 c spirovetivane

1E-c 0.7 c spirovetivane

1G-a 12.4 a spirojatamane

1G-b 16.3 a spirojatamane

1G-c 27 a spirojatamane

1J-a 0.5 a spirojatamane
aValues were calculated as described in methods and listed in the
Supporting Information.

Figure 5. Conformers contributing to the theoretical abundance of
cyclization products. Conformers along the dihedral axis of the C15
morphospace are scaled according to their contribution to the overall
abundance of terpene skeletal types as listed in Table 1 (color scheme as
in Figure 4). Shading denotes a barren area.
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Steric effects from the C15 methyl and isopropenyl groups
should elevate the methyl migration energy, and indeed should
block this pathway in some cases. However, even in the absence
of ring substituents, as in the minimal C11 system (6), where the
methyl group is perfectly aligned for migration in P7, this
pathway is still considerably higher in energy (3.5 kcal/mol)
than the alternative methylene shift path.

’CONCLUSIONS

This Article critically examines how the conformational state
of a pivotal carbocation intermediate relates to branching cycliza-
tion pathways and ultimately the sesquiterpene skeletal forms at
the core of diverse terpene structures in nature. Borrowing
analytical tools from paleobiology, the current work presents a
novel approach to analyzing and interpreting a QM analysis of
carbocations; by defining minimal geometric parameters that
describe the carbocation structure, we were able to globally
analyze and compare model systems in a theoretical morpho-
space to reveal a region of unexpectedly high activation barriers.
This led to further insights into the contribution of ring
substituents to conformation and reactivity of the eudesm-5-yl
carbocation, which ultimately allow entry into this region and
further give rise to energetically favorable transition states.
Furthermore, our calculations reveal a 30� rule, which defines a
geometrical requirement in the migrating bond of the reactant
carbocation for viable transition state connectivity and hence
rearrangement reactions to proceed.

A major caveat remains; these are gas-phase calculations
whereas cyclization pathways ultimately transpire in the confines
of a dynamic enzyme active site, restricted by geometry, stereo-
electronic effects, bound solvent, and electrostatics, most likely
modulated by varying distributions of enzyme conformational
states. Furthermore, product outcomes may be dictated by
kinetic control as previously suggested for sesquiterpenes from
trichodiene synthase38 and for monoterpene products given the
wide-ranging heats of formation from the R-terpinyl cation.39

Despite these limitations, QM calculations currently provide the
only means of reconstructing the geometry and intrinsic reactiv-
ity of these species. The theoretical morphologic approach
used here provides a useful framework for interpreting the

conformational and energetic landscape that underpins intrinsic
reactivity. Controlling this landscape is the central challenge of
the enzyme and is clearly under evolutionary restraints. Consider
the TEAS product spectrum that contains both spirovetivane and
spirojatamane products in minor amounts. These products
originate from distinct conformer origins of the eudesm-5-yl
cation that populate the active site, yet are effectively filtered out
by the enzyme most of the time. However, examination of
transition state models in the static active site crystal structure
of TEAS reveals no obvious steric or electronic rationale for
selection of the eremophilane or exclusion of the spiro cyclization
pathways. Although accurate conformer filtering may be impor-
tant, most conformers are linked to two separate pathways, as
illustrated from the annotated morphospace (Figure 4). There-
fore, we speculate the enzyme may have evolved to recognize
features arising from the sequence of structural changes in the
cyclizing species as another level of discrimination, as these
changes may be quite substantial (Figure 6).

Quantum mechanics has enabled us to precisely calculate the
relative energies and intrinsic reactivities of conformations of the
eudesm-5-yl carbocation. Our effort uniquely contributes to a
growing body of work aimed at producing a detailed physical
picture and deeper insights into terpene cyclization. For example,
the calculation of polycyclization pathways of the farnesyl cation
leading to the multicyclic sesquiterpene pentalenene was found
to involve unusual and unexpected intermediates,40 and quantum
chemical calculations produced a physical model relating
several sesquiterpene families to bisabolyl cation cyclization
mechanisms.41 Extensive DFT calculations on the cyclization of
squalene to lanosterol and hopenes have shown these cycliza-
tions to be not only by and large concerted in nature,42�44 but
also to avoid the previously proposed anti-Markovnikov ring
expansion in the formation of the C and D rings in these
cyclizations.45 More recently, DFT calculations coupled with
X-ray crystallography and organic chemistry enabled the struc-
tural elucidation of the cisoid cyclization pathway in TEAS.46

While the QM work presented here is a central component of
a model describing the physical constraints underlying terpene
chemical diversity, further expansion with computational ap-
proaches like QM/MM will be invaluable in probing the
potential influence of macroscopic vibrational modes of the

Figure 6. Structural transformations along the reaction coordinate. (a) A reaction coordinate diagram depicting the energy change along representative
pathways from low energy conformer reactant (R), transition state (TS), to product (P) carbocations where paths a and b derive from 1G-b and path c
from 1C-c reactant cations, respectively. (b) Structural depiction of representative pathways from panel a where dashed red lines indicate newly forming
bonds in each respective transition state. Hydrogen atoms were removed for clarity.
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protein with the cyclizing carbocation. Coupling these efforts
with experimental approaches using NMR and isotopic labeling,
integrated with crystallographic information, will likely lead to
the proposal of a new theoretical abundance of products based on
inclusion of additional physical constraints introduced by the
enzyme. Finally, existing reports indicate that solanaceous plants
produce primarily skeletons from paths b and c (5-EA and PSD)
with no report of spirojatamane derivatives found in this family; a
comprehensive cataloguing of the natural abundance of terpene
skeletal classes and characterization of their cognate terpene cyclases
will be important future work as we endeavor to piece together
the distribution and adaptive significance of terpene skeletal
forms in nature.
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