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ABSTRACT: Density functional theory calculations on a
carbocation rearrangement relevant to the biosynthesis of the
sesquiterpenoid trefolane A are described, with a focus on the
viability of altering the curvature of the potential energy surface
through C−H···π interactions of the sort likely to be found at the
active site of a terpene synthase enzyme. These interactions are
able to remove a deep minimum from a pathway to product.

How can a reacting molecule avoid becoming trapped in a
deep minimum on a potential energy surface, when such a

minimum exists along the reaction coordinate to products? This
question is relevant to all branches of chemistry.1 Here we
describe an example of how a deepminimum can be converted to
a shallow minimum by judiciously placed C−H···π interactions.2
During the course of our studies on carbocation cyclization/

rearrangement reactions that form terpene natural products,3 we
encountered a variety of reaction coordinates where deep
minima impeded progress toward terpene products.4 While most
terpene-forming pathways do not involve deep minima, allowing
inherent carbocation reactivity to be expressed inside active site
cavities,3,5,6 a small percentage do. Given the huge number of
terpenes formed in nature (thousands of carbon skeletons, tens
of thousands of functionalized derivatives),7 even a problem
faced by a small fraction of terpene-forming reactions is itself far-
reaching. We previously described one strategy for avoiding this
problem for the case of trichodiene (1, Figure 1) formation; a
competing mechanism, i.e., a different reaction coordinate/
pathway to product, can be followed to avoid a deep minimum.6

We also suggested that nonstatistical dynamics effects8 might
result in trajectories that avoid deep minima for terpene-forming
carbocation reactions,4 a contention with some support in
studies on smaller systems.1a,9 Furthermore, we showed
previously that C−H···π and C−H···lone pair interactions can
modulate carbocation structures,10 as suggested in seminal work
by Jensen and Jorgensen,11 and that C−H···lone pair interactions
can alter the lifetimes of carbocations (as assessed via dynamics
trajectory calculations).12 In an effort to see whether such
ostensibly weak interactions might also be capable of modulating
the curvature of potential energy surfaces such that deep minima
are rendered shallow, opening up another solution to the deep

minimum problem, we examined complexes of benzene, water,
and/or ammonia with carbocations along the reaction
coordinates for formation of trichodiene (1),6 trefolane A
(2),13 and fusicoccadiene (3),14 systems known to have deep
minima along reaction coordinates to terpene products (Figure
1). So far, we have found one case, a carbocation rearrangement
en route to trefolane A (2) with a benzene molecule bound to
species along the reaction coordinate in a particular orientation,
where a reaction coordinate was so modulated.15

The example described here highlights the potential of
carbocation−π interactions in terpene synthase active sites to
promote product formation through direct intervention.
Although others have described examples of mutations of
aromatic residues in terpene synthase active sites that lead to
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Figure 1. Structures of trichodiene (1), trefolane A (2), and
fusicoccadiene (3).
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altered activity,16 and combined quantum mechanics/molecular
mechanics (QM/MM) and automated docking studies have
provided insight into the influence of factors such as shape
selection in promoting cyclizations/rearrangements,3,17 the
results described here reveal the magnitude of changes to
reaction coordinate curvature that can be achieved via
carbocation−active site association.
Two putative reaction mechanisms for formation of trefolane

A (2) are shown in Scheme 1: one proposed in the original report

on its isolation (R = O−O−),13 and a variation involving
formation of trefolane A’s carbon skeleton prior to oxidation (R

= H; this second mechanism can also be formulated without the
intermediacy of humulene). We subjected the latter to density
functional theory (DFT) calculations at several levels of theory
(in the absence of an enzyme).18 Structures from M06-2X/6-
31+G(d,p) calculations are shown in Figure 2; only structures
from the portion of the reaction coordinate where a deep
minimum is found (with barriers in both the forward and reverse
direction of 12−13 kcal/mol from D1) are shown (Figure 3,

black; for results from other levels of theory and details on the
remainder of the reaction coordinate, see Supporting Informa-
tion). The mechanism found differs from that implied in Scheme
1 in that initial cyclization leads to a carbocation with a 10-
membered ring that expands to a humulyl cation (C1) by way of
an intermediate (D1). While a barrier of 13 kcal/mol can be

Scheme 1. Putative Mechanisms for Formation of Trefolane
Aa

aFPP = farnesyl diphosphate, OPP = pyrophosphate.

Figure 2.Computed structures of carbocation minima and transition state structures (M06-2X/6-31+G(d,p); distances in Å). We were unable to locate
a transition state structure connecting farnesyl cation A1 and J1.

Figure 3. Potential energy surface for rearrangement of carbocation J1
to carbocation C1. Energies (kcal/mol) are relative to that of the
farnesyl cation in a productive conformation for cyclization (A1 in
Figure 2; black pathway) and the corresponding farnesyl cation + C6H6
complex (A1·C6H6 in Figure 4; red pathway), all computed with M06-
2X/6-31+G(d,p)+ZPE. Predicted gas phase binding energies (differ-
ences between the energy of the complexes along the red pathway and
the carbocations along the black pathway + benzene; gas phase; all are
favorable) are shown in blue.
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overcome at biologically relevant temperatures, barriers of this
size are uncommon for terpene-forming carbocation reactions.3

Reducing the depth of this minimumwould reduce the lifetime of
carbocation D1, reducing the likelihood of its diversion to
byproducts. Note that formation of D1 is predicted to involve a
concerted but asynchronous combination of 1,2-alkyl shifting
and carbocation−alkene cyclization events, while further
reaction of D1 is predicted to involve a concerted but
asynchronous combination of ring-opening and 1,2-hydride
shifting events.3,19 Thus, the deep minimum on this reaction
coordinate involves a “temporary cyclization”, related to the
“temporary alkyl shift” described previously along one pathway
to trichodiene6 and the temporary formation of a cyclobutane en
route to pentalenene, another sesquiterpene.5a

Complexation of the carbocations shown in Figure 2 by
benzene, a simple model of the aromatic side chains that are
regularly found in terpene synthase active sites (e.g., Phe, Tyr,
Trp),20 in the orientation shown in Figure 3 (red pathway) and
Figure 4 altered the reaction coordinate dramatically. In the
presence of benzene, there is no deep minimum. The reverse
barrier is reduced to approximately 4 kcal/mol, and the forward
barrier is reduced to a few tenths of a kcal/mol; essentially, the
conversion of J1 to C1 is converted from a 2-step process with a
deep intermediate to a process that is essentially (although not
technically) concerted but very asynchronous. In addition, the
temporary cyclization no longer occurs (note the C2−C10
distances in Figure 4).
Why is such a drastic change to the potential energy surface

observed? It appears that this change reflects a tension between
internal and external stabilization of carbocations along the
reaction coordinate. For the benzene-free reaction, delocaliza-
tion (of electrons and positive charge) occurs within the
carbocations (Figure 2). For example, formation of a σ-bond
and tertiary carbocation to form carbocation D1 allows
secondary carbocation B1 (Figure 4) to be avoided.3 However,
this shift of electron density within the carbocation leads directly
to the deepminimum. In the presence of a benzene molecule, the
secondary carbocation is stabilized through external C−H···π
interactions that increase the strength of hyperconjugation
between the C−H bond and the secondary carbocation
center.10,21 As a result, B1 does not collapse directly to D1.

The energy of freeD1 + free benzene is only 1.5 kcal/mol higher
than that of the B1 + benzene complex (Figure 3, blue),
suggesting that the internal and external sources of stabilization
just described have similar magnitudes. Note also that the
following transition state structure is predicted to bind more
strongly to benzene than any of the other stationary points in
Figure 4 and that the associated barrier forward becomes
negligible upon benzene complexation. Overall, themagnitude of
binding to benzene is counterbalanced by loss of particular types
of internal carbocation stabilization, allowing for differences in
binding energies that result in changes to the relative energies of
carbocations along the reaction coordinate. In the case described
here, these changes convert a reaction coordinate with a deep
minimum into one with a minimum so shallow as to have
essentially no forward barrier, a scenario that promotes product
formation
The results described here show that a deep minimum can be

eradicated by simple complexation of a carbocation to the π-face
of an aromatic, in the absence of a wholesale change of
mechanism6 or a nonstatistical dynamic effect.4 For this scenario
to occur, the carbocation in question must bind in a specific
orientation in a terpene synthase active site that allows for
selective binding interactions that promote product formation;
we see no reason why an enzyme cannot accomplish such a feat.
This strategy, among others, is now being applied to terpene
synthase design and may find use in the design of other types of
catalysts, both biological and synthetic.
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