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Quantum chemical calculations were used to assess the viability of proposed secondary carbocations as intermediates in the biosynthesis of
avermitilol. One, a cyclopropylcarbinyl cation, was found to be a true minimum, while another, a simple secondary cation, was found to exist only

as part of a transition structure for water capture.

Secondary carbocations have been proposed as inter-
mediates in the biosynthesis of many terpene natural
products.' On the basis of quantum chemical calculations,
however, the formation of many of these species has been
shown to be inherently unfavorable. Although some
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secondary carbocations are found to be true minima on
potential energy surfaces for sesquiterpene-forming carbo-
cation rearrangements,” many more are not and instead
appear to be transition-state structures (or occur at other
points along reaction coordinates, if at all) for rearrange-
ments where the steps in which secondary cations were
expected to form and react are combined (usually asyn-
chronously) into concerted processes.® In several cases, two
secondary carbocations that were proposed to form sequen-
tially can be avoided via so-called “triple shifts”.* It has also
been shown, however, that some (though definitely not all)
secondary carbocations that otherwise would not be poten-
tial energy surface minima can actually exist as minima if
they participate in specifically oriented intermolecular inter-
actions that enhance particular stereoelectronic interactions
within the carbocation framework.*> Clearly, whether or
not a secondary carbocation will exist as a discrete inter-
mediate is challenging to predict, but the guiding principles
are becoming ever more clear.> >

Set against this backdrop, we embarked on a study of aver-
mitilol (4, Scheme 1).° This sesquiterpene alcohol, isolated
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Scheme 1. Proposed Mechanisms for Formation of 2—6
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recently by Cane and co-workers,” looks as though it should
arise via a rearrangement involving the sequential formation
of two secondary carbocations (B and C, Scheme 1).* We
were curious as to whether or not these proposed intermedi-
ates are likely to be true minima or instead will occur
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elsewhere along a reaction coordinate in which C2—C7 bond
formation, C6—0O bond formation, and perhaps even proto-
nation to form B, are combined into a concerted process. At
first glance, we felt that carbocation B could be a true
intermediate if the geometric constraints associated with its
bicyclic framework would allow the carbocation center (C2)
to enjoy the expected stabilization associated with being
adjacent to a cyclopropane ring (i.e., B is a cyclopropylcarbi-
nyl cation).” Conversely, carbocation C does not look to be
predisposed to enjoy any special stabilization, and conse-
quently, we suspected that this carbocation likely would not
exist as a minimum in the absence of C5S—H - - - X interactions
with active site functionality*>'* or perhaps direct donation
to C6 by the lone pair of an active site water molecule.**®
These proposals were tested herein using quantum chemical
calculations.!" The reactivity of putative carbocation B was
also further explored by examining the formation of viridi-
florol (5) and allo-aromadendrene (6)."?

Although we had no reason to question the reported
structure of 4, we felt it would be prudent to confirm that
"H and '3C NMR chemical shifts predicted using our
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(14) We also computed chemical shifts for 5. See the Supporting
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Figure 1. Computed (bottom: CPCM(CHCI;,UAKS)-B3LYP/
6-311+G(2d,p)//B3LYP/6-31+G(d,p), scaled'*) and experimen-
tally determined’ (top: in CDCl3) 'H (blue) and '*C (red) NMR
chemical shifts (ppm) for 4.

quantum chemical methods were consistent with experi-
mentally determined values. The use of computed chemical
shifts to confirm and reassign the structures of complex
organic molecules is becoming ever more common,'? and
structure 4 with a polar functional group embedded in an
otherwise nonpolar framework sporting a cyclopropane
ring and two quaternary carbons provides a good test of
this methodology.'* Computed'* and experimentally
determined’ chemical shifts for 4 are shown in Figure 1.
Overall, the computed shifts closely match the experimen-
tal shifts. Mean absolute deviations of 0.08 and 2.29 ppm
for "H and '*C, respectively, and maximum deviations of
0.24 and 5.31 ppm for 'H and 'C, respectively, are
observed. Note that the largest deviations are observed
for '3C shifts of quarternary carbons, but even these are
only approximately 5 ppm, not a large deviation for '*C
shifts."?

Sesquiterpenes 4—6 are all derived, putatively, from
secondary carbocation B, so we focused first on the
inherent stability and reactivity of this proposed intermedi-
ate (i.e., without enzyme present).'> The first issue to be
addressed is whether or not B even exists as a minimum.
Indeed it does, although just barely (Figure 2). The com-
puted structure of B shows the geometric features expected
for stabilized cyclopropylcarbinyl cations: elongated C—C
bonds in the cyclopropane ring involving the carbon
adjacent to the carbocation center (here, both are approxi-
mately 1.6 A long) and a shortened C—C bond opposite to
the carbon adjacent to the carbocation center (here, 1.47 A
long).*>® The carbocation center in B is also close in space

(15) Note that 4 is predicted to be 23 kcal/mol lower in energy than 3
+ H,0 (B3LYP/6-314+G(d,p)). We also examined the interconversion of
A, B, E, 2, and 3 and attempted (without success) to find a transition-
state structure for concerted protonation of 3/cyclization/water capture.
See the Supporting Information for details.
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Figure 2. Conversion of B to D. Computed distances (A) and
energies (kcal/mol, relative to that of A) are shown (B3LYP/
6-31+G(d,p) in normal text and mPW1PW91/6-314+G(d,p)//
B3LYP/6-314+G(d,p) in brackets).

to the C=C s-bond on the other side of the 10-membered
ring in which it resides. This carbocation-r interaction®®>*1¢
likely provides some internal stabilization to B, but also
to transition state structures for cyclization, in which this
“noncovalent” interaction progresses toward full cova-
lency. Consequently, conversion of B to D, for example,
is essentially barrierless (Figure 2).!"” Thus, we would
consider carbocation B to be metastable at best. Deproto-
nation of D (which is only slightly lower in energy than B,
despite being a tertiary carbocation and possessing one
additional o-bond) would lead to a/lo-aromadendrene (6).

Not surprisingly, putative secondary carbocation C,
which is not expected to enjoy any sort of special stabiliza-
tion, was not located as a minimum. Optimization of
structures resembling C led instead to B.

Having examined B—D in isolation, we proceeded to
consider their interactions and reactions with water. Con-
version of a B-H,O complex to protonated 4 is shown in
Figure 3. The B-H>O complex is held together by weak
C—H- - -O interactions*>'® and does not correspond to a
productive arrangement for water attack, but there is no
significant barrier for moving the water molecule near to
C6 (and an appropriate orientation would likely be en-
forced in the active site of an enzyme that produces 4).
Concerted C2,C7-cyclization and attack of water on C6 via
TS (B-4) leads directly to protonated 4 and is accompanied
by a low barrier (Figure 3). Here, the transition-state

(16) Jenson, C.; Jorgensen, W. L. J. Am. Chem. Soc. 1997, 119,
10846-10854. Miklis, P. C.; Ditchfield, R.; Spencer, T. A. J. Am. Chem.
Soc. 1998, 120, 10482-10489. Antonello, F.; Graziella, R.; Gabriele, R.;
Felice, G.; Maurizio, S. Chem.—Eur. J. 2003, 9,2072-2078. Dietmar, H.
Angew. Chem., Int. Ed. 2002, 41, 3208-3210.

(17) (a) At the B3LYP/6-314+G(d,p) level, the barrier is approxi-
mately 1 kcal/mol, and at the mPWI1PW91/6-314+-G(d,p)//B3LYP/6-
314+G(d,p) level, there is no barrier. (b) See the Supporting Information
for a discussion of the alternative tertiary cation that could be formed by
protonation of the C2=C3 z-bond of 3.
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Figure 3. Formation of 4. Computed distances (A) and energies
(kcal/mol, relative to B-H,0) are shown (B3LYP/6-31+G(d,p) in
normal text and mPW1PW91/6-314+G(d,p)//B3LYP/6-314+G(d,p)
in brackets). The B3LYP/6-31+G(d,p) energy of TS (B-4) is
lower than that of 4-H™ due to zero-point energy corrections.

structure resembles a water complex of carbocation C and
thus joins the growing list of transition-state structures that
resemble proposed secondary carbocation interme-
diates.***>® Note that although cyclization and water
attack are concerted, they occur asynchronously,* ¢ with
cyclization largely preceding attack. Note also that the
reaction is predicted to be readily reversible and would
need to be driven forward by deprotonation to form 4.

Conversion of D+ H,O complexes to protonated 5 was also
examined, but we were unable to locate a 5-H™" structure.
Attempts led instead back to D - H,O complexes. Inclusion of
a second water molecule, however, changed the situation. As
shown in Figure 4, the conversion of D-H,0-H,O to 5-
H"-H,O is predicted to occur with a very small barrier. In an
enzyme active site (not modeled explicitly here), two water
molecules could be present or the role of the second water
molecule could be played by a different active site hydrogen
bond acceptor.'® Note that, like the reaction to form 4-H™,
formation of 5-H™" is predicted to be reversible.

(18) We also examined the potential of formate (a small model of an
active site aspartate) as a hydrogen bond acceptor in this reaction. See
the Supporting Information for details.

(19) Unlike previous cases where two sequential secondary carboca-
tions have been predicted to be avoided via triple-shift reactions,” only
one of the putative secondary carbocations in the pathway to avermitilol
is predicted to be avoided, perhaps due in part to the different nature
of the events that lead to the formation and subsequent reaction of
the first carbocation in this case—alkene protonation followed by
cation—alkene cyclization, rather than an alkyl shift followed by a
hydride shift as in the systems that participate in triple shifts.
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Figure 4. Formation of 5. Computed distances (A) and energies
(kcal/mol, relative to D-H,O-H,0) are shown (B3LYP/6-31+
G(d,p) in normal text and mPW1PW91/6-31+G(d,p)//B3LYP/
6-314G(d,p) in brackets).

Our calculations thus suggest that secondary carboca-
tion B can exist as a minimum in the active site of an enzyme
that produces avermitilol. Nonetheless, its conversion to
avermitilol or to tertiary carbocation D (which precedes
viridiflorol and allo-aromadendrene) is predicted to be
facile. The former process is predicted to involve a concerted
cyclization/water capture reaction that avoids the formation
of putative secondary carbocation intermediate C."” Al-
though the conversion of B to D is predicted to be rapid, it is
also predicted to be reversible, suggesting that an enzyme
could preferentially form 4 if it does not possess a nucleo-
philic (activated) water “in front” of C7 to trap D (or a base
to deprotonate it) and instead possesses a nucleo-
philic water “behind” C6 to trap B (Figure 3).

Acknowledgment. We gratefully acknowledge UC Davis
and the National Science Foundation (CHE-0449845, CHE-
0957416, and CHE-030089 with the Pittsburgh Supercom-
puter Center) for support and Prof. David Cane (Brown) for
bringing the avermitilol problem to our attention.

Supporting Information Available. Coordinates and
energies for all computed structures, additional details
on computations not discussed at length in the text and
full Gaussian citation. This material is available free of
charge via the Internet at http://pubs.acs.org.

1297



