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ABSTRACT: On the basis of results from quantum chemical calculations, the
feasibility of an extensive series of intramolecular proton-transfer reactions
postulated to occur during terpene biosynthesis is assessed and guiding

principles are proposed.
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B INTRODUCTION

The movement of hydrogen atoms from their locations in
oligoprenyl diphosphate precursors to terpenes (e.g., geranyl,
farnesyl, geranylgeranyl diphosphate) to new locations in
terpene natural products is a common occurrence in terpene
biosynthesis." Most of these hydrogen migrations have been
formulated as intramolecular hydride transfers to carbenium ion
centers or as deprotonation/reprotonation processes, but, from
time to time, intramolecular proton transfers have also been
proposed. In recent years, several theoretical and experimental
reports have provided new evidence for the feasibility of such
proton-transfer mechanisms (vide infra). Herein, the lines of
evidence put forth in these reports are assessed critically in light
of previously reported experiments, and the limitations of the
methodologies employed and the results of new computations
on additional systems are described. This analysis has led to
guiding principles for predicting the feasibility of intramolecular
carbon-to-carbon proton transfers.

Proposed intramolecular proton transfers involved in
terpene-forming carbocation cycloisomerizations/rearrange-
ments are shown in Figure 1 (some of these are proposed in
the literature, as referenced below, but others are proposed by
us herein). We have organized these into four groups: (a) those
involved in sesquiterpene-forming processes initiated by
ionization of farnesyl diphosphate (FPP); (b) those involved
in diterpene-forming processes initiated by ionization of
geranylgeranyl diphosphate (GGPP); (c) those involved in
diterpene-forming processes initiated by ionization of copalyl
diphosphate (CPP); and (d) those involved in the biomimetic
synthesis of the triterpene alcohol, germanicol. The predicted
barriers for the proton-transfer reactions shown will each be
discussed in turn, followed by a discussion of the general
principles governing their magnitudes. Note that all of these
reactions can be thought of as transfers of protons between two
C=C z-bonds, but they differ in the length of the alkyl tethers
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between the m-bonds and whether the z-bonds are endo- or
exocyclic with respect to the cycle (or bicycle) formed
transiently as the proton migrates. While these proton-transfer
reactions can all, in principle, be accomplished via deprotona-
tion/reprotonation pathways, we focus herein on the feasibility
of direct transfer without enzymatic intervention; in effect, we
predict which systems would require such intervention and
which would not.

B METHODS

Calculations were performed with Gaussian 03 and Gaussian 09.”
Geometries were optimized using the B3LYP/6-31+G(d,p) method,’
and all stationary points were characterized by frequency calculations.
Reported energies include zero-point energy corrections (unscaled)
from B3LYP/6-31+G(d,p) calculations. Intrinsic reaction coordinate
(IRC) calculations also were used to characterize transition-state
structures.* mPWlPW91/6—3,1+G(d,p)//B3LYP/6-31+G(cl,p)5 and
MPWB1K/6-31+G(d,p)//B3LYP/6-31+G(d,p)° energies are in-
cluded for comparison, since B3LYP has been shown to underestimate
the relative energies of cyclic structures versus acyclic isomers.”” These
methods have been used extensively to study terpene-forming
carbocation rearrangements.” Atom numbers in all structures are
based on standard atom numbering for tergene precursors. Structural
drawings were produced using Ball & Stick;" ball-and-stick drawings of
some transition structures reported in previous papers are not
reproduced herein. The shortest contacts between migrating H’s and
the C=C units between which they migrate are shown as red dashed
lines in Figures 2—8. Other selected distances are shown as black

dashed lines.

B RESULTS AND DISCUSSION

Trichodiene. In 2006, density functional theory (DFT)
computations on part of the carbocation rearrangement leading
to the sesquiterpene natural product trichodiene (Figure 1a)
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Figure 1. Proposed intramolecular proton transfers involved in carbocation rearrangements leading to terpenes. (a) Sesquiterpene-forming
rearrangements initiated by the ionization of FPP. (b) Diterpene-forming rearrangements initiated by the ionization of GGPP. (c) Diterpene-
forming rearrangements initiated by the ionization of CPP. (d) Intramolecular proton transfers involved in a biomimetic synthesis of germanicol.

were described.” Although mechanisms involving hydride
transfer rather than proton transfer were previously proposed, '’
the quantum chemical calculations indicated such pathways
were associated with much higher activation barriers (at least in
the absence of the enzyme active site) than was a pathway
involving a 1,5-proton transfer (~20 kcal/mol from the
bisabol}fl cation vs <10 kcal/mol; Table 1). In a subsequent
study,"" a 1,4-proton-transfer alternative (preceded by a 1,2-
hydride shift) was found to have a very similar barrier. The
prediction that proton-transfer pathways are inherently
preferred over hydride-transfer pathways for this system is
true at the levels of theory examined previously and reported
for the first time herein (Table 1). The proton-transfer
pathways proposed based on the results of the quantum
chemical calculations are consistent with all reported experi-
ments on trichodiene synthase.”""
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Macrocarpene and Tenuifolene. Macrocarpene and
tenuifolene'” can also be derived from the bisabolyl cation
via intramolecular proton-transfer reactions (Figure 1a). While
trichodiene can arise from initial transfer of the proton at the
tertiary carbon (C6) connected to the carbocation center,
macrocarpene can arise from initial transfer of a proton from
the attached methyl group (C14; Figure 2, left). The latter
proton transfer is associated with a slightly higher barrier than is
the former (Table 1). The resulting carbocation (after a
conformational change) could then, in principle, undergo a 1,7-
proton transfer en route to tenuifolene, but this proton-transfer
process is predicted to be coupled asynchronously into a
concerted process with a preceding ring fragmentation event
and a subsequent cyclization event (Scheme 1) that is
associated with a much higher barrier (Table 1; this reaction
is also predicted to be endothermic by S—7 kcal/mol). This
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Table 1. Computed Barriers (kcal/mol) for Intramolecular Hydrogen-Transfer Reactions”

terpene

trichodiene

macrocarpene
tenuifolene
italicene
aristolochene
panasinsene
caryolene
taxadiene

fusicoccadiene

abietadiene

miltiradiene

germanicol

mechanism
1,5-proton
1,2-hydride
1,4-proton
1,4-hydride
1,5-proton
1,7-proton
1,6-proton
1,8-proton
1,7-proton (si/si)
1,7-proton (re/si)
1,5-proton (to C6)
1,5-proton (to C7)
1,6-proton
1,5-proton (C10 to C6)
1,5-proton (C10 to C2)
1,5-proton (C2 to C6)
1,5-proton (C10 to C6)
1,4-proton (C10 to C2)
1,5-proton (C2 to C6)
1,4-proton (re/re, conformer 1)°
1,4-proton (re/si, conformer 1)°
1,4-proton (re/re, conformer 2)°
1,4-proton (re/si, conformer 2)"
1,2-hydride (re/si)
1,6-proton (re/re)
1,2-hydride (re/si)
1,5-proton (re/si)
1,5-proton (re/si)
1,5-proton (re/re)
1,4-proton

method
B3LYP mPWI1PW91 MPWBIK proton transfer proposed in
8.05 4.96 6.14 ref 9
6.08 3.51 1.47
7.62 5.17 7.28 ref 11
30.44 27.82 26.74
12.26 9.86 11.57 this work
27.28 30.90 34.85 this work
6.78 6.05 10.97 this work
19.21 17.20 16.88
25.42 21.79 22.32 ref 15
25.65 23.12 25.18
15.31 12.63 11.55 this work
3.88 1.92 4.37
21.50 24.90 24.46 ref 22
13.17 11.00 12.42 ref 24
8.50 6.50 8.44 ref 23
7.37 5.52 6.92
16.00 13.48 15.55 this work
8.87 6.91 9.72 ref 25
3.99 1.50 429
28.05 26.29 29.47 ref 27
29.58 28.07 31.08
30.40 28.41 31.35
31.11 29.32 32.46
1.27 —0.11 —1.25 ref 28
13.65 10.95 12.81
2.24 —0.10 —1.38
14.15 11.30 12.86
7.92 7.50 7.04 ref 30
8.59 6.48 8.22
18.07 16.03 18.29

“Predicted barriers >20 kcal/mol are highlighted in bold. B3LYP = B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p), mPWIPW91 = mPW1PW91/6-
31+G(d,p)//B3LYP/6-31+G(d,p), MPWB1K = MPWBIK/6-31+G(d,p)//B3LYP/6-31+G(d,p). All energies include zero point corrections from

B3LYP/6-31+G(d,p). "See ref 26a for description of different conformers.

Figure 2. Computed geometries (B3LYP/6-31+G(d,p), distances in A) for proton-transfer transition-state structures involved in the formation of
macrocarpene (left, 1,5-proton transfer) and tenuifolene (right, 1,7-proton transfer).

Scheme 1

not a minimum

11

14
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transition-state structure resembles a distorted “proton
sandwich,”'® ie. the migrating proton interacts with four
different carbons (Figure 2, right).

Italicene. Transition-state structures for two proton trans-
fers that could be involved in italicene'* formation (Figure 1a)
are shown in Figure 3. While predicted barriers for both
reactions are less than 20 kcal/mol, the 1,6-proton transfer is
predicted to be much more facile. These transition-state
structures again resemble distorted proton sandwiches,
although they are distorted differently (note the geometric
relationship between short and long partial bonds).

Aristolochene. A 1,7-proton transfer was also proposed to
occur en route to aristolochene (Figure la).15 In 2007,
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Figure 3. Computed geometries (B3LYP/6-31+G(d,p), distances in
A) for proton-transfer transition-state structures (left, 1,6 and right,
1,8) involved in the formation of italicene.

Allemann, Truhlar, Gao, and co-workers described quantum
chemical computations (using DFT, as well as other methods)
on this intramolecular proton transfer, predicting a barrier of
~25 keal/mol in the absence of the enzyme.'® We predict a
similar barrier using different DFT methods (Table 1; as
indicated, similar barriers are found for two different con-
formers; see Figure 4). Results from combined quantum

Figure 4. Computed geometries (B3LYP/6-31+G(d,p), distances in
A) for 1,7-proton-transfer transition-state structures (two conformers:
left, 1,7-proton transfer (re/si) and right, 1,7-proton transfer (si/si))
involved in the formation of aristolochene.

mechanics/molecular mechanics (QM/MM) calculations
suggested that this barrier could be lowered by 5—7 kcal/mol
by the aristolochene synthase enzyme.'® The resulting barrier is
consistent with the barrier expected based on the exper-
imentally measured rate of the aristolochene synthase
reaction.'” Nonetheless, this sort of intramolecular proton
transfer is not consistent with previously reported labeling
experiments from the Cane group that showed no evidence for
the transfer of a proton from carbon 12 to carbon 6.'® These
previous experiments are consistent instead with a mechanism
involving deprotonation to form germacrene A and subsequent
reprotonation by a different proton (from the enzyme active
site). Subsequent labeling experiments by Allemann, Truhlar,
Gao, and co-workers confirmed that direct proton transfer from
carbon 12 to carbon 6 does not occur in the aristolochene
synthase reaction."®

Panasinsene. Two 1,5-proton-transfer processes (or 1,6
counting the other way around the large ring) could lead to
panasinsene (Figure la).20 Proton transfer from C2 to C6 is
predicted to have a barrier of 12—15 kcal/mol (Table 1; Figure
S, left). Proton transfer to the other carbon of the C=C -
bond, C7, is predicted to have much smaller barrier, <5 kcal/
mol (Table 1; Figure S, right). The transition-state structure for
proton transfer to C6 (Figure S, left) is, however, predicted to
be connected directly to the carbocation that directly precedes
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Figure S. Computed geometries (B3LYP/6-31+G(d,p), distances in
A) for 1,5-proton-transfer transition-state structures involved in the
formation of panasinsene (proton transfer to C6 at left, proton transfer
to C7 at right).

panasinsene, i.e., proton transfer and subsequent cyclization are
combined into a concerted but asynchronous process.” Again,
these transition-state structures resemble distorted proton
sandwiches.

Caryolene. A recent theoretical study on caryolene
formation (Figure la) described a 1,6-proton-transfer proc-
ess.”> This process (proton transfer from C15 to C7) is
predicted to have a barrier of >20 kcal/mol (Table 1), which is
much larger than the barriers predicted for 1,6-proton transfers
involved in italicene and miltiradiene (vide infra) formation.
However, an alternative deprotonation/reprotonation pathway
was predicted to have a much lower barrier.

Taxadiene. DFT calculations on proton-transfer processes
potentially involved in taxadiene biosynthesis were described in
two papers (Figure 1b).”* A mechanism involving 1,5-proton
transfer (C10 to C6; red in Figure 1b) had been proposed prior
to this work”* and was supported both by labeling experiments
that showed that the indicated hydrogen does migrate
somehow from carbon 10 to carbon 6 and semiempirical
calculations on the reactant and product for this proton-transfer
step that indicated that a direct proton transfer was
geometrically feasible.’* The results of DFT calculations
indicate that the direct intramolecular proton transfer is
associated with a barrier of only 11—13 kcal/mol (Table 1).
An alternative two-step pathway (blue and black in Figure 1b)
is predicted to have an overall lower barrier. Thus, it seems
possible that the taxadiene-forming reaction may actually
involve two sequential 1,5-proton transfers.

Fusicoccadiene. In 2009, Kato and co-workers proposed a
mechanism for formation of fusicoccadiene that, like the
proposed mechanism for taxadiene formation described above,
involves two sequential intramolecular proton transfers.”
Semiempirical calculations and labeling experiments supporting
this proposal were described.”® The results of our DFT
calculations also support the feasibility of the two-step process
and indicate that a direct intramolecular proton transfer is also
energetically feasible, although less so (Table 1, red in Figure
1b). Computed geometries for the three proton-transfer
transition-state structures are shown in Figure 6; the rightmost
of these can be formulated as another distorted proton
sandwich.

Abietadiene and Miltiradiene. Several theoretical studies
on 1,4-proton-transfer processes potentially involved in
abietadiene formation (Figure lc) appeared recently.26
Calculations with several theoretical methods predict that the
barrier for 1,4-proton transfer to either face of the C=C z-
bond accepting the proton for either of two conformers of the
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J. Am. Chem. Soc. 2015, 137, 4134—4140


http://dx.doi.org/10.1021/ja512685x

Journal of the American Chemical Society

Figure 6. Computed geometries (B3LYP/6-31+G(d,p), distances in A) for proton-transfer transition-state structures involved in the formation of

fusicoccadiene.

Figure 7. Computed geometries (B3LYP/6-31+G(d,p), distances in A) for proton-transfer transition-state structures involved in the formation of

miltiradiene (1,6-proton transfer at left, 1,5-proton transfer at right).

polycyclic framework ranges from 25 to 33 kcal/mol (see Table
1 for a subset of this data). Direct proton transfer is consistent
with labeling experiments,”” but so would be a deprotonation/
reprotonation pathway (involving internal return of the
removed proton) that avoids this relatively high barrier. For
some conformations, a bifurcation in the reaction coordinate
was predicted to occur after the transition-state structure, and
direct dynamics calculations were carried out to examine the
fate of molecules pas.singb through the region of the proton-
transfer transition state.”®™ An alternative 1,6-proton transfer
productive for miltiradiene formation can also occur (red in
Figure 1c; Figure 7, left).”® This process is predicted to have a
barrier less than half that for 1,4-proton transfer (Table 1). In
addition, a 1,5-proton transfer with a similar barrier can also
occur after an initial 1,2-hydride shift (blue in Figure 1c; Figure
7, right). The potential energy surface connected to these
proton-transfer processes is also quite complex (e.g., note that
whether or not there is a barrier between the C8—H and C9—H
reactants depends on the level of theory; Table 1).** The
migrating protons in these transition-state structures each
interact with three carbons.

Germanicol. An intramolecular proton transfer was also
proposed to occur during a biomimetic carbocation cascade
utilized by Surendra and Corey to synthesize germanicol and
other triterpenes (Figure 1d), who validated their proposal by
carrying out a labeling study, the results of which were
completely consistent with a direct proton-transfer mecha-
* Our DFT calculations also support this proposal,
predicting barriers under 10 kcal/mol for 1,5-proton transfer to
either face of the C=C z-bond (Table 1 and Figure 8;
consistent with the mixture of epimers formed experimentally),
again via proton sandwich-like transition-state structures. The
alternative 1,4-proton transfer (not observed experimentally) is
predicted to have a much larger barrier (Table 1).

General Principles. Can general principles be gleaned from
the array of cationic carbon-to-carbon proton-transfer reactions

nism.
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Figure 8. Computed geometries (B3LYP/6-31+G(d,p), distances in
A) for 1,5-proton-transfer transition-state structures involved in the
formation of germanicol.

described herein (Figure 9)? Let us consider the influence of
several factors on proton-transfer barriers: (1) Ring strain:
Simple ring strain arguments would predict that 1,5-proton
transfers (i.e., six-membered rings) would be most favorable;
overall, they are, with all predicted barriers being lower than 14
kcal/mol. 1,4- and 1,6-proton transfers would be expected to
suffer from some strain, but not very much; some of these
reactions have low barriers, but others do not (see, for example,
factor no. 2). 1,7- and 1,8-proton transfers would be expected
to suffer from somewhat larger strain, and these reactions are
indeed predicted to have comparatively high barriers. Overall,
there appears to be a loose correlation between barrier height
and ring size.’' (2) Degree of substitution: In that both
carbocations and alkenes are expected to be “more stable” when
more substituted, a correlation between barriers and the
degrees of substitution at the carbons between which the
proton migrates might be expected. While such a relationship

DOI: 10.1021/ja512685x
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does not appear to dominate the reactivity predicted by our
calculations, most of the highest predicted barriers within the
1,4- and 1,5-proton-transfer groups involve a monosubstituted
carbon. (3) Endo vs exo: In general, it appears that having more
exocyclic partial double bonds in a proton-transfer transition-
state structure leads to a lower barrier.>"** (4) Sandwich
delocalization: The delocalization in the transition-state
structures is of three types: linear C---H--C, “Y-shaped”
where the proton interacts (with distances ~2.2 A or less)
with three carbons, and “sandwich-like” where the proton
interacts (with distances ~2.2 A or less) with four carbons.
While some of the lowest predicted proton-transfer barriers
involve sandwich-like delocalization, so do some of the highest,
suggesting that the presence or absence of this type of
delocalization is not predictive on its own. (5) Other factors:
For some systems, additional factors play key roles. For
example, the predicted barrier for panasinene is likely one of
the highest 1,5-proton-transfer barriers due to the strain
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associated with converting an sp3 carbon of its four-membered
ring into an sp2 carbon. A different effect contributes to the
relatively low barrier (compared, for example, to all of the 1,7-
proton-transfer barriers) for the 1,8-proton transfer en route to
italicene—the formation of an allylic cation.

B CONCLUSIONS

In summary, we recommend that direct, i.e., intramolecular,
proton-transfer mechanisms be considered for terpene-forming
carbocation rearrangements involving net 1,4-, 1,5-, or 1,6-
proton transfers, especially when exocyclic z-systems (as
defined above) are involved and migration to or from a
methylene group is not. Beyond these simple considerations,
firm predictions require quantum chemical calculations, since
proton-transfer barriers are modulated by a variety of factors.
The results described herein do not rule out deprotonation/
reprotonation mechanisms, which could exist as preferred
alternatives or could occur along with direct proton transfers in

DOI: 10.1021/ja512685x
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different turnover steps for a given enzyme. Our results do,
however, lead to clear predictions as to cases where
intramolecular proton transfers have low enough barriers to
occur without enzymatic intervention and cases where
intervention is a necessity.

B ASSOCIATED CONTENT

© Supporting Information

Coordinates and energies for all computed structures, data for
small model systems, full Gaussian citations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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