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ABSTRACT: Quantum chemical calculations on the trans-
formation of the bisabolyl cation into an array of sesquiterpenes
(iso-y-bisabolene, trichodiene, cuprenene, laurene, isochamigrene,
chamigrene, chamipinene, sesquithujene, sesquisabinene, micro-
biotene, dunniene, cumacrene, isobazzanene, bazzanene, barbatene,
widdradiene, and thujopsene) are described. The bisabolyl cation is
the hub of a complicated web of carbocations involved in the
construction of diverse and complex molecular architectures
present in a large number of Nature’s sesquiterpenoids. The
results of quantum chemical calculations on the multitude of
rearrangements described herein provide reasonable answers to
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several persistent mechanistic questions in the world of terpene biosynthesis and also provide examples of general reactivity
principles for terpene-forming (and other) carbocation rearrangements.

B INTRODUCTION

Mechanisms for the construction of the complex hydrocarbon
frameworks of terpenoids in Nature' ™ involve carbocation
rearrangements that, on the basis of recent quantum chemical
calculations, often involve concerted combinations of bond-
making and bond-breaking events, promoted by conformational
preorganization leading to orbital alignment, and allowing
secondary carbocation intermediates to be avoided.”~'* The
reaction network emanating from the bisabolyl cation (Scheme
1) provides many examples of these general principles. While
we have previously described theoretical studies on the
transformation of the bisabolyl cation into the acoradiene,
amorphadiene, amorphene, bergamotene, bisabolene, cedrene,
chamigrene, cuprenene, curcumene, duprezianene, funebrene,
sesquithuriferol, trichodiene, santalene, zingiberene, and
zizaene classes of sesquiterpene natural products (Scheme 1,
green),® " herein we describe theoretical work that expands
the web of quantum chemically characterized bisabolyl cation
rearrangements to those leading to the barbatene, bazzanene,
chamipinene, cumacrene, dunniene, isobazzanene, laurene,
microbiotene, sesquithujene, sesquisabinene, thujopsene, and
widdradiene sesquiterpenes (Scheme 1, blue). These sesqui-
terpenes (see Supporting Information for a list of specific
stereoisomers examined for each family) are often co-
isolated'”™*" and some are purportedly produced in a single
enzyme active site,""">'”'® allowing us to probe whether or not

-4 ACS Publications  © 2014 American Chemical Society

2450

the inherent reactivity of their carbocation precursors needs to
be overridden by the sesquiterpene synthase enzymes in which
they are generated. The network of reactions shown in Scheme
1 is by far the most complex network of interconnected natural
product forming reactions interrogated using quantum
chemistry and represents a significant portion of the C,sH,s"
potential energy surface.”> We present herein a unified picture
of the inherent reactivity of the carbocation components
comprising this network and the implications of such for their
enzyme-promoted generation, management, and manipulation.

The mechanisms generally proposed for the enzyme-
chaperoned formation of these sesquiterpenes from the
bisabolzrl cation are shown in green and black in Scheme
2.3HIBISI823 Alternative pathways that have been examined
previously and herein using quantum chemical calculations are
shown in orange, red, violet, and blue in Scheme 257! For
simplicity, hydrocarbon skeletons are shown here without
explicit stereochemistry (relative or absolute).”*

B METHODS

All calculations were performed with Gaussian03.>® Geometries were
optimized using the B3LYP/6-31+G(d,p) method.*® Stationary points
were characterized by frequency calculations and reported energies
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include zero-point energy corrections (unscaled). Intrinsic reaction energy corrections from B3LYP/6-31+G(d,p) frequency calculations.
coordinate (IRC) calculations were used for further characterization of These methods have been used previously to study other terpene-
all transition-state structures.”’” We also include mPW1PW91/6- forming carbocation rearrangement reactions (and results have been
31+G(d,p)//B3LYP/6-31+G(d,p) energies for comparison, since it is compared to the results of other methods)."® Note that intramolecular
suggested that B3LYP underestimates the relative energies of cyclic m-complexes (see Figures 1—3 and S) may not persist as minima at
structures versus acyclic isomers.”® These energies include zero-point other levels of theory, but this does not change our conclusions
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significantly, as the region of the potential energy surface surrounding
such structures is rather flat.>® The computed structures in this report
are all based on the (R)-bisabolyl cation to facilitate comparisons
between this structure and the stereochemistry of the products; the
mirror image reaction pathways have the same energies in the absence
of an enzyme. All energies are relative to that of bisabolyl conformer
Al (Figure 1), the cation that was utilized as a reference in our

. o 8-12
previous studies.

Structural drawings were produced using Ball &
Stick.”® Atom numbering indicated in the structures in this report
refers to that of farnesyl diphosphate (FPP) (Scheme 1). Bold
structure numbers are used to label natural products and bold capital
letters are used to label carbocations. Numbers following letters for

carbocations indicate different conformations or configurations.
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B RESULTS AND DISCUSSION

The road to Barbatene and Exits to Iso-y-bisabolene,
Cuprenene, Isobazzanene, Bazzanene, and Trichodiene.
Transformation of the bisabolyl cation (A) to the cuprenyl
cation (F) is a key transformation in the biosynthesis of most of
the sesquiterpenes shown in Scheme 1. Previously, we
examined the three routes shown in Scheme 2 (green, blue,
and red).”"" On the basis of the results of quantum chemical
calculations, we suggested that the green pathway via
carbocation B, which was the widely accepted mechanism, is
unlikely; carbocation B appears not to be a discrete
intermediate en route to the cuprenyl cation. The related
pathway shown in blue, which involves a “temporary methyl
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Figure 1. Conversion of bisabolyl cation conformer A1'' to the cations that precede trichodiene (K1) and barbatene (L1). Computed geometries
(distances in A) and relative energies (kcal/mol) of intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/6-
31+G(d,p) in green and mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brackets.*!

shift” does connect the bisabolyl cation to the cuprenyl cation,
but large barriers are involved. In contrast, the pathway shown
in red, which involves proton transfer rather than hydride
transfer, is predicted to involve only small barriers. The
predicted barriers for the related pathway shown in orange are
also small. On the basis of computed energetics, we thus favor
the two pathways that involve proton transfer over those that
involve hydride transfer. Structures involved in these pathways
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and their computed relative energies are shown at the top of
Figure 1. The known sesquiterpene iso-y-bisabolene (Scheme
2) could be readily derived from these pathways.*’

We have also previously described the conversion of the
cuprenyl cation (F) to trichodiene.'* The pathway from F to
the immediate precursor (carbocation K1) to trichodiene (26)
is shown at the bottom right of Figure 1. Note that several
conformational changes occur along this pathway and no large
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Figure 2. Conversion of bisabolyl cation conformer A2 to the cations that precede bazzanene (K3) and barbatene (L2). The pathway shown
involves Z isomer of carbocation D and R configuration of the cuprenyl cation (F). Computed geometries (distances in A) and relative energies
(kcal/mol) of intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p) in green and mPW1PW91/6-

31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brackets.

barriers are encountered. Note also that deprotonation of the
cuprenyl cation (F) would produce the cuprenenes (21 and
23) and deprotonation of cation G would produce
isobazzanene (25).

Conformer G2 (Figure 1) can undergo a conformational
change, followed by a [1,2]-methyl shift en route to
trichodiene, but it can also undergo a [1,2]-methyl shift
directly, without a preceding conformational change, that leads

2454

to carbocation K2. K2 is a diastereomer of K1, differing in the
relative stereochemistry of the two stereogenic centers that bear
methyl groups (C6 and C7). While deprotonation of cation K2
would produce bazzanene (27), a diastereomer of trichodiene,
attack of the cyclohexene 7-bond onto the carbocation center
(C11) of K2 (which is predicted to be a barrierless process)
leads to carbocation L, the immediate precursor to the
barbatenes (28 and 29). Thus, it is at carbocation G that the

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463



Journal of the American Chemical Society

7 7,1-
—2 closure
g
(6E)-D3 TS (D3-to-F1)
1.08 [-2.47] 1.59 [-3.10]
* 6,11-closure

(68)-H2
4.57 [3.00]

TS (D3-to-H1)
3.91 [-1.95]

(6S)-H1
3.63[-3.15]

7,11-
closure
e
(6E)-D6
-0.22 [-3.55] TS (D6-to-F7)
6,11-closure 2.26 [-3.19]

TS (D6-to-H4)
0.26 [-4.27]

F9

TS (F9-to-H5)
3.49 [-2.57]

(6S)-H4
-2.15 [-9.28]

i

(7S)-F1
-0.20 [-7.07] TS (F1-to-F2)

4.00 [-2.22]

TS (F2-to-H2)
8.62 [2.56]

ssssssssssssssssnsse

(6S)-H3
7.45[0.09]

TS (F2-to-H3)
9.05 [2.32]

(7S)-F7 = (2R,6S,7R)-R2
0.14 [-7.96]

TS (F7-to-F8)
2.57 [-3.79]

149

1.47 1:54

TS (F8-to-F9)
3.26 [-4.15]

0.89 [-5.77]

........ ; .éé).-..-;é.......
1.74 [-5.77]

Figure 3. Possible mechanisms for formation of chamigryl cations starting with two different conformers of cation D (D3 in (a) and D6 in (b)). The
pathways shown in (a) and (b) involve different conformers of the cuprenyl cation (F). Computed geometries (distances in A) and energies (kcal/
mol) of intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,) in green and mPWI1PW91/6-

31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brackets.

pathway diverges toward trichodiene or the barbatenes. Note,
however, that if cuprenyl cation conformer F3 undergoes two
methyl shifts without first changing its conformation, the
barbatenes will be formed. Conversely, if a conformational
change occurs for F3 to form F4 or for G2 to form Gl,
trichodiene will be formed instead. Thus, an enzyme that
promotes formation of cuprenyl conformer F3 and whose
active site is not large enough or flexible enough to allow for
significant conformational changes, could form barbatene to the
exclusion of trichodiene.>® Note, however, that productive
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bisabolyl cation conformer Al cannot be formed directly from
NPP (nerolidyl diphosphate). Direct cyclization of NPP would
lead to a conformation where the C1—C6 bond is aligned with
the formally empty p-orbital at the cationic center. In Al, the
C5—C6 bond is aligned instead, suggesting that a conforma-
tional change (rotation of the cyclohexene ring about C6—C7
bond) after the cyclization of NPP is required, whether or not
subsequent conformational changes occur.*®

If bisabolyl cation conformer A2 instead of Al is formed,
similar rearrangements can occur, but with several important

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463
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differences (Figure 2). When starting with A2, only a single
conformational change of cation D is required to prepare for
the subsequent cyclization step. In addition, the 6Z isomer of
iso-y-bisabolene (2) and several cuprenene stereoisomers could
be derived from this pathway. Note also that cation G3 is
connected directly to cation L2, a diastereomer of L1 (Figure
1). The direct conversion of G3 to L2 differs from the G2 —
K2 — L1 conversion described above since it involves a
concerted process comprised of two events ([1,2]—meth271 shift
and cyclization) occurring in an asynchronous manner;>*** i.e.,
cation K is not a discrete minimum on this route to the
barbatenes. Deprotonation of L2 leads to some barbatene
diastereomers that, to our knowledge, have not yet been found
in Nature. If cation G3 can undergo a conformation change to
form G4, subsequent [1,2]-methyl shift can lead to bazzanene
(27).

Formation of Laurane Sesquiterpenes. Although the
“temporary methyl shift” pathway for formation of the cuprenyl
cation (F) was found to have relatively high barriers (~20—25
kcal/mol) for both the A-to-C and C-to-F conversions
(Scheme 2; note that structures resembling carbocation B
appear along the reaction coordinates for these conver-
sions),”!" carbocation C could be a precursor to the laurane
family of sesquiterpenes, many of which have been isolated
from marine red alga Laurencia species.”> We have now
examined the production of a variety of conformers of
carbocation C from a variety of conformers of the bisabolyl
cation (A; see Supporting Information for details), but all of
these pathways are predicted to involve barriers of >20 kcal/
mol for formation of C. Thus, unless these terpenes are
produced by a non-carbocation route, enzymatic intervention in
the form of both barrier lowering to allow carbocation C to
form and suppression of competing proton transfer pathways
would seem necessary.

Formation of Chamigrenes. Chami§renes (Scheme 2) are
frequently co-isolated with cuprenenes'**' and trichodiene®®
from various terrestrial species. Halogenated chamigrene
derivatives have also been isolated along with laurane
sequiterpenes from marine red alga Laurencia species.””’
The generally proposed mechanism for the formation of
chamigrene involves ring expansion of the cuprenyl cation
(Scheme 2, F — H).** The resultant chamigryl cation (H) is
also generally invoked in pathways to thujopsene'®" and
widdradiene (Scheme 2; vide infra)."

Conformer F2 (Figure 1) is productive for ring expansion to
form H. We located two subtly different transition-state
structures for ring expansion of F2 to form two different
conformers of H, TS (F2-to-H2) and TS (F2-to-H3) (Figure
3a, right). In both transition-state structures, the forming 6-
membered ring has a boatlike conformation. Both transition-
state structures are approximately 9—10 kcal/mol higher in
energy than F2 (Figure 3a). Figure 3b shows a ring expansion
reaction involving another conformer of F, F8. The transition-
state structure for this ring expansion reaction, which also has a
boatlike conformation of the forming ring, is several kcal/mol
lower in energy than those connected directly to F2. Clearly,
strict conformational preorganization is not necessary to access
the chamigryl cation (H).

In each of the conformers of cation H that result from the
ring expansion reactions shown in Figure 3, the C5—C6 o-bond
is elongated due to strong hyperconjugation with the cationic
center (C8).*® Consequently, those structures are inherently
predisposed toward the subsequent alkyl shift that leads to
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thujopsene (39 and 40) and the widdradienes (36—38; vide
infra). Direct deprotonation of conformers of H will generate
(7R)-a-chamigrene (32) and (7R)-f-chamigrene (33).

We also located analogous transition-state structures
involving chairlike conformations of the forming 6-membered
ring: TS (D3-to-H1) in Figure 3a and TS (D6-to-H4) in
Figure 3b. IRC calculations on these transition-state structures
indicated, however, that they actually connect conformers of
cation H to conformers of cation D, the cation that resulted
from intramolecular proton transfer of the bisabolyl or
homobisabolyl cations (see Scheme 2 and Figure 1). Thus,
from some conformations of cation D, the chamigryl cation can
be accessed directly, without the intermediacy of cuprenyl
cation minima." Both pathways with and without cuprenyl
cations are accessible energetically (see Figure 4), but the
former would require significant conformational changes before
ring expansion.39

30.00

25.00
20.00
15.00 4

D2/D10

10.00 4
ring

expansion

5001 ring
0.00 H2 expansion
500 A1/A8

H5

F9

-10.00
-15.00
-20.00

reaction coordinate

Figure 4. Overall energetics (only mPWI1PW91/6-31+G(d,p)//
B3LYP/6-31+G(d,p) values are shown) for the rearrangement of
the bisabolyl cation to various conformers of the chamigryl cation via
6,11-cyclization of cation D (Scheme 2: D — H) and via ring
expansion of the cuprenyl cation (Scheme 2: F — H).*

Formation of Chamipinene. The proposed mechanism
for chamipinene formation involves a ring closure of the
spirocyclic chamigryl cation (Scheme 2: H — J).'” None of the
conformers of cation H described above is productive for the
expected 2,7-closure to form the chamipinyl cation (J),
however.*! We were able to find a productive conformation
of the chamigryl cation (H6) for the expected ring closure
(Figure S), but the mechanism of its formation from A via D is
predicted to be more complicated than expected. 1,5-Proton
transfer converts bisabolyl cation conformer A3 to cation D7
(Figure S), and we expected straightforward conformational
changes to convert this cation to a conformer prepared for
subsequent ring closure. Instead, the transition-state structure
that appears to correspond to a simple conformational change
was found to be connected to carbocation U via a 1,7-hydride
shift (Figure S; TS (D7-to-U)), a very exothermic step.
Another transition-state structure (Figure 5; TS (U-to-D8))
connects U to the productive conformer of cation D (Figure S;
D8) via a 1,7-hydride shift in the reverse direction, a very
endothermic step. This “temporary hydride shift” is reminiscent
of the “temporary methyl shift” encountered in our previous
studies on trichodiene formation (blue pathway in Scheme 2).”
Ring closure converts cation D8 to chamigryl cation conformer
H6 (Figure 5; TS (D8-to-H6)).** Attack of the cyclohexene 7-
bond onto the carbocation center (C7) of H6 leads to
carbocation J, the immediate precursor to the chamipinenes,
through a cyclization that is predicted to be barrierless. In the
structure of J, the C2—C7 bond is very elongated due to strong

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463
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Figure S. An alternative route to cuprenyl cation (F), the chamigryl cation (H) and extended route to chamipinyl cation (J) that precedes
(2R,6R,7R)-A"®-chamipinene (61) and (2R,6R,7R)-A**-chamipinene (62) starting with bisabolyl cation conformer A3. Computed geometries
(distances in A) and energies (kcal/mol) of intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p) in
green and mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brackets.

hyperconjugation with the formal cation at C3, similar to other
cyclobutylcarbinyl cations encountered in previous studies on
pinenes,43 bergamotenes,13 and ylangenes.7 Note that cation U
resides in a deep energy well with a barrier of approximately 30
kcal/mol for escape to D8. Thus, to form D8 an enzyme would
likely need to suppress the 1,7-hydride transfer leading to U.
Mechanisms for avoiding such deep energy wells through
noncovalent interactions with active site residues and dynamical
behavior are under investigation and will be reported in due
course.

Formation of Thujopsene and Widdradiene Sesqui-
terpenes. Pathways typically proposed for formation of
thujopsene and widdradiene sesquiterpenes involve ring
expansion of the chamigryl cation H (Scheme 2).'>"
Computed pathways from several conformers of cation H to
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cations that precede various diastereomers of widdradienes are
shown in Figure 6. Chamigryl cation conformer H1 (Figure 3a)
can be converted to widdraenyl cation M1 via a ring expansion
reaction that does not require a preceding conformational
change and has a low predicted barrier (Figure 6, top).
Alternatively, chamigryl cation conformer H2 (Figure 3a) can
be converted to widdraenyl cation M2 with a comparable
barrier (Figure 6, bottom). M1 and M2 can interconvert via a
low barrier conformational change (Figure 6, center). A [1,2]-
hydride shift, again with a low barrier, converts M2 to N. M1 or
M2 could be deprotonated to form widdradiene isomer 36,
while N could be deprotonated to form widdradiene isomers 37
and 38.**

Although we located a transition-state structure that looked
like it should connect M1 to a different conformer of N, IRC
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M1
H1 TS (H1-to-M1) 4.51[-2.40] TS (M1-t0-01) o1
3.63 [-3.15] 8.10 [0.78] 6.68 [0.13] -2.26 [-10.51]

TS (M1-to-M2)
6.84 [0.19]

sssssssssssssasssnssne,

H2 TS (H2-to-M2) M2 TS (M2-to-N) N
4.57 [-3.00] 9.89 [2.42] 3.16 [-3.65] 10.79 [2.64] -4.64 [-10.63]

Figure 6. Conversion of conformers of the chamigryl cation (H) to the cations that precede (7S)-A'%-widdradiene (36), (6S,7S)-A**-widdradiene
(37), (65,75)-A%"-widdradiene (38), and (2S,65,7S)-thujopsenes (39 and 40). Computed geometries (distances in A) and energies (kcal/mol) of
intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)/ /B3LYP/ 6-31+G(d,p) in green and mPW1PW91/ 6-31+G(d,p)/ /
B3LYP/6-31+G(d,p) in plum and brackets.**

01---NH; TS1 39--NH,"
0.00 [0.00] 8.47 [4.59] 7.99 [3.79]

Figure 7. Model of deprotonation of O1 to form a-thujopsene (39).

TS (F1-to-1) (S)-1
8.30 [0.19]

1.58

F3 TS (F3-to-12) (SH12
-0.53 [-7.13] 10.30 [3.01] -2.37 [-9.37]

Figure 8. Ring expansion of the cuprenyl cation to the cation that precedes (S)-isochamigrene (34). Two transition structures, involving (a) a
boatlike conformation and (b) a chairlike conformation of the forming 6-membered ring, are shown. Computed geometries (distances in A) and
energies (kcal/mol) of intermediates and transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p) in green and
mPW1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brackets.
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calculations indicated that this transition-state structure actually
connects M1 to thujopsyl cation O1. Cation O1 does not have
a full-fledged C2—C6 o-bond (2.06 A), but the C2—C1-C6
angle is small (87°) and the C2—C3 distance (1.36 A) is
slightly longer than would be expected for a simple C=C z-
bond. Similar hybrids of homoallylic and cyclopropylcarbinyl
cations have been found for terpene-forming reactions.'"*~*
To confirm that deprotonation at C4 of O1 can indeed lead to
C2—C6 ring closure, we examined proton transfer to ammonia
(a simple model base used in several previous stud-
jes”®43464861e) - Complexation of cation O1 by ammonia
shortens the C2—C6 distance only slightly (to 1.94 A), but the
C2—C6 o-bond forms fully (1.54 A) upon proton transfer from
C4 to ammonia (Figure 7). We have observed similar coupled
deprotonation/ring closure reactions in studies of other
7,8,43,46,48

terpenes.

Formation of Isochamigrenes. Isochamigrene, which is
produced as a byproduct by trichodiene synthase,'® possesses a
spirobicyclic structure distinct from that of the chamigrenes
(Scheme 2). In principle, isochamigrene could be formed via an
alternative mode of cuprenyl cation ring expansion (C8 rather
than C11 shift; Scheme 2).'® Conformer F1 of the cuprenyl
cation (see Figures 1 and 3a) is productive for the ring
expansion leading to isochamigryl cation I1 via a boatlike
transition-state structure, a process that is associated with a
predicted barrier of less than 10 kcal/mol (Figure 8a), similar
to the barriers computed for the alternative [1,2]-alkyl shifts
leading to the chamigryl cation (Figure 3a). Cuprenyl cation
conformer F3 (Figure 1) also is able to undergo ring expansion
to isochamigryl cation conformer I2 (Figure 8b), here via a
chairlike transition-state structure. The chairlike transition-state
structure is slightly higher in energy than the boat-like
transition-state structure due to repulsive interactions between
the cyclohexene ring and the forming 6-memberred ring.*’

In the rearrangements just described, the (S)-cuprenyl cation
is converted to the (S)-isochamigryl cation. Interestingly, the
(R)-isochamigryl cation could also be formed from the (S)-
cuprenyl cation if the 5- and 6-membered rings in this cation
first rotate relative to each other by ~180°. This would allow
C8 to migrate to the other face of the cationic center (C6).
This conformational change (see Supporting Information for
structures) involves an overall barrier that is comparable to
those for ring expansion. Thus, access to either enantiomer of
isochamigrene is possible from a single enantiomer of the
cuprenyl cation—provided that the active site in which these
cations are generated can accommodate the necessary
conformational change.”® This stereochemical flexibility could
have some evolutionary utility. Of course, the absolute
configuration of the isochamigrene produced could be
controlled by restricting the conformational flexibility of the
intermediates generated.

Formation of Sesquithujene and Sesquisabinene. The
generally proposed mechanism for the formation of sesquithu-
jenes and sesquisabinenes involves ring closure of the
homobisabolyl cation (Scheme 2, E — Q). Ring closure
instead of proton transfer (Scheme 2, E — D) can convert the
homobisabolyl cation conformer E1 (Figure 1) to cation Q
(Scheme 2 and Figure 9). The transition-state structure for this
conversion looked like a transition-state structure for a
conformational change, but IRC calculations indicated that
this conformational change is coupled to ring closure. Note that
the C7—C8 bond in the transition-state structure (Figure 9; TS
(E1-to-Q1)) is shorter (1.55 A) than that in E1 (1.60 A),
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- (6R)-A1
0.00 [0.00]

* [1,2]-hydride
shift

(28,65,7R)-Q1
-0.39 [-2.29]

TS (A1-to-E1)
6.08 [3.51]

(7R)-E1
0.05 [-0.23]

TS (E1-to-Q1)
2.95 [2.16]

Figure 9. Two-step conversion of the conformer of the bisabolyl
cation Al via “interior” face hydride shift to the carbocation Q_ that
precedes isomers of sesquithujene (41) and sesquisabinene (42).
Computed geometries (distances in A) and relative energies (kcal/
mol) of intermediates and transition-state structures are shown:
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p) in green and
mPWI1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) in plum and brack-
ets.

indicating a loss of hyperconjugation with the cationic center
(C6) upon rotation of the ring. The C2—C6 distance (2.02 A),
C2—C3 distance (1.36 A), and C2—C1—C6 angle (84°) in Q1
again correspond to a homallyl/cyclopropylcarbinyl hybrid
structure. Deprotonation of Q1 with concomitant C2—C6
shortening could generate sesquithujene and sesquisabinene.
Related pathways for other conformers of cation Q, some
which involve formation of Q without formation of E as a
discrete intermediate, are discussed in the Supporting
Information. These pathways allow for formation of four
epimeric series of sesquithujenes and sesquisabinenes from the
same bisabolyl cation stereoisomer (Scheme 3), with the
mechanism to form these sesquiterpenes and their stereo-
chemical configurations depending on the conformation and
the mode of hydride shift (along “interior” or “outer” face of
the bisabolyl cation).

Formation of Microbiotenes. Ring closure of the
cuprenyl cation (Scheme 2, F — R) and deprotonation of
the resultant microbiotyl cation R could lead to the
microbiotenes. We found that isobisabolgrl cation conformer
D6 (derived from bisabolyl cation A8)* is preorganized to
undergo a concerted reaction involving two cyclization events
that connect D6 directly to cation R (Figure 10). The D6-to-
R2 reaction is predicted to have a negligible barrier.>' Note that
cation R (equivalent to a delocalized version of cation F) is
another example of a homoallyl/cyclopropylcarbinyl hybrid
(see Figures 6 and 9 for others). Concomitant deprotonation
and C2—C6 bond shortening would generate microbiotene
isomers 49 and 50 (depending on which proton is removed;
see Supporting Information for model deprotonation reac-
tions).

Formation of Dunniene and Cumacrene. The cyclo-
butane-containing dunniene and cumacrene sesquiterpenes
share the same connectivity but have a diastereomeric
relationship (Figure 11)."% The formation of these
sesquiterpenes is proposed to involve cyclization of the
bisabolyl cation (Scheme 2, A — P).>* Despite various
attempts, we were unable to locate the cyclobutane-containing
cation P nor a transition-state structure appearing to connect
the bisabolyl cation to P. Consequently, we suggest that cation
P is likely not a minimum in the absence of an enzyme. To
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Scheme 3

(2R,6R,7R)-4*"-43

(28,68, 7R)-A*"-41
(2R,6R, 7R)-4°17-44

(28,68, 7R)-A17-42

g “interior”
JO= +
/
“conformation (6R)-A Agxten'o r (TR}-E (28,65,7R)-Q (2R,6R,7R)-Q
isomers” / ~H - N H
H H H
o (Bl —
+
“interior”
R | l
(6R)-A (7S)-E (2R,6R,7S)-Q

(2R,6R,75)-44-47

(2S,68,75)-477-45 4
(2R.6R,78)-A4"/-48

(2S,68,78)-4717-46

75)-F7
D6 TS (D6-to-F7) _od
-0.22 [-3.55] 2.26 [-3.19] = (g!:,f.[s_,; ‘;()s']m

Figure 10. Conversion of the conformer of the homobisabolyl cation
D to the carbocation R (equivalent to a delocalized version of cation
F) that precedes the microbiotenes (49, 50). Computed geometries
(distances in A) and relative energies (kcal/mol) of intermediates and
transition-state structures are shown: B3LYP/6-31+G(d,p)//B3LYP/
6-31+G(d,p) in green and mPWI1PW91/6-31+G(d,p)//B3LYP/6-
31+G(d,p) in plum and brackets.

H

dunniene (57)

cumacrene (58)

Figure 11. Structures of dunniene and cumacrene.

determine whether or not cation P might exist as a minimum in
the presence of active site residues, we examined complexes
that might involve stabilizing intermolecular C—H---lone pair
interactions.’® Previously we observed that appropriate
positioning of lone pair donors can induce dramatic changes
to geometries of carbocations and transition-state structures
connected to them.****** We were indeed able to locate
minima when ammonia (a simple model lone pair
donor”¥**) interacts with isopropyl hydrogens of various
conformers and diastereomers of cation P (Figure 12),35%%S
although the C7—C10 distances in these complexes are again
quite long. Note that the C—H bond involved in the C—H--
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NH; interaction is anti to the incipient p-orbital at C11 and the
forming C7—C10 bond; ie., all of these are aligned for
hyperconjugation, with the isopropyl C—H bond and C7—C10
bond competing for the carbocation center at C11. As shown in
Figure 12, proton transfer to the ammonia (via low-energy
transition-state structures) leads to dunniene and cumacrene
sesquiterpenes with much shorter C7—C10 bonds. These
results support the notion that the relative stereochemistry of
the sesquiterpenes produced depends on the conformation(s)
of the bisabolyl cation that can be realized in an enzyme active
site.

B IMPLICATIONS

Relevance of Intermediate D. Previously we argued that
carbocation D is the likely precursor to the cuprenyl cation (F),
rather than the usually proposed cation B.>**® We also noted
that this cation could be the precursor to iso-y-bisabolene,
which previously had been proposed to arise via fragmentation
of the cuprenyl cation.”"” Our proposal was supported by
Dickschat and co-workers’ co-isolation of iso-y-bisabolene and
trichodiene.”” We now also propose that cation D can
rearrange directly to the chamigryl cation H, avoiding a
cuprenyl cation (F) minimum, provided it can adopt an
appropriate conformation. Thus, we suggest that the chami-
grenes could form without the formation of a discrete cuprenyl
cation precursor.

Relevance of Intermediate C. To our knowledge, carbon
skeletons with the stereochemistry of the cation C structure
that we examined previously as a potential precursor to
trichodiene®®*® are not present in sesquiterpene natural
products isolated to date. Nonetheless, a different stereoisomer
of cation C can readily rearrange to cations that are the likely
precursors to all of the known sesquiterpenes with laurane
skeletons.””*” Unlike most terpene-forming carbocation
rearrangements examined to date using quantum chemical
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(6R,7S,108)-P1——-NH;
0.00 [0.00]

(6R,7S,10R)-P2—NH,
0.57 [0.28]

(6R,7R,10S)-P3-—NH,
0.44 [0.47]

(6R,7R,10R)-P4——NHj
0.97 [0.75]

TS2

TS5
2.90 [0.71]

“1.36
57-—-NH,*
0.14 [-2.18]

59-—-NH,*

60-—-NH,*
1.50 [-0.97]

Figure 12. Models for the formation of cumacrenes and dunnienes (57—60). Computed relative energies are shown in kcal/mol by B3LYP/6-
31+G(d,p)//B3LYP/6-31+G(d,p) and mPWI1PW91/6-31+G(d,p)//B3LYP/6-31+G(d,p) in green and plum in brackets, respectively.

calculations,® formation of C would require enzymatic
intervention in terms of barrier lowering (rather than just
conformational preorganization, shielding carbocations from
solvent, and control of deprotonation).

Stereochemistry of Isochamigrene. Although it is
generally suggested that (R)-isochamigrene is derived from
the (R)-bisabolyl cation,®® on the basis of our computed results,
we suggest that both (S)- and (R)-isochamigrene can be
produced from the (R)-bisabolyl cation and (S)-isochamigrene
may even be more likely (Figure 8). The conversion of either
enantiomer of the bisabolyl cation to either enantiomer of the
cuprenyl cation appears to be energetically viable, as is the
conversion of either enantiomer of the cuprenyl cation to either
enantiomer of the isochamigryl cation. As a result, knowing the
absolute configuration of the end product does not allow one to
know the absolute stereochemistry of the precursor cations.
Which stereoisomeric cation precursors are involved will
depend on the nature of the active site of the enzyme in
question—is it large enough or flexible enough for certain
conformational changes to occur within?—and the reaction
dynamics that it allows.

Long “Bonds” and Short “Nonbonds”. We describe
herein several examples of cyclopropylcarbinyl and cyclo-
butylcarbinyl cations with exceedingly long (>1.8 A) C—C
bonds. While not nonclassical in terms of bridging/hyper-
coordination,'>*>®" these structures stretch usual conceptions
of hyperconjugation®® and cation---7 interactions®” in that the
C—C bonds in question are longer than expected for the
former, but shorter than expected for the latter, providing
further support for the concept of a “carbocation continuum” ®
rather than restrictive definitions of different classes of
carbocations involving 6—p and 7—p interactions.
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Complexity from Simplicity. While a complex network of
carbocation conformers (precursors to sesquiterpenes not
derived from the bisabolyl cation) was examined in detail
previously,** the network described herein involves a large
number of sesquiterpene outputs with different carbon
skeletons, each structurally complex (polycyclic, stereodense),
but all arising from a single simple network node, the bisabolyl
cation. The results described herein showcase many unexpected
interconnections between intervening nodes, the absence of
several expected nodes, means for manipulating passage
through this network via noncovalent interactions, and means
for diverting intermediates toward particular exit channels via
positioning of a base for selective deprotonation. The structural
and energetic details now available for this portion of the
CsH,s" potential energy surface set the stage for future studies
on the influence of inherent dynamical effects®® and collections

of active site residues.%®

B ASSOCIATED CONTENT

© Supporting Information

Coordinates and energies for all computed structures, along
with complete ref 25. This material is available free of charge via
the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
djtantillo@ucdavis.edu
Notes

The authors declare no competing financial interest.

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463


http://pubs.acs.org
mailto:djtantillo@ucdavis.edu

Journal of the American Chemical Society

B ACKNOWLEDGMENTS

We gratefully acknowledge support from UC Davis and the
National Science Foundation (CHE-0449845, CHE-0957416,
and CHE030089 for supercomputing resources), and we thank
Dr. Mike Lodewyk for helpful comments.

B REFERENCES

(1) Parker, W.; Roberts, J. S.; Ramage, R. Q. Rev. Chem. Soc. 1967, 21,
331—-363 In this review, the mechanism involving the intermediacy of
y-bisabolyl cation (D) to form cuprenenes (D-to-F) and chamigrenes
(D-to-H) is invoked..

(2) (a) Christianson, D. W. Chem. Rev. 2006, 106, 3412—3442.
(b) Christianson, D. W. Curr. Opin. Chem. Biol. 2008, 12, 141—150.
(c) Croteau, R. Chem. Rev. 1987, 87, 929—954. (d) Cane, D. E.
Sesquiterpene biosynthesis, cyclization mechanisms; Elsevier: London:
1999; Vol. 2, pp 155—200. (e) Cane, D. E. Acc. Chem. Res. 1985, 18,
220-226.

(3) Cane, D. E. Chem. Rev. 1990, 90, 1089—1103.

(4) Davis, E. M; Croteau, R. Top. Curr. Chem. 2000, 209, 53—95.

(S) Tantillo, D. J. J. Phys. Org. Chem. 2008, 21, 561—570.

(6) Hess, B. A, Jr. J. Am. Chem. Soc. 2002, 124, 10286—10287.

(7) Lodewyk, M. W.; Gutta, P.; Tantillo, D. J. J. Org. Chem. 2008, 73,
6570—6579.

(8) Hong, Y. J; Tantillo, D. J. J. Am. Chem. Soc. 2009, 131, 7999—
8015.

(9) Hong, Y. J.; Tantillo, D. J. Org. Lett. 2006, 8, 4601—4604.

(10) (a) Tantillo, D. J. Nat. Prod. Rep. 2013, 30, 1079—1086.
(b) Tantillo, D. J. Nat. Prod. Rep. 2011, 28, 1035—10S3.

(11) Hong, Y. J; Tantillo, D. J. Org. Biomol. Chem. 2009, 7, 4101—
4109.

(12) Hong, Y. J,; Tantillo, D. J. Chem. Sci. 2010, 1, 609—614.

(13) Hong, Y. J; Tantillo, D. J. Chem. Commun. 2012, 48, 1571—
1573.

(14) Tholl, D.; Chen, F.; Petri, J.; Gershenzon, J.; Pichersky, E. Plant
J. 2005, 42, 757-771.

(15) Wu, S.; Schoenbeck, M. A,; Greenhagen, B. T.; Takahashi, S.;
Lee, S.; Coates, R. M.; Chappell, J. Plant Physiol. 2005, 138, 1322—
1333.

(16) Kollner, T. G; O’Maille, P. E.; Gatto, N.; Boland, W,
Gershenzon, J.; Degenhardst, J. Arch. Biochem. Biophys. 2006, 448, 83—
92.

(17) Kéllner, T. G.; Schnee, C.; Gershenzon, J.; Degenhardt, J. Plant
Cell 2004, 16, 1115—1131.

(18) Vedula, L. S.; Jiang, J.; Zakharian, T.; Cane, D. E.; Christianson,
D. W. Arch. Biochem. Biophys. 2008, 469, 184—194.

(19) Cool, L. G. Phytochemistry 2008, 66, 249—260.

(20) Lyakhova, E. G; Kalinovsky, A. I; Kolesnikova, S. A;
Vaskovsky, V. E.; Stonik, V. A. Phytochemistry 2004, 65, 2527—2532.

(21) Citron, C. A; Riclea, R;; Brock, N. L.; Dickschat, J. S. RSC Adbv.
2011, 1, 290—297.

(22) This is part 12 of our series on theoretical studies of
sesquiterpene-forming carbocation rearrangements. For part 11, see:
Hong, Y. J; Irmisch, S.; Wang, S. C.; Garms, S.; Gershenzon, J.; Zu, L,;
Kollner, T. G.; Tantillo, D. J. Chem.—Eur. J. 2013, 19, 13590—13600.

(23) Kurt, T.; Sunden, M. Natural Product Chemistry: A Mechanistic,
Biosynthetic and Ecological Approach, 2nd ed.; Taylor & Francis, Inc.:
Sweden, 1997; Chapter 6.

(24) See Supporting Information for the structures of the (R)-
bisabolyl cation-derived sesquiterpenes with explicit stereochemistry.

(25) Frisch, M. J.; et al. Gaussian03, revision D.01; Gaussian, Inc.:
Pittsburgh, PA, 2003.

(26) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648—5652. (b) Becke,
A.D.]. Chem. Phys. 1993, 98, 1372—1377. (c) Lee, C; Yang, W.; Parr,
R. G. Phys. Rev. B 1988, 37, 785—789. (d) Stephens, P. J.; Devlin, F. J.
(e) Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 11623—
11627.

(27) (a) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523—
5527. (b) Fukui, K. Acc. Chem. Res. 1981, 14, 363—368.

2462

(28) (a) Matsuda, S. P. T.; Wilson, W. K.; Xiong, Q. Org. Biomol.
Chem. 2006, 4, 530—543. (b) Hess, B. A, Jr; Smentek, L. Angew.
Chem., Int. Ed. 2013, 52, 11029—11033.

(29) Miiller, N.; Falk, A.; Gsaller, G. Ball & Stick, V.4.0a12, molecular
graphics application for MacOS computers; Johannes Kepler
University, Linz, 2004.

(30) Ring-opening of the cuprenyl cation followed by deprotonation
could, in principle, lead to (6E)-iso-y-bisabolene (1), as proposed in
ref 8.

(31) Details of a closely related pathway involving slightly different
conformers can be found in the Supporting Information.

(32) An alternative pathway to trichodiene involving other
conformers is also possible; see Supporting Information for details.

(33) Previously, we suggested that conformational adjustments of the
bisabolyl cation are necessary to form certain sesquiterpenes. See ref 8.

(34) Williams, A. Concerted Organic and Bio-Organic Mechanisms;
CRC Press: Boca Raton, FL, 2000.

(35) (a) Suzuki, T.; Kikuchi, H.; Kurosawa, E. Bull. Chem. Soc. Jpn.
1982, 55, 1561—1563. (b) Kladi, M.; Vagias, C.; Furnari, G.; Moreau,
D.; Roussakis, C.; Roussis, V. Tetrahedron Lett. 2005, 46, 5723—5726.
(c) Sun, J.; Shi, D.; Ma, M,; Li, S.; Wang, S.; Han, L,; Yang, Y.; Fan, X;
Shi, J.; He, L. J. Nat, Prod. 20085, 68, 915—919. (d) Mao, S.-C.; Guo,
Y.-W. J. Nat, Prod. 2006, 69, 1209—1211. (e) Kénig, G. M.; Wright, A.
D. Planta Med. 1997, 63, 186—187.

(36) Jelen, H. H.; Mirocha, C. J.; Wasowicz, E.; Kaminski, E. Appl.
Environ. Microbiol. 1995, 61, 3815—3820.

(37) (a) Sims, J. J.; Lin, G. H. Y.; Wing, R. M. Tetrahedron Lett. 1974,
15, 3487—3490. (b) Denys, R.; Coll, J. C.; Bowden, B. F. Aust. J. Chem.
1992, 45, 1611—1623.

(38) (a) Alabugin, 1. V.; Gilmore, K. M.; Peterson, P. W. WIREs
Comput. Mol. Sci. 2011, 1, 109—141 and references therein. (b) Wu, J.
L; Schleyer, P. v. R. Pure Appl. Chem. 2013, 85, 921—940 and
references therein.

(39) Formation of chamigryl cations starting with the Z isomer of
cation D were also examined. See Supporting Information for details.

(40) The pathway starting with the A8 conformer of the bisabolyl
cation, which is closely related to the pathway from Al (Figure 1), also
leads to trichodiene and barbatene. See Supporting Information.

(41) We found that the chamigryl cation H4 (Figure 3b) is
productive for of 3,7-closure. We are examining the rearrangements of
the chamigryl cation to other sesquiterpenes, and these results will be
reported in due course.

(42) Ring closure of cation D leads to form cuprenyl cation with R
configuration. The Z isomer of iso-y-bisabolene (2) and S stereo-
isomers of the cuprenenes (22 and 24) could be readily derived from
this pathway.

(43) Hong, Y. J.; Tantillo, D. J. Org. Biomol. Chem. 2010, 8, 4589—
4600.

(44) See Supporting Information for a closely related pathway
involving slightly different conformers of cation H.

(4S) Gutta, P.; Tantillo, D. J. J. Am. Chem. Soc. 2006, 128, 6172—
6179.

(46) Hong, Y. J.; Tantillo, D. J. Org. Lett. 2011, 13, 1294—1297.

(47) We were unable to locate any localized tertiary cations with fully
formed C2—C6 o-bonds, but we did locate a conformer with a
somewhat shorter C2—C6 distance (1.98 A vs 2.06 A in O1) and
smaller C2—C1—C6 angle (83°). See Supporting Information for
details. We also found a route to a conformer of cation O that bypasses
cation M. Chamigryl cation conformer H6, which can arise from a
conformational change of H3 (Figure 3a), undergoes a concerted but
asynchronous (see refs S, 6, and 34) ring expansion/cyclization
reaction (based on IRC calculations) that connects H6 directly to O3
(see Supporting Information for details), but the transition-state
structure for the H6-to-O3 reaction is higher in energy than those
involved in the alternative stepwise pathways.

(48) Hong, Y. J.; Tantillo, D. J. J. Am. Chem. Soc. 2010, 132, 5375—
5386.

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463



Journal of the American Chemical Society

(49) Note in particular that C1—H--H—C14 (1.83 A) and C5—H-
H—C12 (1.86 A) distances are shorter in TS (F3-to-12) than in TS
(F1-to-11) (1.97 A and 2.01 A).

(50) Similar arguments about the bisabolyl cation have been
advanced previously. See ref 8.

(51) Two-step reactions are also possible to form the cations that
precede the micobiotenes. See Supporting Information for details.

(52) Lai-King, S.; Brown, G. D. Phytochemistry 1998, 47, 301—302.

(53) (a) Takahashi, O.; Kohno, Y.; Nishio, M. Chem. Rev. 2010, 110,
6049—6076. (b) Steiner, T. Angew. Chem., Int. Ed. 2002, 41, 48—76.
(c) Perrin, C. L.; Nielson, J. B. Annu. Rev. Phys. Chem. 1997, 48, S11—
544. (d) Ma, J. C.; Dougherty, D. A. Chem. Rev. 1997, 97, 1303—1324.
(e) Fabio, A; Badjic, J. D.; Cantrill, S. J.; Flood, A. H.; Leung, K. C. F;
Liu, Y.; Stoddart, J. F. In Templates in Chemistry 1I: Templated Synthesis
of Interlocked Molecules; Schalley, C. A., Vogtle, F., Dotz, K. H., Eds,;
Topics in Current Chemistry 249; Springer: Berlin/Heidelberg, 2005;
Pp 227-240. (f) Pauling, L.; Corey, R. B. Proc. Natl. Acad. Sci. US.A.
1951, 37, 729—740. (g) Nowick, J. S. Acc. Chem. Res. 2008, 41, 1319—
1330. (h) Scheiner, S. Phys. Chem. Chem. Phys. 2011, 13, 13860—
13872. (i) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W. Tetrahedron
Lett. 1997, 38, 1699—1702. (j) See also: http://www.tim.hiho.ne.jp/
dionisio/.

(54) Hong, Y. J; Tantillo, D. J. J. Org. Chem. 2007, 72, 8877—8881.

(55) Bojin, M. D.; Tantillo, D. J. J. Phys. Chem. A 2006, 110, 4810—
4816.

(56) Vedula, L. S.; Zhao, Y.; Coates, R. M.; Koyama, T.; Cane, D. E,;
Christianson, D. W. Arch. Biochem. Biophys. 2007, 466, 260—266.

(57) Dickschat, J. S;; Brock, N. L,; Citron, C. A,; Tudzynski, B.
ChemBioChem 2011, 12, 2088—2095.

(58) (a) Vedula, L. S.; Cane, D. E.; Christianson, D. W. Biochemistry
2005, 44, 12719—12727. (b) Rynkiewicz, M. J; Cane, D. E;
Christianson, D. W. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 13543—
13548.

(59) Goldsmith, D. J.; John, K. T.; Kwong, C. D.; Painter, G. R,, 11T J.
Org. Chem. 1980, 45, 3989—3993.

(60) (a) Vedula, L. S; Jiang, J; Zakharian, T.; Cane, D. E;
Christianson, D. W. Arch. Biochem. Biophys. 2008, 469, 184—194.
(b) Vedula, L. S.; Rynkiewicz, M. J.; Pyun, H. J.; Coates, R. M.; Cane,
D. E.; Christianson, D. W. Biochemistry 2005, 44, 6153—6163.

(61) (a) Brown, H. C. (with comments by P. v. R. Schleyer). The
Nonclassical Ion Problem; Plenum: New York. 1977. (b) Acc. Chem.
Res. 1983, 16, issue 12. See, for examples: (c) Ponec, R.; Bultinck, P.;
Gutta, P,; Tantillo, D. J. J. Phys. Chem. A 2006, 110, 3785—3789.
(d) Siebert, M. R;; Tantillo, D. J. J. Org. Chem. 2006, 71, 645—654.
(e) Nguyen, Q. N. N,; Tantillo, D. J. Beilstein J. Org. Chem. 2013, 9,
323-331.

(62) (a) Miklis, P. C.; Ditchfield, R.; Spencer, T. A. J. Am. Chem. Soc.
1998, 120, 10482—10489. (b) Dougherty, D. A. Science 1996, 271,
163—168. (c) Faraldos, J. A.; Antonczak, A. K; Gonzalez, V,;
Fullerton, R; Tippmann, E. M.; Allemann, R. K. J. Am. Chem. Soc.
2011, 133, 13906—13909. (d) Jenson, C.; Jorgensen, W. L. J. Am.
Chem. Soc. 1997, 119, 10846—10854. (e) Hong, Y. J.; Tantillo, D. J.
Chem. Sci. 2013, 4, 2512—2518.

(63) Tantillo, D. J. Chem. Soc. Rev. 2010, 39, 2847—2854.

(64) (a) Hess, B. A, Jr.; Smentek, L.; Noel, J. P.; O’Maille, P. E. J.
Am. Chem. Soc. 2011, 133, 12632—12641. (b) We have focused herein
on productive conformations, although examining others would
increase the complexity of the reaction network we describe even
further.

(65) (a) Pemberton, R. P.; Hong, Y. J.; Tantillo, D. J. Pure Appl.
Chem. 2013, 85, 1949—1957 and references therein. (b) Rehbein, J.;
Carpenter, B. K. Phys. Chem. Chem. Phys. 2011, 13, 20906—20922.
(c) Carpenter, B. K. Acc. Chem. Res. 1992, 25, 520—528. (d) Black, K;
Liu, P,; Xu, L.; Doubleday, C.; Houk, K. N. Proc. Natl. Acad. Sci. U.S.A.
2012, 109, 12860—12865 and references therein. (e) Bogle, X. S.;
Singleton, D. A. Org. Lett. 2012, 14, 2528-2531 and references
therein.

(66) Leading references: (a) Tantillo, D. J.; Chen, J.; Houk, K. N.
Curr. Opin. Chem. Biol. 1998, 2, 743—750. (b) Tantillo, D. J.; Houk, K.

2463

N. Stimulating Concepts in Chemistry: Theozymes and catalyst design;
Wiley-VCH: Weinheim, Germany, 2000; pp 79—88. (c) DeChancie, J.;
Clemente, F. R.; Smith, A. J. T.; Gunaydin, H.; Zhao, Y.-L.; Zhang, X;
Houk, K. N. Protein Sci. 2007, 16, 1851—1866.

dx.doi.org/10.1021/ja4106489 | J. Am. Chem. Soc. 2014, 136, 2450—2463


http://www.tim.hiho.ne.jp/dionisio/
http://www.tim.hiho.ne.jp/dionisio/

