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ABSTRACT: The stabilizing features of a macrocyclic sesquiterpene-

derived cation were explored using quantum mechanical calculations. X A A X

The monocyclic humulyl cation, the product of 11,1-cyclization of = = = =
) . ! ) e BH SNH2 CH,

farnesyl diphosphate, is the product of the first committed step in the

enzymatic synthesis of a range of structurally diverse sesquiterpenes,

including humulene (monocyclic); caryophyllene (bicyclic); and

protoilludene, pentalenene, and isocomene (tricyclic). These natural products are formed via carbocation cascades that are
directed in part by the conformation of the humulyl cation. Understanding the mechanistic details of product formation requires
an understanding of the conformational preferences of this fundamental intermediate. Replacing the carbocation with borane
(preserving m-accepting capabilities), ammonium (preserving positive charge), and methylene (preserving neither 7-accepting
capabilities nor charge) provides a systematic method to distinguish electrostatic and orbital effects on structure and internal
stabilization. Several modes of internal stabilization—hyperconjugation, transannular z(alkene)---C* and transannular C—H---C*
interactions—were uncovered, confirming and extending previous studies on this and similar systems.

B INTRODUCTION

The humulyl cation (1) is a proposed intermediate generated in
the active sites of various sesquiterpene synthases en route to a
diverse group of mono- and polycyclic sesquiterpene natural
products containing 11-membered rings (representative exam-
ples are shown in Scheme 1).! Unlike most secondary
carbocations proposed as intermediates in terpene-forming

carbocation cascades, the humulyl cation appears to be a true
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minimum on the C;sH,s" potential energy surface.”> By
analyzing the conformations of the humulyl cation, we can
begin to understand the stereoelectronic requirements of
various pathways leading to an expansive product distribution.
The stabilizing factors (hyperconjugation, transannular
n(alkene)--C* and transannular C—H:--C" interactions) that
allow secondary carbocations to be minima were uncovered
with the aid of density functional theory calculations.” The
effects of charge and hybridization at the carbocation center in
the humulyl cation were assessed via comparisons with CH" —
BH (preserves hybridization, but not charge), NH,* (preserves
charge, but not hybridization) and CH, (preserves neither
hybridization nor charge) congeners (2—4, Chart 1, Table 1) of
various humulyl cation conformers (the complete, complex

-
2 G

Chart 1

*@3@’

Received: February 17, 2015
Published: March 30, 2015

DOI: 10.1021/acs.joc.5b00381
J. Org. Chem. 2015, 80, 4046—4053


pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.5b00381

The Journal of Organic Chemistry

Table 1. Systematic Substitution of the Carbenium Ion at
Position 10 in the Humulyl Cation

position 10 probe empty p-orbital formal charge

R,CH (starting material) yes +1
R,BH borane substitution yes 0
R,NH, ammonium substitution no +1
R,CH, methylene substitution no 0

conformational potential energy surface for the humulyl cation
will be described in a separate report).* By characterizing the
features that internally stabilize various conformers of the
humulyl cation, we reveal which structural features a
sesquiterpene-synthesizing enzyme would have to avoid
disrupting, enhance or overcome to bind to (externally
stabilize) a specific conformer.*

B METHODS AND DATA PRESENTATION

All calculations were performed with Gaussian03 or Gaussian 09.°
Geometries were optimized using the B3LYP/6-31+G(d,p) method.®
The B3LYP method has been used previously to characterize energy
surfaces for carbocation rearrangements.>* Despite shortcomings in
treating dispersion,” specifically in capturing relative energies of cyclic
versus acyclic isomers,”® we feel that this method is appropriate for the
questions addressed herein, which primarily involve isomers with a
single (macrocyclic) ring. For tests on the structure shown in Figure
1d using other methods (M06, MP2), see the Supporting Information.
Stationary points were characterized by frequency calculations at 298
K, with structures at energy minima showing no imaginary frequencies
and transition state structures showing one imaginary frequency.
Intrinsic reaction coordinate (IRC) experiments9 were run to assess
the effect of atomic substitutions on molecular geometry and bonding
during transit between associated minima through a common
transition state structure (see Supporting Information). Electronic
energies are reported in kcal mol™'; bond lengths are reported in
angstroms (A); bond and dihedral angles are presented in degrees
(deg). Pyramidalization was measured as the sum of the bond angles
around particular atomic centers and ranges from 360° (trigonal

planar) to 328.5° (trigonal pyramidal in the extreme case of tetrahedral
bond angles).

Starting structures were derived from our ongoing investigations
into the conformations of the humulyl cation, which contains a
carbenium ion center at C,, (atom numbering is shown in Scheme 1).
Using several minima and transition-state structures, we systematically
substituted carbenium ion centers as shown in Chart 1. Each structure
was subjected to geometry optimization and frequency analysis.
Structural drawings were produced using Ball & Stick."°

Imaginary frequencies whose corresponding molecular motion
involved either the substituent at the X, position wagging into and
out of the center of the cyclic molecule (tending to explore
hyperconjugation, transannular cation-z interactions,"’ and/or car-
bon—carbon bond formation) or the C¢—C, prenyl flip that orients the
vinyl C4—H toward the substituent at the X, position (tending to
explore transannular C—H-7 interactions'*) were targeted in this
study. Analysis of the C,—C; prenyl flip in these structures served as a
control for these experiments (see Supporting Information).

Atomic substitution is a time-honored investigative tool but is not
without its shortcomings. Periodic trends in atomic size and
electronegativity plus variability in the subtle details of structure
between subvalent and fully valent atoms have the potential to derail
atomic substitution studies. We explicitly address these inherent
limitations with thorough IRC analysis of stationary points (both in
the text and in the Supporting Information). The IRC results indicate
that the humulyl framework is structurally flexible enough to
accommodate the small changes in C—X bond length such that
artifacts arising from that parameter do not change the overall
comparison to the parent carbenium ion. In addition, the IRCs allow
the electrostatic and orbital interactions to be explored during
conformational transitions, an appropriate and thorough probe of
potential interactions or lack thereof.

For all schematics of computed structures, typical atom coloring is
used (carbons in black, hydrogens in white, nitrogens in blue) with the
following modifications: carbocation centers are colored green,
carbons in C=C z-bonds are colored red; boron atoms are colored
pink, intramolecular contacts involving z-bonds or C,,—H bonds are
indicated with red dotted lines, distances associated with C=C bonds
are shown in red, and lengths of strongly hyperconjugated’* C—C
bonds (>1.60 A) are shown in green.

Figure 1. (a) Representative conformer of the humulyl cation with C—C bonds elongated due to hyperconjugation (green), along with (b) CH* —
BH, (c) CH* - NH,*, and (d) CH* — CH, congeners. Selected distances are shown in A.

4047

DOI: 10.1021/acs.joc.5b00381
J. Org. Chem. 2015, 80, 4046—4053


http://dx.doi.org/10.1021/acs.joc.5b00381

The Journal of Organic Chemistry

B RESULTS AND DISCUSSION

1. Hyperconjugation. Many conformers of the humulyl
cation are stabilized by hyperconjugation,'® characterized by
elongated C—C bond lengths, typically on the order of 1.6—1.7
A. In many cases, more than one C—C bond is lengthened
relative to a “nominal” 1.53-1.55 A C;—C,,; bond. A
representative conformer is shown in Figure la. Note that two
C—C bonds are elongated to >1.6 A. Although the CH"* — BH
congener still contains a formally empty p-orbital, elongation of
neighboring C—C bonds is not observed. C—C bond
elongation is also not observed for the C* — NH," and CH,
congeners, for which the electron-accepting p-orbital is not
available. Thus, both a formally vacant p-orbital and a positive
charge are necessary for strong hyperconjugation to occur, a
result consistent with studies in other carbocationic systems.'®
Note also that variations in electronegativity also play a
(presumably small) role; for example, C is more electronegative
than B and N—H hydrogens bear more partial positive charge
than C—H hydrogens.

2. Transannular X—H--z(alkene) and =(alkene)--C*
interactions. For CH" — NH," congeners, transannular N—
H---7 interactions were often observed.'*'® For example, the
ammonium ion shown in Figure lc displays short contacts
between one ammonium hydrogen and both C=C 7z-bonds.
Removal of the positive charge, as for the hydrocarbon
congener shown in Figure 1d, leads to a lengthening of these
contacts. Transannular C—H---7 interactions involving hyper-
conjugated C—H bonds have been observed for other
macrocyclic carbocations,®">* but this type of interaction was
not observed in any of the humulyl cation conformers located
in our study. The humulyl cation appears more comfortable
accommodating interactions between its m-bonds and the
carbocation center itself. Further analysis of this phenomenon
is presented below (see section 4).

Several humulyl cations that appear to be stabilized by
transannular interactions between 7-electron density in C=C
m-bonds and the formally empty p-orbital at the carbocation
center were located. Previous work established the ability of the
transannular z(alkene)---C* interaction to influence the
molecular rearrangements associated with terpene biosyn-
thesis.>>'** A representative example from the humulyl system
is shown in Figure 2a. While the carbocationic center in this
structure is again engaged in hyperconjugation, it is not as
dramatic as for the structure shown in Figure la. In the
structure shown in Figure 2a, the carbocationic carbon is very
slightly pyramidalized (sum of the three C—C—C/H angles at
this center =357°), the formally empty p-orbital at this center is
directed toward the Cc=C, z-bond, with C,,---C¢ and C,y---C,
distances of 2.85 and 2.51 A, respectively (distances to the
C,=C, n-bond are greater: 3.05 and 3.78 A), and the C,=C,
m-bond is elongated slightly, to 1.37 A. Such interactions have
been observed in other carbocations,'”'? in some cases with
much shorter C*---z-bond distances (some short enough for
the carbocations to be considered nonclassical).>'*

Although the borane congener of the conformer shown in
Figure 2a displays the same overall geometric features (as
evaluated by similarity between dihedral angles around the
ring), the difference between the two structures is immediately
evident (Figure 2b; note the longer B---C and shorter C=C
distances). While B, like C*, has z-accepting capacity, the
difference in their respective geometries is consistent with the
cation-z interactions being largely electrostatic in nature. A
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Figure 2. (a) Representative conformer of the humulyl cation
displaying a transannular cation—z interaction and the (b) CH* —
BH congener. Selected distances are shown in A.

recent report proposes B--z-bond interactions with B---C
distances as short as 3.3 A,'® but we see no evidence of such
interactions, as the C,=C; double bond is of nominal length,
nearly identical in length to the C4=C, bond length in this
structure and the C=C bonds in other structures. In addition,
the boron center is fully trigonal planar (sum of the three C—
B—C/H angles at this center = 360°).

3. Transannular C—H--C* Interactions. The most
unusual sort of stabilizing interactions found for the humulyl
cation involves donation of electron density from C,,—H bonds
to the formally empty p-orbital at the carbocation center. A
representative conformer that benefits from such an interaction
is shown in Figure 3a. This structure shows significant
pyramidalization at the carbocation center (sum of bond angles
of 353°, as well as C,,,—H bond elongation (1.20 Avs 1.09 A
for the “non-interacting” C,,,—H bonds in the same cationic
structure). In addition, the Cy—C4—C, bond angle increases
from 127°—131° in all other structures examined up to 133°,
and the C¢=C, bond shortens to 1.33 A, consistent with
alkenyl cation character at Cq.'” Taken together, these data
suggest that there is significant 3-center 2-electron bonding in
this structure. 3-Center [C---H---C]" bonding arrays have been
described previously for carbocations,'® even ones related to
terpene biosynthesis,19 but, to our knowledge, these have not
involved alkenyl carbons that tend toward sp-hybridization
upon interaction (see Supporting Information). The borane
congener shown in Figure 3b, a transition state structure for
moving the alkenyl C—H group through the ring (C4C-prenyl
flip), lacks 3-center 2-electron interactions, again highlighting
the drive to delocalize charge, not just electron density, to
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Figure 3. (a) A representative humulyl cation displaying the 3-center [C---H:--C]" interaction and (b-d) CH* — BH, NH,", and CH, congeners,
respectively (all transition state structures for moving the C,p>—H group through the ring). Selected distances are shown in A.

internally stabilize the carbocations. Shown in Figures 3c—d are
NH," and CH, congeners, again transition state structures; for
these systems the C;—C4—C, bond angle likely increases due to
transannular steric clashes.

To further examine, and separate, the impact of having a
charge and a formally empty p-orbital at C,, on the
transannular C—H--C" interactions that “lock” the Cg,,—H
bond with the C* (e.g, Figure 3a), IRCs corresponding to the
Cg,Co-prenyl flip were calculated for the BH and NH,"
congeners (Figure 4). In each case, as the prenyl group sweeps
from one orientation to the other, there is no geometric
evidence that the C,,—H interacts favorably with the empty p-
orbital on the boron (Figure 4, top) or the positive charge of
the NH," group (Figure 4, bottom). In both cases, as the prenyl
group rotates through the ring there is a corresponding increase
in energy from various sources of strain. In the By, case, if there
were a CSPZ—H‘"(p—orbital) transannular interaction, it likely
would be revealed by a deviation from the smooth curve that is
observed as the C,,,—H explores the interior of the macrocycle
(Figure 4, top). Likewise, there is no change to the smooth
curve as the Cg,,—H sweeps past the NH," group, again
indicating no favorable interaction (Figure 4, bottom). The
corresponding geometry (as defined by the C,—C4s—H,—C,,
dihedral angle) of the Cypo—H:C" transannular interaction (a
minimum on its potential energy surface; Figure 3a) is
highlighted in each case by the red dot on the IRC curve.
Two other Cjy-carbocation systems featuring the transannular
C—H---C" interactions and their BH and NH," congeners were
examined and similar results were obtained (see Supporting
Information; control experiments with CH, congeners were
performed as well). These experiments demonstrate clearly that
both the positive charge and the empty p-orbital are required

for favorable C,,—H---C* transannular interaction.

sp2
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4. Interplay of Stabilizing Features. In this section we
describe examples of scenarios where several of the stabilizing
factors described above come into play in controlling reactivity.

A transition state structure was located for a conformational
change of the humulyl cation whose imaginary frequency was
associated with a motion that mainly involves the CH" group
wagging in and out of the ring (Figure S). As the CH" group
folds into the ring (Figure S, right), it interacts with the C,=C;
m-bond, leading to a structure whose carbocation center is
strongly pyramidalized (sum of the three C—C—C/H angles
=341°). In fact, this interaction has been taken to the extent of
significant covalency, with a C,,—C, distance (1.72 A) that is
not unusual for a strongly hyperconjugated C—C bond.>"?
Consequently, this structure is better viewed as a caryoghyllyl
cation, a direct precursor to caryophyllene (Scheme 1).

In contrast, as the CH" group folds out of the ring (Figure S,
left), it partakes of strong hyperconjugation, similar to that
observed for the humulyl cation conformer shown in Figure 1a.
This reaction, which has a low barrier (approximately 2 kcal
mol ™" in the ring-closing direction), highlights the flexibility of
the humulyl cation; rotations around many of its C—C bonds
are facile, and at every twist and turn there is some means of
sating the electron deficiency of its carbocation center. Two
related structures in which the 4-membered ring is fully formed
are shown in Figure 6, one with trans hydrogens at the ring
fusion and the other with cis hydrogens.” In these structures,
the newly formed carbocation center at C; interacts with the
remaining Cc=C, 7-bond with C;"---C4 distances as short as
2.07 A. In addition, C—C and C—H bonds oriented (nearly)
coplanar to the empty p-orbital on C; exhibit evidence of
hyperconjugation. Overall, even after the new C,;,—C, bond is
formed, similar stabilizing features are observed.

In the boron-substituted version of the conformational
change, as the corresponding Bj,—H bond wags toward the
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Figure 4. Rotation of the C4C,-prenyl group in a B;, congener (top) and N, congener (bottom) of the humulyl cation. Energies are relative to the
energy of the transition state structure in each case. The red dots correspond to the C,—Cs—H¢—X, dihedral angle identical to that found in the
humulyl cation minimum (Figure 3a). The isolated points at the ends of the IRCs are the results of optimization from the final points of the IRCs,

offset from the curves by an arbitrary distance.

C,=C, m-bond, it does not form a C—B bond (see Supporting
Information for IRC). When the B;;—H bond wags away from
the center of the ring, it does not stop (unlike the humulyl
cation; Figure S). Rather, the borane group rotates beyond the
equator of the ring, until it picks up electron density from the
other side of the ring. In contrast, the NH," system shows a
clear energetic preference (12—14 kcal/mol) for the positively
charged group to be oriented toward the center of the ring as
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one N—H’" orients itself toward the z-bonds. Although a new
bond cannot be made, as in the caryophyllyl cation in Figure 5,
an interaction between the positively charged group and 7-
electron density does lead to a similar conformational
preference (see Supporting Information for IRC).

Another caryophyllyl structure can be generated by
protonation of f-koraiene (Scheme 2). f-Koraiene is a tricyclic
sesquiterpene related to the natural product koraiol,*® itself

DOI: 10.1021/acs.joc.5b00381
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Figure 6. Two structures resembling the caryophyllyl cation (with
trans and cis hydrogens at the ring fusion). Selected distances are
shown in A.

likely biosynthesized from the humulyl cation via a caryophyllyl
cation intermediate.”! Protonation of f-koraiene at the
exocyclic methylene (C,=CH,) results in the caryophyllyl
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cation structure shown at the bottom of Figure 6. However, the
B,y congener of koraiene unzips all the way to a monocyclic
humulyl cation-like structure (Scheme 2). This result is
consistent with the IRC data for the B;;—H wag (Supporting
Information) that indicate there is no considerable interaction
between X, and C, when the p-orbital is present but the
positive charge is absent.

B CONCLUSIONS

The humulyl cation provides a framework that can support
several flavors of carbocation delocalization: hyperconjugation,
transannular 7z(alkene):--C* and transannular C—H---C*
interactions. Each of these interactions provides an avenue
for delocalizing electron density and positive charge. Which
interactions predominate for a given conformation appears to
result from the proximity of the (potentially) interacting

DOI: 10.1021/acs.joc.5b00381
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groups. We have found no conformations of the humulyl cation
that do not exploit at least one of these delocalization modes.**
Substitution of the CH" center by BH, NH,", or CH, groups
decreases delocalization, often to the point of nothingness,
highlighting the impetus for delocalization associated with
carbenium substructures that pushes these centers toward the
realm of carbonium ions.'* The structural phenomena observed
and discussed in this paper have multiple counterparts found in
several structurally contiguous humulyl frameworks (see
Supporting Information). These parallel data sets demonstrate
that the effects of the substitutions in Table 1 have a consistent
impact, independent of the overall conformation of the
macrocycle. Our studies also suggest that caution is in order
when interpreting atomic substitution data, particularly when
distinguishing electronic versus coulombic interactions, as
structures containinzg boron do not simply act as carbenium
ions lacking charge. 3
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Coordinates and energies for all computed structures and
additional IRC data. This material is available free of charge via
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