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Conformations
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Abstract

Results of kinetic experiments and quantum chemical computations on a series of platinum-
promoted polycyclization reactions are described. Analysis of these results reveal a reactivity
model that reaches beyond the energetics of the cascade itself, incorporating an ensemble of pre-
cyclization conformations of the platinum-alkene reactant complex, only a subset of which are
productive for bi- (or larger) cyclization and lead to products. Similarities and differences between
this scenario, including reaction coordinates for polycyclization, for platinum- and enzyme-
promoted polycyclization are highlighted.
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INTRODUCTION

Polyene polycyclization reactions have a storied history. Nature has been promoting such
reactions for millennia with enzymes that generate carbocations, while organic and
organometallic chemists have been promoting such reactions for decades with reagents or
catalysts that provide protons, act as Lewis acids, or generate radicals.2~* The appeal of such
reactions derives in part from the efficiency with which they can increase molecular
complexity. In addition, the net conversion of a substrate r-bond to a product o-bond is an
inherently exothermic process, which thereby allows molecules with strained substructures
to be produced—this is how terpenes containing, for example, cyclobutane groups are
formed in nature.>

Here we describe competition experiments by which relative rates for the Pt(I1)-promoted
polycyclization of various methyl- edited polyenes,3¢ 1-4 (Scheme 1), were determined
along with quantum chemical computations on their reaction coordinates. The latter are
compared to previously reported reaction coordinates for the biologically relevant squalene
and oxidosqualene cyclization reactions (Figure 1)8 in an attempt to assess to what degree
the metal-promoted reactions actually mimic these biological processes. Note, however, that
1-3 have a methyl group at C12 rather than C13, allowing a 5-membered D ring to form
directly.® Ultimately, a model for reactivity emerged in which selection of productive
reactant conformers out of a mixture of primarily nonproductive conformers is accomplished
by an exergonic bicyclization process. This initial selection, coupled with slow termination
events, enables down-stream cyclization steps to dominate the reactivity and efficiently
provide tetracycles without significant premature termination of the cascade.

The series of polyenes shown in Scheme 1 was examined so that the influence of particular
methyl groups on polycyclization rates could be assessed. The information obtained from
these experiments sheds some light on the importance, or lack thereof, of methyl groups in
terpene biosynthesis (are they key to the efficiency of biological polycyclizations or perhaps
merely evolutionary leftovers?) and the viability of synthetic polycycyclizations with
differently substituted substrates.

Previously, Johnson described a series of polycyclization reactions of 1,2-disubstituted
alkene-containing substrates,” which proceed through secondary carbocations upon
cyclization. While comparison of vinyl and isopropenyl terminating groups resulted in
cyclizations that struggled to engage the vinyl terminating group, direct comparison of
substrates with selective placement of secondary alkenes throughout the cascade was not
undertaken.” In a similar vein, Corey described the effect of replacing the C-6 methyl group
of 2,3-oxidosqualene with either a hydrogen or chloride (Figure 2),® both of which were
expected to reduce the nucleophilicity of the alkene. In that the rate of reaction was affected
by these substitutions, the results of this study were consistent with oxirane opening and A
ring formation being concerted in lanosterol polycyclization.®8 Building on these seminal
studies, we proposed the synthesis and cyclization of 1-4, in which selective replacement of
trisubstituted alkenes with 1,2-disubstituted alkenes would reveal further insights into the
nature of the polycyclization process.
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SYNTHESIS OF POLYENES

We required a synthetic strategy that allowed for production of polyenes with specific
methyl groups replaced by hydrogens. Previously reported substrate 1 was synthesized
through Johnson’s classic three step sequence involving the addition of isopropenyl
magnesium bromide to an aldehyde, mercury trifluoroacetate catalyzed vinylation and
Claisen rearrangement.® Although the analogous vinyl magnesium bromide protocol does
not successfully yield the desired 1,2-alkene fragments, a one pot vinylation/Claisen
rearrangement using (1,10-phenanthroline)Pd(OAc)2 and triethyleneglycol divinylether
(TGDV) was effective.10 In combination with the Johnson Claisen reaction, this method
provided the desired mix of stereochemically defined di- and tri-substituted alkene
precursors for synthesis of 2—4 (see Supporting Information for details).

CATALYSIS

The electrophile (CNC)Pt2* (Scheme 2) forms nZ-alkene adducts that effectively activate
terminal alkenes towards nucleophilic attack by other alkenes,3¢:9:11 and thus serves as an
excellent catalyst for poly-alkene cascade cyclization reactions. Its high electrophilicity
enables the initiation of challenging alkene-terminated variants (Step A, Scheme 2)110.€ and
when coupled to post cyclization proto-demetallation (Step B, Scheme 2), can mediate
efficient cascade cycloisomerizations. In this scenario, the proto-demetallation turnover
mechanism is triggered when the rt-olefin adduct (a dication) converts to the monocationic
alkyl (i.e., (CNC)Pt-R*) upon initiation (Scheme 2). It must additionally outcompete
decomposition pathways arising from the inherent acid sensitivity of polyene substrates.

Cyclizations of 2—4 with the (CNC)Pt2* catalyst proved, as expected, more challenging than
their fully methylated counterpart 1, typically requiring significantly lengthened reaction
times with multiple products being formed in several cases. The 5-demethylated substrate 2
proved to be the most challenging, and full consumption of substrate required 50 mol%
catalyst loadings and long reaction times (~4 days). While the expected tetracycle 6 (eq 1)
was formed as the major product, as observed by GC-MS, isolation and purification proved
challenging. Removal of the minor products required multiple Ag* impregnated silica gel
columns,2 resulting in a net 18% isolated yield. The structure of this product was
determined by comparison of the ITH NMR with that of known 5. While several other
tetracyclic products were observed by GC-MS (tetracycles characteristically give M*—/so-
propyl ions), they proved inseparable and could never be adequately characterized (see Sl).

DCM

)]

Cyclization of the 9-demethylated substrate 3 yielded a tetracyclic product with a B/C ring
junction lacking methyl groups, a structural motif that is characteristic of numerous natural
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sterols, but formed via a different route (eq 2).13 In contrast to the 10% catalyst loading
needed for the conversion of 1 to 5, 3 required 15% catalyst to compensate for catalyst
deactivation over the extended reaction time (4 days). Isolation of 7 in 54% yield was once
again achieved using Ag* impregnated silica gel,12 and the structure of the product was
again assigned by comparison to 5.

15% (CNC)Pt?*
CH,Cl,

@

Cycloisomerization of the 13-demethylated polyene 4 using 15 mol% (NCN)Pt2* provided a
mixture of two tetracyclic compounds (Scheme 3) that result from one and two hydride
shifts following tetracyclization (8, 32% yield) and (9, 20% vyield), respectively. The two
alkene products were separable by Ag* impregnated silica gel'2 with 9 eluting first. The
structure of 9 was again determined by comparison of its TH NMR spectrum with that of 5,
while 8 was characterized by 1H, 13C and selective 1D NMR experiments (see Supporting
Information).

RELATIVE RATES OF POLYCYCLIZATION

The polyenes were paired for competition experiments by combining 1 equivalent of each
substrate and 1 equivalent of (CNC)Pt2* in dichloromethane. Reactions were checked hourly
by GC-MS, and relative rates were determined from the evolution of the product ratios. In
this way k1/kz and ku/ k3 were determined to be of 4.5 and 2.2, respectively. More substantial
rate differences were observed on pairing 2 with 3 and 4 (k3/k, = 10, and ku/k> = 14). Taken
together, these results indicate an order of polycyclization rates of: 1 > 4 > 3 > 2, with 2
being slowest by a significant margin. The overall range of relative rates determined by this
ladder method is >40.

COMPUTATIONS ON REACTION COORDINATES

All computations were performed at the SMD(DCM)-MO06/6-31+G(d,p):SDD level of theory
(SDD for Pt, 6-31+G(d,p) for all other atoms),4 using Gaussian09.1> Methyl groups were
used in place of mesityl groups on the catalyst to reduce computational time. Identities of all
minima and transition state structures were verified by frequency analysis. Intrinsic reaction
coordinate (IRC) calculations'6 were carried out for cyclization transition state structures.
All energies shown are free energies at 298K, except for those in IRC plots, which are
electronic energies. In general, stationary points along reaction pathways were located in the
reverse of the actual reaction direction, i.e., starting from products and lengthening bonds to
arrive at initial guesses of stationary point structures.

Putative carbocations involved in the stepwise cascade of the fully methylated parent
structure 1 are shown in Scheme 4 (R; = R, = R3 = Me). Not all of these structures were
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found to be minima, however. Relative free energies of stationary points are shown in Figure
3. First, note that carbocations B and C are not minima, i.e., the first three rings of the
product (A/B/C) are formed in a concerted process. The remainder of the carbocations in
Scheme 4 are predicted to be minima, although D and F are just barely so. Barriers for all
reaction steps are predicted to be low and the overall reaction is predicted to be exergonic, as
expected for a reaction in which rt-bonds are traded for o-bonds.> A very similar reaction
profile was found for polyene 2 (Figure 4). Again, three rings are predicted to form in
concert and the fourth ring is predicted to form with a small barrier. However, in this case,
carbocation B would be secondary, perhaps a factor that contributes to the higher barrier for
cyclization of 2 compared to that for 1.

The reaction profile for polyene 3 (Figure 5) looks, at first glance, to differ significantly
from those for 1 and 2, in that an intermediate with a single ring (B in Scheme 4) is
predicted to form before the second and third rings form in concert. However, the barrier
forward from B is negligible, <0.5 kcal/mol. The reaction profile for polyene 4 (Figure 6)
differs in a more significant manner. For this system, the first two rings are predicted to form
in concert, but an intermediate (C in Scheme 4) is predicted to precede formation of the third
ring. While the barrier forward from C is small, approximately 2 kcal/mol, carbocation D is
predicted to be slightly higher in energy than C and only 10 kcal/mol lower in energy than
A. In contrast, carbocation D for polyenes 1-3 is predicted to be >20 kcal/mol lower in
energy than A. The differences in stability of carbocation D stem from the substitution
patterns of the polyenes; polyene 4 leads to a secondary carbocation, while polyenes 1-3
give tertiary carbocations.%:17

In general, the barrierless polycyclization cascades appear to pause (vide infra) prior to
generating a 2° carbocation. However, despite the heightened challenge of a cation-olefin
reaction with a 1,2-disubstituted alkene, the cyclization barriers are small and tetracycle
formation (E, Scheme 4) is rapid. A minimum corresponding to a secondary cation for
systems 2 and 3 is apparently not located due to better conformational preorganization, i.e.,
for system 4, the homoisoprenyl tail is not well positioned for formation of a 5-membered
ring. In addition, the 1,2-hydride shift for 4 (F — G) is predicted to have a larger barrier and
be less exergonic than the 1,2-methyl shift for the other systems. This prediction is
consistent with relief of the 1,3-diaxial strain expected for systems with a shifting methyl
group, which would be absent for 4. This prediction is also consistent with the experimental
observation of a mixture of products for 4, resulting from quenching of both F and G
(Scheme 3).

The predicted overall barriers for polycyclization of 1-4 are, respectively 11.2, 13.9, 12.4
and 11.5 kcal/mol. This leads to the prediction that 1 will cyclize most rapidly, followed by 4
(with a similar rate), then 3, and finally 2. These predicted relative rates match the
experimentally determined relative rates (vide supra), but given the small range of energies
that they span, the level of theory used and the conformational issues discussed below, we
are hesitant to claim that such a match is more than coincidental.

The reaction coordinates for the productive cascades, however, do not tell the whole story.
As shown in Figure 7 for 1, an assessment of the available conformers of the pre-cyclization
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Pt-rt complex A (Scheme 4) indicate that numerous local minima are available at free
energies considerably lower than that of the most productive cyclization conformer
(arbitrarily assigned a relative energy of 0). The optimal geometry is thus present in
minuscule quantities at thermal equilibrium. Histogram plots of the available conformers for
2-4, which display similar behavior, are available in the Supporting Information. This
analysis thus leads to a picture of a [Pt2*]-rt complex that samples a broad range of
conformational minima. The most plentiful conformers do not adopt productive
arrangements of the alkenes and thus do not generate carbocations capable of initiating the
polyene cascade. Only when the polyene adopts the comparatively unfavorable nascent ring
conformation can the highly exergonic cascade proceed.

Using a threshold of 5 A between C1 and C6, we determined that 10 conformers of the 47
found for A (R = R, = R3 = Me) through conformational searching (see Supporting
Information for details), could conceivably initiate the formation of one ring (colored dark
blue in Figure 7). However, this monocyclization is predicted to be endergonic, allowing
retrocyclization to dominate when the polyene is not able to quickly engage the positive
charge that develops upon cyclization to form the B-ring.18 A similar analysis of conformers
that could conceivably form both the A and B rings (light blue in Figure 7) indicated that a
comparable number of conformers are arranged to bicyclize. Of course, in the most
favorable conformers (i.e., preorganized for formation of three or four rings; red and orange
in Figure 7), each successive alkene is positioned to engage the positive developing nearby
due to cyclization and continue the concerted (but not synchronous) cascade to the ABC or
ABCD rings.

Overall barriers for cyclization consequently involve an energy term to generate the reactive
conformer /in addition tothe intrinsic barrier for initiating the cascade. Since explicit solvent
was not taken into account in our calculations, and the catalyst was studied in a truncated
form, an accurate measure of the former component was not ascertained. Nevertheless, the
message is that the preorganization necessary to host a low barrier ionic cascade comes at a
significant cost in free energy, one that presumably is mitigated by the enzyme active site in
a biogenic cyclization cascade.

OVERALL REACTIVITY/SELECTIVITY MODEL

The following picture of the Pt-promoted cascade has thus emerged. First, the Pt2* catalyst
binds to the terminal alkene w-bond. Binding to other, more substituted, r-bonds is less
favorable on steric grounds and is rapidly reversed. Second, the Pt-bound substrate samples
many conformations. Some of these are productive for monocyclization, but forming a
single ring is predicted to be rapidly reversible.1® Third, the Pt-bound substrate must achieve
a conformation that is productive for formation of at least two rings, since bicyclization is
predicted to be exergonic and not readily reversible. Fourth, formation of the third and fourth
rings ensue, each being exergonic. For some substrates in some conformations, multiple
annulations may be combined into concerted but asynchronous processes to advance the
reaction coordinate.20 Any minima/ intermediates encountered along the polycyclization
pathway are predicted to have low barriers for subsequent cyclization, as long as productive
conformers are formed. Once all four rings have formed, hydride and alkyl shifts may occur.

JAm Chem Soc. Author manuscript; available in PMC 2018 August 16.
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The lack of byproducts arising from premature quenching of intermediate carbocations is
likely a result of the relative slowness of the termination steps in the cascade coupled to the
absence of competent external nucleophiles and bases in the reaction conditions employed.
In other words, the rates of conformational change for each intermediate are sufficiently fast
that productive (for cyclization) conformations can be generated more quickly than
carbocation quenching. This model is consistent with the long reaction times necessary for
reaction completion.

COMPARISON WITH (OXIDO)SQUALENE POLYCYCLIZATION

How similar are the shapes of the reaction coordinates described herein to those for the
polycyclization of squalene and oxidosqualene? The result of an IRC calculation for system
2 is shown in Figure 8; this is the system for which the most complete IRC plot was
generated (see Supporting information for plots for other systems). Note that two shoulders
follow the initial transition state structure. These portions of the reaction coordinate
correspond to structures resembling those expected for putative intermediates B and C,21
and represent the concerted but asynchronous formation of the A and B rings. For system 3,
the generation of a secondary cation at C9 causes the second plateau to be just flat enough
for a minimum to be located (Figure 5). IRC plots for the tricyclization of protonated
squalene and protonated oxidosqualene, computed by Hess and Smentek,® are shown in
Figure 9. These reaction profiles are quite similar to that shown in Figure 8, except that
monocyclized structures have a higher relative energy for system 2 than is observed for
squalene or oxidosqualene, likely a result of metal complexation, whose effect is expected to
be largest for the first-formed ring. Nonetheless, the similarity of the metal promoted
reaction to the inherent reactivity2? predicted for the biologically relevant systems is clear.
Results of recent calculations including oxidosqualene cyclase suggest that plateau regions
may be transformed into very shallow minima in the presence of the enzyme,23 but such a
transformation has little consequence for the rearrangement, i.e., lifetimes of species along
the tricyclization reaction coordinate will not be significantly affected. Note also that the
transition state structures for cyclization of the platinum-complexed polyenes are tighter than
that found previously for a model of the carbocation derived from squalene (forming C-C
bond lengths for rings A and B of 2.2 and 3.2-3.7 A for the former and 4.0 and 4.2 A for the
latter).

In terms of charge distributions, the enzymatic and platinum-promoted reactions do differ,
however. While the dipole moment of platinum-bound cations decreases upon cyclization as
shown in Figure 8 (red), charge is separated upon cyclization for the enzymatic reactions as
the bulk of substrate positive charge moves away from the negatively charged carboxylate
formed upon initial alkene protonation. Charge separation is generally unfavorable, but this
is presumably compensated for by the enzyme active site microenvironment (and the
inherent exergonicity of the polycyclization reaction). For the platinum- promoted reactions,
however, charge is not separated. Since the catalyst is dicationic, polycyclization moves
some of the positive charge concentrated initially in the region of carbons 1 and 2 to the far
end of the hydrocarbon, reducing the molecular dipole and thereby enhancing the
favorability of the reaction. Consistent with this assertion, the equilibrium constant for the
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bicyclization of Pt-coordinated dienesulfonamides is reduced in polar aprotic solvents able
to stabilize the dicationic Pt-rt complex.1®

CONCLUSIONS

Overall, it seems to us fair to say that the platinum-promoted polycyclization reactions
described herein are indeed biomimetic. Clearly, an enzymatic trigger for such a reaction is
not necessary; other catalysts that generate reactive carbocations under mild conditions will
do. In addition, an enzyme is not necessary to chaperone/template polycyclization. While
cyclase enzymes enforce productive conformations and precisely position quenching agents,
reducing the potential for premature termination, the platinum catalyst described here
accomplishes the same feat by coupling an endergonic first cyclization with an exergonic
second cyclization under conditions where carbocation termination is slow. If the remainder
of the polyene is suitably oriented to continue the cascade, then a near barrierless path to
product is available. If instead, the nascent C and D ring conformers are not perfect, then a
rapid conformational exchange occurs to competitively provide a path to close all four rings
before carbocation quenching occurs.2426 While methyl groups do affect the rate of the
polycyclization reaction, at least slightly, and sometimes allow for byproducts to form, their
presence is not necessary for effective polycyclization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative biological polycyclization reactions.
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Figure 2.
2,3-Oxidosqualene and analogs studied by Corey.8
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Figure 3.
Relative energies of stationary points in the cyclization/rearrangement of polyene 1 (R; = R,

= R3 = Me). D is drawn explicitly.
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Figure 4.
Relative energies of stationary points in the cyclization/rearrangement of polyene 2 (Ry = H,

R, = Rz = Me). D is drawn explicitly.
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Figure 5.
Relative energies of stationary points involved in cyclization/rearrangement of polyene 3 (Ry

= R3 = Me, Ry = H). D is drawn explicitly.
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Figure 6.
Relative energies of stationary points involved in cyclization/rearrangement of polyene 4 (R,

=R, = Me, Rz = H). D is drawn explicitly.
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Histogram plot of local minimum free energies for A (R; = R, = R3 = Me). The dark blue
bars represent structures with a C1-C6 (atom numbers are shown in Scheme 1) distance of
<5 A. The light blue bars represent structures containing C1-C6 and C5-C10 distances <5
A. The orange bars represent structures containing three C1-C6, C5-C10 and C9-C14
distances <5 A. The red bar represents the most favorable conformer discovered by
computationally unzipping the rings (assigned 0.0 kcal/mol). The green bars represent
structures for which C1-C6 distances are >5 A.
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Blue: IRC plot for tricyclization of polyene 2. Red: Dipole moment along the IRC.
Approximate locations along the IRC of A-C ring formation are indicated.]

JAm Chem Soc. Author manuscript; available in PMC 2018 August 16.

60 45
40
50
35
40 30
[
5 K
g x5 8
o 7
= £
£ 30 £
[~]
& s
] 20 o
i °
=3
o
20 15
. 10
Ring C
10 J
5
0 - T T T T T T T T 0
30 20 10 0 10 20 30 40 50 60 70
IRC STEPS
Figure 8.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

McCulley et al. Page 18

10.0

5.0

0.0

-10.0

-15.0

Energy (kcal/mol)

-35.0 - . . . . , . -
-200 -100 0 100 200 300 400 500
IRC Point

=20

Energy/kcal mol L™

80 0 8 160 240 320 400
IRC Point

-

Figure 9.
IRC plots for tricyclization of squalene (top)? and oxidosqualene (bottom).5¢ Reproduced

with permission.
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Scheme 1.
Polycyclizations described herein.
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Scheme 2.
Overall catalytic cycle for the polycyclization of polyenes.
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Scheme 3.
Polycyclization of polyene 4.
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Scheme 4.
Putative intermediates in polyene polycyclization.
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