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Abstract

Stereoselectivities of the dihydroxylations of ¢/s-bicyclo[3.3.0]octene intermediates for a projected
total synthesis of chromodorolide A have been explored experimentally. The reaction occurs
unexpectedly on the apparently more hindered (concave) face; this result has been explained
through computational studies using B3LYP and B3LYP-D3 methods. Torsional effects are
largely responsible for the stereoselectivity encountered in the chromodorolide A synthesis. Many
literature examples have been reported on related cases. QM calculations show that the
stereoselectivities of dihydroxylations of fused cyclopentenes are influenced by the
conformational rigidity or flexibility of the substrate. Torsional, electrostatic, and steric effects can
all influence stereoselectivity, and the rigidity or flexibility of conformations of reactants provides
a predictive guide to stereoselectivity.

Introduction

Chromodorolide A (1) is a structurally unique diterpene.l We envisaged accomplishing its
total synthesis by late-stage intramolecular lactonization of a tetracyclic precursor such as 2
(Figure 1). In our early exploration in a model series of strategies for assembling such
cyclization precursors, we examined dihydroxylation of intermediate 3. To our surprise, the
reaction of 3 with OsO,4 occurred with high selectivity from the concave face, which appears
to be more sterically hindered (Figure 1). As osmium tetroxide-mediated dihydroxylation of
double bonds is one of the most useful reactions in organic synthesis,2 we felt it worthwhile
to explore computationally the origins of the diastereoselectivities of these and related
literature reactions. We report the preparation and dihydroxylation of bicyclic alkene 3 and a
computational study of the origin of stereoselectivity of the dihydroxylation reaction. We
have also reviewed the known cases of osmylations of cis-bicyclo[3.3.0]octenes and hetero-
substituted cases; we provide a computational study of these systems and explanation of the
origins of selectivities. We also show that the conformations of the reactants provide a good
guide to the stereoselectivity of reactions.

"houk@chem.ucla.edu; leoverma@uci.edu.

Supporting Information Detailed experimental procedures and product characterization, optimized geometries and energies of all
computed species, summary of literature examples of dihydroxylations of cis-bicyclo[3.3.0]octene systems, CIF files for X-ray
structures of 4 and the benzyl ester analog of 3, and full authorship of ref 7. This material is available free of charge via the Internet at
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Results and Discussion

Experimental Studies

Cis-oxabicyclo[3.3.0]octenone 3 was prepared by a two-step sequence; the key step was
phosphine-promoted (3+2) annulation? involving allenoate 6 and butenolide 7° to furnish 8
(Scheme 1). Reductive debromination of 8 with zinc and acetic acid delivered
oxabicyclooctanone 3 in 20% overall yield. Dihydroxylation of 3 at room temperature with
catalytic OsO4 and NMO in 1:1 fert-butanol/H,0 gave a 92:8 mixture of diastereomeric c/s-
diol products 4 and 5 in 87% yield.® Recrystallization of this mixture from CH,Cl, provided
the major product, diol 4 (mp 146-147 °C), whose structure was secured by 1H NMR nOe
studies and single-crystal X-ray analysis. Note the oxidation on the concave side of 3, syn to
the lactone, but anti to the two hydrogens at the ring junction.

Computational Studies

All calculations were performed with Gaussian09.” The diastereomeric dihydroxylation
transition states of precursor 3 were investigated at the B3LYP®8 level using the LANL2DZ®
basis set for osmium and 6-31G(d) for all other atoms. Energies were calculated with both
B3LYP and B3LYP-D3; the conclusions are the same with both methods, and the B3LYP-
D3 results are discussed in the text. Conformational searches were performed on compounds
3,9, 11 and 13. For each compound, the two envelope conformations possible for the
cyclopentene ring were created with the flap of the envelope either up or down. Each was
then minimized. For 3 and 9, the minimizations lead to only one envelope conformation for
each compound. For 11 and 13, the minimizations gave two different envelope
conformations for each compound.

Only one envelope conformation of the cyclopentene ring of 3 was obtained after transition
state optimization, as shown in Figure 2. The isopropyl group can adopt a variety of
conformations, but only the two lowest energy transition state conformers are shown in
Figure 2. The transition state structures with other isopropyl conformations are higher in
energy; they are shown in the Supporting Information. The a-dihydroxylation transition
structure T S3a, with the OsO4 approaching from the sterically less hindered face of the
cyclopentene ring, is 2.2 kcal/mol higher in energy than the p-dihydroxylation transition
structure T S3@ at the B3LYP level. With B3LYP-D3, which includes dispersion corrections
that may be important for such systems, the energy difference between TS3a and TS3p
increases to 4.2 kcal/mol. Although the energy difference is overestimated by both methods
as compared to experiment, the results are consistent with the experimental observation that
the major product is the B-dihydroxylated compound. A variety of other functionals have
been developed, and could be considered for these studies. However, those methods are
often computationally much more demanding, and the steric and electronic factors that differ
in diastereomeric transition states are known to be adequately differentiated at this level 10

The energy difference between the transition structures TS3a and TS3p is a result of
torsional strain differences. There are two forming C-O bonds in the transition state, one
bond is shorter (2.00 A) and more fully formed than the other (2.17 A). This asynchronicity
is the result of electron-withdrawal and conjugation by the ester group. Inspection of the
Newman projections about the bond to the left alkene carbon (shown in red in Figure 2) of
two transition structures indicates T S3p is slightly more staggered than TS3a (red box
insets); torsional differences at the bond to the right alkene carbon, where bond formation is
more advanced, are more striking. As seen from the Newman projections for the bond to the
right alkene carbon (shown in green), the a-dihydroxylation transition structure T S3a
exhibits substantial eclipsing, in contrast to the substantially more staggered f-
dihydroxylation transition structure T S3B. For this reaction, the torsional effects override the
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steric effects, which makes the more crowded T S3p more stable than the less crowded
TS3a. Torsional effects direct OsO,4 to attack the cyclopentene ring from the sterically more
hindered B-face. Such effects have been reported previously to govern the stereoselectivities
in a wide variety of situations.1! The example of epoxidation of an intermediate for a
guanacastepene A synthesis1€ is especially relevant, and the effect was called “torsional
steering”. In this and the other examples in reference 11, attack on an envelope
conformation of a cyclopentene occurs on the concave face because of torsional effects.

The origins of the dihydroxylation stereoselectivities can be identified qualitatively from the
geometry of the starting substrate. The energy-minimized geometry of compound 3 is shown
in Figure 3a.12 Only one envelope conformation was obtained for the cyclopentene ring after
minimization, while the isopropyl group can adopt a variety of different conformations. The
other two minimized conformers with isopropyl groups in other orientations are 1.1 and 2.5
kcal/mol higher in energy, respectively (Supporting Information). By careful inspection of
the substrate structure, in the left C21-C3 bond Newman projections (Figure 3a, red box
inset), the dihedral angle between the C6 carbonyl carbon and C7 is 58° and 67° for C6 to
the allylic hydrogen H1. This analysis indicates that addition from the  face is more
favored torsionally than from the a face, which is consistent with the transition state
analysis. The more striking torsional difference on the right alkene carbon shown in the TSs
is also reflected in the substrate structure itself. In the right C1-C5 bond Newman
projections (Figure 3a, green box inset), the dihedral angle between the vinyl hydrogen H2
and the central carbon of isopropyl C8 is 38° and 80° to the allylic hydrogen H3. The 42°
dihedral angle difference makes the p-face attack more favorable due to the torsional effects,
which is consistent with the result obtained by TS exploration (Figure 3b). The analysis of
the geometries of the substrates again confirms that the stereoselectivities of dihydroxylation
result from torsional effects. In this case, the reactant cyclopentene ring is fixed in an
envelope conformation, and the analysis of the reactant geometries gives a reliable guide to
the direction of attack by osmium tetroxide and, presumably, other electrophiles, radicals
and nucleophiles as well. The situation is more complex when two envelope conformers of
the cyclopentene are similar in energy. Such examples were found in the literature, as
described in the next section.

Literature Examples of Dihydroxylation of Other cis-Bicyclo[3.3.0]octenes

A survey of the chemical literature identified a variety of c/s-bicyclo[3.3.0]octene systems
that have been subjected to dihydroxylation (see the Supporting Information for full details).
Out of a total of 26 relevant transformations, there is rigorous experimental evidence for the
structural assignment of the diol product(s) in only seven cases. This striking fact is a result
of the difficulty of obtaining solid evidence for the configurational assignments of cis-
bicyclo[3.3.0]octane ring systems, as 1H coupling constant analysis and nOe data are often
ambiguous.

As shown in the SI, for the 26 c/s-bicyclo[3.3.0]octene systems studied, the rings fused to
the cyclopentene ring are mainly lactones and cyclic ketones or derivatives with different
substituents. After dihydroxylation, most of those dihydroxylated intermediates were
incorporated in a total synthesis of natural products or other important target. Despite the
general importance of such transformations for c/s-bicyclo[3.3.0]octene systems, none of the
26 examples published included any discussion of the factors controlling the
stereoselectivities. In order to better understand these transformations and to provide
guidelines for synthetic chemists to predict the preferred products of reactions of this type,
we explored in detail the three simple examples shown in Figure 4. These are representative
of the types of molecules included in the 26 examples in the SI. These do not include
substituents, and include one cyclic ketone, 11, and two lactones, 9 and 13.13-15 |n example
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(i), dihydroxylation of cis-oxabicyclo[3.3.0]octenone 9 took place preferentially from the
concave face to give the B-diol product 10. In the first report of this transformation,132 the
major product was assigned—uwithout experimental evidence—as arising from convex-face
dihydroxylation, but this structural assignment was later reversed by means of an X-ray
crystal structure.13? In the second example (ii), cis-bicyclo[3.3.0]octenone 11 was
dihydroxylated also preferentially from the concave face to give diol 12 with relatively low
4:1 selectivity.14 It was hypothesized in this report that the selectivity may be due to a
directing effect of the carbonyl group, as conversion of the ketone into a protected B-alcohol
inverts the facial selectivity.

In example (iii), high diastereoselectivity for dihydroxylation from the convex face of 13 to
give diol 14 is reported; however, no direct experimental evidence was given to support this
structural assignment.1® Our computational studies, described below, suggest that the
reported assignment is correct.

We first performed a conformational search on 9, 11 and 13. Compounds 11 and 13 have
two different energy minima, while 9 has only one low-energy conformation. The
cyclopentene ring adopts an envelope conformation in which four of the carbon atoms C1,
C2, C3 and C5 are coplanar, while C4 can be above or below the plane. For compounds 11
and 13, two different minimum energy conformations were located having similar energies
(Figure 5). However, for compound 9, there is only one minimum energy conformation for
the cyclopentene ring, with C4 above the plane (R9, Figure 5). This is the same situation as
with compound 3 described earlier.

This ground state difference is also reflected in the TSs of the osmylation reactions.
Compound 9 has only one conformation, and both a and p-dihydroxylation transition
structures are based on this conformation. TS9P is calculated to be 1.6 kcal/mol more stable
than TS9a using B3LYP-D3 calculations, consistent with the stereoselectivities observed
experimentally. From the structures shown in Figure 5, the different stabilities between two
transition structures are also most likely due to the torsional strain, as in the TS analysis of
dihydroxylation of 3.

For compounds 11 and 13, the situations are more complicated, because there are two
possible conformations of the substrates. After TS searches, the lowest energy p-
dihydroxylation transition structures TS11p and T S13p were located, and they are related to
conformations R11 and R13. Transition structures TS11a and TS13a are structurally
related to conformations R11' and R13'. The different conformation preferences of different
TSs can be rationalized from the substrate conformation itself. From the substrate
geometries shown in Figure 5, the p face is more torsionally favored in R11 and R13,
whereas the a face is more torsionally favored in R11' and R13'. The g and a-
dihydroxylation transition structures avoid torsional strain and involve the conformations
that result in less torsional strain. In both 11 and 13, both a and f attack can occur from a
concave face of an envelope cyclopentene, due to the flexibility of the cyclopentene.

For compound 11, TS11a has similar torsional strain as TS11p, but TS11 is still
calculated to be 0.8 kcal/mol more stable than T S11a using B3LYP-D3; this result agrees
with the 4:1 preference for B attack observed experimentally. The different stabilities of the
two TSs are presumably a result of the electrostatic interactions between the carbonyl carbon
and OsO4 oxygen inside the concave-face attack TS118, which makes it a little more stable
than the convex-face attack TS11a. This attractive interaction is related to the O--C=0
interaction identified by Raines in various protein structures.1
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For compound 13, as with 11, the torsional differences are not large between T S13p and
TS13a. However, now, TS13a is calculated to be more stable than TS13p by 1.6 kcal/mol
by B3LYP-D3, which predicts the correct stereoselectivity in the experiment. The stability
difference between these two TSs is likely due to differences in O-O repulsions, which
makes the more crowded and electrostatically disfavored T S13B less stable than the less
crowded TS13a.

In order to determine the reason for the different conformational properties of different
reactants, we performed a conformational analysis. For 3 and 9, we were able to locate only
one envelope conformation of the cyclopentene with C4 above the plane. The other
envelope conformation of the cyclopentene ring for 3 and 9 was manually created by
freezing C4 below the plane.1” The rest skeleton of the molecules was then optimized and
the optimized structures R3a', R9' are calculated less stable than R3aand R9 by 2.0, 1.8
kcal/mol, respectively. If no restrictions are given to the systems, R3a’, R9" will go back to
R3a, R9 after re-optimization. This result indicates that the availability of only one envelope
conformation for 3a and 9 is a result of the remarkable instabilities of the other envelope
conformations. From the structures of R3a and R3a', all the bond distances of the fused ring
in the two conformations are similar; indicating there is little ring strain differences in
between. The different stabilities between R3a and R3a' are due to torsional effects.
Inspection of the Newman projections of C7-C3 (green bond in Figure 7a) show that R3a is
slightly more staggered than R3a'. This is also true for R9 and R9' as shown in the Newman
projections (green box insets) in Figure 7b.

However, for 11 and 13, two envelope conformations with similar energies were located for
the substrates. Now, the atom in position 7 is no longer a sp® carbon, and the torsional
differences for bond C7 (or O)-C3 no longer exist according to the Newman projections
shown in Figure 8. As a result, two envelope conformations of the reactants are both
available and similar in energy.

In dihydroxylations of fused cyclopentene systems, and presumably other additions, when
only one envelope conformational minimum is accessible in the reactant, torsional effects
always steer attack to the concave face. In cases studied here, the torsional factors override
other factors and determine stereoselectivity. However, when the cyclopentene ring is able
to adopt two different low-energy conformations, both top and bottom attack can occur on a
concave face of the cyclopentene envelope. As a result, torsional factors no longer dominate
the stereoselectivity. The stereoselectivity in such cases is then determined by other factors
such as steric and electrostatic interactions or both, as demonstrated in the dihydroxylations
of compounds 11 and 13.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of chromodorolide A (1) and experimental results of dihydroxylation of c/s-
oxabicyclo[3.3.0]octenone 3.
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TS3p 0.0 (0.0)

TS30.2.2 (4.2)

Figure 2.

Optimized B and a-dihydroxylation transition structures of cis-oxabicyclo[3.3.0]octanone 3.
The Newman projections of interest shown in the red and green box insets are viewed along
the red and green bonds, respectively. Values below each structure are relative energies in
kcal/mol calculated by B3LYP. Values enclosed in parentheses are relative energies in kcal/
mol calculated by B3LYP-D3.
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B-attack
[” (Staggered)

a-attack
(Eclipsed)

Figure 3.

(a) Optimized structure of c/s-oxabicyclo[3.3.0]octenone 3. (b) The torsional of interest
viewed along the green bond. Newman projections shown in the blue and yellow box insets
illustrated the resultant torsional effects for the g and a-dihydroxylation transition states.
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Figure4.

Selected literature examples of dihydroxylation of c¢/s-bicyclo[3.3.0]octenes using osmium

reagents.
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Figurebs.
Three fused cyclopentene compounds and their optimized geometries. In R9, R11 and R13,
the flap of the envelope is up; in R11' and R13,, it is down.
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TS%a TS11a TS13a

Figure®6.
Optimized B and a-dihydroxylation transition structures of cis-bicyclo[3.3.0]octenes 9, 11
and 13.

JAm Chem Soc. Author manuscript; available in PMC 2013 September 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wang et al.
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(b)

Figure7.
Optimized structures of (a) R3aand R3a' (b) R9and R9..
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Figure8.
Optimized structures of (a) R11 and R11' (b) R13 and R13.
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Synthesis of c/s-oxabicyclo[3.3.0]Joctenone 3 and its dihydroxylation with OsOg4 in aqueous

tert-butanol.
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